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Abstract

XML Schema supports the specification of oc-
currence constraints by declaring values for its
min/maxOccurs attributes. These constraints are
structural in the sense that they restrict the cardi-
nality of children elements independently of the data
that is present in their subtrees. Thus, occurrence
constraints do not address any data semantics and are
therefore only of limited interest to data modelling.

In this tutorial we first survey the benefits of in-
troducing semantic cardinality constraints into the
framework of XML modeling languages: enhanced
modeling capabilities, increased levels of data con-
sistency and integrity, additional techniques for XML
query optimization and query rewriting, prediction of
the number of XML query answers, updates and en-
cryptions.

Secondly, we survey different techniques of rep-
resenting many-to-many relationship types within
XML. In particular, we focus on the preservation of
key, foreign key and participation constraints.

1 Introduction

The eXtensible Markup Language XML (Bray, Paoli,
Sperberg-McQueen, Maler & Yergeau n.d.) has
evolved to the de-facto standard for information/data
representation and exchange on the Internet and else-
where. This trend is due to the high syntactic flexibil-
ity XML provides. Consequently, an increasing num-
ber of users find it very simple to create data in XML
or an XML dialect, e.g., the familiar HTML, NITF (in
the news industry), WeatherML (for weather infor-
mation), CellML (in bioinformatics), WML (for mo-
bile phones) and XML Pay (for Internet-based pay-
ments). There has been wide consensus that XML
documents/data should obtain the same type of man-
agement functionalities as conventional data received
from relational database management systems. The
essential difference between XML data and tradi-
tional data (e.g. relational data) is the extra struc-
tural, tree-like relationships between the various ele-
ments of an XML data source. This complex struc-
ture makes it rather difficult for the database com-
munity to meet the increasingly important challenge
of providing full-fledged tools that can store, manage
and process this data in its native format. In partic-
ular, XML has not been primarily designed to serve
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as a data model, and thus does not carry the seman-
tics of its data. XML schema languages and integrity
constraints can enhance the semantic capabilities of
XML in the sense that they permit only those XML
databases that are considered meaningful for the ap-
plication at hand. For almost all previously studied
classes of XML constraints (Arenas & Libkin 2004,
Buneman, Davidson, Fan, Hara & Tan 2002, Bune-
man, Fan, Siméon & Weinstein 2001, Buneman,
Fan & Weinstein 2000, Fan & Libkin 2002, Fan &
Siméon 2003, Hartmann & Link 2003, Hartmann &
Trinh 2006, Hartmann, Link & Trinh 2007, Vincent,
Liu & Liu 2004) the intricate structure of XML data
results in decision problems that are, in general, in-
tractable. It remains a major challenge to find expres-
sive classes of XML constraints that can be efficiently
reasoned about (Fan 2005, Fan & Libkin 2002, Fan &
Siméon 2003, Suciu 2001, Vianu 2003).

Cardinality constraints are naturally exhibited by
XML data since they represent restrictions that oc-
cur in everyday practice. They can express more
properties than other XML constraints (Arenas &
Libkin 2004, Arenas & Libkin 2005, Buneman et al.
2002, Buneman, Davidson, Fan, Hara & Tan 2003,
Fan & Libkin 2002, Fan & Siméon 2003, Vincent
et al. 2004). Moreover, cardinality constraints have
a direct impact on various applications including
schema design, query optimization/rewriting, effi-
cient storing/updating, data exchange/integration,
and consistent query answering. Commercial pressure
and insufficient time resources force many database
researchers to narrow their investigations to notions
that have only a limited expressiveness and appli-
cability. Hence, many characteristics of XML data
remain unaddressed and most applications under-
exploited. Cardinality constraints have the poten-
tial to make a long-lasting contribution to database
technologies. Such a contribution, however, requires
tractable reasoning capabilities for expressive con-
straints.

In this tutorial we will identify cardinality con-
straints as a highly useful and natural class of XML
constraints. In order to make effective use of this class
in various XML applications the associated satisfiabil-
ity and implication problems must be studied. Cardi-
nality constraints are defined independently from any
specification such as a DTD (Bray et al. n.d.) or XSD
(Thompson, Beech, Maloney & Mendelsohn n.d.),
and are based on the representation of XML data as
trees. This data model is commonly used by DOM
(Apparao et al n.d.), XSL (Kay n.d.), and XML
Schema (Thompson et al. n.d.). Figure 1 shows such a
representation in which nodes are annotated by their
type: E for element, A for attribute, and S for text
(PCDATA).

Cardinality constraints are defined in terms of path
expressions, and restrict the number of nodes that
have the same (complex) values on some selected sub-
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Figure 1: An XML tree

nodes. Such restrictions can be specified either for
the entire document or relative to selected context
nodes. For the XML tree T in Figure 1 the following
cardinality constraint may be specified for the sub-
trees rooted at semester-nodes: each student/@sid-
value that occurs under some course-node actually
occurs as a student/ @sid-value under between two
and four course-nodes in the same semester-subtree.
In other words, each student who is studying in a cer-
tain semester must enrol in at least two and may enrol
in up to four courses. Another cardinality constraint
that may be specified for the subtrees rooted at year-
nodes is the following: if there are semester-children
then there must be precisely two. While T violates
the first constraint it does satisfy the second.

Students may want to query the database for their
grades within a particular year using their cell phone,
but may only choose this service in case the costs
are reasonable. The service provider, on the other
hand, wants to invoke its services only if they are paid
for. A database management system capable of rea-
soning about cardinality constraints is able to foresee
that the number of answers to the following XQuery
(Boag, Chamberlin, Ferndndez, Florescu, Robie &
Siméon n.d.) query is at most eight:

for $s in doc(“enrol.xml”)/

year|[@calendar="2007"]//course/student 1
where $s/@Qsid="007" (1)
return (grade){$s/grade}(/grade)

Hence, without querying the database itself the

service provider can inform the student of the max-
imal costs that will be charged for this service, and
decide accordingly.
Suppose the database designer has specified the ad-
ditional cardinality constraint that in each year a
teacher can teach up to three different courses. Ap-
plying reasoning techniques an XML query optimiser
can transform the XQuery query

for $c in doc(“enrol.xml”)/
year[@calendar="2007"]/semester /course

where $c/student/Qsid="247" and
$c/teacher=""Principal Skinner”

return (course){$c/@name}(/course)

into the equivalent query

for $c in doc(“enrol.xml”)/
year[@calendar="2007"]/semester/course

where $c/teacher="Principal Skinner” and
$c/student/Qsid="247"

return (course){$c/@Qname}(/course)

which performs better due to the smaller selectivity of
course nodes based on teachers rather than students.

The idea of cardinality constraints is not new
in database practice: they are commonly known as
cardinality or participation constraints in conceptual
database design, in particular Entity-Relationship
modelling (Hartmann 2001). To the best of our
knowledge cardinality constraints have not yet been
considered in XML. This is to some degree surpris-
ing since these constraints occur naturally in XML
data and are very useful for many XML applications
as the examples above already indicate. On the other
hand the generalisation of constraints to XML is chal-
lenging (Fan 2005), in particular the identification of
natural classes that can be reasoned about efficiently.

Topics covered. We review cardinality con-
straints in the context of XML (Hartmann & Link
2007a). We believe that these constraints are natu-
rally exhibited by XML data and a thorough study
of these constraints can significantly improve the
modeling capabilities of XML. Moreover, they gen-
eralise both the class of XML keys (Buneman et al.
2002, Hartmann & Link 2007b) and several classes
of cardinality constraints studied in the context of
semantic data models (Hartmann 2001, Lenzerini
& Nobili 1990, Liddle, Embley & Woodfield 1993,
Thalheim 1992).

In order to take full advantage of these constraints
in various XML applications, it is necessary to reason
about them. Similarly to many other classes of XML
constraints reasoning about cardinality constraints is
intractable in general.

We identify numerical keys as a large tractable
subclass of cardinality constraints. They permit the
specification of upper bounds on the number of nodes
with value-equal subnodes. In particular, numerical
keys subsume XML keys (Buneman et al. 2002, Hart-
mann & Link 2007b) where the upper bound is always
fixed to 1.

Unlike many other classes of XML constraints, nu-
merical keys can be reasoned about efficiently. Specif-
ically, any finite set of numerical keys is finitely satis-
fiable, and the (finite) implication of numerical keys
is finitely axiomatisable. Furthermore, numerical key



implication is decidable in time quadratic in the size
of the numerical keys given. Therefore, numerical
keys are more expressive than XML keys but the time-
complexity of their associated implication problems
is the same (Hartmann & Link 2007b, Hartmann &
Link 2007a).

We demonstrate the applicability of numerical
keys for many XML applications. In the presence
of these constraints upper bounds on the number of
query answers for XPath (Clark & DeRose n.d.) and
XQuery queries can be predicted. In the same spirit
one can obtain upper bounds on the number of up-
dates using the XQuery update facility (Chamberlin,
Florescu & Robie n.d.) or on the number of en- and
decryptions using XML encryption (Imamura, Dill-
away & Simon n.d.). We also show how to utilise
cardinality constraints in order to define XML views
that allow us to process the most common types of
updates and queries efficiently.

Finally, we survey different techniques of repre-
senting many-to-many relationship types within XML
utilising occurrence and cardinality constraints. In
particular, we focus on the preservation of key, for-
eign key and participation constraints.

In summary, we believe that cardinality con-
straints and numerical keys form natural classes of
constraints that can be utilised effectively by XML
designers and XML applications.

Related Work. Constraints have been exten-
sively studied in the context of the relational data
model (Thalheim 1991). Dependencies have also been
investigated in nested data models, see for instance
(Hara & Davidson 1999, Hartmann, Link & Schewe
2006). For a brief survey on recent work on XML con-
straints see (Fan 2005) which also includes many more
references. Cardinality constraints were only recently
introduced into the context of XML (Hartmann &
Link 2007a). They extend the class of XML keys
(Buneman et al. 2002, Hartmann & Link 2007b) as
well as cardinality constraints studied in the context
of semantic data models (Hartmann 2001, Lenzerini
& Nobili 1990, Liddle et al. 1993, Thalheim 1992).

The minOccurs and mazOccurs-attributes of
XML Schema (Thompson et al. n.d.) restrict the
number of a node’s children but do this independently
from the data that is actually occurring. In sharp
contrast numerical constraints restrict the number of
nodes in XML subtrees based on the data that can
be found on selected subnodes.

Organisation. We define cardinality constraints
for XML in Section 2 based on the common XML
tree model. It is shown that reasoning about numeri-
cal constraints is computationally intractable in gen-
eral. Subsequently, we identify numerical keys as a
tractable subclass. In Section 3 we provide (i) a fi-
nite axiomatisation , and (ii) a quadratic upper time
bound for numerical key implication. The applica-
bility of numerical keys to several XML applications
is further illustrated in Section 4. In Section 5 we
survey the techniques of representing many-to-many
relationships within XML, and we conclude in Section
6.

2 Preliminaries

In this section we recall the basics of the XML tree
model, the notion of value equality, and describe the
path language used to locate sets of nodes within an
XML document. Subsequently, we introduce cardi-
nality constraints for XML and show that reason-
ing about these constraints is computationally in-
tractable. Finally, we identify numerical keys as an
important subclass of cardinality constraints.

2.1 The XML Tree Model

XML documents can be modelled as node-labelled
trees. We assume that there is a countably infinite
set E denoting element tags, a countably infinite set
A denoting attribute names, and a singleton {S} de-
noting text (PCDATA). We further assume that these
sets are pairwise disjoint, and put £L=EU A U {S}.
We refer to the elements of £ as labels.

An XML tree is a 6-tuple T =
(V,lab, ele,att,val,r) where V denotes a set of
nodes, and lab is a mapping V — L assigning a
label to every node in V. A node v € V is called
an element node if lab(v) € E, an attribute node if
lab(v) € A, and a text node if lab(v) = S. Moreover,
ele and att are partial mappings defining the edge
relation of T for any node v € V, if v is an element
node, then ele(v) is a list of element and text nodes
in V and att(v) is a set of attribute nodes in V. If v
is an attribute or text node then ele(v) and att(v)
are undefined. wal is a partial mapping assigning a
string to each attribute and text node: for each node
v € V, val(v) is a string if v is an attribute or text
node, while val(v) is undefined otherwise. Finally, r
is the unique and distinguished root node.

An XML tree is said to be finite if V' is finite, and
is said to be empty if V consists of the root node
only. For a node v € V, each node w in ele(v) or
att(v) is called a child of v, and we say that there is
an edge (v, w) from v to w in T. An XML tree has a
tree structure: for each node v € V', there is a unique
(directed) path of edges from the root r to v.

We can now define value equality for pairs of nodes
in an XML tree. Informally, two nodes v and v of an
XML tree T are value equal if they have the same la-
bel and, in addition, either they have the same string
value if they are text or attribute nodes, or their
children are pairwise value equal if they are element
nodes. More formally, two nodes u,v € V are value
equal, denoted by u =, v, if and only if the subtrees
rooted at u and v are isomorphic by an isomorphism
that is the identity on string values. That is, two
nodes u and v are value equal when the following
conditions are satisfied:

(a) lab(u) = lab(v),

(b) if u,v are attribute or text nodes, then val(u) =
val (v),

(c) if uw,v are element nodes, then (i) if att(u) =
{a1,...,am}, then att(v) = {df,...,al,} and
there is a permutation © on {I,..., mw} such
that a; =, a;(i) for i = 1,...,m, and (i) if
ele(u) = [u1,...,ug], then ele(v) = [v1,..., vk

and u; =, v; fori =1,...,

For example, all teacher-nodes in Figure 1 are value
equal.

2.2 Path Languages

In order to define cardinality constraints we need a
path language that is expressive enough to be practi-
cal, yet sufficiently simple to be reasoned about effi-
ciently. This is the case for the path languages PL
and PL (Buneman et al. 2002, Buneman et al. 2003).

Path Language Syntax
PLg P:=.|¢|P/P
PL Q:=.11]Q/Q|Q/Q

Table 1: The path languages PL, and PL.



A path expression is a (possibly empty) finite list of
symbols. In this paper, a simple path expression is
a path expression that consists of labels from £. We
use the languages PLgs and PL to describe path ex-
pressions. Both languages are XPath fragments, and
as usual / denotes parent-child navigation, and // de-
notes ancestor-descendant navigation.

A path p is a sequence of pairwise distinct nodes
V0, - - - Uy, Where (v;_1,v;) isan edge fori =1,...,m.
We call p a path from vy to v,,, and say that v, is
reachable from vy following the path p. The path p
gives rise to a valid simple path expression lab(v1)/
-+« /lab(vy,), which we denote by lab(p). A path ex-
pression is said to be valid if none of its attribute
labels occurs at a position different from the last. Let
P be a simple path expression, and ) a PL expres-
sion. A path p is called a P-path if lab(p) = P, and a
Q-path if lab(p) € Q. If p is a path from v to w, then
w is said to be reachable from v following a P-path
or @-path, respectively. We also write T = P(v,w)
and T = Q(v, w) when w is reachable from v follow-
ing a P-path or @-path, respectively, in an XML tree
T. For example, in the XML tree in Figure 1, all
teacher nodes are reachable from the root following
a year/semester/course/teacher-path. They are also
reachable from the root following a //teacher-path.

For a node v of an XML tree T, let v[Q] denote
the set of nodes in T that are reachable from v by
following the PL expression @Q, ie., v[Q] = {w |
T = Q(v,w)}. We shall use [Q] as an abbreviation
for r[Q] where r is the root of T. For example, let
v be the second semester node in Figure 1. Then
v[.//student] is the set of all student nodes that are
children of the second semester. Furthermore, [.//
teacher] is the set of all teacher nodes in the entire
XML tree.

For nodes v and v’ of T, the value intersection of
v[Q] and v'[Q] is given by v[Q] N, v'[Q] = {(w,w’) |
w € v[Q],w € V[Q],w =, w'} (Buneman et al.
2003). That is, v[Q] N, v'[Q] consists of all those
node pairs in T that are value equal and are reachable
from v and v’, respectively, by following Q-paths.

A PL expression @ is said to be contained in a
PL expression @', denoted by Q C @', if for any
XML tree T and any node v of T" we have v[Q] C
v[Q']. That is, every node that is reachable from
v by following a @Q-path is also reachable from v by
following a Q’-path. Note that @ C @’ holds if and
only if every valid path expression P € @ satisfies P €
Q' (Buneman et al. 2003). The containment problem
of PL is to decide, given any PL expressions () and
@', whether @ C Q' holds. The containment problem
of PL is decidable in O(|Q| x |Q’]) time (Buneman
et al. 2003).

The choice of a path language is directly influ-
enced by the complexity of its containment problem.
It has been argued (Buneman et al. 2002, Buneman
et al. 2003) that PL is simple yet expressive enough
to be adopted by XML designers and maintained by
systems for XML applications.

2.3 Cardinality Constraints and Keys

Let N denote the positive integers, and N denote the
positive integers together with oo.

Definition 2.1. A cardinality constraint ¢ for XML
1S an erpression

card(Q, (Q',{Q1,...,Qx})) = (min, max)

where Q,Q’,Q1,...,Qk are PL expressions such that
Q/Q" is a valid path expression if k =0, and Q/Q"/
Q; are valid path expressions for all i = 1,...,k if
k > 0, where k is a non-negative integer, and where

min € N and max € N with min < max. Herein,
Q is called the context path, Q' is called the target
path, Q1,...,Q are called key paths, min is called
the lower bound, and max the upper bound of .
If Q = ., we call ¢ absolute; otherwise ¢ is called
relative. O

If ¢ denotes a cardinality constraint, then @), denotes
its context path, @7, its target path, QY, ..., Q}io its
key paths, min,, its lower bound and max,, its upper

bound. The size |¢| of a cardinality constraint ¢ is
defined as the sum of the lengths of all path expres-

sions in @, i.e., [¢| = |Qy| + |pr| + 3.2, 1Q7 .
Let #S denote the cardinality of a finite set S, i.e.,
the number of its elements.

Definition 2.2. Let
o = card(Q, (Q',{Q1,...,Qk)) = (min, max)

be a cardinality constraint. An XML tree T satisfies
p, denoted by T = o, if and only if for all q € [Q],
for all ¢f € q[Q'] such that for all z1,...,x; with
x; € ¢4[Qq] fori=1,...,k, the following holds:

min < #{¢’ € q[Q'] | y1,...,yVi=1,... k.
vi € {[Q:) Nxi =y yi} <max. O

To illustrate the definitions above, we formalise
the constraints from the introduction. Let T be the
XML tree in Figure 1. The constraint

card(.//semester, (course, {.//sid})) = (2,4)

says that in every semester each student who decides
to study must enrol in at least two and at most four
courses. T violates this constraint since Bart Simpson
is only enrolled in one course in the second semester of
2007. However, T does satisfy the second constraint

card(year, (semester, §))) = (2, 2)

that states that each year-node has either precisely
two semester-children or none at all. The cardinality
constraint

card(year, (.//course, {teacher})) = (3,6)
is satisfied while
card(.//semester, (course, {teacher})) = (3, 3)

is violated by T since Principal Skinner only teaches
maths and physics within semester 1 of 2007. An
example of an absolute cardinality constraint is

card(., (.//course, {name, student/sid})) = (1, 3),

i.e., a student may attempt to pass the same
course up to 3 times. XML keys as introduced by
Buneman et al. (Buneman et al. 2002) and fur-
ther studied in (Buneman et al. 2003, Hartmann
& Link 2007b) are completely covered by numer-
ical constraints. More specifically, the cardinal-
ity constraint ¢ is an XML key precisely when
min, = mar, = 1. Major observations that hold
for the definition of XML keys (Buneman et al.
2002, Hartmann & Link 2007b) therefore also ap-
ply to cardinality constraints. Some examples of
XML keys are card(., (year, {calendar}) = (1,1) stat-
ing that year-nodes can be identified by the value
of their calendar-child, card(year, (semester, {no}) =
(1,1) stating that semester-nodes can be iden-
tified by their no-child relatively to the year,
card(.//semester, (course, {name}) = (1,1) stat-
ing that course-nodes can be identified by their
name-child relatively to the semester, and card(.//
course, (student, {sid}) = (1,1) stating that student-
nodes can be identified by their sid-child relatively to
the course.



2.4 Satisfiability and Implication

In this section we define fundamental decision prob-
lems associated with various classes of constraints.
Let X be a finite set of constraints in a class C and T
be an XML tree. We say that T satisfies X if and only
if T |E o for every 0 € X. The (finite) satisfiability
problem for C is to determine, given any finite set ¥
of constraints in C, whether there is a (finite) XML
tree satisfying X..

Let X U {¢} be a finite set of constraints in C. We
say that X (finitely) implies ¢, denoted by ¥ ?(f) ©,
if and only if every (finite) XML tree T that satisfies
Y also satisfies . The (finite) implication problem is
to decide, given any finite set of constraints ¥ U {¢},
whether ¥ =4y ¢. If ¥ is a finite set of constraints
in C let X* denote its semantic closure, i.e., the set of
all constraints implied by . That is, * = {p € C |

Ll

2.5 Computational Intractability

For XML keys, the finite and the unrestricted impli-
cation problem coincide (Buneman et al. 2003). For
numerical constraints, however, the situation is al-
ready different for the satisfiability problem.

Theorem 2.1. The satisfiability problem and the fi-
nite satisfiability problem for the class of cardinality
constraints do not coincide. O

Still, satisfiability for cardinality constraints can
be decided easily. This is due to the fact that the
empty XML tree satisfies every cardinality constraint
that contains at least one label from £. Deciding im-
plication, on the other hand, is not that easy. We now
demonstrate that reasoning is likely to be computa-
tionally intractable already for very restricted classes
of cardinality constraints. We call a cardinality con-
straint card(P, P’,{P,..., Px}) = (min, max) simple
if PP, P,..., P, are all simple path expressions in
PL,.

Theorem 2.2. The finite implication problem for the
class of all simple absolute cardinality constraints with
a non-empty set of key paths is coN P-hard. O

The previous result suggests that computational
intractability may result from the specification of
both lower and upper bounds. The next result in-
dicates that an empty set of key paths may cause
computational intractability.

Theorem 2.3. The finite implication problem for
the class of all simple absolute cardinality constraints
where the lower bound is fixed to 1 is coN P-hard. U

The next theorem suggests another source of com-
putational intractability: the permission to have arbi-
trary path expressions in both target- and key paths.

Theorem 2.4. The finite implication problem for the
class of all absolute cardinality constraints that have a
non-empty set of key paths and where the lower bound
is fized to 1 is coN P-hard. O

2.6 Numerical Keys

In order to take advantage of XML applications ef-
fectively it becomes necessary to reason about con-
straints efficiently. The results from the last section
motivate the study of a large subclass of cardinality
constraints that, as we shall show in this paper, turns
out to be computationally tractable.

Definition 2.3. A numerical key for XML is a car-
dinality constraint

card(Q, (Q',{P1, ..., P})) = (1, max)

where k is a positive integer and Pi,..., Py are
simple path expressions in PLs. We will wuse
card(Q, (Q',{P1,...,P})) < max to denote numer-
ical keys. Let N denote the class of all numerical
keys. O

Notice that numerical keys are still much more ex-
pressive than XML keys. More specifically, a numer-
ical key ¢ becomes a key precisely when max, = 1.
The next result states that every finite set of numeri-
cal keys can be satisfied by some finite XML tree: we
can just choose the empty XML tree. This extends a
result for XML keys (Buneman et al. 2003).

Theorem 2.5. FEvery finite set of numerical keys is
finitely satisfiable. O

Moreover, the coincidence of finite and unre-
stricted implication carries over from keys to numer-
ical keys. In what follows we will therefore speak of
the implication problem for numerical keys.

Theorem 2.6. The implication and finite implica-
tion problems for numerical keys coincide. O

3 Reasoning about Numerical Keys

The notion of derivability () with respect to a set
R of inference rules can be defined analogously to the
notion in the relational data model (Abiteboul, Hull
& Vianu 1995, pp. 164-168). In the first part of this
section we will find a set R of inference rules which is
sound, i.e. E;‘R C ¥*, and complete, i.e. ¥* C E;, for
the implication of numerical keys, and where ¥} =
{¢ | £ Fn ¢} denotes the syntactic closure of 3
under inference using R. In the second part of this
section we will provide an upper bound for the time-
complexity of deciding numerical key implication.

3.1 Axiomatisation

Table 2 shows a set of inference rules for the implica-
tion of numerical keys. The majority of these rules are
extensions of the inference rules for keys (Buneman
et al. 2003, Hartmann & Link 2007b). Moreover, in-
finity, weakening and superkey rule form an axioma-
tisation for max-cardinality constraints in the Entity-
Relationship model (Hartmann 2001).

It is not difficult to show the soundness of the infer-
ence rules in Table 2 for the implication of numerical
keys. The completeness argument uses shortest path
methods (Hartmann & Link 2007a).

Theorem 3.1. The inference rules from Table 2 are
sound and complete for the implication of numerical
keys in N.

3.2 Time-complexity of Deciding Implication

The technique of proving completeness can be ex-
tended to obtain an algorithm for deciding numerical
key implication in time quadratic in the size of the
constraints (Hartmann & Link 2007a).

Theorem 3.2. Let XU{p} be a finite set of numerical
keys in N. The implication problem ¥ = ¢ can be
decided in time O(|¢| - (||Z]] + |¢l]))- O
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(subnodes)

card(@,(Q'/P,{.,P'})) < mazx

card(Q.Q',(Q",S)) < max

(target-to-context)

card(Q, (Q’,S)) < max

1" ’

//C
card(Q". (@', 9)) < maz® ¢
(context-path-containment)

card(Q, (Q',SU{., P})) < maz

card(@, (@', (- P/P'})) < maz
(subnodes-self)

C(ITd(Q, (le {P/Pla .

card(@Q, (Q", 9)) < maz

(target-path-containment)

., P/P;})) < max,

card(Q,(Q", S U{., P/P'})) < max
(prefix-self)

Table 2: An Axiomatisation for Numerical Keys

4 Applications

The introduction has already revealed that several
XML recommendations would benefit from the speci-
fication of numerical keys. In particular, we have seen
examples for predicting the number of query answers
for XPath and XQuery queries in the presence of nu-
merical keys. In the same way one is able to make
predictions for the number of updates, using for in-
stance the XQuery update facility. For example, the
XQuery query

for $s in
doc(“enrol.xml”) /year[@calendar="2007"]/
semester[@no="2"]//student[@Qsid="247"]
return do replace value of $s/last
with “Milhouse”

will update the lastname of the student with
@sid=247 by Milhouse in all course enrolments of
this student in semester two of 2007. If the database
management system is able to conclude that

card(.//semester, (.//student, {sid})) < 4

is implied by the set ¥ of numerical keys specified by
the database designer, then the maximal number of
updates this query causes is 4.

When XML data is exchanged over the Web it is
very common that sensitive information is encrypted,
e.g. by XML encryption. In order to evaluate queries
on encrypted XML data it may become necessary to
decrypt certain data element nodes in order to return
the relevant information in the answer. If we recall
the example of XQuery query 1 from the introduction
and assume that grade elements have been encrypted,
then a database management system capable of infer-
ring that both

card(year, (.//student, {sid})) < 8

and
card(.//student, (grade, §)) <1

are implied by the constraints specified can also pre-
dict that the number of necessary decryptions to an-
swer this query is at most 8, and thus also predict the
time necessary to deliver the information requested.
As alast application we demonstrate the potential
of cardinality constraints for generating XML views
to efficiently process common types of queries and
updates. Recall the cardinality constraint that each

card(Q/Q", (P,{Py,..., Px})) < mar
card(Q, (Q'/P,{Py,...,P:})) < mazx- max'
(multiplication)
db

@calendar
''2007""

semester

course @no course
grade 2 grade
@name @Ppalfz"]?
"'physics"
physi ©) ®
AT A+

Figure 2: XML View Fragment

year-node subsumes up to eight course-nodes that
contain student/ @sid-subnodes with the same value.
It could be rather expensive to query the original
XML tree for course information based on a specific
year and a specific sid since for all course-nodes (in
the worst case) it has to be decided whether they have
an sid-subnode with that particular value. Querying
becomes even more inefficient when some of this in-
formation is encrypted.

Instead, one may create the XML view in Fig-
ure 2 (showing the fragment for Bart Simpson only),
rewrite query (1) and use the XML view to evaluate
the resulting query.

On the XML view the constraint from before
translates into the following occurrence constraint:
under each student-node there are up to eight course-
nodes. Since students can be identified by their sid
relatively to the year in this XML view it is therefore
better to pose queries on course information based on
a specific year and a specific sid against this XML
view. Then query (1) is rewritten into the following

query:

for $c in doc(“view.xml”)/
year[@Qcal="2007"]/student|[@sid="007"]/course
return (grade){$c/grade}(/grade)

The selection of student-elements based on their sid
in early location steps achieves a better performance.
Thus, the creation of XML views based on cardinality



constraints may lead to simplified integrity checking,
and more efficient processing of common queries and
updates.

5 Many-to-Many Relationships in XML

There have been many proposals for transforming
data from various data models, such as the Re-
lational Data Model (RDM) (Lee, Mani, Chiu &
Chu 2002, Duta, Barker & Alhajj 2004, Liu, Liu
& Guo 2003, Lv & Yan 2006, Wang, Lo, Alhajj &
Barker 2005, Vincent, Liu & Liu 2003, Liu, Vin-
cent & Liu 2006), Entity Relationship Model (ERM)
(Kleiner & Lipeck 2001, Liu & Li 2006, Pigozzo &
Quintarelli 2005) and Unified Modelling Language
(UML) (Kudrass & Krumbein 2003) to XML. On the
one hand such mappings can facilitate the extraction
of existing data for data exchange. On the other,
existing conceptual models can also be used for mod-
elling XML.

The translation of 1-to-1 and 1-to-many relation-
ships into a hierarchical model is relatively straight-
forward. The real challenges reveal themselves with
many-to-many relationships. Naturally, there are
some important integrity constraints which we would
want the transformation to preserve: two common
classes of ER constraints are key constraints and par-
ticipation cardinality constraints. In the following, we
present a collection of mappings of a many-to-many
relationship type into XML Schema, the defacto stan-
dard for XML. We start with mappings which appear
relatively straightforward and intuitive. However, it
turns out that they do not necessarily preserve all key
constraints and participation constraints. Therefore,
we try to enhance these mappings in order to preserve
more and more constraints.

Name DOB ImgID Title CName Details

Specialties#Photographer (0.13000) Entry (1. 50000) Competition '*Date

Figure 3: Example of a many-to-many relationship.

For demonstrating the various transformation ap-
proaches, let us consider a concrete many-to-many
ER relationship which models entries into photo-
graphic competitions. A photographer may submit
many entries into competitions and a competition cer-
tainly may receive many entries. The ER diagram
depicting this many-to-many relationship is shown in
Figure 3. The entity type Photographer has key
{Name,DOB}, and the relationship type Entry has
key attribute ImgID as well as both of its roles as key
components, that is Photographer and Competition.
Furthermore, each photographer enters up to 15000
entries while each competition must receive at least
one entry but up to 50000 entries.

5.1 Representing XML Schema

We will represent the main features of an XML
schema definition with the help of XML schema trees.
Furthermore, XML constraints other than occurrence
constraints are specified explicitly. An XML tree with
val(v) being defined for at least one node v is called a
data tree. A schema tree is an XML tree together with
occurrence constraints between parent-child elements
as defined by ele, where no two siblings have the same
name and kind. In particular, val(v) is undefined for
all nodes v € V.

An element is said to represent a role (or rela-
tionship type) if an XML key with this element as its

target is required for preserving the key constraint for
the corresponding role (or relationship type). That is,
there is a bijection between the elements representing
some role (or relationship type) and the entity set (or
relationship set) for such role (or relationship type).
We distinguish such an element by type E".

We denote an XML Schema key constraint by a
statement of the following form:

KEY (contexty, (targety,{pi,...,pn}))
where context,, target, and p; are all simple path
expressions such that each context,/target,/p; is a
valid path expression with respect to some given XM
schema graph. A path expression is walid with re-
spect to a schema graph T if the expression describes
a dipath in 7. The XML key expression above cor-
responds to the following XML Schema key speci-
fication defined in the scope of the last element in
contexty:

’Cname

(xs:key name="Kpqme")
(xs:selector xpath="target,” /)
(xs:field xpath="p;"” /)

' (xs:field xpath="p,,” /)
(/xs:keyref)
An XML Schema keyref constraint is expressed by
an expression of the form:

Frame : (contexty, (targetq, {q,. ..

REFERENCES K ame

) Qn}))

where every context,/targety/q; is a valid path ex-
pression with respect to the schema graph on which
Kname is defined and, the context path of KCpame i
a prefix path of context,. This foreign key expres-
sion corresponds to the following XML Schema keyref
specification defined in the scope of the last element
in contexty:

(xs:keyref name="TF,4me” refer="~K,ame”)
(xs:selector xpath="target,” /)
(xs:field xpath="¢;” /)

" (xs:field xpath="q," /)
(/xs:keyref)

For convenience, we will abbreviate every label to
its first two letters. For example, the label “Photog-
rapher” is abbreviated to Ph.

5.2 Mapping Approaches

(E) photography

(E) Competition
(1, 50000)

Name DOB Specialties

Figure 4: Example of the Nested Approach, with base
Competition.

Nested Approach. For our first mapping at-
tempt, we simply mimic how the entities and rela-
tionship are connected in the ER diagram. We choose
one role of the relationship as a base for the hierar-
chy, that is, a root for the sub-hierarchy to be nested



under a unique root. For example, if we choose the
base Competition then we obtain the XML schema
graph shown in Figure 4, where the root of the sub-
hierarchy is the Competition element which has a
child element Entry, which in turn has a child element
Photographer. The key constraints for Competition
and Entry can be preserved by adding the following
XML schema keys respectively:

ICCompetition : KEY('v (007{@CN}))
Kentry © KEY(Co, (En,{@QIm,Ph/@QNa,Ph/QDO}))

Moreover, this means that the cardinality con-
straint  card(Entry,Competition)=(1, 50000)
is preserved by an occurrence constraint be-
tween the Competition and Entry elements.
Note that the occurrence constraint preserves
card(Entry,Competition)=(1, 50000) as expected,
in part because of Kentry.

Figure 5 illustrates an XML data tree for an XML
document which is valid with respect to the photog-
raphy XML schema in Figure 4.

E) photography

(E") Competition

(E) Photographer

Title ImglD
“Queen St ‘L1”

CName Details Date
“NZIPP  ‘Photos taken “1-Dec-07"
Iris Awards” within the last

me DOB_Specialties
" “19-Apr-1987" ‘Landscape”

(E") Photographer

. 3years”
Competition

Title ImgID

“Marina”  “B1”

e DOB Specialties

. am
CName Details Date “Bart”  “1-Apr-1980° ' “Sports’

“Tourism “Photos of “1-Dec-07}
Auckland” Auckland” -
Title ImgID

“Marina”  “B1"

Name DOB Specialties
“Bart”  “1-Apr-1980” “Sports”

Figure 5: Sample XML data tree for Nested Approach
with base Competition.

The nested approach has three problems: i) the
corresponding data mapping may not be lossless, ii)
we cannot preserve the key constraint for a non-base
role and, iii) we cannot preserve the cardinality con-
straint relating to a non-base role. The data loss prob-
lem is encountered if there is a photographer who has
not entered into any competition, which is clearly pos-
sible. For this specific example, we can avoid data loss
by simply choosing Photographer as the base. How-
ever this solution does not work in general, specifi-
cally it fails when the cardinality constraints for both
roles have a lower bound of 0. Since a photographer
may submit many entries, we can only specify relative
XML keys whose target path ends in Photographer.
As demonstrated by the data tree, a relative XML
key for Photographer does not identify a photogra-
pher in the same way as the corresponding ER key.
We cannot express that photographer Bart from the
NZIPP Iris Awards competition is in fact the same
person as the photographer Bart from the Tourism
Auckland competition. With this approach we would
struggle with designing updateable XML views as well
as having to cope with data redundancy.

Inline Approach. To solve the identification
problem, we can treat the two roles in the same man-
ner. That is, we nest the elements representing each
role directly under the unique root. The child element
of the relationship element is instead just a reference

(E) photography

(E) Competition (E) Photographer

(®) (E)Photographer
Title ImglD,

Name DOB

Figure 6: Example of the Inline Approach.

to the element representing the non-base role. For our
example, the approach yields the XML schema graph
in Figure 6. the two XML keys from the Nested Ap-
proach and, the following XML constraints:

ICPhotographer: KEY(-, (Ph7{@Na, @DO}))
Frnorograpner i (- (Co/En/Ph, {@Na, @DO}))

REFERENCES Kphotographer

The Inline Approach overcomes the first two prob-
lems of the Nested Approach, but we are still not able
to preserve the cardinality constraint of the non-base
role. Using references to represent the association be-
tween roles and a relationship type is one of the most
common mapping approach in the literature.

photography

(E) Competition (E) Photographer

(0, 15000)

id Title ImgID

ENTRY

Figure 7: Example of the Inline-With-Identifier Ap-
proach.

Inline-With-Identifier Approach. XML
Schema only provides occurrence constraints as a
means to express the number of element children.
Therefore, in order to preserve a second cardinal-
ity constraint, we first need to replicate information
about the relationship under the non-base role. One
way to do this is to introduce a surrogate identifying
attribute for the element representing the relation-
ship. In this way the non-base role can simply contain
a reference to the relationship element via this surro-
gate identifier. Under the Inline-With-Identifier Ap-
proach we obtain the XML schema graph in Figure 7,
the four XML constraints from the Inline Approach
and the following:

Z-ICEntry: KEY(., (Co/En, {Qidpyrry}))
Frarye 0 (- (Ph/En, {Qidpymn}))
REFERENCES ‘Kgntry
*Kpn/Entry © KEY(., (Ph/En, {Qidpyray}))
Fonorograpner © (- (Co/En, {Qidpyny}))

REFERENCES *Kpp /gntry

These four constraints present a first step towards
ensuring that we are actually replicating relationship



data consistently. In particular, replicated Entry el-
ements refer only to an element representing some
actual competition entry and, every element repre-
senting an Entry relationship must have exactly one
participating Photographer entity. The second con-
straint is implicit in the ER model.

There is still the problem of ensuring that an ele-
ment representing the Entry entity type and the one
which references such an element are connected to
the same photographer. In other words, for every
Entry element nested under some Photographer el-
ement, the Photographer element must be the one
referenced by the Entry element that is nested under
some Competition element and sharing the same
@idpxrry value. Since there may be many Entry
children elements for some Photographer element,
keyrefs cannot be used. As in the relational data
model we may specify a more general inclusion con-
straint such as:

Z-Phot ographer
Entry

. (., (ph, {@Na7 @EDO7 En/@szNIRY}))
C (., (Co/En, {Ph/@Na, Ph/@DO,

@idENTRY}))
The inclusion constraint states that, in the
data tree, for every element (p) representing

some Photographer entity, there exist elements
(e1), ..., {e,) representing an Entry relationship such
that the following holds. The set of valuations Z,, for
the set of paths on the left-hand side of the inclusion
constraint is included in the set of valuations Z. for
the set of paths on the right-hand side of the inclusion
constraint. Here, Z,, and Z. consist of those valuations

whose paths are rooted at (p) and {(e1),...,{en), re-
spectively.

A consequence of not specifying Igﬂgﬁ;graph“
(or its  equivalent  constraint), is  that

card(Entry,Photographer)=(0, 15000) is mnot
preserved by an occurrence constraint as we would
expect. In addition, there are XML instances which
validate against the XML schema definition but do
not correspond to any ER instance. This is especially
undesirable if we want to use the schema for data
exchange and creating updateable views.

(E) photography

(E) Competition

(E) Photographer
(1, 50000) )

Title ImglD

Name DOB

Figure 8: Example of the Roles-As-Parents Approach.

Roles-As-Parents Approach. Rather than in-
troducing a surrogate attribute, this approach repli-
cates relationship data in accordance with the key for
the relationship type. Therefore, since the key for
Entry includes both roles, the element representing
Photographer will have a child Entry element which
has a Competition child element reference to the ele-
ment representing Competition. The structure of the
resulting XML schema under the Roles-As-Parents
Approach is illustrated in Figure 8. The XML data
tree in Figure 9 demonstrates the intended data map-
ping for this approach. Clearly we need all the XML
constraints from the Inline Approach together with a

new keyref constraint

]_—Photographer
Competition

: (., (Ph/En/Co, {@QCN}))
REFERENCES Kgompetition

that checks that the second Competition actually
replicates competition identifiers. Once again, we are
faced with the problem of ensuring that the replicated
relationship data is consistent with identifiable rela-
tionships. For the same reason as above, keyrefs are
inadequate and we need more general inclusion con-
straints:

on/eaezy | (- (Co, {QCN, En/QIm,
En/Ph/@Na, En/Ph/@D0}))
C (., (Ph,{En/Co/QCN,En/QIm,
@Na, @DO}))
Ten/E™3 . (., (Ph, {En/Co/@CN,En/QIn, QNa, @DO}))
C (., (Co,{@QCN,En/@QIm,
En/Ph/@Na, En/Ph/@D0}))

The purpose of the inclusion constraints is to guar-
antee that every Entry element in the sub-hierarchy
with base Competition corresponds to precisely
one Entry element in the sub-hierarchy with base
Photographer, and vice versa. For example, since
the “NZIPP Iris award” has an entry by Bart for the
image with ID “B1”, we should find for Photogra-
pher Bart an entry of image “B1” in the competi-
tion “NZIPP Iris award”. Observe that we are stor-
ing identifying aspects of each relationship twice. As
in the previous approach the cardinality constraint
card(Entry,Photographer)=(0, 15000) may not be
preserved without specifying the inclusion constraints
despite having specified an occurrence constraint to
achieve just that.

(E) photography

(E) Competition (E) Photographer

(0, 15000)

id Title ImgID

ENTRY

Name DOB

Figure 10: Example of the Self-Replication Approach.

Self-Replication Approach. This approach ex-
tends the Inline-With-Identifier Approach such that
inclusion constraints can be avoided. We add a
child Photographer element to the Entry element
that is itself nested under the element represent-
ing the Photographer entity type. Figure 10 shows
the photography XML schema graph under the Self-
Replication Approach. All XML constraints from the

Inline-With-Identifier Approach except Zproro8rapher

Entry
are needed. We also add the following constraints:

KEY(Ph, (.,{@QNa, @D0}))
(Ph, (En/Ph,{@Na, @D0}))
REFERENCES */Cpnotographer

s .
ICPhotographer .

s .
fPhOtOgrapher .



(E) photography

(E) Competition
@) Entry (E)Photographer € Photographer () Photographer
® ®
® ®» EEny ®  (® (E)Photographer ® ® _ _ ® > ® ®
cyane D e T Ing0  |nam= pog, sprien M 098 PRS0 s T
s e B (B (B)Photographer &) ® Competiion(®) ® Enuy ® (& Competition
3 years” Title [_rrv‘gID Name DOB ImgID
‘Marina" ‘B e o Lisa’ '19-Apr-1987' 0 e COmpﬁItIO Emry qq o
Name DOB ® ® ® @ewy ol CNarme
Bt Aot CName Details Date ® ® (E) Competition A
iy g 7@ A (E)Photographer BT mgiD
'I;;at’!g [Q;QID Auckland C
o o “NZ%"IE
Name DOB Iris Awards”
“Bart"  “1-Apr-1980"
Figure 9: Data tree for the Roles-As-Parents Approach.
and ous mapping and, also the following:
"Kintey © KBEY(., (Co/En, {Qidgyrpy, *Keompetition : KEY(Co, (.,{@QCN}))
Ph/@Na, Ph/@D0})) * Feompetition : (Co, (En/Co, {@Na, @D0}))
. S
i j_—EP:t/rE;try: (., (Ph/En, {Qidpyimy, » REFERENCES “K¢ompetition
Ph/@Na, Ph/@DO})) ‘ Entry : KEY('7 (CO/En7 {@Im7
REFERENCES Ky Ph/@Na, Ph/@DO, Co/QCN}))
i ~Ph/Ent
Folomty (., (Ph/En, {QTm, Ph/@Na, Ph/@DO,
1"
In fact *Kpnotographer is a trivial key, but is nec- Co/@CN})) REFERENCES Kentry
essary in order for us to specify °Fpnotograpner that it . KEY Ph/Fn. {@T
ensures that the correct photographer identification Ph/Entry ° (-, (Ph/En, {QTm,
is replicated for the referencing Entry element. We Ph/@Na, Ph/@DO, Co/@QCN}))
can then use the second key-keyref pair to en-  -Co/Entr
. . X . V.
sure that the relationship data is replicated con- ’ Ph/Entry (-, (Co/En,{@QIm, Ph/@Na, Ph/@DO,

sistently. As a result, the occurrence constraint
between the element representing Photographer
and its child Entry element would indeed preserve
card(Entry,Photographer)=(0, 15000). Although
the approach preserves all key constraints and car-
dinality constraints of a many-to-many relationship,
the data structure is not natural and neither are some
of the required XML constraints.

(E) photography

(E) Competition

(E) Photographer

Figure 11: Example of the Relationship-Replication
Approach.

Relationship-Replication Approach. To
avoid using inclusion constraints without adding a
surrogate identifier for the relationship, we can repli-
cate the entire key for the relationship. In particular,
each Entry element in the XML schema will contain
both a Competition and a Photographer child ele-
ment since the key for Entry includes both roles. This
approach can be seen as an extension of the Roles-As-
Parents Approach. The photography XML schema
structure under this approach is shown in Figure 11.
We need every XML constraints from the Roles-As-
Parents Approach except for the two inclusion con-
Straintsa S’CPhotographerv S]—"Photographer from the preVi‘

Co/@QCN})) REFERENCES Kpp /gyery

Similar to the previous approach, *Kconpetition iS &
trivial key but necessary for specifying ®Fcompetition-
We are then in a position to ensure consistency of
relationship replication using just keys and keyrefs.
The approach preserves the desired constraints but
at the cost of high data replications. Although not
data redundancy in the traditional sense, these data
replications can still lead to difficulties when dealing
with updates.

Inline Approach with Numerical Keys. Re-
call that the Inline Approach resulted in relatively
little data replication whilst failing to preserve only
one of the cardinality constraints. Our previous ap-
proaches have tried to overcome this problem with
just occurrence constraints. The results have been
quite intricate XML schema definitions. Occurrence
constraints can be used to preserve participation
cardinality constraints but not necessarily on their
own. So: Is there a more direct way to preserve
a cardinality constraint apart from using occurrence
constraints? An answer lies, in part, with cardi-
nality constraints for XML. For example, to pre-
serve card(Entry,Photographer)=(0, 15000) we sim-
ply need to add the numerical key:

CARD(., (Co/En,{Ph/@Na,Ph/@D0})) = (1,15000)

to the Inline Approach. The constraint states that for
every distinct valuation of photographer’s name and
date of birth, there can be between 0 and 15,000 en-
try elements with a photographer child element hav-
ing such a valuation for its attributes. Because every
Photographer child element of some Entry element



refers to a photographer, the numerical key preserves
the cardinality constraint relating to photographers.

However, numerical keys alone do not suffice in the
case that the cardinality constraint we want to pre-
serve has a lower bound greater than 0. In this case
some form of existence constraint is required. Sup-
pose we only consider that every photographer has be-
tween 1 and 15,000 entries into competitions. Then,
in addition to a numerical key, we need a way to say
that every Photographer element that is nested un-
der the unique root must be referenced by at least one
Photographer element which is nested under some
Entry element.

6 Conclusion

We have briefly summarised the benefits of introduc-
ing cardinality constraints to XML. They can ex-
press many important semantic information about
XML data that cannot be expressed by common XML
schema languages. Moreover, we have illustrated that
many XML applications can benefit from the specifi-
cation of such constraints. While reasoning about car-
dinality constraints is intractable in general we have
identified the large subclass of numerical keys that is
finitely satisfiable, finitely axiomatisable, and whose
implication problem can be decided in quadratic time.
We have established that the implication problem of
numerical keys can be characterised as a shortest path
problem in a certain digraph. Thus, numerical keys
form a very natural and robust class of XML con-
straints that can be utilised effectively by designers,
and the complexity of their associated decision prob-
lems indicates that they can be maintained efficiently
by database systems for XML applications.

Moreover, we have demonstrated the difficulty of
representing many-to-many relationships adequately
in XML. Since the semantics of these relationships is
often modelled with the help of key, foreign key and
participation constraints, these must be represented
in XML appropriately as well. We have shown a vari-
ety of approaches and discussed their advantages and
disadvantages.
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