Copyright is owned by the Author of the thesis. Permission is given for
a copy to be downloaded by an individual for the purpose of research and
private study only. The thesis may not be reproduced elsewhere without
the permission of the Author.



LOGIC BASED QUERIES FOR XML DATABASES

By
Qing Wang

SUBMITTED IN PARTIAL FULFILLMENT OF THE
REQUIREMENTS FOR THE DEGREE OF
MASTER OF INFORMATION SYSTEMS
AT
MASSEY UNIVERSITY
PALMERSTON NORTH, NEW ZEALAND
DECEMBER 2005

© Copyright by Qing Wang, 2005



MASSEY UNIVERSITY
DEPARTMENT OF
INFORMATION SYSTEMS

The undersigned hereby certify that they have read and recommend to
the Department of Information Systems for acceptance a thesis entitled “Logic
Based Queries for XML Databases” by Qing Wang in partial fulfillment

of the requirements for the degree of Master of Information Systems.

Dated: December 2005

Supervisor:

Klaus-Dieter Schewe

Readers:

1



MASSEY UNIVERSITY

Date: December 2005

Author: Qing Wang
Title: Logic Based Queries for XML Databases

Department: Information Systems

Degree: M.L.S. Convocation: February Year: 2006

Permission is herewith granted to Massey University to circulate and to have
copied for non-commercial purposes, at its discretion, the above title upon the request
of individuals or institutions.

Signature of Author

THE AUTHOR RESERVES OTHER PUBLICATION RIGHTS, AND NEITHER
THE THESIS NOR EXTENSIVE EXTRACTS FROM IT MAY BE PRINTED OR
OTHERWISE REPRODUCED WITHOUT THE AUTHOR’S WRITTEN PERMISSION.

THE AUTHOR ATTESTS THAT PERMISSION HAS BEEN OBTAINED FOR THE
USE OF ANY COPYRIGHTED MATERIAL APPEARING IN THIS THESIS (OTHER
THAN BRIEF EXCERPTS REQUIRING ONLY PROPER ACKNOWLEDGEMENT IN
SCHOLARLY WRITING) AND THAT ALL SUCH USE IS CLEARLY ACKNOWLEDGED.

iii



Table of Contents

Table of Contents
Acknowledgements

1 Introduction

Y.l XMLDAESCHANEBERE o vow uomow v v v mew om0 5 5 5w 30 %6 ¥ 8@ w5 5
1525 MEODTEOBIVES w o = Fies T o mrin 16 5 @ s B ow s B w0 o e 5 ot B e o R
1.2.1 The Semantic XML Object Model . . . . .. . ... ... .......
1.2.2 The XML Identity Query Language . . . .. ... . ... .......
1:2.3 The XML Calculus Languawe: o ¢« o v siv w5 4% 6 9% 8 8 8 6% 5 &5
L8 PRIBCIDAIE i o 5 some v ow mnw w0 5 cates % 80w0se & @0 65 T B s R R R 6 R W
131 Object BEEEE « wow oowwrw v om0 wms w g womm w0 oo 5w 5 B
132 logicParadigin . « « v ocoaooom om0 0 mom 5w om mos o wmomow o m e  m
Ld: Overview ol the THesiE & . s s s s sssmosmans g Gmas T o be s msE &a

2 The Semantic XML Object Model
2:1, Object Types 8 ODISOER ¢ » o w5 oo & oo e 2 ® 5% Rews 58 86 5 w08 ¥ 5
2.2 XML Databases on Object Bases . . . . . . .. ... .. ... ..., ....
2.2.1 DatabaseInstances . . . . . .. . . . . . ..t ittt
2:22 ClassSchemataand THples v wis v svssmasts @SR 550
228 DatEbESESEHETAtE « « s o m wwiw 5 mw s 5 wRwE B8 w3 DE E E B G
2.3 The Semaiticsof OB - 5 5 v 6 o v w5 5 2w v sv s 505 a0 s 5 @ w0 w % 5B
2.4 Object Connectivity . . . . . v i v it e e e e e e e e e e e e e e
241 DominantBelation. . . covow o o im oo o 0w m oo b s @ onw s a e
242 ClassHerarehy « ¢ v o0 v 65 §% ¢ § 6@ 88 80 G 8 0P ¥ 85 E S D4
D43 OBJEREQIAEE & wc v avw v mmse » % w8 B R P A R R A R R R W WA
2.5 Another Representation of Objects . . . . . . . ... ... .. ... .....

3 XML Identity Query Language: A Framework

30, BUIER s e s R R AR R SR E TN AR IS A AR LR ARE S B
3.0 SEHEHIOR oo v s v @ 5 5 By s @ 9 EoE ¥ R B 6 R A W B @ W S
3.2.1 Valuations and Satisfaction . . . . . . . .. . .« . . ..

iv

E.

<
>l => T 1 TS TR~ S JU R JU T S =

oo

12
13
14
19
22
23
23
25
26
27



32,2 'Semantics OPQUETIES: & o 2 o oo 6o 2 i 5 @ e v e e e a e 36

3.2.3 Union and Infersection TYPES i v o v o w4 5 % 6 6@ § o % 58 % % % 37
324 Inflationary Fixpomt Operatonr . o « « oo w5 5 5 5 0w w o 400 & 5 5 o s 40
325 SafeQueries . . . . . . . ... e e e e e 41

3.3 Object Creation Mechanism . . . . ... ... ... ... ........... 44
34 Key Characteristicsand Examples: . . .« . v v v v v v v v s o0 oo v s e s 47
343 Nest B8R THHEEE « v s wasvrnwi s w o e 558 8 5 5 o & 6% a8 47
S Sirnctural REGEIBION « v v 5w s v 5 o oo &8 6 » W6 @ 85 @ op ® 5 B 49
3.4.3 Path Expressions . . . . .. .. ... .. 50
Fdd BohehiMBIY: s efw et es it be PR s Bl S nad & un ams 51
Sl JOIRCOPERIGH: « i vu v i s W e P s s E R E R EEN D Ed B e 52
DA0] OOUBHEES < 5 5 s e v 5 w5 a6 6 % 9 B0 S R WIS N R Y RS B 53
34T Punction Symbols ¢ » « w v oonoxw s moma g e m e s s e e 54

4 Further Issues on XML Identifier Query Language 55
4.1 Duplicete Blinglion « v 5 sy cssss mvas v o v & a6 606 a8 0§ 55
41,1 Structuted Value DUplicates . o o v s s v o s w e s s e s v s w a e @ 56
L1 ANMBIRESUIE o mv i mos v s ® smm 58 5 o & B G W E N 0 g 57

4.2 Copy Elimination . . . . . .. . . . L e e e e e 61
43 Database Transformalions - « ¢ s v v sin as s 6 oG m b ba w5 @& @ 63
4.3.1 Determinate Transformations . . .. . .« o v 0 i v v v i 64
4.3.2 Hybrid-deterministic Transformations . . . . . . ... ... ... ... 65
4.3.3 Completeness . . . . . . . . e e e 66

5 The XML Calculus Language 67
5.1 Proimiaries « o p e o 2 s o0 s 55 60 0 5 0 i By B0 @ B G B R A B B e 67
511 A Pundamental TypeSystem : o « v v vo v 5 s wmw aw a5 0 w5 68
5.1.2 Higher-order Constructs . . . . . . .. . . . . ... 70

Gl NIDNIE . 0 5 A feas B in e 5 0 8 s B aw B e R st S W m o & A Rk 72
521 “Termsanid Variables « sis w e it G oD e i RS S B T B &5 @ & 72
822 “Well-Hormed - Forfiiila s s v w s s w o s wom o s & st & 0o & 6 8 w6 s 73
5.2.3 Free and Bound Vaxiables . e 5 momw 0 oo w0 5o s w oo s 6 s o e s 74

5.3 Semantics . . . . . . . .. e e e e e e e e e e e e e e e e 75
931 Interpretation o c s s s v v s e rsa s v s s M g d BT E e 5y 76

532 QuetyMIDDIE i ¢ v s s v o 96 % v 8% 0 5 8 A8 5% 6% 78
593 EOleeb OBk « o 5 v o e @ e s s w5 89 W8 B8RS S B 78
5.3.4 Active Domain Semantics . .. ... ... ... ... ... ...... 79

54 Logical Reflection . . . . « v v o v ooe oo o m s m om0 wm wor o s m o n 80
5B SIRlatioN » w s s s E LR S RGNS S S SRS R S E G B 84
5:0.1. BECUmSIVEBITUCEUTES = v 5 ov v w5 s a0 5 e s 50 a oy ot & (3 o & o i o8 & 85

B2 NestAnt UNHESE & w5 5 e o s 5 & moms a5 vem gae @ 0 N @ 5 s @ B 85
553 If-Then-Else . . . . . . . . . o i i e e 88



5.5.4
5.5.5
5.5.6
5.5.7

Class Names and Atomic Values . . . . . . .o o oo v v v v v e v v
Quetied over/ ObJect Order: « = » v s v m v s v w o 9 v o6 w6 5 5w
Aggregation Functions . . . . . .. .. .. ... ... ........
Diplicsle Blimigabion - ¢ ¢ :: v isseisimessmmusamny s

6 Related Work
6.1 Semantic DataModels . . . .. ... ... .. ... ... ... ... ...
6.2 Object-Credting LanPuages . oo 5 u s s sy v as @y s P EE RS % & 6
6.3 Pire Declarative LABBUAEES! « svw vmwme v w5 m w o % & % w0 w0 % 5 @ 5 6 R

7 Conclusions

A Running XML Database

Bibliography

vi

92
92
93
94

96
98

101



Acknowledgements

I would like to express my gratitude to the many people who have made this thesis possible.

Most of all I would like to thank Professor Klaus-Dieter Schewe, my supervisor, who
recommended this interesting research topic to me when I was in confusion at the ecarly
stage of Masters study, and introduced me to the world of logic theory. Without his patient
guidance and stimulating suggestions, I would have been lost somewhere. I am also very
grateful to Dr. Sven Hartmann for being a constant source of support and encouragement
at all times, which greatly inspired me to overcome many difficulties in my life.

Special thanks go to Thu Trinh and Madre Chrystall. They not only dedicated their time
to being a reader of my manuscript, but also provided many helpful comments. Furthermore,
I wish to thank all the many teachers, friends and classmates who helped me get where I am
today although it is impossible to mention them here individually.

In particular, I wish to convey my thanks to Mrs Clark, Massey University, and Mr
Todd and the NZVCC , for being awarded the Lovell & Berys Clark Scholarship, Massey
University Masterate Scholarship and Todd Award for Excellent in 2005. These scholarships
are crucial to the successful completion of this research because they not only free me from
financial worries, but also motivate me towards higher goals for this research.

Lastly, and most importantly, I am forever indebted to my family for their understanding,
endless patience and encouragement when it was most required, especially my three-year-old
son Jiajun, he always seems quite understanding toward my study although he is not really
aware of that.

Wang, Qing
December 1, 2005

vil



Chapter 1

Introduction

With the significant increase of web-based applications, the eXtensible Markup Language
(XML), as a de facto standard for data interchange on the web, has attracted considerable at-
tention in theory and practice. XML deals with irregular and heterogeneous semi-structured
data that give rise to trees, i.e. the predominant data structure in complex data models.
This leads to new challenges for database research such as new data structures and models,

and new database query languages in this area.

1.1 XML Data Challenges

In essence, the major challenge of XML lies in its data structure, which is greatly different
from the traditional data structure treated as relations. A comparison with respect to the
differences between XML data and relational data has been discussed in [17]. Generally

speaking, XML data has the following unique characteristics:

¢ XML data have irregular and heterogeneous structures leading to optional values which

are absent in relational data;

e Metadata that describes the structure of the data is distributed throughout the data

in the form of markup, instead of being stored separately as in relational data;

e XML data is nested in a hierarchy, and complex nested structures might need to be

decomposed and reconstructed on the fly to facilitate data manipulations;

e XML data are encoded with an intrinsic order that is an important property of data
themselves. This means that the order property must be taken into consideration for

modelling.
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These features require more complicated data models in comparison to the relational
data model, which merely deals with flat and rigid relations. In particular, problems such as
rational trees, optional cardinality, repeated elements and sequence order demand additional

functionalities to be provided to handle XML data in an efficient and sufficient manner.

Since the unique structures of XML data further require that XML query languages
must have the capability for querying over schema information. In order to support this
extra functionality at the database level, the techniques used in semantic data models have
shown to be an appropriate approach, in which the separate notions of schema and instance
are combined into an explicit expression. This allows the queries of schema information to

be handled in the same manner as querying data at the language level.

Therefore, the first task investigated in this thesis is to design a simple and natural data
model, which supports a rich description of XML data from a structural point of view. The

relevant techniques for this are derived from semantic data models.

In the theory of relational databases, query languages have been developed mainly fol-
lowing three directions: an algebraic direction e.g. the Relational Algebra, a logical direction
e.g. the Relational Calculus, and a logic programming direction e.g. deductive languages
such as DATALOG. Many issues such as recursion, negation and the combination of them
have been well investigated in relational query languages. However, some new problems have

emerged with respect to XML query languages.

the possible absence of a database schema;

the capability to support querying over schema information;

restructuring and creating XML data in a flexible approach;

e recursion under the feature of optionality.

Not surprisingly, the second task investigated in this thesis aims at developing declarative
and powerful XML query languages in the context of XML data. My focus in this thesis is
on a logical direction and a logic programming direction.
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1.2 Objectives

The main goal of this thesis is to investigate the logical grounds of query languages over
XML databases on the basis of a representation by object bases. In general, there are three

objectives I want to achieve.

—Define a data model at the conceptual level for XML data aiming at capturing semantic

capabilities on object bases.

—Develop the formal syntax and semantics for a logic programming query language
for XML, which exploits object identifiers as primitives in the context of XML data

structures.

—Propose a higher-order predicate calculus language tailored to XML data by study-
ing the mathematical techniques used in relational calculus which is regarded as a

specification of the first-order predicate calculus.

To clarify how the objectives are fulfilled in this thesis, we provide a brief introduction

regarding each objective in this subsection.

1.2.1 The Semantic XML Object Model

The semantic XML object model aims at a natural and simple data model for XML-based
databases that can capture and express XML data from a relatively high abstraction level
with well-defined semantics. Furthermore, it can also serve as a formal specification for

further establishing XML data manipulation languages.

The proposed semantic XML object model mainly has the following key features:

e It provides considerably rich structuring capability by using objects as basic semantic

data abstractions that are associated with concise but flexible interpretations.

o It provides classes as the only construct to accommodate objects, thus enabling richness
through class tuples and class schemata that link XML database instances and XML

database schemata together.
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e It provides attributes at the object level, which are used to incorporate values and
objects into a unit, and attributes at the class level, which facilitate to capture objects

having common semantics but variant structures within a specific class schema.

e It provides object identifiers that are used in a dual role as both structure and order

primitive.

1.2.2 The XML Identity Query Language

The XML Identity Query Language (XIQL) is greatly influenced by the spirit of IQL in [6, 7]
on a key design point that objects can be manipulated through having object identifiers as a
powerful programming primitive. New objects can be created in a manner that is essentially
equivalent to Skolem function techniques. However, more work needs to be done with respect

to IQL to reflect the characteristics of XML data.

Compared with IQL, XIQL provides the following additional functionalities:

e XIQL incorporates the capability for type creation in queries. On one hand new types
can be easily added into a database, while on the other hand types can be queried as

a special part of an instance.

e XIQL enriches the language with union types, which can capture the optionality fea-
ture of XML data. Further, the underlying intersection types facilitate the flexible

expressions for objects with class atoms.

e XIQL treats set and non-set variables in a unified fashion unless a particular interest
is indicated. In this case, a set operator can be used to handle the transformation

between set and non-set variables.

1.2.3 The XML Calculus Language

The XML calculus language is a pure declarative language incorporating higher-order logics
on the basis of the SXO model, in which semantic structures can be elegantly encapsulated

into objects.
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The design goal of the XML calculus language is to obtain highly expressive power, but
using a relatively simple interpretation. To achieve this goal, the combination of a higher-
order syntax and a first-order semantics within a language becomes a suitable choice for
the proposed XML query language. Furthermore, through a connection of two semantics of

objects, an equation between the first-order and higher-order interpretations can be estab-
lished.

To handle higher-order logics, it is essential to define a fundamental type system in the
language, on which higher-order notions can be precisely developed. Moreover, for an XML
query language, the ability to query schema information must be taken into consideration.

For this reason, type variables are introduced into the type system.

Another interesting design point is to naturally reflect fixpoint semantics in this language
by means of universal quantification, which is associated with variables under restricted

domains. With this capability, the expressive power of the language will be greatly enhanced.

1.3 Principals

Throughout this thesis two main principles will be followed: considering XML databases as

object bases and following a logic paradigm for querying them.

1.3.1 Object Bases

The data model developed in my thesis is built upon object bases. Instead of encapsulating
behavioral aspects of objects in object-oriented databases, this data model concentrates on
encapsulating structural aspects from a semantic point of view. The reasons for preference
for an object-based model, rather than a relational model, principally arise from the following

considerations.

Firstly, as argued in [63], the relational data model fails to capture much of the semantics
associated with data because the fundamental modelling construct, i.e. the tuple does not
constitute an atomic semantic unit. Hence, additional integrity constraints are required to
establish the intended semantics of the database. In contrast to tuples, the features of objects

determine themselves to be the natural semantic carriers in XML databases.

Secondly, to tackle the irregular and heterogenous structure of XML data, objects grouped
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in a class can provide richer structure modelling facilities than tuples in a relation. By spec-
ifying classes, which represent collections of objects encoded with heterogenous structures,

a uniform framework on object bases can be established.

Finally, it is customary that XML data has a graphical representation, which is also
thought of as a representation for objects in the object-based model. Hence, they coincide
with respect to this intuition. Furthermore, both objects and graphs can be constructed to
be self-descriptive, which is an important feature identified in XML data. However, a tabular
representation provided in the relational data model is not suitable in this case due to the

separation of schema and instance.

In addition, although many XML query languages have been proposed such as XQuery
(73], XQL [56], LOREL [8] and XML-QL [29], most of them aim at providing the XML-era
analogue of SQL. However, I believe that the investigation on XML query languages from
a perspective of object bases has not been sufficiently conducted yet so far, especially for

exploiting object identifiers as structure and order primitives.

1.3.2 Logic Paradigm

In the thesis, a study towards logic-based query languages in the framework of an object-
based XML data model will be conducted. The reason for considering the logical ground of

query languages is based on the following two points:

e [irstly, logic-based approaches have been recognized as a means to provide remarkable
simplicity and conciseness of syntax for query languages, as were the case in relational

calculus and Datalog for the relational data model.

e Furthermore, logic-based approaches are essential for evaluating the expressive power

and computable complexity of query languages.
Most of the current XML query languages focus on path-based query processing with

pattern matching techniques. Research regarding theory, well-defined semantics and expres-

siveness is still needed.

1.4 Overview of the Thesis

The remainder of the thesis is organized according to the following logical sequence.
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In Chapter 2, we focus on modelling XML data in a natural way by applying techniques
of semantic data model. The developed data model, called the SXO model, is built upon
object bases, in which identifier and value semantics of objects are formalized. Moreover,
XML database instances and schemata are formalized along with the notions of class schema
and class tuple. At the end of the chapter, some insights are given into dominant rela-
tion, class hierarchy and object order. Based on this model, XIQL, a simple and powerful
logic programming language for manipulating XML data, is proposed in Chapter 3. A basic
framework of this language with the formal syntax and semantics is presented there. Fur-
thermore, we discuss the object creation mechanism adopted in XIQL in details. Chapter 4
investigates the issues about structured value duplicates and copies. It turns out that XIQL
is complete with respect to determinate transformation since both structured value dupli-
cates and copies can be eliminated in XIQL queries. To obtain a pure declarative XML query
language, Chapter 5 incorporates higher order logics into a novel XML query language called
XML calculus as a counterpart of relational calculus in the relational data model. This lan-
guage is developed with higher-order syntax and first-order semantics. After introducing the
formal syntax and semantics of the language, a logical reflection regarding the relationship
between first-order semantics and higher-order semantics is discussed. Chapter 6 reviews
the literature from three aspects: semantic data models, object-creating languages and pure
declarative languages, as a complement to some related work having been introduced during
Chapter 2, 3, 4 and 5. In the end, we summarize the main results exploited in this thesis in
Chapter 7. Several issues left for future work are also identified at the end of Chapter 7.

Throughout the thesis we will use a simple XML database as presented in Figure A.1,
Figure A.2 and Figure A.3 of Appendix A. All the data stem from XML Query Use Case [72]
provided by the World Wide Web Consortium (W3C) with some minor modifications. The
purpose of the running XML database is to apply the proposed query languages to specific

application scenarios, and illustrate the capabilities of our languages.



Chapter 2

The Semantic XML Object Model

This chapter introduces a data model specific to XML, called the Semantic XML Object
Model (SXO model), which is based on tree structures and has objects as semantic units.
This data model attempts to capture more properties of XML databases at a conceptual
level. We begin by presenting formal definitions of object types and objects, then show
how XML database instances and schemata can be obtained under the SXO model with
a rich description of characteristics. After that, the semantics of objects are investigated
to provide a well-defined semantic framework. Furthermore, we are interested in discussing
object connectivity from multiple aspects: dominant relation, class hierarchy and object
order. In the end, another representation of objects which can be expressed under a value-

based model is introduced to obtain a link between the SXO model and a value-based model.

The main purpose of this chapter is to present a data model for XML, which is as simple
and natural as possible, so that further data manipulation languages can be built up in the

following chapters.

2.1 Object Types and Objects

There are two kinds of properties considered in the SXO model, atomic values and objects,
which are two distinct concepts that have been clearly discussed in [13]. In the SXO model,
objects are adopted to represent basic semantic abstractions reflecting a natural under-
standing for objects in the real world, whereas atomic values can only exist as fundamental
elements which must be appropriately incorporated into objects as properties. More specifi-

cally, semantic objects serve as the basic units of persistent data within a database on the one

8
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hand, while on the other hand, first-order relationships are encapsulated into object values

so that a structural association among objects can be captured in a semantic framework.

To precisely describe atomic values and objects, we start by introducing two basic con-

cepts: atomic types and class names, which are developed as follows.

Atomic types: an atomic type is a non-decomposable type unit, including STRING, INT,
NAT, BOOL and etc. Atomic types are base types.

Class names: a class name indicates a class serving as a container for a finite set of objects.

For the sake of conciseness, we adopt the notations B for a countably infinite set of
atomic types, C for a countably infinite set of class names and A for a countably infinite set

of attribute names.

Attribute names are either atomic types or class names in the SXO model. Therefore,
in accordance with this distinction, attributes can be categorized into two kinds: value
attributes that have atomic types and object attributes that have class names. Each value
attribute is associated with a value domain, expressed by domy, the set of all possible values
that the value attribute can obtain. Correspondingly, each object attribute, is associated
with an object domain, expressed by domo, the set of all possible objects that the object
attribute can obtain. For convenience, we let D = {domy, }icj1.n) be a fixed family of value
domains {domy,, ...,domy, }, and T = {domg,}ic1,n be a fixed family of object domains

{domg,, ...,domo, }, respectively.

Instead of distinguishing between entities and relationships as in the ER model, the SXO
model considers objects in a simple and unified expression. An object may be classified as
being either atomic or complex in accordance with its attributes. Atomic objects have only
value attributes, while complex objects have at least one object attribute. Let 7 be a set
of object types including atomic object types and complex object types (as defined below),
then there is a class domain assignment Dom¢ : 7 — I such that each object type OT € T

is associated with its domain Dom¢(OT).

Definition 2.1.1. (Atomic object type) An atomic object type AT consists of

(i) a class name nam(AT) € C;
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(ii) a finite, non-empty set of value attributes attry (AT) = {Ai, ..., An}, where Ay € B for
ke [1,n];

(iii) a value domain assignment Domy : attry(AT) — D which associates with each at-
tribute A € attry(AT) its domain Domy (A).

The expression AT = nam(AT)[attry (AT)] is used to express an atomic object type AT

in a class with name nam(AT') having a finite set of value attributes attry (AT).

Definition 2.1.2. (Atomic object) An atomic object of type AT is an expression c(i, u)

consisting of
(i) a class name ¢, where ¢ = nam(AT);
(ii) an object identifier ¢ such that ¢ € Dom¢(AT);

(iii) an object value u = [A; : t3,..., A, : t,], where {A;,...,A,} = aitry(AT) and t; €
Domy(Ax) (1 <k <n).

Definition 2.1.3. (Complex object type) A complex object type CT consists of
(i) a class name nam(CT) € C;

(ii) a finite, non-empty set of object attributes attro(CT) = {A,...An}, where A; € C for
k € [1,m];

(iii) a finite set of value attributes attry(CT) = {Am+1,..., An}, where Ax € B for k €
[m + 1,n];

(iv) a value domain assignment Domy : attry(CT) — D which associates with each at-
tribute A € attry(CT) its domain Domy(A);

(v) an object domain assignment Domg : attro(CT) — I which associates with each at-
tribute A € attro(CT) its domain Domg(A).

The expression CT = nam(CT)[attry(CT)Uattro(CT)] is used to express a complex ob-
ject type CT in a class with name nam(CT) having a finite set of value attributes attry (CT)
and object attributes attro(CT).
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Definition 2.1.4. (Complex object) A complez object of type CT is an expression c(i, u)

consisting of
(i) a class name ¢, where ¢ = nam(CT);
(ii) an object identifier i such that i € Domg(CT);

(iii) an object value u = [A; : ty,..., A, : tp], where {4, ..., A,} = attry(CT) Uattro(CT),
and t, € Domy(A;) iff Ay € attry(CT) or tx € Domo(Ay) iff Ay € attro(CT)
1<k<n).

With respect to the preceding definitions, two things should be pointed out here. First
of all, each object must belong to exactly one class. That is, given two object types OT) and
OTy, where nam(OT}) = ¢1, nam(OT,) = ¢, and ¢; # ¢3, then it implies that domc(OT7) N
domc(OT,) = (. Secondly, recursive types may occur in complex object types since complex

objects may be constructed from objects in the same class.

Intuitively, atomic objects function as wrappers of atomic values, while complex objects
encode more complex structures among other objects. Correspondingly, based on this in-
tuition, classes can be grouped into atomic classes and complex classes. An atomic class
contains only atomic objects, while a complex class contains at least one complex object.
The fundamental distinction between atomic classes and complex classes stems from whether

object identifiers as structure primitives are involved in object values within the class.

In contrast to the notion of semantic object defined in [46], where an object identifier
is defined by one or more attributes that the users employ to identify object instances, we
adopt invisible and immutable object identifiers by following the idea used in the classical

object approaches.

One of the main reasons for employing semantic objects in the SXO model is to support
heterogeneous structures embedding within objects. To fully accomplish this intention, the
notion of object value type is developed to capture the variant structures in object values.

Definition 2.1.5. (Object Value Type) Given an object o with value u, then there exists
a function 7 mapping from the object o to object value type 7(0) containing a set of distinct
attribute names in value u, such that if u = [A; : t,...., A, : t,], then 7(0) = [A}, ..., A,]
(n > m), where Ay jcm A # A; and A, A € {Ax | k < n}U{{A} | k < n}. Here {A}
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denotes a set type, i.e. Domy({A}) = {{v1,...,w} | k € N,v; € Domy(A) foralll <i <
k} or Domo({A}) = {{v1,..., vk} | k € N,v; € Domg(A) for all 1 <i < k}.

Note that both the order of attributes in an object value and the order of attribute names
in an object value type are not significant. However, attributes in an object value might not
be distinct, while attribute names must be unique over an object value type. The following

example is given to illustrate these notions.

Example 2.1.1. For the object 0 = ¢(i,[A; : t1,As : to, Az : t3, Ay : t4]), we obtain
T(O) = [Ala {A2}:A3]-

To clearly express objects in a graph representation, we specify that atomic objects are

represented by ovals, while complex objects are represented as rectangles.

Remark 2.1.1. Finally, we give some comments on the notion of object developed in the SXO
model. Although all objects are described with a simple and unified form such that e(i, u),
they can be interpreted from multiple points of view following the same line of semantic data
models. As stated in [61], an object actually can be regarded as a real object, or a property of
objects, or a relationship among objects. In essence, the flexibility of interpretation enriches

the semantic abstraction embedded with objects.

2.2 XML Databases on Object Bases

From the database point of view, XML data can be represented with tree structures (we do
not consider references here). Thus, in this section, our interest is to discuss XML database
instances and schemata on the basis of the concepts introduced before. The desired goal
is to establish a counterpart of relational databases in XML databases, which can serve to

further develop data manipulation languages.

To facilitate the formalization, four assignments are defined in advance.

- A name projection for O is a function ¢ restricting each object expression o = ¢(i,u),

where o € O, to the object’s class name c.

- An identifier projection for O is a function § restricting each object expression o = ¢(i, u),
where 0 € O, to the object’s identifier i.
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- A value projection for O is a function 7 restricting each object expression o0 = (i, u), where
o € O, to the object’s value wu.

- A structure projection for O is a function 7 restricting each object expression o = ¢(i,u),

where o € O, to the finite set of object identifiers contained in object value w.

Example 2.2.1. Assume an object 0 = c¢(i,u), where u = [A; : 41, As : vg, A3 @ i3, Ay : V4]

with 4,13 € Z and v, v4 € D, then we can get 0(0) = ¢, 6(0) = i, 7(0) = v and n(0) = {i1,i3}.

2.2.1 Database Instances

For the sake of simplicity, only element, attribute, text and document nodes are considered in
the formalization. Other nodes, including namespace, processing instruction and comment

nodes are not relevant for our purposes here and therefore omitted.

Let e, a, b and p represent element, attribute, document and text nodes in XML data
respectively, and let o, d represent objects and atomic values in the SXO Model. In addition,
we use the expression name(z) referring to the name of element or attribute node, content(z)
referring to the content of text or attribute node, and subelement(x) referring to the identifier
of an object corresponding to some subelement node of element or document node. Therefore,

we can model XML data in the following manner:

e Each text node p will be modelled as an atomic value d with d = content(p).

e Each element node e will be modelled as an object o with o(0) = name(e) and 7 (o) =
[A; : subelement,(€), ..., A : subelement,,(e), A; : content(p), ..., A, : content(p,)],
where m >0, n > 0, A; € C for i € [1,m] and A; € B for j € [1,n]. subelement,(e),
..., subelement,,(e) are a set of all subelement nodes of element e, and py, ..., p, are a

set of all text nodes under element e.

e Each attribute node a will be modelled as an object o with o(0) = “@Q” +name(a) and
m(0) = [A : content(a)], where A € B.

e The document node b will be modelled as an object o with o(0) = root and 7(0) =
[A : subelement(b)], where A € C.
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<text>
begin
<bf>bold</bf>
hello :
<it>italic</it>
end

<fext>

Figure 2.1: A fragment of XML document

Example 2.2.2. Consider a fragment of XML document shown in Figure 2.1, it shows a
mixed content element node of tezt, which can be modelled as an object: text(i, [STRING :
“begin” , bf : i1, STRING : “hello” it : iy, STRING : “end’]). The element nodes bf and it
correspond to the objects bf (i1, [STRING : “bold”]) and it(is, [STRING : “italic”]).

Throughout this chapter, we use Vg, Eg to denote the finite sets of vertices and edges

for a graph G respectively, such that Vi = {v1,...vn} and Eg = {(v;, v;)|vi, v; € Vi)

Definition 2.2.1. (XML Data Graph) Let O denotes a finite set of objects modelling
XML data. An XML data graph G over O is a rooted and directed graph where Vg =
Uoeco (o) and (a(o) : o(0i)) € Eg if and only if 6(0;) € n(0).

Example 2.2.3. The XML data graph for the XML document book.xml is shown in Figure
2.2. Note that object identifiers do not appear in an XML data graph since they are invisible
to the users. For the sake of clarity, we indicate objects in our examples, and assume that

each object o, has an object identifier iy, where & € N.

Correspondingly, an XML document can be regarded as an XML data graph, and an
XML database instance is a collection of XML data graphs.

2.2.2 Class Schemata and Tuples

Unlike the rigid structures of relations in the relational data model, XML data is well known
for having an irregular and flexible structure. However, a uniform expression for XML data
is very appealing from the data manipulation point of view. In this section, we introduce

the concepts of class schema and class tuple to achieve this purpose.
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m 0, Rectangle: Complex objects
Oval: Atomic objects

Figure 2.2: An XML data graph
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The fundamental idea is, for a set of objects collected into a class, to obtain class schemata
by generalizing their object value types with optional superscript characters {?,+,*} [70],
and then treating their object values appropriately as class tuples over the specified class
schema. One thing we should be aware of is that this approach builds on the fact that each
object can only belong to one class in the SXO model since class names have been explicitly

encoded into object expressions.

Due to optional characters being additionally introduced into class schemata, it is neces-
sary to extend the concepts of value attribute and object attribute domains to the concept of
class attribute domain by capturing this feature. To distinguish from previous expressions,
we use dom(A) as a unified representation for a domain of an attribute A, which might either
be a value attribute or an object attribute, and edom(A’) to express a domain of a class
attribute A with an optional character f. For simplicity and uniformity of formalization,
we assume that all class attributes without optional characters from {7, +, *} has the super-
script character 1. For instance, the class attribute A is equivalent to the class attribute A'.

Now we can get

edom(A') = dom(A);

edom(A’) = dom(A) U {\};

edom(A*) = P(dom(A)), where P denotes powersets;
edom(A*") = P(dom(A)) — {0}, where P denotes powersets.

Similar to the relational data model, there are two alternatives for specifying class

schemata and tuples: anonymous and named perspectives.

Definition 2.2.2. (Class Schema)

(i) An anonymous class schema $. of a class with name ¢ consists of a finite set of dis-
tinct implicit attribute names with superscript characters {A{’, ..y A"}, where f; €
{1,7,+, *}(1 < i < n), having fixed order given by the bijective function g: {1,...,n} —
{Al", ..., Af»} and an assignment of domains {1,...,n} — U, <icn €dom(g(i)) such that
i — edom(g(i)).

(ii) A named class schema s, of a class with name c consists of a finite set of distinct explicit
attribute names with superscript characters {Af 1., A}, where f; € {1,7,+,%}(1 <
i < n), and an assignment of domains {Af, ..., Alr} — Ui<ica edom(Al*) such that
Al s edom(AF).
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A class tuple over a particular class schema can be defined under the two perspectives.

Definition 2.2.3. (Class Tuple)

(i) A class tuple t over an anonymous class schema §. having implicit attributes with
superscript characters {Af‘,...,Af;‘} is a mapping: {1,..,n} — {vi1,...,v,}, where
v; € edom(g(2)) for 1 < i < n.

(ii) A class tuple t over a named class schema s. having explicit attributes with superscript
characters {Af', .., A*} is a mapping: {A]",..., A} = {A; : v, .., A, : v,}, where
v € edom(A{") forl1 <i<n.

Example 2.2.4. Consider the class with name section in the XML document book.xml. In

this case we obtain

® Sgection = |, »» , ) With a set of implicit class attributes having fixed order @id’,
Qdif ficult’, title, p*, figure®, section*, and

Ssection = |@id’, Qdif ficult®, title, p*, figure®, section®].

o A set of objects in the class is: {o0g, 011,014, 024, 034,037,040} -

The class tuples over $.ection can be represented from the anonymous perspective.
[i7, i, i9, {i10}, A, {11, 214}

A, A da2, {213}, A, 0);

[A, A d1s, {216, 223}, 217, 0);

[i2s, 126, T27, {128, 133}, T29, {i34, fa7}];

(A, A, das, {iae}, A, 0]

[A, A 438, {is0}, A, 240,

[As Ay ia1, {ia2}, A, 0].

Alternatively, these tuples can also be represented using the named perspective.

[@id" : iy, @dif ficulty’ : ig, title : ig, p* : {i10}, figure’ : A, section* : {i11,i14}];

[@id" : X\, @dif ficulty’ : M, title : iy0, pt : {i1a}, figure’ : ), section® : 0];

[@id” : N, @dif ficulty’ : A, title : iy5,p™ : {i16, 923}, figure : i17, section* : §];

[@id? : igs, Qdi f ficulty’ : isg, title : ia7, pt : {ias, 33}, figure’ : isg, section™® : {isy, iz };
[@id” : X\, Qdif ficulty” : A, title : iss, p* : {isg}, figure’ : X, section* : 0);

[@id” : X\, Qdif ficulty” : ), title : isg, p* : {ize}, figure’ : ), section* : {iq}];

[@id® : X, @dif ficulty® : \, title : ig1,p* : {isa}, figure’ : ), section® : 0].
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One observation is that, although both atomic classes and complex classes can be de-
scribed with these features, the notions of class schema and class tuple only make sense for
complex classes. The reason is that atomic classes as a collection of value wrappers can
simply be treated as a bridge between the object base and the value base, and no complex
structures are involved. For convenience, it suffices to restrict discussion of class schemata

and tuples to complex classes in the following content if no specified demonstration provided.

Now the relations between individual object value types and a class schema are discussed
to avoid confusion. Let s = [Af', ..., A/"] be a class schema and 7(0) = [By, ..., B be an
object value type for object o, then the object value type 7(0) is said to belong to the class

schema s, denoted by 7(0) C s, if and only if the following conditions are satisfied.
e n=>m;
e for each B; € (o), there exists some A; = B; and Aj-r’ S [A{‘, ...,Af;‘] such that

(1) By is aset type, iff AP € {4}, At};

: : I 7
(2) B is a non-set type, iff A7 € {A}, Aj}.

It is quite straightforward to see that all object value types of objects in a class should

belong to the specific class schema of that class.

We end this section by introducing subsumption relations between object values and class

tuples developed at the instance level.

Definition 2.2.4. (Subsumption Relation) Let u = [A]* : ¢;,..., Al" : t,] be a class tuple
and v = [By : di, ..., By : dp) be an object value, where m > n, then u is said to subsume
u, denoted by u' > u if and only if, for each A{" : t;(i € [1,n]), one of the following conditions

is satisfied.
- for f; =1, there is exactly one d;(j € [1,m]) over u  satisfying A; = B; and t; = dj;

- for f; =7, there is exactly one d;(j € [1,m]) over u satisfying A; = B; and t; = d; when
t; # A, or no d;(j € [1,m]) over u’ satisfying A; = B; when t; = \;

- for f; = +, there is a non-empty set {dj,, ...,dj, }(j1, - jn € [1,m]) over u’ satisfying
A,‘ = BJ' for J (5 {jl, ...,jn} and i = {dju '“!djn};
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- for f; = *, there is a non-empty set {d;,,...,d;,}(j1,...,Jn € [1,m]) over u satisfying
A; = Bj for j € {j1,...,Jn} and t; = {dj,, ...,d;,} when t; # @, or no d;(j € [1,m]) over
u’ satisfying A; = B; when t; = 0.

Furthermore, the subsumption relations can be easily extended to capture the relations
between two class tuples, or two relational tuples. For instance, given two class tuples
w = [BP 1 dy,...; BE 1 dyy] and 4, = [A{rl sty AP 8], uy > u if and only if, for each
A{‘ : t; € up (¢ € [1,n]), the condition A{" : t; € uy must be satisfied. Alternatively, given
two relational tuples u; = [B; : dy, ..., By : d] and up = [Ag : ty, ..., Ap @ t], ug = ug if and

only if, for each A; : t; € us (i € [1,n]), the condition A; : ¢; € u; must be satisfied.

The underlying reason to develop the subsumption relations between object values and
class tuples is to describe the flexible expressions associated with a class, especially in case
that only partial schema information are obtained with respect to a class. Both languages
presented in Chapter 3 and 5, respectively, shall use this concept to deal with their class

constructs.

Remark 2.2.1. Classes play a crucial role in the SXO model. More accurately, although
a class name is associated with a collection of object identifiers, the corresponding class
schema has a capability to describe the heterogenous structures encoding of objects through
a set of class tuples. Indeed, a class schema provides a general structural specification for
object values of objects grouped in a class by allowing a variance in class attributes with
operational characters. Furthermore, treating attributes in object types as class names or
atomic types as appropriate leads to the fact that schemata and instances are mixed together
into object expressions within the SXO model, completely different from the strict separation

of schemata and instances in the relational data model.

2.2.3 Database Schemata

In the SXO model, objects are the only means of representing XML databases, and classes
are employed to describe all objects. Thus, we treat class schemata as the sole building
block for XML database schemata, a counterpart of relation schemata in the relational data

model.

First of all, we adopt a notion of XML schema graph to describe XML database schemata.
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Definition 2.2.5. (XML Schema Graph) Let S denote a finite set of class schemata. An
XML schema graph G over S is a rooted and directed graph such that

- Vo = U, es(cU cattr(c)), where s, is a class schema for the class with name ¢, cattr(c) is
a set of attributes {A|A € C, Af € s.}.

- (¢, A) € Eg for each s. € S and each class attribute A/ € s., where A € C. Further, the
edge (c, A) is labelled with f iff f € {+,x,?}.

An XML schema graph is complete if and only if, for each class schema in the graph,
all class schemata corresponding to class names of its class attributes are also in this XML

schema graph.

To be more precise, an algorithm called Schema Reconstruction is presented to show how
an XML schema graph can be constructed from a finite set of class schemata. The principle
of the algorithm is to start from any class schema, and then build an XML schema graph
via a method called AddClassSchema on the basis of a set of class schemata S. Indeed, this

algorithm provides a simple but efficient approach to construct an XML schema graph.

Algorithm: Schema Reconstruction
Input: A finite set of class schemata S for complex classes.
Output: An XML schema graph G.

Begin

Method AddClassSchema (in: s.€ .5)
IF a vertex labelled ¢ does not exist in G
THEN add a vertex labelled ¢
ENDIF;
FOR each Af € Attr(s.)
IF A is a class name
THEN
IF S4 ¢S
THEN add a vertex labelled A
ENDIF;
add an edge e from c to A
IF f € {+,%,7}
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THEN label the edge e with f

ENDIF;
ENDIF;
ENDFOR,;
Main body
WHILE S # 0
Get s. € S;
Do addClassSchema(s.);
S =85—{s}
ENDWHILE.

End
An XML database schema is a collection of XML schema graphs.

Example 2.2.5. The Figure 2.3 shows the XML schema graph for the XML document
book.xml. The following five complex class schemata can be obtained using a named per-
spective.
®  Sroot = |boOk];
Stook = [title, author™, section™];
Ssection = |@id", Qdif ficult’, title, p*, figure’, section®];
Sfigure = |@height’, Quidth’, title, image);

Simage = [@source].

Comparing the XML data graph with the XML schema graph shown in Figures 2.2
and 2.3, respectively, it is quite straightforward to see that the XML schema graph is a
homomorphic image of the XML data graph.

Definition 2.2.6. (Validity) Let G, and G, be an XML data graph and an XML schema
graph respectively. Then, G, is valid with respect to G, iff the following conditions are
satisfied.

(i) there exists a surjective graph homomorphism from G4 to G, that preserves labels of

vertices;
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Figurc 2.3: An XML schema graph

(ii) G, satisfies all the constraints imposed by labels of edges in GJ.

At the database level, a database instance D is wvalid for a database schema S if and only

if each XML data graph in D is valid for at least one XML schema graph in S.

Although the notions of schema and instance are separate in the preceding discussion
regarding XML databases, they essentially differ from a counterpart in relational databases.
The point is that schemata and instances are independent in relational databases, whereas
schemata are dependent on instances in XML databases. More precisely, schemata can be
inferred from instances in the SXO model by using the algorithm of schema reconstruction
and a set of class schemata generalizing individual object value types of objects within an
XML database.

2.3 The Semantics of Objects

In the SXO model, an object can be interpreted by different semantics according to identifica-
tion. For instance, consider an object car(i., [model : “Nissan”,owner : “Mike”, description :
iq)). We can identify this object by its unique object identifier ., or by using a set of seman-
tic descriptions such as [model : “Nissan”,owner : “Mike”, description : ig). In accordance
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with these representations for an object, objects are considered to be in identifier semantics

and value semantics, respectively.

Definition 2.3.1. (Object in Identifier Semantics) Given an object 0 = ¢(i, u), then in
identifier semantics there is an injective function z : O — T from objects to identifiers, i.e.

for any 7,72 € Z, where z(01) = i; and z(02) = ia. If i; = i5, then 0, = 0, holds.

Definition 2.3.2. (Object in Value Semantics) Given an object 0 = ¢(i, u) with u = [A; :
t1,..., An @ ty], then in value semantics there is an injective mapping z between objects and
complex values, i.e. for o — [A; : t1,..., A, : t,] we have the condition that if z(0;) = 2(0,)
and n(0;) = n(02) # 0, then 0; = 0, holds.

For objects in identifier semantics, object identifers can uniquely identify the objects,
while for objects in value semantics, only complex objects can be uniquely identified because

atomic objects may coincide on their values.

Having two semantics for objects provides a flexible and powerful interpretation for XML
data. In fact, it implies that the notion of object can be rich enough to support higher-order
semantics since object values are normalized into first order semantics abstraction that can
be reflected by object identifiers. We shall introduce two languages XIQL and XML calculus
in the following chapters, and it is easy to see strong expressibility for data manipulation

languages using object identity as primitives.

2.4 Object Connectivity

In this section, connectivity among objects shall be investigated from several aspects: domi-
nant relation, class hierarchy and object order. Our intention is to capture more features of

objects and to depict the relationships between objects in a precise manner.

2.4.1 Dominant Relation

There are a lot of approaches used in the literature [55, 33, 4, 61] to investigate the relation-
ships among objects, such as generalization, classification, aggregation, etc. Here, we are
more interested in capturing dominant relations between objects, and treat each object as

associating other objects in its object family.
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O

Figure 2.4: An object family graph

Definition 2.4.1. (Dominant Relation) Given objects o0y, 0, and o3 in an XML data
graph, objects 0, and o0, have a dominant relation, denoted by 0, £ 0, if and only if

(i) 6(02) € m(01), or

(ii) there exists object o3 such that 0 £ 03 and 03 £ 0;.

For the expression 0, £ 0,, we also say that o, dominates 0. A dominant relation between
objects can be easily represented by a graph. For this reason, we define a notion of object

family graph depicting all objects dominated by an object.

Definition 2.4.2. (Object Family Graph) Let o4 be an object, then the object family of
04 is O%, the finite set of all objects dominated by o4. The object family graph G is an XML
data graph over O rooted at the vertex labelled o(04).

Obviously, an object family graph is a rooted subgraph of an XML data graph.

Example 2.4.1. Let us consider object 014 in Figure 2.2, where 6(015) = %15, 0(016) =
i1, 0(017) = i17, 6(023) = iz3 and n(014) = {i15,%16,%17,%23}. This means that objects
015, 016, 017, 023 are dominated by o0y4 in accordance with condition (i) of Definition 2.4.1.
Objects 013, 019, 020, 021, 022 are dominated by o014 in accordance with condition (ii). There-
fore, the object family for 0,4 is a set of objects {015, ..., 023}, depicted by the object family
graph shown in Figure 2.4.
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2.4.2 Class Hierarchy

To show that classes in an XML graph constitute a hierarchical structure, we first need to
define the subclass relations between classes. Let K be a set of class names in an XML
graph.

Definition 2.4.3. (Subclass Relation) Given ¢;,¢c; € K, then ¢; is a subclass of ¢,
denoted by ¢; < ¢, by using the follows rules inductively.

(i) a <c;
(ii) L < ¢, where L denotes the base class;
(iii) ¢; < ¢, where ¢ = 0(0), ¢; € 7(0) or {¢1} € 7(0).

Correspondingly, when ¢; < ¢, holds, we can say that ¢, is a superclass of ¢;. Moreover,
with the above rules, the following result with respect to the subclass relations between

classes in the SXO model can be easily obtained.

Theorem 2.4.1. The partially ordered set (K U {1}, <) is a complete lattice.

Proof. Obviously, the subclass relation over K'U{L} is reflexive, transitive and antisymmet-
ric, i.e. a partial order. For an XML graph, since the graph is rooted, there must exist a
class that is a superclass for all classes in K. Similarly, the class L with no objects defines
a subclass of any other class. Furthermore, due to rules (i), (ii) and (iii) in Definition 2.4.3,
any pair of classes ¢; and c; can have a least common superclass and a greatest common
subclass in K. O

Example 2.4.2. The diagram for the subclass relation over the classes in the XML data
graph shown in Figure 2.2 is presented in Figure 2.5.

The class book is a superclass of all other classes as a least upper bound, while L is
the subclass of all other classes as a greatest lower bound. Because of o(0;) = book and
7(01) = [title, author, section), it is obvious that classes title, author and section are the
subclasses of class book in accordance with rule (iii) of Definition 2.4.3. Similarly, we can
obtain that the subclasses of class section are classes figure, title, p, @difficult and @:id.
Inductively using the rules of Definition 2.4.3, the diagram can be obtained as in Figure 2.5.

This kind of diagram is also called a class hierarchy for an XML data graph.
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section

figure

author title @height @width image p @difficult @id

@source

.

Figure 2.5: A class hierarchy

2.4.3 Object Order

In a more precise representation, XML data are treated as ordered trees. Although order
is not an issue receiving significant attention in most situations, order should be taken into

consideration as a distinguished feature of XML data.

Instead of set semantics for a collection of objects in unordered trees, objects are regarded
as a sequence in a collection with list semantics due to order significance. However, for a
sequence of objects [0y, ..., 0,], we can use a succinct expression {[i,0;] : 1 <i < n}, where i
is the order of object o0;, to convert list semantics into set semantics. One observation about
this expression is that it is similar to assigning an object identifier to each object in a certain
sequence. Therefore, the first impression is that object order and object identifers are at
least similar in representations with respect to objects.

We know that object identifiers are invisible for users, and managed by the system. Indi-
vidual object identifiers themselves are meaningless, as stated in 7], only interrelationships
among object identifiers matter. What is the case for object orders? Surprisingly, we find

out that they have the almost same feature; that the individual concrete orders need not be
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provided to users, and only the relativity among them is important.

Based on this intuition, rather than introduce an additional property to capture object
orders, we use object identifiers as an order primitive in the SXO model. An extra accom-
panying functionality with object identifiers being order primitives is that object identifiers

can be involved in computations.

Example 2.4.3. Assume that there are two object o; = (i1,u1) and 0y = (ia, us), then we
can use the expression “i; < i,” as a constraint on these two objects, which simply means

the order of oy is less than the order of os.

At the implementation level, the issue regarding order could be addressed by assigning
a distinct number to each object identifier in a desirable sequence. For the sake of update
concerns that might be involved, there is a gap left between two successive object identifiers

so that inserted objects can be assigned a proper number as identifers within the gap.

A benefit of our approach is that the order concern is naturally solved by object identifiers
adopting a dual role such that object orders can be considered whenever needed, and ignored

whenever we are not interested in them.

2.5 Another Representation of Objects

Although the SXO model is an object-based data model, it is quite easy to show how this
model could be naturally linked to a value-based data model. In this section, we discuss
a connection between the SXO model and a value-based data model which have different
representations associated with each object. To fulfill this purpose, a new notion of object-

structured value needs to be developed.

Before further formalization, the distinction between the notions of object value and
object-structured value needs to be clarified. Each object o is always associated with an
object value, denoted as 0, and an object-structured value, denoted as . The definition of
object value having a flat form ¢(A; : t1,..., A, : t,) was presented in Section 2.1, while the
notion of object-structured value will be defined by a nested value encoding atomic values
into structures in this section. Object values and object-structured values coincide for atomic

objects.
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Definition 2.5.1. (Object-Structured Value) Let o be an object with object value 0 =
c(A; : t1,...,An : ), then the associated object-structured value % can be obtained by the

following rule:

e Starting with the object value 0, continuously replace object identifiers in the expression
by the corresponding object values if objects are complex objects, or atomic values if
objects are atomic objects, until no more object identifiers appear in the expression.

The final result is the object-structured value 3.

Alternatively, object-structured values can be represented by graphs, which are equivalent

to expressions provided in the above definition. Let us look at an illustrative example.
Example 2.5.1. Consider 014 in the XML document book.xml, we obtain

® 0y = [title : iy5,p : 116, figure : iz, p : isg]
° ’?}14 = [title : “Web Data and the Two Cultures”,
p: *T'3?,
figure : (@height : “400”,
Quwidth : “400”,
title : “Tranditional client/server architecture”,

image : [@source : “csarch.gif”]]

p . [ 4”]

The corresponding graph representation for ‘?}14 is shown in Figure 2.6.

Correspondingly, the notion of object-structured value type can be defined analogous to
object value type. The only difference between them is that object value type is type of
depth one, whereas object-structured value type is type of depth one or more.

Definition 2.5.2. (Object-Structured Value Type) Given an object o with object-
structured value 5‘, then there exists a function 7' mapping from the object o to object-
structured value type 7/(o) containing a set of distinct nested attribute names in value 0

obtained by applying the following rules.
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title P
"Web Data and the Two Cultures”
image
@source
"csarch.gif"

Figure 2.6: An object-structured value

e Starting with 5‘, remove all atomic values and object identifers from the expression so
that only attributes are left after that. In each tuple constructor, if more than one
nested attributes are the exactly same, then they are merged into one nested attribute
in a set type. The final expression represents the object value type 7/(0) corresponding

to 0.

To illustrate the difference between object value type and object-structured value type,

both are given for the object appeared in the preceding example.

Example 2.5.2. Consider 014 in the XML document book.xml again. For this object, the
associated object value type 7(o) and object-structured value type 7/(0) can be obtained
such that

o 7(014) = [title, {p}, figure]

o 7'(014) = [title, {p}, figure : [Qheight, Quwidth, title, image : [@source]]]

Remark 2.5.1. Obviously, when object identifiers are removed out of object values by replac-
ing them with corresponding atomic values, objects have tree representations. Therefore, it
is easy to see that objects in the SXO model correspond to subtrees in the value-based model.
Nevertheless, objects have more flexibility than subtrees with respect to expressions since
objects can be interpreted under both identifer semantics and value semantics, and subtree
representations can be regarded as an extension which is a mixture of identifier semantics

and value semantics.



Chapter 3

XML Identity Query Language: A
Framework

In this chapter, a logic programming query language for XML will be investigated, which we
call XML Identity Query Language (XIQL). In general, XIQL is developed with the following

key characteristics:
1. the language is built on the Semantic XML Object Model (SXO Model);

2. it is motivated by the idea of IQL (7] to generate object identifiers during query eval-

uation;

3. function symbols are incorporated into terms to handle aggregation functions, sequence

and schema query, which usually are not permitted in Datalog-like languages;

4. set and non-set variables are tackled in an unified and natural fashion so that it is

unnecessary to distinguish them syntactically in the language.

This chapter aims at presenting a fundamental framework of XIQL, while some advanced

issues are left to be further explored in Chapter 4.

3.1 Syntax

Since XIQL is established on the semantic data model as a theoretical foundation, the nota-
tions of the semantic data model and first-order logic will be used to formalize this language.
Assume that the alphabet of XIQL is defined by a quintuple 3£=(Z,, £, E., X5, Lg), where
Yy, Be, L, X5 and Lp are the pairwise disjoint sets of constants, variables, class names, func-

tion and relation symbols, respectively.

30
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Terms: The set of terms is defined by the following rules:

- each type term T is either a class name c or a type variable &z;

- each constant u of type 7 is a term of type 7, and each variable z of type 7 is a term
of type T;

- for a term t of non-set type 7, 7 : t is a term of type 7, while for a term ¢ of set type
{7}, 7 : tis a term of type {7};

- for a term ¢ of non-set type 71, 72 < t is a term of type 75, while for a term ¢ of set
type {n1}, 72 — t is a term of type {n2};

- each object o in a class ¢ with identifier 4, then

e ¢ is a term of type c,

e 7 is a term of type 7(0), where 7(0) is the object value type defined in Defi-
nition 2.1.5,
e i is a term of type 7' (0), where 7/(0) is the object-structured type defined in

Definition 2.5.2;
- each relation R with terms ¢, ...,t, of type 7,...,7,, as attributes is a term of type
A
- each class ¢ is a term of type {c};

- each function f with terms ¢y, ...,t, as arguments is a term of base type, where base

types refer to atomic types defined in Section 2.1;
- for terms ¢y, t5 of type 7y and 7, respectively, t;. t5 is a term of type m;
- for terms t,, t; of type 71 and 7, respectively, ¢, V t; is a term of type 7 € {7, 72 };
- for ti,...,t, terms of type 7, {t1,...,t,} is a term of type {7};

- for ti,...,t, terms of type 1y, ..., T, [t1,...,t,] is & term of type [7y, ..., 7).

Note that < is an explicit typing operator developed to enhance the flexibility of types
on terms. The term 7, < ¢ means that the term ¢ is typed to the type 7 or {7} in
accordance with the underlying database, regardless of the original type of t. Similarly,
the type of the term 7 : ¢ is decided by the type of term ¢ in the underlying database.
As for term t;. t, it refers to a path expression, which will be discussed later in details.
In addition, the terms t; V t3, {t1,...,t,} and [t1, ..., t,] represent union, set and tuple

constructors as usual.
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Literals: The literals consist of positive literals and negative literals. Let t; and t, be
terms, then

- the positive literals are t,(t3), t; = to, t; € ty and t;.t9;

- the negative literals are —t;(t2), t1 # t2, t1 & t2 and —t;.15.

The atoms are positive literals. For the ease of expression, three atoms are presented

in particular.
1. relation atoms: R(ty,...,tx);

2. value atoms: ?(tl, s bl )

3. class atoms: c(i, [ty ..., tx]) or ¢(i).

Rules: A rule r is an expression of the form
Lo %= Lyyonvydig

where n > 0, Lg is an atom and L,,..., L, are literals. For convenience, the literal on
the left-hand side is denoted by head(r); whereas the literals on the right-hand side
are denoted by body(r).

In terms of atoms placed in head(r), there are three kinds of rules are defined in the

language.

-Relation rules:

R(t1,...,tx) <« Ly,...,L,, where R(ty,...,tx) is a relation atom, and ti,...,t; are
terms of variables or constants. Further, variables can occur only in head(r), only
in body(r), or both in head(r) and body(r);

-Value assignment rules:

i(ty, oy tk) « Ly, ey Ly, where i(ty, ..., tx) is a value atom, and ¢y, ..., t are terms
of variables, constants or 7 < t. Further, all variables must occur both in head(r)
and in body(r);
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-Class rules:

(i, [t1,...,tk)) < L1,..., Ln, where (i, [t1, ...,tx]) is a class atom, and ¢, ..., t are
terms of 7 : w, 7 : x or 7 < t. Further, variable ¢ only occurs in head(r) while

other variables occur both in head(r) and in body(r).

All variables occurring in head(r) that do not appear in body(r) represent identifiers.
In addition, to guarantee safety, each rule must be range-restricted (the notion of

range-restricted will be defined later in Section 3.2.5.).

Programs: A program I' consists of a nonempty finite set of rules such that r,.rs.....7,,(n >

1), where (i € [1,n]) is a rule.

Queries: A query @ is a sequence of programs I'y;...;['y(n > 1), where I;(i € [1,n]) is a

program.

Remark 3.1.1. Compared to the syntax of IQL, a logic programming approach proposed
in [7], we adopt a similar style for defining the language XIQL. However, some important
features distinguish XIQL from IQL by providing more functionality. Syntactically, these are
as follows. First, sets are treated as “first-class citizens” since we do not use distinguished
symbols for set and non-set variables in the formalism. Secondly, type terms are developed to
Enable a capability for querying over types. Furthermore, object-structured values, denoted
?, are included into terms as well to enrich the expressive power of the language. Finally,
an additional kind of rule with a class literal in head(r) allows that object identifiers can be

invented with explicit types in the language.

3.2 Semantics

The goal of this section is to explore the semantics of XIQL from multiple aspects. Besides
some traditional issues covered in the semantics of database manipulation languages, such
as valuation, satisfaction, semantics of queries, fixpoint semantics and safe queries, some
special features embodied on XML data, including optional semantics and underlying type

[}

binding, will be additionally discussed in Section 3.2.3.
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3.2.1 Valuations and Satisfaction

Since the core of XIQL comes from IQL, in which objects are built in stages, incomplete
objects might also exist in the intermediate procedure of XIQL queries. Thus, a valuation
f is a partial function defined on a database instance I mapping individual variables to
appropriate values from the underlying domain zdom([I) of database instance I, a set C of
class names, or a set O,,,, of new object identifiers, which are created during querying. For

these new object identifiers, values are assigned to them in a weak manner [7].
The usual rules for XIQL valuation are as follows.

- For type variables &z, 0&z = ¢, where ¢ € £;
- For variables z,z that occur in a relation rule r: Bt tp) = Liyson Ling

e if = occurs in body(r), then 8z € xdom(I);
e if  only occurs in head(r), then

(1) 6z € zdom(I) iff [fxy, ....,07,) < R(ty, ..., tx) holds, where variables zy, ..., .,

of types 1, ..., Tm, respectively, are both in head(r) and in body(r);
(2) otherwise, 8z ¢ xdom(I) and 8z € O,eq.
e if both = and z" occur only in head(r), then 0z # 6z’

e if z occurs in head(r) and =" occurs in head(r') and r # 7, then 6z # 6z’
- A variable z occurs in a value assignment rule r, then 6z € zdom([);
- For a variable z that occurs in a class rule r: ¢(i, [t1, ..., tk]) < L1, ..., Ly,

e if z occurs in a place of identifier in head(r), then

(1) bz € zdom(I) iff [6t,, ....,0t,] = m(0) holds, where o is some object such that
o € zdom(I), and 7 is a value project function for objects defined in Section
2.2;

(2) otherwise, 0z ¢ xdom(I) and 0z € Opey.

e otherwise, 0z € zdom(I);
- Oty V t5) = Ot Ubty;

- B(tl s tz) = gt]_ . Btz;
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= g{tla ---:tn} = {etl: :Btn}(n > 0)3

¥ H[tl, ,tﬂ] = [9t1,,9tn](n 2 0)

Now we define the notion of satisfaction on database instances. Let I be a database
instance, S be a database schema, € be a valuation on I and F be a formula. Then (1,0) Fg F
is written to express that I satisfies the formula F over S with the valuation # provided that

one of the following holds:

(I,6) Es R(ty, ..., tx) iff [0t ...,0tx] € R, where R is a relation in I;

(1,6) Es c(, [t1, ..., tk]) iff [B21, ..., Btk] = 7(0), 8¢ = 6(0) and o(0) = ¢, where 7, § and o are
value, identifier and name projection functions, respectively, defined in Section 2.2, o

is an object in I and < indicates a subsumption relation defined in Definition 2.2.4;

(1,6) Fs c(i) iff 8i = §(0) and o(0) = ¢, where o and § are name and identifier projection

functions, respectively, defined in Section 2.2, and o is an object in I;

(1,6) Es i(ty, ..., tx) iff [y, ...,0t] = 7(0), and i = 6(0), where 7 and & are value and
identifier projection functions, respectively, defined in Section 2.2, and o is an object

in [;
- (1,0) Es f(t1, ..., tn) iff f(O24,...,0ty,) of type BOOL is true.
- (1,0) Esty €ty iff Oty € 6ty, and (I,60) E t; & to, iff 6t ¢ Oto;
- (1,0) Eg t; op ta, where op € {<, <, >, >, =, #}, iff 6t; op 6ts;
- (I,6) Esty . ta iff Oty £ Ot
- (1,8) Bs = to(ty) iff (1,0) ¥ ta(ty).

In fact, (i) is just a variant expression of ¢(i, [t1, ..., tx]) when [t1,...,#x] is not a concern

and can thus be always satisfied in any case.

Remark 3.2.1. In XIQL, the valuation and satisfaction are slightly complicated by object
creation mechanism implicated in three kinds of rules. However, we believe that it is worth-
while since a powerful capability for object creation can be easily provided by using these

rules in a natural fashion.
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3.2.2 Semantics of Queries

On the basis of the SXO model, we begin with exploring the relationship between instances
and schemata of XIQL.

Given an XML database D, alternatively, instances and schemata discussed in Chapter

2 can also be expressed as follows.
- A schema S over D consists of a finite set C of class names.

- An wnstance I over schema S is a finite set O of objects that is a triple (o, 6, 7), where o, 0
and 7 are name, identifier and value projection functions for O, respectively. Further,
for any object o € O, there must exist some ¢ € C such that 7(0) C s, (C is defined in
Section 2.2.2).

Obviously, we can observe that a schema can be treated as a special part of instance
since class names have been encoded into object expressions. In fact, different from IQL,
which is built on a clear separation of the notions of instance and schema so that a number
of typing restrictions are imposed on IQL via type checking, XIQL provides a powerful and
flexible type creation and query mechanism to make sure that types are incorporated into

the language without strong limitations.

Since a schema and an instance can be considered as finite sets of classes and objects
respectively, we need to introduce several concepts here in order to further formalize the

semantics of queries.

- Given two schemata S, and S,, S, C S, if and only if, for all ¢; € S, there exists some
cy € S5

- Given an instance I with its schema S, and a schema S; such that S; C S, then I[S] is
defined to be an instance with schema S, after projecting I on S such that, for objects

in I, only the objects within classes in S; can exist in I[S;].

Following the same line of IQL [7], the semantics of a program I' in XIQL could be
considered as a binary relation y C instance(Si,) x instance(Syy), where Si, and Sy are

input and output schemata defined as follows in our work.
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Definition 3.2.1. (Extensional and Intensional Classes) Given a program I, classes
only occurring in the body of the rules represent extensional classes, denoted C,g4,, whereas

classes occurring in the head of some rule represent intensional classes, denoted Cg,. Then,
Si-n = UCedb a.nd Swt = Ucmu, U UCedb.

Correspondingly, if we denote instance(S;,) and instance(Sy,) by a pair of (I3, I3), then
I, = I[S;,] and I, = J[S,y], where I and J are database instances before and after imple-
menting a program, respectively, I[S;,] represents projecting I on Si, and J[Syu| represents

projecting J on S, as defined above.

Since a query is a sequence of programs, thus, intuitively, the semantics of a query can
be considered as a sequence of binary relations such that 7;...;7,, where query @ consists
of n programs that represent binary relations 7;;...;y, respectively. In fact, 71;...;v, can
be regarded as a binary relation as well since the output instance and schema of 7, are
always the input instance and schema of vy;. Therefore, the semantics of queries can also

be considered as a binary relation in our work.

One thing needs to be paid extra attention here. XIQL queries are closed under the
SXO model so that both input and output schemata with respect to a particular query stem
from the SXO model. This is the reason why relations are considered in the syntax of XIQL
queries, but ignored in the semantics of XIQL queries since only objects exist in input and
output instances. More precisely, relations are only regarded as an auxiliary expression to

facilitate the language based on the following reasons.

e Values of a set of objects can be treated as relations when their object identifiers are

not concerned;

e The semantics of relations provides a capability to eliminate some duplicates as stated
in [7, 65];

e The language can be simplified with respect to the operational computation.

3.2.3 Union and Intersection Types

In this section, we introduce union and intersection types, and show how they are related to
some features of the language. In XIQL, the main results regarding union and interaction

types are these:
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1. we observe that union types provide an efficient and natural approach to express op-
tional semantics since optional semantics as an important feature encoded in XML
data has to be dealt with in XIQL;

2. the underlying binding of types within objects can be interpreted as the semantics of

interaction types through an appropriate equivalence.

We begin with union types. Recall that the union of types is developed in the language
as usual, let 7, 5 be two types, then the union of types 7, and 75 (notation: 7, V 73) is

interpreted as | m V7 |=||n |U || 72 ||
Based on the above interpretation, the following equivalent expressions hold.

[z VT ixyTs x| =[n 121, T3: 23| U1 : To, 73 1 73] (1)

(MVm:z,m:as)=[n:2,73:23)U[r:z,7: x5 (2)

The difference between expressions (1) and (2) consists in the fact that one variable z is
bound to the union of types 73 and 75 in expression (2), whereas two different variables z;
and x3 are bound to types 7; and 7, individually in expression (1). However, to handle the

optional semantics with union types, a trivial type needs to be further defined.

Definition 3.2.2. @ is a trivial type that means no specified type, and it can be interpreted

as || @ ||= A, where A means that no specified value exists.

The following example is provided for the purpose of showing how union types can facil-

itate the optional semantics in XIQL.

Example 3.2.1. Consider the XML document book.xml, and a query that will list all
sections with their titles, together with the id attribute if any.

R(A,i,t) « section(s, [QidVO : 1, title : t]). (1)
Ai,t) — R(A,i,t); (2)
result(r, [section — A]) — R(A,i,t). (3)

The rule (i) can be rewritten as R(A,i,t) « section(s,[Qid : i, title : t]) U section(s, (@ :
i,title : t]). Thus, it is quite easy to see that ¢ can be valuated either as an identifer of the
object typed @id or as A, since variable i is bound to the union of types @id and @. The
results of this query are shown in Figure 3.1.
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Jobidbt s

Figure 3.1: The query results of Example 3.2.1

Now, we turn to discuss interaction types. Recall that, in Section 3.2.1, we define that
(I,0) E c(1, [t1, ..., tx]) if and only if [0¢, ..., 0tx] X m(0), and o(0) = ¢. Indeed, this expression
implies the following equivalence regarding the type interpretation of [ry, ..., 7,,], which is the

type of [ti, ..., t,) as defined in terms of the language.

I [ s Tl 1= 185 200w T S By Bt 5Bt s T 5 Vi

for some 7,41, ..., T(m > n), which are distinct from 7y, ..., 7, }.

Departing from some similar equivalences appearing in the literature [16, 7], which focus
on the semantics of type inheritance, this equivalence is used for a different purpose in our
work to capture the underlying type binding of object literals. On this basis, some interesting

equivalent expressions with respect to the intersection of types can be obtained as follows.

[ri: 21,2 i @) A i 21, T3t 23) = [11 2 21, T2 2 T2, T3 ¢ T3] (1)

[ri: &1 ATe s g, 130 23) = [11: 31,72 ¢ T3, 73 5 ). (2)

Finally, let us look at a simple example to show that the intersection of types is implicitly

present in the binding of object types.

Example 3.2.2. Consider again the XML document book.xml. We define a query to list
the titles of all sections that have figures. Two solutions are provided as follows, and they

are equivalent.

result(i, [title : t]) « section(s, [title : t]), section(s, [figure : f]).
result(i, [title : t]) « section(s, [title : t, figure : f]).

(1)
(2)



3.2.4 Inflationary Fixpoint Operator

In this section, we shall investigate the semantics of XIQL queries from a computational

perspective using a inflationary fixpoint operator, essentially in the spirit of IQL [7].

First of all, the notion of an immediate consequence operator is employed in XIQL by

building upon the semantics of programs discussed in Section 3.2.2.

Definition 3.2.3. (Immediate Consequence Operator) Let I" be a program and I be
an input database instance, an immediate consequence operator ur on I' over Iy is a binary

relation y!'=instance;, x instance,, by executing all rules of I once. Further, the following

condition holds.

® nstance,, = instance;, U AQ, where AQ is a finite set of objects created during the

exccuting all rules of T' once.

Given a program ' and an input database instance Iy, thus the inflationary fixpoint
operator of I' over [y is also a binary relation 4* = (J;, J,) on instances such that a finite

set instances Js,...,JJ,—1 can be computed in sequence satisfying the conditions

(1) 7' = {(J1, Jix1)35 (N1, i) € ¥ A (i Jiga) € 7'}, where i € [2,n— 1] and J; € J2 C
...... C .J,, holds;

(2) v* =~ if and only if y*~! = 4",

It means that a fixpoint J,, of program I' is reached in the above sequence where y* = ™1
if no more change occurred on instances after n — 1 steps of the immediate consequence
operator. Furthermore, the fixpoint semantics defined above clearly shows an inflationary
feature that objects can be created into a database, but can not be deleted or updated within

a database.

For a query with a sequence of programs, the programs are evaluated sequentially to

compute inflationary fixpoints.
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3.2.5 Safe Queries

In this section safety issues of XIQL queries will be discussed, especially for queries involving
object creation and negation. Since the underlying universe might be infinite, answers to

queries can not be guaranteed to be finite in general, some restrictions need to be imposed
on XIQL.

Our idea proceeds in two steps. As a first step, we start with a definition of a range-
restricted query to get desired queries in finite underlying domain interpretation. As a second
step, we focus on nonterminating computations caused by recursion with object creation [7, 2]

by means of examining the possible recursion occurring in a program.

From the finiteness point of view, literals in a query can be categorized into three kinds.
e Safe literals that mean variables inside have finite domain, such as: t;(t3), t;.to;

e Unsafe literals that mean variables inside have infinite domain, such as: —t,(t;) and

’ﬂtl.tQ;

e Fuzzy hiterals that mean variables inside may have finite domain, and also may have

infinite domain, such as: t; = ta, t; € ta, t; # t2, t1 € to.

The concept of range-restricted similar to that in [7] is developed as follows.

Definition 3.2.4. Let Q be a query, 7 be a rule and v be a variable, then
(i) A variable v is range-restricted if and only if one of the following conditions is satisfied.

e a variable v occurs in at least one safe literal in body(r), or

e a variable v occurs in a class literal of body(r), in which the variable in place of

identifier is range-restricted.
(ii) A rule r is range-restricted if and only if all of the following conditions are satisfied.

e all variables occurring in body(r) are range-restricted, and

e only safe literals occur in head(r).

(iii) A query @ is range-restricted if and only if all rules in @ are range-restricted.
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A simple example involving negation is provided here to demonstrate a range-restricted

query.

Example 3.2.3. Consider the XML document book.xml, for which the following query lists

the sections that contain figures but have no attribute element.

R(is) « section(iy, [figure : f]), (1)
—section(i, [Qid : 7)),
—section(is, [Qdif ficult : i4));
result(i, [section : i5]) — R(is). (2)

Since section objects only have two attributes: @id and @difficult, each object that
contains either of them is removed from the final result. The query is range-restricted
because it satisfies the conditions presented in the above definition. Alternatively, we can

encode union types into the rule (1) in the query.

R(is) « section(is, [figure : f]), (1)
—section(is, (Qid : i; V Qdif ficult : i4));

Although range-restricted queries are defined, they might produce a potentially non-
terminating loop due to a recursive invention of object identifiers. To avoid this problem,
a concept of “recursion-freedom” is defined to control invention in [6, 7]. Alternatively, to
handle this problem, objects can only created as a function of input objects and not of new
output created objects as proposed in [2]. In our opinion, the first approach seems more
interesting than the second approach since the second one might lead to some restriction on

the expressive power of languages.

In Abiteboul and Kanellakis’s work [6, 7], a recursion-free program I' is defined under a
strict technical restriction that the leftmost symbol of each rule in I' must be a relation name
to simplify the presentation. Along the lines of recursion-free programs, XIQL provides a

simpler and more general approach to identify recursion that might exist in a program.

Definition 3.2.5. Let I' be a program and let X, be a set of rules involving object creation
that include all relation rules and class rules in I'. T" is recursion-free if there is no cycle in

the object-creation graph. An object-creation graph is a directed graph defined as follows.
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R —_— C3

Figure 3.2: The object-creation graph for Example 3.2.4

For each rule r in ¥,, if a class or a relation in body(r) has at least one variable occurring

in head(r), then

¢ add two nodes n; and ny, which denote relation or class names in body(r) and head(r)

respectively, if they still do not exist in the graph, and

¢ add an edge from nodes n; to n,.

Example 3.2.4. Let us look at an example to illustrate how to get an object-creation graph.

R(w,z,y) — C1(i,[A; :z,As 1y, Az : 2]). (1)

W(z,y) < R(w,z,y); (2)

03(7:? [A4 : ’IUD = R(w,;r, y)! 02(67 [Al : 3-":445 : k]): (3)

C]_(i, [Al : O,Az £ w,A3 ; Z]) = Cg(O, [A4,w]) (4)

In this example, £, = {ry,rs, r4} since only rules (1), (3) and (4) involve object creation.
The associated object-creation graph is shown in Figure 3.2. Clearly, there is a cycle in the

graph, so the program is not recursion-free.

Compared with the approach in [6, 7] our improvement consists of two things. The first
one is that not only relations but also objects are considered in head(r). This technical
restriction imposed on defining IQL recursion-freedom is released in XIQL. Second, the

object-creation graph can be obtained in a simpler manner.

Definition 3.2.6. (Safe Queries) A query @ is safe if and only if Q is range-restricted and

recursion-free.
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ay | as | as Op|a |az| ag
b 1 bg b3 02 b 1 bg 53
¢ | ea | €3 O3 |C | C2|C3
dy | dy | ds 04 | dy |dy|ds

Table 3.1: Tuple-new statement with ¢(left) and R(right)

Remark 3.2.2. Observing from the above discussion, two main possibilities to cause unsafe
XIQL queries are negation and recursion of object creation. Hence, the concepts of range-
restricted and recursion-free are developed for this purpose. It is sufficient to obtain safe

queries if they are both range-restricted and recursion-free.

3.3 Object Creation Mechanism

Object creation is a crucial mechanism that is required for languages in object-based models.
Intensive research efforts (7, 32, 65, 68, 10] on object-creating query languages have been done

to handle this feature.

Although object creation approaches are greatly different in syntax and semantics over
languages, most of them adopt a style of oid invention similar to skolem function techniques
(50, 42, 43, 40] in essence. Furthermore, they are considered to be expanded in two directions:
tuple objects and set objects. Here, we borrow the notions of tuple-new statement and set-
new statement from [69] since we believe that they generalize most approaches adopted in

object-creating query languages.

A tuple-new statement can be expressed as R := tuple-new ¢, where R is a k + l-ary
relation name and ¢ is a k-ary first-order expression. Let I be a database instance and
o(I) = {t1,...,ta}, then R = ({t1} x {01} U...U({tn} X {0.}), where 0y, ..., 0, are n different

objects not in ||.

A set-new statement can be expressed as R := set-new ¢, where R a binary relation
name and ¢ is a k-ary first-order expression. Let I be an database instance and ¢(/) =
{(z1,t1), ..., (Tnyta)}, then R = {(z1,01), ..., (Zn,0,)}, where oy, ...,0, are objects not in |/|
satisfying o; = o; if and only if {y|(z;,¥) € (1)} = {yl(z;,y) € 6(1)}.
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ay | by | by 01 | @y
a9 bl bg 01 | G2
C1 d} dg 02 | O
cp | dy | do 02 | C2
€ | €2 | €2 03 | €1

Table 3.2: Set-new statement with @(left) and R(right)

ay | ay | ag
ay | as | as b | b5 | s
by | by | b3 S
c | e | oc3 %l |
dy | ds | ds v o B

Table 3.3: SingletonSet-new statement with ¢(left) and R(right)

It has been clearly shown that, in Figure 3.1, one object is created for each row in a
relation by using tuple-new statement, and in Figure 3.2, one object is created for part of
a column after grouping in a relation. Since new objects in a class are always placed in a
column of a relation encoded with some common properties, it might be of interest to create

a new singleton object representing a set of objects in a desired column as shown in Figure
3.3.

It has been simulated in [69] that a singleton object can be created from scratch by
means of zero-ary first-order expressions. The following program yields a unary relation that
contains one new object identifier.

R :=tuple-new {()| true }

Let us turn to examine how a set of singleton objects can be created in XIQL. In terms
of Figure 3.3, three new singleton objects A, B and C, which have identifiers o1, 0, and o3,

respectively, can be created in the following manner.
R\(A,B,C) .

A(z) — é(z,y,2), Ra(A, B, C).
g(y) o= (;5(3?,3,', 2), Rl(As Bs C)
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undefined

typed
undefined % defined
untyped typed
defined
untyped

Figure 3.3: The statuses of object

—~

C(Z) = (,5(37,9', Z), Rl(A: B! C)

After executing this program, A= {ay,by,¢1,d,}, B= {aa, ba, c2,ds} and C = {as, b3, c3,ds}.

For clarity, let us see one concrete example built on the running database as follows.

Example 3.3.1. Consider the XML document in book.xml, and a query that produces a
single object result containing sections that have two attributes @id and Qdi f ficulty, along
with the authors.
R(S,A) « .
S(is) — section(is, [@id : i, Qdif ficulty : d)), R(S, A).
A(ia) « author(ia), R(S, A);
result(i, [section : S, author : A]) — R(S, A).

In this example, we can get: S = {16,724} and A= {i3,14,15}, so an object in the class

result with value [section : {ig, 124}, author : {i3,14,15}] is created.

In XIQL, a pure object identifier could be invented without specified object type and
object value. However, at the intermediate stages, each pure object identifier must be defined
with value assignment rule of a form “?(tl, vy tk) — L1,...L,", or typed with typing operator
"<—" when necessary so that it represents a complete object in the final result. The four

statuses that might occur on an object during an XIQL program are shown in Figure 3.3.

The example to illustrate object statuses is presented for illustration.
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Example 3.3.2. List books published by Addison_-Wesley after 1991 in the XML document
bib.xml, including their year and title.

R(A, 1y, y,t) «— book(iy, [publisher : p, Qyear : y, title : t]),y > 1991, (1)
p = “Addison_Wesley”.
A(y,t) — R(A, iy, y,1); (2)
result(i, [book — A]) — R(A, iy, y,t). (3)

For each book published by Addison_Wesley after 1991, there is a new object identifier
invented in A. The invented objects are both untyped and undefined in rule (1). Then, they
are defined by assigning year and title as values in rule (2). In the end, objects created in A
are typed to book, and a singleton object is created with book as value in the final result.

Comparing tuple-new and set-new statements with three kinds of rules developed in

XIQL (see Section 3.1), it is quite straightforward to find out the following results:

e tuple-new statements can be expressed in XIQL with relation and class rules;

¢ set-new statements can be expressed in XIQL with relation rules and value assignment

rules;

e class and value assignment rules can explicitly specify types of objects.

3.4 Key Characteristics and Examples

In this section, some examples are provided to illustrate other key characteristics of XIQL
as an XML query language. To keep clear expressions, each subsection only focuses on a
specific language feature that is illustrated with one or more examples based on the running

example.

3.4.1 Nest and Unnest

Nest and unnest are crucial operations within most complex value data models, especially,
in the context of XML data. Although sets are regarded as “first class citizens” in XIQL,

nest and unnest operations can also be easily realized by using a set operator €, which is
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associated with a first order variable and a second order variable. In general, nesting is more
complicated than unnesting so that it needs to be simulated with invented oids, as indicated

in [6, 7]. The details can be illustrated by the following example.

Example 3.4.1. For each author of books in the XML document bib.xml, list the author’s

name and the titles of all books by that author, grouped inside a “result” element.

Ry (A, B, C,v) « book(iy, [author : u]), (1)

V& U
B(7) — Ri(A, B,C,D). (2)
C(t) — Ri(A, B,C, D), (3)

book(iy, [author : u, title : t]),

VEU:
A(B,C) «~ Ry(A, B,C,9); (4)
Ry(D) « . (5)
D(A) — Ri(A, B,C,7), Ry(D); (6)
Ans(i, [book — D)) — Ry(D). (7)

In rule (1), all the authors are unnested into the relation R; with the use of the set
operator €. Then, three new object identifiers are created for each author in relation Ry,
and duplicate authors that have the same name can be eliminated in this case. In the sequel,
rule (2) assigns author names as values to new identifiers in B, Rule (3) nests the titles of
all books with respect to each distinct author into the value of new identifiers in C. To get
the desired query result, B and C are assigned as values to object identifiers in A in rule
(4). Finally, a singleton object is created, and assigned a set of object identifiers in A as its

value in rule (5) and (6). Rule (7) creates a result object and type A to book.

One thing we should be aware of in this example, is that author objects are duplicates in
the type of depth one so that duplicates can be eliminated in the above program. However,
when author objects have duplicates of more than one depth type, the situation will become
much more complicated to eliminate duplicates. We shall go into the details regarding this

issue in Chapter 4.
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3.4.2 Structural Recursion

XML data might involve cyclic structures at schema level, as shown in Figure 2.3. For an
XML query language, there are at least two possible scenarios that need restructuring of

hierarchic structures.

e Input database schema is acyclic, whereas output database schema is encoded with
cyclicity. For instance, a query that converts the “flat” representation into a hierarchic

representation

e Both input and output database schemata contain the encoding of cyclicity. For in-

stance, a query that preserves original hierarchy.

In fact, XIQL provides a flexible and concise approach to handle structural recursion,
even in the case that objects have wide variation in structure. We provide one example to

describe how XIQL works in the second scenario.

Example 3.4.2. Let us see the XML document book.xml. List all the sections and their
titles. Preserve the original hierarchy if possible.

Ri(X,Y, is) — section(is). (1)
Y(2) — Ri(X,Y,in), (2)
Ri(Z,W,iy),
section(iy, [section : §]),
i € s.
)?(t, section — }7) — Ry(X,Y,iy), (3)
section(is, [title : t, section : s]);
Ry(D) « . (4)
D(X) « Ri(X,Y,3,), (5)
book (i, [section : s]),
iy € 5, Ry(D);
result(i, [section — D)) — Ry(D). (6)

In rule (1), a pair of object identifiers in X and Y are created for each section. X is to
represent a new section object in the final query result; whereas Y is to represent a set of

new section objects corresponding to each new section object in X. More intuitively, the
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purpose of Y is to capture the original hierarchy among sections. Then, Y is defined to have
a set of object identifiers of new section objects as appropriate by rule (2). Furthermore, Y
is typed to section, and then X is defined to contain title and a set of sections in rule (3).
Finally, X is typed to section, and the top-level sections are rooted at a singleton object

result.

3.4.3 Path Expressions

Path expressions have been accepted as an intuitive and concise approach to traverse compli-
cated data structures either in object query processing or in semi-structured query processing.
Besides basic syntactical notations, more research efforts are put on semantic implication of
path expressions, e.g. The well-known XPath [71] goes through XML data by specifying a
set of axes encoding the desired navigation of the tree structure (child, parent, descendant,
ancestor, self and etc). The paper [45] distinguishes set relationships with multi-valued
path expressions. PathLog [31] extends path expressions to two dimensions: composition of
scalar methods and set-valued methods, and the associated object properties so that more

semantics could be imposed on path expressions.

However, in our work, the basic idea is to simplify the syntax of path expressions to the
most degree so that an unified path expression can be obtained on the basis of dominant

relations between objects discussed in Section 2.4.1.

Definition 3.4.1. Let O = {0,0,...,0,-1,0,}(n > 1) be a set of objects, then the
expression 0.0,...0,-1.0,, represents that O;;; is in the object family of O;(1 < i < n)
such that O, £ O,_; ... Oy £ Oy holds.

Example 3.4.3. Look at the XML document book.xml again, list all titles of figures used

in some section of the book “Data on the web”.

Ry (ts) « book(b, [title : t;]).section(s). figure(f, [title : t,]),
t, = “Data on the web”;
Ry(D) « .
Jf’j("iz) — Ry(t2), Ra(D);
result(i, [title — D)) «— Ry(D).
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To get the final result, the dominant relations: 0, £ 0, £ 03, where oy € 8( figure(f, [title :
t2])), 02 € B(section(s)) and o3 € 6(book(b, [title : t])), must hold over the database. In
terms of the running database, two objects in the class result with values [title : i) and

[title : i3], respectively, are created in the results.

3.4.4 Schema Query

As one of the most different features from the relational data model, schema and content data
are mixed together within an XML database. The capability of querying schema information

is considered to be a necessary requirement for any XML query language.

XIQL realizes schema query by means of a function called match, which can match
a particular variable with regular expressions. One point should be noted that variables

beginning with a symbol “&” are used to distinguish from constants syntactically.

Regular expressions are supported in XIQL to describe desired patterns. Limited to
space, it is not necessary to give a full discussion of regular expressions used in XIQL here.
We only introduce the expression “%” that matches zero or more occurrences of the character

immediately preceding.

Example 3.4.4. Consider the XML document book.xml, find books in which the name of

some element ends with the string “or”. For such book, return the title and that element.

Ry (Y, t,i,) « book(iy, [title : t]).&X (i,), match(&X, “Yoor”).

Y (t, i) — Ri(Y,t,iz);
result(i, [book — Y]) «— R (Y,1,i.).

& X is a variable to represent the class name of some object, which ends with the string
“or”. Function match is used to guarantee the matching between them. In addition, this
program describes some object in class & X is a descendant of book object by using the path
expression book iy, [title : t]).& X (i;). In the end, Y is defined with title and that element as

its value and typed to book.
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3.4.5 Join Operation

Join is an important operation in the relational data model. Indeed, XIQL can easily simulate
the join operation, except that unified variables may lead to slightly different programming
between variables in set or non-set semantics. On the basis of the XML document bib.xml

in the running example database, two comparable examples are provided for illustration.
Join on Set Variables
First, let us sce how to deal with the join operation on set variables in XIQL.

Example 3.4.5. Let us have a look at the XML document bib.xml, and find pairs of books

that have different titles but the same set of authors (possibly in a different order).

R(C,ty,t) < book(iy, [title : ty, author : wuy]), (1)
book (is, [title : to, author : us)),
b #
Uy = .
Cltr,t2) « R(C,tu, ta); (2)
result(r, [book_pair — C]) «— R(C,t1,12). (3)

Due to no discrimination between set and non-set variables in XIQL expressions, u; = 43
is equal to set comparison when more than one author is involved in books. #; = @3 holds
if and only if values of all objects in %; exactly equal values of all objects in 43. Finally, C'

is defined to contain the titles of each pair of books, and typed to book_pair.

Join on Non-set Variables

In the case that the join operation will work on some objects within non-set variables, how
will XIQL do? For the sake of contrast, the preceding example has been changed a bit to

illustrate the join operation on non-set variables.

Example 3.4.6. Consider the XML document bib.xml again. Find pairs of books that have

different titles and at least one same author.

R(C, t1,t3) «— book(iy, [title : t,, author : v1]), (1)
book iy, [title : ty, author : vy)),
t # ta,
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u; € vy,
Uy € vy,
W = 1.
C(t1,t2) — R(C,t,ta); (2)
result(i, [book_pair — C|) «— R(C, t1,15). (3)

Compared with the program of the preceding example, the only difference consists in rule
(1), in which “ € ” operators are used in the latter example to get some object out of the
set variables, and then build the join operation on individual objects as usual. Thus, it has
been shown that XIQL provides a very flexible approach to switch between set and non-set

variables when non-set variables are of particular interest.

3.4.6 Sequences

From the document point of view, sequence of content is a significant aspect within an
structured XML document. As discussed in chapter 2, object identifiers function as order
primitives, hence, a powerful function position(oid;, |oids|) can be developed for handling

sequence on the object identifer base.

e position(oidy, |oids|) returns an integer number that indicates a order of the object
with identifer oid,, with respect to a specific range. The parameter oid, is optional. If
oids is provided, then the function returns the relative order of the object with identifer
oid; with respect to the object with identifer oid,, otherwise, it returns the global order
of the object with identifer oid; in the current XML document.

Example 3.4.7. Let us see the XML document book.xml. What are the first two image
sources to be used for the book titled “Data on the Web”?

result(r, [@source — z|) « book(iy, [title : t]).image(i;, [Qsource : z]),
t = “Data on the Web”,
position(i;) > 2.

In this example, the first two images within the book indicate the global order requirement
for image objects, hence, position(i;) > 2 is used. To be more clear with more complicated

cases, let us look at one more example.




CHAPTER 3. XML IDENTITY QUERY LANGUAGE: A FRAMEWORK 54

Example 3.4.8. Consider the XML document book.xml again. In the book titled “Data
on the Web”, what happened between the first p and the second p in the fourth section?”

result(r, [sth < z]) « book(iy, [title : t]).section(is, [p: x1, &y : z,p : x2)),
t = “Data on the Web”,
position(is) = 4,
position(xy,is) = 1,
position(za,is) = 2,

T < 2 < Ts.

The p objects are constrained for the relative order with respect to some section object,
while that section object is required with a global order. To ensure that the objects between
two p objects can be retrieved, we use their object identifiers for comparing their document

orders.

3.4.7 Function Symbols

So far, we have already presented some functions used for the purpose of sequence and
schema query. Considering that XIQL should be able to express for aggregation functions
as they are expressed in most XML query languages, function symbols are necessary to be
developed in XIQL.

Similar to relational query languages, aggregation functions can facilitate retrieving of
XML data in some cases, such as: maz(), min(), count() and etc. One example regarding

the count() function is provided in the following:

Example 3.4.9. How many top-level sections are in the XML document book.xml?
result(r, [topSectionCount — count(is)]) — book(is, [section : i)).
Remark 3.4.1. Function symbols in XIQL are not allowed to represent intricate data struc-

tures, such as lists and trees. Hence, different from most logic programmings, although

function symbols are provided in XIQL, queries always have finite models.



Chapter 4

Further Issues on XML Identifier
Query Language

In this chapter, duplicates and copies, which are well-known issues in the area of object-
creating query languages, will be studied for the case of XML Identifier Query Language
(XIQL). It is shown that XIQL faces the opposite problem to IQL. IQL can eliminate du-
plicates, but is not complete up to copy elimination; whereas XIQL can eliminate copies,
however, an additional approach needs to be employed to handle duplicates when neces-
sary. Naturally, this leads to the notion of hybrid-deterministic transformation developed in
our work. Finally, we examine the completeness of XIQL in connection with the classical

determinate transformation semantics from the theoretical perspective.

4.1 Duplicate Elimination

Undoubtedly, object identifiers play a crucial role in object-based databases. However, the
functions of object identifiers is like a two-sided coin. On one side, object identifiers can
facilitate data sharing and infinite data structure manipulation, such as rational trees. On the
other side, object identifiers encapsulate the underlying value and structure into an abstract
symbol so that objects might be considered as duplicates in the sense of the underlying
information they are carrying. Consequently, the duplicate issue in object-based databases
has been widely investigated in the literature 65, 13, 66]. In this section, the task is to
explore what sort of duplicates might appear in XIQL by extending the traditional concepts
to a setting of XML data.
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4.1.1 Structured Value Duplicates

Since object identifers are just a means of abstraction to express particular complex values
within a database, thus, the link between object identifiers and underlying complex values
is our main interest. To clarify the background, we begin with a brief introduction to the

research on duplicates and a discussion on how the classical concepts of duplicates could be
handled in XIQL.

In general, most research efforts on duplicates refer to duplicates in types at depth one.
According to type constructors, basically, duplicates could be split into two kinds: set dupli-
cates and tuple duplicates. Since tuple duplicates could be easily dealt with by incorporating
the relational semantics into languages, set duplicates present the major research problem
in this area. There are some well-known solutions proposed for solving this problem. The
most influential one is to add an explicit primitive into a language, such as the powerset
operation [47] or the abstraction operation [32]. Others comprise non-deterministic choice

[74], linearly-ordered databases [36], or equality axioms [43].

It has been shown in [65] that IQL can express abstraction so that duplicate elimination
can be achieved in IQL. Analogously, because XIQL follows the spirit of IQL with respect
to dereferencing and assignment to objects, and thus can simulate set object creation over
grouping, XIQL can also express abstraction, and therefore achieve both tuple and set du-

plicate elimination as well.

However, we cannot yet conclude that duplicates are not an issue for XIQL, because
unfortunately, if we consider types of more than depth one in complex values represented by
object identifiers, structured value duplicates may occur in XIQL. We first introduce how

two objects can be regarded as being V-equivalent as follows.

From a graph point of view, two objects can be defined to be V-equivalent on the basis

of the notion of object-structured value that we defined in Section 2.5.

Definition 4.1.1. (V-equivalent) Let o, 02 be two objects, then o, and o, are considered

to be V-equivalent, denoted by 51= 5‘2, if and only if the following condition is satisfied.

e 0; is isomorphic to 0.

Objects are said to be structured value duplicates if they are V-equivalent.
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Remark 4.1.1. The departure from the classical object-based database systems implies that
issues regarding duplicates in the context of XML databases embrace some new features.
On the one hand, duplicates including set and tuple duplicates are no longer the case for
XIQL. On the other hand, due to the fact that the document order is significant in XML
databases, the uniqueness constraint for each class in object-oriented databases [59, 65],
which implies that two different objects in the same class have a different associated value,
has been released. As a result, this leads to structured value duplicates being a problem
specific to XML databases.

4.1.2 A Main Result

To obtain a better understanding for structured value duplicates, an illustrative example is
provided before presenting a result with respect to structured value duplicate eliminations
in XIQL.

Recall from Example 3.4.1 that author objects are modelled as atomic objects carrying
authors’ names directly so that the desired query can be written easily. Now, to demonstrate
how structured value duplicates arise from using object identifiers, we slightly change the
XML document bib.xml to produce more complicated structured values associating with

author objects in the bib2.xml, shown in Figure 4.1.

Because the presence of structured value duplicates is our main interest, the first attempt
to write down a query serves for the purpose of figuring out structured value duplicates

existing in the result.

Example 4.1.1. For each author in the XML document bib2.xml, list the author’s name
and the titles of all books by that author.

Ry(A, B,v,t) « book(iy, [author : u,title : t]),
v E U
B(t') « Ri(A, B,v,1),
author(v, [last : Uy, first : fa]),
Ri(A,B',v,t),
author(v', [last : l, first : fa]),

I =b,
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<narna><last>"Stevens"<!last><ﬁrst>"W "<!ﬁrst><lname>
: <age>45<lage> :
ri SlaUthoEe st (S i
L <publ|sher>"Add1son-Wesley"<!publ|sher>
~ <price>65. 95<Ipnoe> i '
- </book>
<book year~2000> :
 <title>"Data on the Web"<ltxtle> .
<author> :
<name><Iast>"Ab|tebouI"<IIast><ﬁrst>"$erge"<lﬂrst><fname>‘ :
<age>41<lage>
- <lauthor>
<author> :
s me><iast>"Buneman"<Ilast><ﬁrst>"Peter"<lﬁrst><Iname>I

Figure 4.1: bib2.xml
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Figure 4.2: Duplicate results

_ 5-E
A(v, B) «— Ri(A, B,v,t);
RE(C) ¥
C(A) « Ry(A, B,v,t);
Ans(i, [result — 6]) — Ry(C).

The result of the query above is shown in Figure 4.2. Obviously, two of the result objects
regarding the author named “W. Stevens” are structured value duplicates. The underlying
reason is that multiple author objects that encode exactly the same information into the same
structure, and only differentiate in object identifiers, originally exist in the input database

(we assume that they represent the same person in this case).

However, XIQL is powerful enough to handle this problem. The solutions can be given
in terms of two situations. One is that only partial object structured values are of interest,
whereas another one is to require complete object-structured values to be compared. We

will discuss both of them based on the previous example.

In the first case, we assume that the author’s name, including first and last name, is
sufficient to identify each concrete author in the real world, then in this case the query
can adopt the dominant relation between objects to capture the particular components of

structured value of interest, which might be nested into an object with arbitrary depth.

Ri(A, B, C, f,f} — book(iy, [author : u)),

v E u,
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author(v). first(f),
author(v).last(l).
B(f,1) « Ri(A,B,C, D).
C(t) — Ri(A, B,C, F,D),
book (iy, [author : u, title : t]),
v E U,
author(v). first(f),
author(v).last(l).
A(B,C) — Ry(A,B,C, },D);
Ry(D) .
D(A) — Ri(A, B,C, f,1);
Ans(i, [result — ﬁ]) — Ry(D).

In the second case, the whole structured values of author objects need to be considered
so that the underlying information must be compared to be exactly the same. To handle this
situation, we need to introduce non-deterministic semantics as an extra approach for object
structured values, so that the arbitrary choice can be done on object structured values of
authors during consecutive instantiations in this case. The rewritten query in the sccond

case is provided as follows. For formal semantics, we shall discuss in Section 4.3.2.

Ry(A, C,%) — book(iy, [author : u]),
v E u.
C(t) — Ri(A,C, D),
book (i, [author : u, title : t]),

v E u.
A®,C) — Ri(A,C,);
Ry(D)
D(A) < Ry(A,C,v);
Ans(i, [result — D)) — Ry(D)

Finally, a result regarding structured value duplicates in XIQL can be obtained straight-

forwardly based on the preceding discussion.

Theorem 4.1.1. Structured value duplicates can be eliminated in XIQL queries.
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Figure 4.3: Expected results

Remark 4.1.2. In conclusion, XIQL stays in the same line as IQL to eliminate tuple and set
duplicates that are the classical perspective regarding duplicates. Furthermore, in case that
structured value duplicates are of specific concern to XIQL, either object domains can be
used to retrieve particular atomic values of interest or non-deterministic semantics can be

adopted to choose one out of multiple structured value duplicates.

4.2 Copy Elimination

The notion of copies was originally introduced in [6] in the context of IQL with a proof
that IQL is complete up to copy elimination. After that, a number of research results
[65, 67, 69, 27] have been achieved with respect to the relationship between completeness of
object-creating query languages and copy elimination. Since XIQL has a close relationship

with IQL, I believe that it is quite necessary to conduct an investigation on copy elimination
in XIQL.

To be clear, we first review the definition of copies used in [65] as follows.

Given a query Q(I,J), @ is said to be equivalent to Q up to copies iff Q(I,J) implies
Q(1,J), or conversely, Q(I,J) implies Q(I, J) for some J with copies of J such that, there

are Ji, ..., J, over S, satisfying the following conditions:

o f(J;) = J;, where f be a permutation function of the universe of object identities in I;

e J; and J; are disjoint outside Si, (i # 7);
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L j= JIU...UJn.

In fact, the reason for producing output instances with copies lies in the non-determinism
arising from the object creation feature incorporated in languages. More specifically, non-
determinism is caused by the use of object identity, which is only an abstract representation
associated with concrete structured value, so that a arbitrary choice for object identifers
during object creation might lead to copies for the same structured value. However, as
pointed out in [7], the object identifiers in the output instance do not matter, nevertheless,

their interrelationships do matter.

We outlined in Section 3.3, that the approach adopted in XIQL to create objects is essen-
tially similar to skolem functions. To be more precise, we rewrite the rules of object creation
mechanism (sce Section 3.2.1) with explicit skolem functions in expressions as follows. Both

of these are equivalent with respect to the effects on query results.
(i) Let r be a relation rule of the form
R(Il, sy Iy Tyl eeeey -Tm) = Ly vy lbii;

where x, ..., z, are variables only appearing in head(r), and x4, ..., T, are variables
appearing both in head(r) and in body(r). Then the rewriting rule with skolem func-

tions has the form

R(fl(xn+1“"1-rm)s ---sfn(mn+1----sxm);xn-l-l----n xm) — Ll‘] ---1Lkv

where z; = fi(Tp41., Tm)(n 24 > 1), and fi,..., f are skolem functions.

(ii) Let r be a class rule of the form
C(?‘} [Ilr wary xn]) s Lls s4iy Lka

where i is a variable only appearing in head(r), and z, ..., z,, are variables appearing
both in head(r) and in body(r). Then the rewriting rule with skolem functions takes

the form

C(f(®1.0s Tn), [#1:000 Zn)) = Ln, ..oy L,
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where ¢ = f(z;....,z,), and f is a skolem function.

(iii) For a program I" containing skolem functions fi, ..., f,

A15i<jgn fi# [

holds.

Since variables that express new objects in a program are always associated with distinct
skolem functions, each new object identifier is created within a variable as a function for
a set of specified arguments. Thus, it suffices to guarantee that new object identifers are
determined in a query, although their concrete symbols are not important, indeed. We notice
that a similar result has been shown in [68], in which object creation is interpreted as the

construction of function terms over the existing objects.

We are now ready to get a result regarding copy elimination in XIQL.

Theorem 4.2.1. Copies can be eliminated in XIQL queries.

Proof. The proof is quite straightforward. Since new object identifiers are always fixed to
a specific function and a set of particular arguments, XIQL queries create specific object
identifiers in the final results as well. Although object identifiers are abstract and hidden,
they can not be chosen arbitrarily in XIQL. Expressed with the words of the definition for
copies, it is not possible to produce J with copies of .J for any XIQL query. O

4.3 Database Transformations

Before leaving the discussion about XIQL, we want to examine this language from a different
theoretical angle. We start by introducing determinate transformation [6], then show that
XIQL queries can be interpreted using a notion of hybrid-determinism. Finally, we are
interested in investigating whether or not XIQL, as an object-creating XML query language,

can be complete with respect to determinate transformations.
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4.3.1 Determinate Transformations

From a classical database computability point of view, a query can be considered to be a bi-
nary relation as a transformation between input instances and output instances. Recall that
the semantics of XIQL queries has been formalized in Section 3.2.2 using this standpoint.
Although the traditional database applications are considered to be deterministic transfor-
mations, both deterministic and non-deterministic transformations have been discussed in
the literature [9, 10]. For a query language, deterministic semantics or non-deterministic
semantics could make different influences on final results, which has been clearly shown by

the example provided in [9].

With the development of object-creating query languages, non-deterministic implication
under object creation were widely investigated in [11, 68|, and received significant research
attention. On this basis, the notion of determinate transformation is developed in [6], which
is well-defined on how non-deterministic features of object creation can be incorporated into
a “deterministic-effect” transformation so that the requirement for genericity can be achieved

in the context of domain-generating query languages.

For the sake of expression convenience, we present the notion of determinate transforma-

tion [7, 65 in the following.

A query @ on a database instance [ is said to be a determinate transformation vo C I, X1z

(see Definition 3.2.1) if and only if the following conditions are satisfied.
(i) for (I, I2) € g, || € |I2| holds;

(ii) for (I, 1) € g and (11, I;) € g, there is an isomorphic mapping h such that h(l5) = )
holds;

(iii) for (I3, I2) € 7g, if there is an isomorphic mapping h on Iy, then (h(11),h(I2)) € 7q
holds.

Regarding the above three conditions, condition (i) is to guarantee that objects can be
added into a database, and conversely, they are not allowed to be deleted from a database.
The reason for this is that determinate transformations can not be preserved under compo-
sition when deletion operations involve [68]. As for condition (ii), it implies that two output
instances are identical up to renaming of object identifiers. Finally, the purpose of condition

(iii) is to achieve genericity of a language regardless of the permutation of the universe.
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4.3.2 Hybrid-deterministic Transformations

Recall that Example 4.1.1 has shown how structured value duplicates can be eliminated in

XIQL syntactically. Indeed, the underlying consideration is as follows:

Assume that there are two different objects 0; and o, in a database instance, and 6?‘1 = 6J:2
holds. Can we say that they reflect the same object in the real world?

The answer is uncertain. They might be the same object, and they also might be two
different objects that have the same properties. Hence, we need a capability provided by the

language to flexibly express both of these intentions.

In order to express this intuition, the notion of hybrid-determinism is developed to in-
terpret XIQL queries. Simply, hybrid-determinism means the semantics of determinism and
non-determinism could be mixed up to serve for XIQL queries when necessary. The use of
hybrid-determinism greatly enhance the flexibility for choosing how to implement valuations
of individual variables in order to achieve a particular purpose of a query. In essence, the
purpose of hybrid-determinism is to provide a capability to solve structured value duplicate

problems caused by object identifiers.

To clarify hybrid-deterministic semantics used in XIQL, the formal definition is presented

as follows.

Definition 4.3.1. (Hybrid-determinism) Let Q(I, J) be a query on a database instance.
Then Q(I,J) is hybrid-deterministic iff

(i) If structured value variables %l, ...,%n appear in head(r) of value assignment and class
rules, then @ can yield more than one different outputs Ji, ..., J,(n > 1). Moreover,
the valuations a,.‘.,@ for variables :%, are identical if there is a pairwise automorphism

mapping h among them such that h(’ﬁ;) = 1.:?; (1 <i<j<m) holds.

(ii) Otherwise, @ yields only one output J.

Here we should be aware of the fact that values for atomic objects can be considered as
structured values since they have the same expression. Therefore, we assume that the above
definition is based on a rewriting rule: replace all value variables Z for atomic objects with

structured value variables T in XIQL queries.
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4.3.3 Completeness

Since the purpose of determinate transformations is to assess the expressiveness of object-
creating query languages in the context of IQL, XIQL is developed in close relationship to
IQL. Thus, it would be of interest to know, whether or not XIQL is complete for determinate

transformations.

First, let us begin with the result with respect to the completeness of IQL. Abiteboul
and Kanellakis’s work [7] has shown that IQL is complete up to copy elimination. However,
for XIQL our previous discussion has clearly shown that copies do not exist in the result of

XIQL queries. Thus, copy elimination is not a problem for XIQL.

To show completeness of XIQL, we can consider the conditions listed in the definition
of determinate transformation (see Section 4.3.1) one by one in connection with XIQL.
Condition (i) can be obviously satisfied by XIQL, since only objects can be added into
output database of XIQL queries. Condition (ii) actually has been enforced by the hybrid-
deterministic semantics of XIQL queries. As for condition (iii), atomic elements do not need
to be interpreted in XIQL.

Therefore, the following result can be obtained.

Theorem 4.3.1. XIQL s complete with respect to determinate transformation semantics.

Remark 4.3.1. Although the notion of determinate transformation is initially motivated by
non-deterministic transformations caused by object creation, it can also be applied to capture
non-deterministic transformations produced by structured value duplicates in the context of
XML data. To sum up, XIQL is a simple but powerful logic programming language that
extends the techniques of IQL to the context of XML databases, thus enriching IQL by some
additional approaches to handle the unique features of XML data.



Chapter 5
The XML Calculus Language

In this chapter, we propose a novel logic-based query language for XML, called XML calculus,
which is a counterpart of relational calculus defined for the relational data model. Instead of
first-order logic used in relational calculus, XML calculus shall employ higher-order logics to
investigate a natural approach to specifying declarative queries over XML data. The main
idea is to extend the relevant techniques used for the relational model to the context of XML

data, and exploit the capabilities of a language with higher-order notions.

There are several aspects covered in the content of this section. We first define a fun-
damental type system as a basis for formalizing higher-order logics incorporated into the
language since atomic types and object types defined in Chapter 2 are only able to han-
dle first-order individuals. Then, two higher-order constructs are discussed to explore how
higher-order notions can be obtained under the defined type system. After that, a formal pre-
sentation of the syntax and semantics used in XML calculus is given, and a logical reflection
addressing the relationship between first-order semantics and higher-order semantics inter-
preted on the higher-order syntax of XML calculus will be examined accompanied by some
equality issues. Finally, examples of several interesting issues which should be addressed by

desired XML query languages are discussed.

5.1 Preliminaries

To facilitate the formalization, we still use the notations B and C to refer to the sets of
atomic types and class names, as defined in Chapter 2. Furthermore, the notations R and
A are adopted to denote countably infinite sets of set names and variables respectively. In

addition, we assume that C and R are disjoint.

67
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5.1.1 A Fundamental Type System

We begin by introducing a fundamental type system to describe the syntax of a higher-order

logic used in the language. The type system of XML calculus is defined by
=@ | b |7 |lin |kiv|{r} | [faeatm] | VR

where n > 0. In fact, the type system consists of three parts: individual types, labelled

types and type constructors.

1. The individual types comprise a trivial type @ which means the existence of type is

trivial, all atomic types b € B, and all class types 7. with class name ¢ € C.

2. There are two kinds of labelled types. The type [y : 79 represents a type 7 with a label
lp such that Iy € CUB. The type [, : 7, represents a type variable 7, occurring with a
label variable I, such that [, € X.

3. Furthermore, three type constructors are defined comprising a tuple constructor [], a

set constructor {} and a union constructor V.

We associate a set of values tdom(7) with each type 7. These sets are defined as follows:

tdom(®) = {A}, where A means that no specified value exists;

tdom(b) = domy(b), where domy (b) is the value domain associating with atomic type
b € B, as defined in Section 2.1;

tdom(r.) = {6(0;) | ¢ is a complex class name} U {n(0;) | ¢ is an atomic class name}, where

§ and 7 are identifier and value projection functions defined in Section 2.2;

tdom(lp : 0) ={lo: v | lo € CUB, v € tdom(m)};

1

tdom(l, : 7;) = {c: v | c € C, v € tdom(r), where v is of type 7};

tdom({T}) = {{'U], --'!Um}lm > 1,y € tdom(r),l L e m},

tdom([11, ..., Tn]) = {[v1, ..., Va]|vi € tdom(7;),1 < i < n};

tdom(r, V 12) = tdom(1) U tdom(ms).
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Note that the purpose of introducing the trivial type @ is to enhance the flexibility of the
language when handling optionality of XML data at the type level. Since set and non-set
variables are treated in a unified manner, thus, A in tdom(@) of XML calculus corresponds
to both () and A appeared in class tuples discussed in Chapter 2 for expression convenience in
the language. Furthermore, since the self-descriptive feature of XML data requires that an
XML query language provides the possibility for querying over schema information as well
as instance data, type [, : 7 is introduced into the type system for this reason. However, to
clearly distinguish label variables from other variables and class names, we use the notation

&z referring to a label variable in particular.

Clearly, a type can be obtained recursively from other types and type constructors, thus,
recursive types and higher-order types might occur in this type system. To describe higher-

order features, the notion of order with respect to type is developed.

Definition 5.1.1. (Type Orcfer) For each type t, the order of ¢ can be obtained by the

following rules.
(i) the order of types @ and b is 0;
(ii) the order of [7y,...,7,] is k + 1, where k is the maximal order of types 71, ..., Tn;
(iii) the order of {7} is k + 1, where k is the order of type 7;
(iv) the order of 7, V 73 is k, where k is the higher order of types 7, and 7»;

(v) the order of type 7. is k + 1 if 7. = [n, ..., 7], where k is the maximal order of types

Tiy.ery Tn, and 0 otherwise;

(vi) the order of type lp : 70 is k + 1 if 79 = [7, ..., 7], where k is the maximal order of

types 71, ..., Tn, and 0 otherwise;

(vii) the order of type I, : 7z is k + 1 if 7, = [n, ..., 7], where k is the maximal order of
types 71, ..., Tn, and 0 otherwise.

For convenience, terms and formulae can also be associated with an order in the sense
that the order of a term is the order of its type, while the order of a formula is the maximum

order among the orders of terms within the formula.
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5.1.2 Higher-order Constructs

The XML calculus language is built upon an object base using a higher-order logic, and thus
two basic higher-order constructs are employed for representing objects in the language: class

construct and set construct.

Definition 5.1.2. (Class Construct) Given a class with name ¢ € C and schema s, =
{A{‘ ,...y Afm}, then a class construct over class schema s, has the form L : z(L; : zy,..., Ly :
z,) with L; € X UCUB, and each z; is a variable of type 7; (j = 1,...,n), which can be

obtained in accordance with the following rules.
(i) In case L; € X, then 7; = 7;

(ii) In case L; € CUB and L; = A;, where A{‘ € attr(s.), then

for fi=1, 7j = 7a;

for fi=% 1 = T4,V &;
for fi =+, 7= {7a.};

fOI‘ f,‘ = *, T = {T_.1‘} V @.

In addition, z is a variable of type 7. = [L; : 71, ...,Ln : 73] and L € X UC.

Instead of the notion of class schema used in the SXO model, class types are incorporated
into the type system as discussed before. They indeed have the same effect as class schemata
with respect to capturing the features of XML data. Informally, the following simple ex-
ample illustrates how class schemata in the SXO model can be expressed by class types as

appropriate.

Example 5.1.1. Recall the class schemata of the XML document book.xml shown in Ex-
ample 2.2.5. They can be expressed with class types Troot; Thooks Tsections Tfigure a0d Timage

respectively as follows.
® Troot = [b0OK : Thook);
® Thook = [title : Tuiste, author : {Tauthor}, S€Ction : {Teection});

® Tsection = |@Qid : Taia V @, Qdi f ficult : Tadifficue V @, title : Tuige,p: {7p},

figure : Tfigure V @, section : {Tsection} V @);
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® Tfigure = |Qheight : Tapeigns V @, Quidth : Tawiam V @, title : Ty, image : Timage] s

& Timgge = [QSOUree : Tossuse):

In the following, a variation ¢(L; : zi,..., L, : z,) is used as a specific representation of
class construct ¢ : ¢(L; : 21,...,L, : z,). In this case, c is both a class name and a variable
of type 7.. This abbreviation will not lead to ambiguity, as we assumed that the sets of class
names and set names are disjoint. To get a better understanding for this, let us see one

example.

Example 5.1.2. Assume that there are two class constructs:
(1) book : b(title : t, author : a,price : p), and
(2) book(title : t, author : a,price : p),

where ¢, a and p are variables of types Tiise, {Tauthor } 1 Tprice Tespectively, then we have
Thook = [title : Tyitte, author : {Touthor }, PTICE : Tprice] for both class constructs. However, b is a
variable of type Ty,or in class construct (1), whereas book is a variable of type Tyeor in class

construct (2).

Definition 5.1.3. (Set Construct) Suppose r € R is a set name and z is a variable of
type 7. A set construct over r, denoted as r(z), is a finite set of values of type 7. Further, »

is a variable of type {7}.

In fact, the definition of set construct coincides with a unary relation used in the relational
data model in the sense that r(x) can be treated as a unary relation r that has only one

attribute corresponding to z.

Both class and set constructs play an important role in generating higher-order variables
since the orders of class and set types increase by applying constructs. More specifically, in
a class construct L : z(Ly : x1,...,L, : T,), To can be regarded as a variable of order one
higher than the maximal order among variables in the expression L; : 1,...,L, : z,. The
same holds for other variations of class constructs and for set constructs. Note that each

label L or L;(i € [1,7n]) might occur as a label variable &z as defined in the type system.

There are two essential distinctions between class constructs and set constructs:
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— Class constructs support the tuple type constructor, whereas set constructs support the

set type constructor.

— Class constructs use at least one label-variable pair as the basic components, whereas set

constructs only use a single variable as its component.

Therefore, class constructs and set constructs serve different purposes in the language.
Class constructs can be used for capturing objects that are the aggregation of other objects,
while set constructs provide a necessary means for handling transformation between non-set

or set objects.

5.2 Syntax

In this section, we formalize the syntax of the XML calculus language in a style similar to
the relational calculus [5]. However, as will be seen, the two languages differ from each other

in many aspects.

5.2.1 Terms and Variables

Variables in XML calculus have flexible and rich interpretations in the sense that class
names might be regarded as variables as well. For clarity, both term and variable are defined

together.

Definition 5.2.1. (Terms and Variables) The terms together with their associated types
in the language can be defined inductively with the following rules. Furthermore, each term

t defines a set of variables var(t) occurring in t.

(i) each variable z of type 7 is a term of type 7 and var(z) = {z};
(ii) each constant u of type 7 is a term of type 7, and and var(u) = 0;

(iii) each pair L : t with term ¢ of type 7 is a term of type L : 7, and the variables

occurring in it are variables occurring in ¢ or L, i.e. var(L : t) = var(L) Uvar(t);

(iv) each class construct Lo : to(Ly : t1,..., Ly : t,) with terms to, ...,t, of types 7,..., 7
respectively, is a term of type 79 = [L; : 71, ..., Ly : 75}, and the variables occurring in it
are variables occurring in Ly, ..., L, and to, ..., t,, i.e. var(Lo : to(Ly : t1, ..., Ln 1 tn)) =
Uizo(var(Ls) U var(t:));
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(v) each set construct r(t) with term ¢ of type 7 is a term of type {7}, and the variables

occurring in it are r and the variables in ¢, i.e. var(r(t)) = {r} Uvar(t);

(vi) each path expression t; . t; with terms t,,; of type 7, and 7, respectively, is a term
of type 75, and the variables occurring in it are variables occurring in t; or to, i.e.
var(ty . t2) = var(t;) Uvar(ts).

A term is ground if and only if no variable occurs in it. For example, I and title :

“Databases” are ground terms.

For convenience, we use #t in the following to refer to the type of term ¢.

5.2.2 Well-Formed Formulae

With a set of logic symbols -, V, A, =, <, 3,V corresponding to negation, disjunction, con-
junction, implication, equivalence, existential quantification and universal quantification,
respectively, the proposed XML calculus language can be represented under a precise logic
interpretation. Note that the presence of the symbols € and C is not allowed in our work
since their interpretations for the standard set membership and inclusion relation can be
simulated by particular higher-order logic formulae. For instance, y € z could be simulated

by the expression z(y) and y C z could be simulated by the expression V, y(z) = z(z2).

We start from the notion of atomic formula, which provides a necessary basis for for-
mulating well-formed formulae later on. Given an XML database schema S, then the set of

atomic formulae over S (for short: atoms) consists of four kinds of formulae:
e predicate formulae: include class predicates and set predicates.

(1) Lo : to(Ly : t1y...y L @ t,), where Lg : tg,...,L, : t, are terms over S, is a class

predicate;

(2) r(t), where t is a term over S and r is a set variable, is a set predicate;
o path formulae: expressed by t; . ts, where ¢; and t, are terms over S;

e pair formulae: expressed by L : t, where L : t is a term over S;



CHAPTER 5. THE XML CALCULUS LANGUAGE 74

e comparison formulae: expressed by t; cop to, where t; and t, are terms of some common

type over S, and cop represents comparison operators such as =, #, <, >, < and 2.

It is easy to see that some atoms including predicate formulae, path formulae and pair

formulae are also terms defined in the last section.

Definition 5.2.2. (Well-Formed Formulae) The set of well-formed formulae of the XML

calculus over S, denoted as wff, can be defined inductively with the following rules.
(i) each atomic formula is a wif;

(ii) ¢ bop 1, where ¢ and ¢ are well-formed formulae over S, and bop is a logical symbol

amongst V, A, = and &, is a wif;
(iii) —¢, where v is a well-formed formula over S, is a wif;
(iv) 3.9 or V.1, where ¢ is a well-formed formula over § and x is a variable occurring in

terms in v, is a wif.

As with relational calculus, some shortcuts are used in the XML calculus language:

e 3., ., 2, abbreviates successive existential quantification 3;,3,...3.,%;

® V., 1, 2. abbreviates successive universal quantification Vg, Vz,...V., ¢

5.2.3 Free and Bound Variables

In this section, we consider how to identify free and bound variables among all variables
appearing in some formula of the XML calculus language. The notations fr(y) and bo(p)
are used to denote free and bound variables, respectively, in a formula ¢. Analogous to
relational calculus, free variables can be obtained in accordance with the following rules

inductively.

e for an atomic formula ¢, which is also a term, including a predicate formula, a path

formula or a pair formula, fr(p) = var(y);
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e for a comparison formula ¢ cop v, which is an atom but not a term, fr(yp cop ¥) =
var(y) U var(y);

e for a formula -, fr(—yp) = fr(p);

e for a formula ¢ V ¥, fr(eV¥) = fr(e) U fr(v);

for a formula @ A ¥, fr(p Ay) = fr(p) U fr(¥);

for a formula ¢ = ¥, fr(e = ¥) = fr(p) U fr(¥);

for a formula ¢ & ¥, fr(p & ¥) = fr(e) U fr(v);

for a formula 3,9, fr(3.¢) = fr(¥) — {z};

for a formula V.4, fr(V.¢) = fr(y) — {z}.

A variable appearing with a quantifier is called a bound variable. It may happen that a
variable is free and bound in a formula at the same time. However, bound variables can be
renamed without changing the semantics. We may therefore achieve that all variables in a

formula are either bound or free, but not both.

Example 5.2.1. Given a formula ¢ = V,, g author : a(name : n,address : d) A3, book(title :

t, author : a) A author : a(name : n), then, fr(¢) = {a,book,t}, and bo(¢)) = {n,d,a}.

Obviously, the variable a is both a free variable and a bound variable in the formula .
Through variables renaming, the formula 7 can also be expressed by the formula ¢ =

Vn.a.author : aj(name : n, address : d)A3,, book(title : t, author : ay) Aauthor : as(name : n)

without changing the semantics.

In fact, the approach of XML calculus can be seen as an extension to the approach
of relational calculus by allowing further quantification of higher-order variables as well as

first-order variables.

5.3 Semantics

Now we turn to discuss the semantics of terms and formulae interpreted in the XML calculus

language.
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5.3.1 Interpretation

For the sake of expression convenience, we use the notations DOM = |J,, tdom(7;) UC to
denote the universal domain consisting of all domains and class names. Given a database

schema S, an interpretation to terms and formulae can be defined as usual in logic.

Definition 5.3.1. (Interpretation) An interpretation w of an XML calculus formula over
an XML database schema S consists of a database DB over S and a valuation function v:
X — DOM , where v(z) € tdom(7) if z € X and the type of z is 7, or v(&zx) € Cif &z € X.

Furthermore, the following rules must be satisfied.

for a term t of type 7, w(t) € tdom(7). In particular, w(t) = v(t) if ¢ is a variable, and

w(t) =t if t is a constant;

for a pair formula, w(L : t) = T iff w(L) € C and w(t) € DB holds, and F otherwise;

for a class predicate formula, w(L : z(¢1,...,t,)) = T iff [w(t1),...,w(ts)] = u for an object
with identifier w(z) € DB and value u € DB, and F otherwise (note that < is a

subsumption relation defined in Definition 2.2.4);

for a set predicate formula, w(r(t)) = T iff w(t) € w(r) holds, and F otherwise;

for a path formula, w(t;.t;) = T iff w(t2) £ w(t1) holds, and F' otherwise;

for a comparison formula, w(¢, cop t2) = T iff w(t;) cop w(tz) holds, and F' otherwise;

for a negation, w(—¢) = T iff w(y) = F holds, and F otherwise;

for a disjunction, w(p V ¢) = T iff w(y) =T or w(¢) = T holds, and F otherwise;

for a conjunction, w(p A ¢) =T iff w(p) = w(¢p) = T holds, and F' otherwise;

for an implication, w(p = ¢) = T iff w(p) = F or w(y) = T holds, and F' otherwise;

for an equivalence, w(yp & ¥) = T iff both w(y) and w(¥) are T, or both w(y) and w(t)

are F

for an existential quantification, w(3,4¢) = T where z is of type 7 iff some replacement of
z in ¥ by a valuation v(z) € tdom(7) resulting in a formula ¢ with w(¢) =T, and F

otherwise;



5.3. SEMANTICS 7

- for a universal quantification, w(V,;9) = T where z with some labels Ly, ..., L; within
¥ iff each replacement of z in ¥ by a valuation v(z) € U, ;o) rdom(w(L;)), where
rdom(w(L;)) is a restricted domain for z labelled by L; in some class construct, as

defined below, resulting in a formula ¢ with w(¢) = T, and F otherwise.

Definition 5.3.2. (Restricted Domain) Given a class with name ¢ and schema s,, and
a set T, of class tuples over s.. Then, each variable z; (i € [1,m]) occurring in a class
construct L : #(Ly @ ¥1,..., Lm @ Zp,) Over s, associates a restricted domain rdom(w(L;))
such that rdom(w(L;)) = {v| [w(L:) : v] < ¢, where t € T.}. For variable = of type 7,1,
rdom(w(L)) = tdom(7,(r))-

If a variable z associating with multiple restricted domains rdom(w(L,)), ..., rdom(w(Ly))
within the scope of a universal qualification V., then variable z associates the union of them
such that |J,¢,<; rdom(w(Ly)).

Example 5.3.1. Consider the XML document book.xml. Assume that we have a formula
p1 = Vey,z.5ection(Qid : z,title : y,p : z), in which section(@id : z,title : y,p : z) is a class
construct over the class schema sgecrion shown in Example 2.2.4. Thus, the following results

can be obtained.
e z € rdom(Qid), where rdom(Qid) = {\, iz, i35};
e y € rdom(title), where rdom(title) = {ig, 112, 115, 127, i35, iag, 141 };
e z € rdom(p), where rdom(p) = {{i10}, {13}, {116, t23}, {728, 133}, {4z}, {is0}, {iaa}}.

Let us see another formula v, = V, (section(Qid : z,title : y,p : z) A figure(title :

y,image : w)), then, the restricted domain of variable y is

LS U rdom(title), where U rdom(tztle) = {ig,ﬂllg, 1.15, ?:27, i35, 2.33, 1.41} U {izg, igg}
= {dg, 112, i15, 127, I35, 38, 141, 120, 30 }
Note that labels in different class constructs are always considered as different labels even

they have the same name. For instance, in the above example, title in section(@id:x, title:y,p:z)

and title in figure(title:y,image:w) are two different labels associating with variable y.
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5.3.2 Query Mapping

Since XML calculus is a purely declarative language, XML queries can be written down in a
very elegant and natural way. The basic form of an XML query is a set expression as defined

below.

Definition 5.3.3. (XML Query) Each query @ in the XML calculus language has the

form

Q = {(.1‘1, '"?xﬂ” (10}:

with variables x; € X of type 7;, a wif ¢ and fr(p) = {z1,...,z,}. The answer schema
of @, denoted by ans(Q), is a set of XML schema graphs rooted in objects belonging to
{w(z1),...,w(z,)} correspondingly, where w(z;) € tdom(r;)(1 < i < n).

For an XML database DB with database schema S, each query in the XML calculus
language is always associated with an input-schema in(Q) = S and an output-schema

out(Q) = ans(Q). In addition, the query mapping ¢(Q) is defined by

Q(Q)(DB) = {Gu(x|)| s Gv(ﬂfn)! w(‘rj) = T}

where Gy(z,), .., Gu(z,) be object family graphs corresponding to objects v(zy), ..., v(x,)

respectively.

5.3.3 Object Creation

In the XML calculus language new objects can be created during querying in accordance
with the logic. For this we have to make the assumption to have disjoint sets of intensional
and extensional class types. This is important for the expressive power of the language up

to object creation.

Given a query with associated input and output schemata: in(Q) and out(Q), respec-
tively, then the intensional and extensional class types, denoted by 7;,; and 7., respectively,

can be obtained by the following rules.

o Tene = {7| 7. €in(Q)};
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o Tint = {7 7c € 0ut(Q), 7. ¢ in(Q)}.

Obviously, observing from the above definition, Ty N Toee = 0 holds. With intensional
and extensional class types as a basis, new objects can be created in a database by the

following means.

(i) only objects within classes that have intensional types can be created in an XML

database;

(ii) object value types of created objects must coincide with class types such that 7(o) J 7.,

where 7(0) is an object value type of object o and 7, is a class type with class name c.

To better see the mechanism of object creation in XML calculus, the following simple

example is provided, in which some books objects are created in the database.

Example 5.3.2. Let us consider to list books in the XML document bibl.xml, which were
published by Addison-Wesley after 1991, including their year and title.

o {books|Vy . Ipook.book (publisher : “Addison — Wesley”, Qyear : y, title : t) Ay > 1991

=> books(Qyear : y, title : t)}

Clearly, in this query, Zest = {Thook} and Tint = {Thooks}. All objects in the class name

books are new objects created under the class type Twoks = [Qyear : Tayear, title : Triye).

5.3.4 Active Domain Semantics

Although an XML database under the SXO model consists of a finite set of objects, the
infinite universe might possibly produce infinite answers for XML calculus queries, as the
case in relation calculus. To guarantee both finiteness of query answers and termination
of computation, several approaches have been developed in the literature for the relational
calculus to address this problem such as safe queries [5], domain independence [1] or active
domains [49, 35]. Indeed, these solutions are provided by essentially restricting either syn-
tax or semantics of the language. Nevertheless, it has been proven that they all have the

equivalent expressive power [38].
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The approach employed in XML calculus to deal with safety issues is to restrict the
semantics of the language using active domains. Roughly speaking, the idea is to associate
variable assignments with the active domains specific to some database instance, while the
underlying domain is still allowed to be infinite. Therefore, in the XML calculus language, a
set of active domains is given, which represents a set of objects or constants occurring within

a database instance.

Definition 5.3.4. (Active Domain) Given a query @ on an XML database DB, then let
adom(Q) be the finite set of constants occurring in the query @, and adom(DB) be the finite
sets of constants and objects occurring in the database 3. The active domains, denoted by
Adom, consist of adom(Q) and adom(DB) such that Adom = adom(Q) U adom(DB).

Under the active domain semantics, a valuation needs to be revisited as “in a database
DB, a valuation v on variable z of type 7 in a query @ is of the form v(z) € tdom(7) N
(adom(Q) U adom(DB)). This change makes sure that valuations can be limited within the

active domains.

5.4 Logical Reflection

It has been pointed out in [13] that higher-order logics have many attractive features, and
most of resecarch efforts [22, 42] seem to fall into the same direction to develop the syntax
and semantics of higher-order languages by interpreting a high-order syntax with a first-order
semantics. This approach enriches the languages by extending the first-order syntax to more

natural and powerful expressions in higher-order logics.

Recall that in the SXO model a complete lattice of classes has been proven to be imposed
on objects within an object data graph. This result provides a straightforward thought to
consider a first-order semantics with object abstraction instead of a higher-order semantics
with complex structures. The essential bridge between these two approaches is the type
system that has been defined in Section 5.1.1. On this basis, the XML calculus language is

developed with a higher-order syntax under a first-order semantics.

In this section, our discussion with respect to the notion of higher-order logics will build

upon the classification provided in [21]. A logic is syntactically first-order if its language is
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first-order; it is syntactically higher-order otherwise. A system is semantically first-order if
the meaning assigned to its constructs by interpreting them in structure is first-order; it is

semantically higher-order otherwise.

So far, although the XML calculus language has been formulated to have a higher-order
syntax interpreted by a first-order semantics, we are interested in exploiting the relationship

between the following two different logic interpretations:

o first-order semantics imposed on higher-order syntax;

e higher-order semantics imposed on higher-order syntax.

To simplify the work, the relevant formal definitions with respect to a higher-order se-
mantics will be omitted since our interest is only on informally comparing and contrasting
effects under a first-order semantics and a higher-order semantics imposed on a same syntax

of the language.

First of all, let us consider the first situation, which is the defined semantics in XML
calculus. Although higher-order variables and quantifiers over such variables are allowed,
higher-order variables are interpreted as in the first-order logic, which could only be objects
in their domains (represented by object identifiers). One thing should be noted that not
only objects but also atomic values can occur in first-order variables of a formula in XML

calculus.

Example 5.4.1. Consider the following formula on the XML document book.xml whose

XML data graph has been shown in Figure 2.2.

Fpz.y.bo0k : b(title : x, section : y) AV, (y(w) & 3. (section : w(Qid : 2z, title : t) A z # N))

Because Tyection = [@Qid : Taia V @, title : Teye] and Tyoor = [tite : Tyitse, S€ction : {Tsection}]

hold for the formula above, the variables with their orders can be obtained such that
o 1% order variables: z with #z = Ty, 2z with #2z = 7eiq V @ and t with #t = Tyige;
e 2™ order variables: w with #w = Tsection;

e 3¢ order variables: y with #y = {Tasction} V O
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o 4'" order variables: b with #b = Tpoor-

In addition, for the variables beyond first-order their valuations are as follows:
[ ] U(w)ziﬁ,?;gg,,'

o v(y)={is, ins};

L] I/(b) ='i1 §

From these valuations, it is quite straightforward to see that the higher-order variables
w, y and b in this example are interpreted as individual object identifiers rather than higher-

order semantic structures in XML calculus.

Now, we examine what results this formula will yield, if higher-order variables in the
language are interpreted by a higher-order semantics instead of a first-order semantics. The
valuations for variables w, y and b can be obtained as follows. (We assume that there is a

valuation function v defined for higher-order semantics.)

o v (w)=section : [@id : “intro” , title : “Introduction”], section : [@id : “syntaz”,

title : “A Syntax For Data’];

o UV (y)={section : [@id : “intro”, title : “Introduction”), section : [Qid : “syntaz”,

title : “A Syntax For Data”]};

o v (b)=book : [title : “Data on the Web”, {section : [@id : “intro”, title : “Introduction”],

section : [@id : “syntaz”title : “A Syntaz For Data’]}].

More intuitively, the graphs corresponding to the above valuations of variables w, y and

b are presented in Figure 5.1.

If comparing the object family graphs of objects in valuations of variables w, y and b
under first-order semantics with the graphs presented in Figure 5.1, it is not difficult to
obverse that the graphs under higher-order semantics are subgraphs of the graphs under

first-order semantics. Nevertheless, they can still be regarded as the same expressive power
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Figure 5.1: Valuation for higher-order variables

because data of interest have been identified by both of them, and a restricting function on
types of variables can be easily defined to make sure that these two logic interpretations are

the same.

Remark 5.4.1. On the basis of the above example some interesting conclusions can be drawn.
First, a first-order semantics for the higher-order syntax can be more elegantly interpreted
under an object-based data model, while a higher-order semantics for the higher-order syntax
is more suitable for being interpreted under a value-based data model. Moreover, whatever
semantics is used to encode the higher-order syntax, there is no loss of expressive power of
the language. However, the benefit gained by encoding first-order semantics on higher-order
syntax under the object paradigm is to greatly reduce the complexity of the language by

providing a simpler and intuitive representation for data.

In the end, we explain in more detail about some issues regarding the equality theory
that applies to our work. There are two different facets: equality between the domain of

objects and the domain of graphs, and equality between class predicates.

The relationships between first-order and higher-order semantics can be well represented

by two different semantics associated with an object in the domain. Recall that each object
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has two expressions corresponding to the identifier and value semantics in Section 2.3, these
two expressions may lead to an indistinguishable conversion between a first-order semantics
and higher-order semantics since it is quite natural for us to treat i = [A; : t1,..., An : t,] as
an extensionality axiom for each object o with identifier ¢ and value [A; : t1,..., A, : t,] in
a class ¢. Furthermore, this extensionality axiom can be extended to the domain of objects
and the domain of graphs such that i = G;, where G; be the object family graph of an object

with identifier 7.

As for an equality between class predicates, it can be considered as explicitly equated by
their class names. For instance, given two class constructs ¢ = ¢; : z(ly : #3,...,1, : z,) and
0= ¢ y(l’1 Y1y e by Ym), @ = p holds if and only if ¢; = ¢, no matter what is inside
these constructs. The underlying reason for this equation is that both of ¢ and p are variant

expressions of a class with name ¢; or ¢y, and type [L : 7, ..., Lg : 7% such that

o g = [li 5 Tiyoorgdy ¢ Tpylod @ Engiyon b + ox] with wlg) = [wlh » 21), wqwll,
Ty), 0k, ..., ok], where {w(l) }iepp) = {Lj}ien u;

o 9= [l Prsly ¢ Ymslois & Pirrswn by ¢ i) With w(®) = [wll @ w)yeswl,
Yum), Ok, ..., 0k], where {w(l;) ey = {Lj}ien -

Here, ok is a special value referring to T', and it means that the corresponding valuation

is always true, since we are not concerned about the details.

5.5 Simulation

The task of this section is to simulate two issues that are relevant for XML:

1. control mechanisms such as recursive structures, if-then-else, composition, and nest

and unnest operations, etc;

2. distinguished XML data characteristics such as irregular expressions, object order,

schema query queries, etc.
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5.5.1 Recursive structures

Unlike relational calculus XML calculus can be enhanced with the fixed-point logic to reflect
inductive objects. Here, we discuss one example regarding objects of recursive structure in
an XML document.

Example 5.5.1. Consider the XML document book.xml (see Figure A.2) and its XML data
graph (see Figure 2.2). Look at a query to find all the sections in book.xml. For such sections,

return section’ objects with the section titles, while preserving their original hierarchy.

We can obtain the following query

o Q = {section |Vyy ((3section.section(title : z, section : y) Ay = \)
V3., (Jsection. section(title : x, section : z)A
Vs.(y(s) & V. (section : z(title : w) = section’ : s(title : w)))))

& section/(title : x, section’ : y)}

to get the result such that

ans(Q) = {%'1011, 11014, 81034, $1040, 21006, #1037, 51024}

Tables 5.1-5.3 shows the evaluation result at each iteration, and Figure 5.2 presents
the graph representations for objects crested in each iteration. In fact, this example also
illustrates the approach used in XML calculus queries to handle optionality feature, since

variable y can be identified by the A value when necessary.

5.5.2 Nest and Unnest

As a well-known problem encountered in the development of languages under the object-
based paradigm nest/unnest operations are mainly handled by two kinds of approaches. One
is to use the ideas underlying the group-by construct of relational languages as e.g. adopted
in LDL [64]. It has been proven in [14] that this solution is too restrictive, because the rules
involving group-by constructs need to be implemented under a satisfied interpretation for the
case of negation, otherwise it is ill-defined for reasons presented in [13]. Another approach

is to represent a set of objects by a set object, which has these objects as its value [44, 3].
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Figure 5.2: Represented as a graph
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- ’ - -
section | title section
11011 112 A
11014 115 A
11034 135 A
11040 41 A

Table 5.1: section’ objects in f

section' | title  section
11011 i12 A
1014 i15 A
11034 i35 A
11040 141 A
11006 t9 %1011, %1014
11037 i3g 1040

Table 5.2: section’ objects in f,

section' | title  section

?:].011 i"l? /\
11014 115 A
11034 i35 A
11040 141 A
11006 9 1011, %1014
11037 i38 11040
11024 o7 %1034, 11037

Table 5.3: section’ objects in f3

Then, some logical rules need to be taken to guarantee which objects are included in a set

object.

The XML calculus stays in the line of argument of the second approach to deal with the

problem of nesting and unnesting. For this the set construct is crucial to manipulate objects

in a set by providing a type conversion from 7 to {r}, where 7 is assumed to be the type

of objects within the set. The following example shows how nest and unnest operations on

objects can be realized in XML calculus.

Example 5.5.2. Let us look at the XML document bib.xml, then create a list of all the

title-author pairs, with each pair enclosed in a result element.

o {ans|3, Vresur.(Ve,r.(3vook.book(title : t, author : x)
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= V.. (z(a) © result(title : t,author : a))) < y(result))

= ans(result : y)}

By using z(a), we can unnest a set of author objects in some book into many title-author
pairs in result objects correspondingly. As for nesting, y(result) is used to nest a set of result

objects into y with type of {result}, then y is passed into a set ans object.

5.5.3 If-Then-Else

As usual in logic, it is a quite straightforward idea that the semantics of “If-then-else” can
be simulated by the logical symbol “=" in XML calculus. To be more clear, an example is

provided to illustrate this point.

Example 5.5.3. Look at the XML document bib.xml again. Now, for each book with an
author, return a booka with the book title and its authors. For each book with an editor,

return a booke with the book title and the editor’s affiliation.

o {bib|3; 4. (Vbooka. (Vey.a1.(3pook. book (title : ty, author : a,)
= booka(title : t1, author : a,)) < z(booka))V
Viooke. (Via.a2. (Fbook,e.boOk (editor : e, title : t2) A editor : e(af filiation : as)
= booke(title : ty, af filiation : ay)) < y(booke)))

= bib(booka : z,booke : y)}

Obviously, the logic implicated in the above query could be explained as follows:

e If the book has an author, then produce an object booka that contains the book title

and its authors;

e If the book has an editor, then produce an object booke that contains the book title
and the editor’s affiliation.
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5.5.4 Class Names and Atomic Values

Although the notions of class name and atomic value seem quite irrelevant at the first look,
they correspond to two significant portions of the text in an XML document: markup and
character data, respectively, as specified in [70]. For this reason, they are discussed together
in this section. Moreover, we assume that regular expressions introduced for XIQL in Section

3.4.4 also apply for the XML calculus language.

Example 5.5.4. Let us consider the XML document bib.xml, find books in which the name
of some element ends with the string “or”. For each such book, return the title and the

qualifying element.

o {b00ks|V; z gz (Fvook. book(title : t, &z : 2) A &z = “%or”

= books(title : t,&x : 2))}

In this example, Tyoor = [title : Tune, &z : 7;]. As discussed in the preceding type system,
7. is a type variable since the label variable &z indicates that the class name is unknown.

After executing the query on the running database, the following result can be obtained.

| = |
P €

"Data on the Web" "Dan Suciu™

To show how atomic values can be queried in XML databases, we slightly change the
above question to find books with title of “Data on the Web”, in which the name of some
element ends with the string “or”. For each such book, return the title and the qualifying

element. Then, we can get the following query.

o {books|V, gz (3peok.book(title : “Data on the Web”, &z : z) A &z = “%or”

= books(title : “Data on the Web” &z : 2))}
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5.5.5 Queries over Object Order

When object order is a concern for users, it is easy to tackle this problem by means of
functions, which are in the same line with the approach used in XIQL. For this we define a
function postion(oid), and roughly show how object order might be taken into consideration

with using such a function through a simple example.

The function position(oid) with an object identifier oid as an argument returns the rel-
ative order of the object with identifer oid in the current set. Note that this position(oid)
function is defined differently from the one used in XIQL in order to serve a different purpose

in the language.

Example 5.5.5. Consider the XML document bib.xml again. For each book that has at
least one author, list the title and first two authors, and an empty “et-al” element if the

book has additional authors.

o {ans|3. ¥y (Vi 2. (3y. (Seoor.book (title : ty, author : z) A 3, (z(a) A position(a) > 2)
= Y. (z(b) A position(b) < 2 & y(b)))
= book (title : t,, author : y,et —al : \))
VY4, .2.(3book. book(title : to, author : x) AV, (z(a) = position(a) < 2)
= book' (title : ty, author : x)) & z(book'))

= ans(book : 2)}

5.5.6 Aggregation Functions

The XML calculus language has very strong expressive power so that even some aggregation
functions can also be simulated, such as min(), which is widely used in most of query
languages. Here, we provide one example to show how the semantics of min() in a particular

context can be simulated by a proper formula in XML calculus.

Example 5.5.6. Consider the XML document prices.xml, find the minimum price for each
book in this document, return in the form of a “minprice” element with the book title as its

attribute and the minimum price as its element.
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o {ans|3y Viminprice.(Vi.(Ipook.book(title : t) A 3y, (Vp,.(Jpook.book(title : t, price : z) A z(py)
= (z(p2) Ap1 2 p2)))
= minprice(Qtitle : t, price : ps)) < y(minprice))

= ans(minprice : y)}

In a similar manner, the function maxz() can be simulated in the language.

5.5.7 Duplicate Elimination

In contrast to XIQL, the query regarding structured value duplicates discussed in Exam-
ple 4.1.1 could be rewritten with the XML calculus language as follows. This solution is
analogous to the query considered in the first case where we assume that two authors having

the same first name and last name could be identified as being the same person.

Example 5.5.7. Consider the XML document bib2.xml (see Figure 4.1). For each author,
list the author’s name and the titles of all books by that author, grouped inside a “result”

clement.
o {ans|3, Vresur. (V5,1 (3y,0.(Fauthor.author(first : f,last : A
Ve(Fvook 2. book(author : z,title : t) A author : z(first : f,last : 1) & y(t))
= result(name : a, title : y) A name : a(first : f,last : 1)) & z(result))

= ans(result : z)}



Chapter 6
Related Work

Much of the related work has been presented with the relevant issues discussed in previous
chapters. In this chapter, we give a brief introduction to the related research work in the

fields of semantic data models, object-creating languages and pure declarative languages.

6.1 Semantic Data Models

Although there has been much debate about the origin of semantic data models, the devel-
opment of semantic data models was initiated in the early 1970s. Since then, a good number
of research works (26, 4, 33, 55, 61] have emerged in this field focusing on the investigation
of solid semantical foundations of databases from a structural perspective. Currently, one
of the most prominent semantic data models is the entity-relationship (ER) model [20, 19],
which adopts a mature and diagrammatic technique to model complex data. Although an
advantage of the ER model over the relational model is to incorporate more semantic in-
formation, it still lacks the ability to clearly state intended semantics such that different

semantics can be applied to the same concept [62].

Among these numerous semantic data models, the higher-order entity-relationship model
(HERM) [62] and the semantic object model (SOM) [46] attract our attention in particular.
Considering that the clear semantics of objects can complement the weakness of HERM
with respect to ambiguous semantics, we intend to extend HERM by employing the notion
of semantic object to replace the notion of entity and relationship in the context of XML
data, especially in the case that XML data can be naturally treated as a tree implied higher-
order. Based on these intuitions, the semantic XML object model (SXO Model) is built up

92
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in our work.

Two general approaches taken in constructing semantic models were specified in [34].
One is to interrelate objects by a means of using attributes, such as the Functional Data
Model (FDM) [41, 60] and the Semantic Database Model [33]. Alternatively, the explicit type
constructors can also be adopted to capture structures, for example, the ER models [20, 19].
The SXO model takes a similar approach to the former. Semantic structures are encoded into
attributes of objects, meanwhile, attributes can also provide a linkage to subclass relations,

so that a hierarchy can be obtained for object classes within an XML data graph.

To handle XML data, many data models specific to XML data have been proposed
serving as a basis for developing XML query languages. As stated in [15], these data models
can be divided into two categories in accordance with different interpretations for IDREFs:
reference or string. The interpretation of IDREFS as references between elements might
lead to a cyclic data model, whereas only containment relationships exist between nodes
when IDREFs are treated as strings. It is also possible to consider both interpretations into
one data model by providing multiple modes, such as LOREL [8], which has two modes:
semantic and literal. In the SXO model, IDREFs are regarded as other attributes, thus, a

tree structure of XML data is taken into consideration throughout this thesis.

6.2 Object-Creating Languages

Object-creating languages, as pointed out in [58], can be considered as one of three groups
classified in the field of theoretical investigations for the object paradigm. The language IQL
[6] has been widely recognized as being a significant framework in this area because it was the
first one to extend some language-theoretic issues, such as completeness, to encompassing
object creation. Since the emergence of IQL, many research efforts have been reported for
object-creating languages [69, 65, 68, 67, 40, 37, 28]. This field has also been receiving

increasing attention from database theory researchers.

To create objects in databases, IQL adopts a similar approach to skolem function tech-
niques, which was first discussed in [50] from a logic-based perspective, and further developed

in [44, 43, 39, 42, 40, 8, 29]. Nevertheless, these object-creating languages may depart from
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each other by other factors during object creation, such as different approaches for inheri-
tance used in F-logic [42] and IQL [6], the possibility of explicitly referencing object identifiers
(8, 29]. In our work, the semantics of XIQL defines implicit skolem functions to create object

identifiers which can be referenced by means of variables.

To consider new objects in query and update results, a completeness criterion was pro-
posed by the notion of determinate transformation in IQL [6, 7]. Although IQL is a natural
extension of languages in [10], which are complete with respect to [18], it is only complete
for determinate transformation up to copy elimination. Therefore, to achieve completencss

of the language, two interesting research streams are generated as follows.

One direction is to check whether the notion of determinate transformation is the most
suitable criterion to evaluate the expressive power of object-creating languages. It was argued
in [67, 65] that the notion of determinate transformation may not be the most appropriate one
for object-creating languages, and they proposed an alternative notion of semi-determinism.
However, although semi-determinism is an elegant generalization of determinacy, it is unde-
cidable.

Another direction is to solve the problem of copy elimination by developing new constructs
[7, 6, 28]. For example, a tractable construct called reduce is introduced in [28] based on
the expanded notions of deep equality. However, the reduce construct remains global in
nature. Finding a simple and local construct which yields a complete language is still an

open problem.

A few rule-based query languages have been introduced for querying over XML data in
the literature [51, 48]. Most of them either resembles the syntax of F-Logic, such as WebLog
[48], or are XPath-based including Xpathlog [51]. In contrast, XIQL is a logic-based XML
query language developed by studying an analogue to IQL in the context of an XML data

model, on the basis of well-defined semantical analysis.

6.3 Pure Declarative Languages

Relational calculus was introduced by Edgar F. Codd [24, 25] as a pure declarative logical

language in the relational model. There are two different but equivalent versions of relational
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calculus: Tuple Relational Calculus (TRC) and Domain Relational Calculus (DRC). The
major distinction between the two lies in the approach adopted for representation of variables;
variables in TRC range over relations, while variables in DRC range over underlying domains
associated to individual values. Compared with TRC, DRC is closer to traditional predicate

logic with first-order syntax and semantics.

Numerous extensions of relational calculus have been developed under complex value data
models in [5, 12, 57, 30]. A complex value calculus that can express the transitive closure of
a binary relation with fixpoint semantics was explored in [5]. The calculus presented in [12]
focuses on complex objects by defining an equivalence relation on complex objects. These

languages might be based on the paradigm of beyond first-order logic.

In the literature, there has been very little work on the pure logic formalisms for XML
query languages, especially extending the similar techniques used in relational calculus to
higher-order logic languages built upon XML data models. To fill this gap, XML calculus,

which is a novel higher-order logical language, is proposed in this thesis.

The notion of higher-order logic is often considered from Church’s Simple Theory of Types
[23]. A separation between syntax and semantics of higher-order logic has been identified by
Chen’s work [22, 21]. According to this opinion, the research efforts in the field of higher-
order logics can be categorized into three directions. Some languages, such as LDL [14, 54],
are developed with a first-order syntax and a higher-order semantics. Some languages are
encoded with higher-order syntax and semantics, for example, COL [3] and Acalculus. Others
might have a logic with a higher-order syntax but a first-order semantics, including F-logic
[42] and HiLog [22, 21]. To simplify the language, but maintain the desirable higher-order
features, XML calculus keeps in the line of languages having higher-order syntax and first-

order semantics.

Toward realizing a first-order semantics on the top of a higher-order syntax, some special
mechanisms need to be built into the interpretation. One approach is to add mutual reflection
between formulae and terms with the notion of typed A-expression, and has been adopted in
some languages, such as AProlog [53, 52]. Another approach that is used in XML calculus
is to achieve the logic reflection by identifier and value semantics of objects, which associate
two different aspects with each object. In this case, object identifiers function as first-order

abstractions which encapsulate higher-order underlying structures.



Chapter 7

Conclusions

This thesis focuses on logic-based query languages for XML databases. A first arca of
investigation is an XML data model. We built up a specific XML data model on object bases,
and showed that heterogencous semantic structures can be encapsulated into individual
values of objects, which are unified under flexible class schemata as class tuples. Furthermore,
a complete lattice has been proven to exist among the classes of an XML data graph, thus
an elegant class hierarchy can be constituted. In the object paradigm, we also observe that

object identifers cannot only serve as the identity of objects, but also be order primitives.

On the basis of this data model two novel logic-based query languages have been pro-
posed in the thesis with formal specifications of syntax and semantics. One is the XML
identity query language (XIQL), in which object identifiers function as pure primitives of
the language. Another one is the XML calculus, which is endowed with an elegant seman-
tics based on higher-order logics. For a better understanding of the ideas several examples
were provided to illustrate the key characteristics of languages. During our study, several

important results have been obtained with respect to these languages.

— Union types could be adopted as an efficient and natural approach to address the problem
of optionality appeared in XML query languages. Therefore, union types have been
considered in the development of both XIQL and XML calculus.

— Although XIQL is an extension of IQL targeted to XML data, an approach by implicitly
specifying a particular skolem function to each variable inventing object identifiers
can help avoid copies generated in the queries results, thus copy elimination is not a

concern for XIQL. However, the tree structure of XML data might raise the problem
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of structured value duplicates in the query results. To address this issue, the notion
of hybrid-determinism has been defined in the semantics of XIQL. Finally, XIQL has

been proven to be complete with respect to determinate transformations.

— It has been shown that the XML calculus is a very natural language tailored for XML
since a higher-order type system can be easily built upon the SXO model. There
are two points we want to mention particularly. Firstly, the identifer and value se-
mantics associated with objects provide the capability to shift the semantics of the
language from higher-order to first-order without any loss of expressive power of the
language. Secondly, by defining restricted domains for variables bounded with univer-
sal quantifications, the XML calculus can elegantly reflect the fixed-point semantics
to incorporate recursion functionality. Therefore, it is possible to express recursive

structures and transitive closure in the language.

Both proposed languages focus on setting up logical formalisms, which greatly facilitate
the evaluation of the expressive power and completeness of XML query languages. However,
limited by study time there are still some issues left out in this thesis, and it will be interesting

to finish them in future research.

e Refine the XML calculus language and investigate more deeply the decidability of the
approach to safety taken for this language.

¢ Investigate the expressive power and completeness of the XML calculus language in a

formal way.

e Compare the expressiveness of several XML query languages such as XIQL, XML
calculus and XQuery [73].
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Running XML Database

Figure A.1: bib.xml
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Figure A.2: book.xml
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<prices>
<book> '
<title>"Advanced Programmlng in the Unix enwronment"<it|tle>
<source>"bstore2.example.com"</source>
<price>65.95</price>
</book>
<book>
<t|tle>"Advanced Programmmg in the Unix environment"</title>
<source>"bstore1.example.com”</source>
<price>65.95</price>
</book>
<book>
<title>"TCP/IP lllustrated"</title>
<source>"bstore2.example.com"</source>
<price>65.95</price>
</book>
<book>
<title>"TCP/IP lllustrated"</title>
<source>"bstore1.example.com"</source>
<price>65.95</price> ;
</book>
<book>
<title>"Data on the Web"</title> o
<source>"bstore2.example.com"</source>
<price>34. 95<Ipr|ce>
</book>
_<book> A
i <t|tle>"Data on the Web"<ft|tle> S
~ <source>"bstore1.example m"<lsource> :
ik <pnoa>39 95<Iprloe> :

Figure A.3: prices.xml
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