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Abstract. The goal of the paper is to propose a semistructured datéor storing the data within conventional database system - an object-
model for representing XML documents and a language for queryeriented model being a variant of OEM [1], [4], and for reasoning
ing semistructured database representing XML data. The language fmirposes - a very simple description logic (to show that a semistruc-
based on a path calculus and on its extension involving rules (in Datured data can be understood as a knowledge base) [5], [10].

alog style) and Skolem functions. Three kinds of matching between The main part of the paper concerns querying semistructured data.
query variables and database objects are discussed: arigid, semirigiince the same information may be captured by diversity of data
and flexible matching. The flexible matching is of special importancestructures, a fixed query and exact matching (that is typical for well-
since semistructured data does not conform to a rigid schema, itstructured data) could not give the all expected information. To solve
structure is often not known in advance and its structure may changihis problem, and to avoid query rewriting, in [6] a flexible matching
frequently. We propose a method, which is based on regular path exs proposed. We follow this idea and propose a class of path expres-
pressions, supporting valuation of query variables according to thosgions as well as an algorithmic method for computing all "standard”
three kinds of matching. The containment problem for this match-and "non-standard” matchings for such path expressions. Next we
ings is discussed. The main idea of an experimental implementatiopropose a path calculus. Path calculus queries return answers con-
is outlined. sisting of tuples of objects. To construct well-formed semistructured
data from answers, we extend the query language introducing rules.
Path calculus query forms the body of a rule and the rule head is
1 INTRODUCTION devoted to create the expected resulting object. Rules are in Datalog

Semistructured data has no absolute schema fixed in advance, hasﬁFYle and involve Skolem functions.

regular structure, is incomplete and heterogeneous. Such data arisesThe main contribution of the paper is the original proposal of

mainly when the data is stored in sources that do not require a rigi&vell-.defined syntax and semant_ics Of, a language for manipulating
structure (such as the World-Wide Web), and when data is integrateﬁe_m'St_r“Ctured data. The ru_Ie-orlen_tatlon of the language allows for
from heterogeneous sources (especially when new sources are fr{ét__ll.lzatlon of both the para_ldlgm of first-order calculus anq the flex-
quently added). It is commonly agreed that data models and querg"IIty of datg structuring n XML Re_gular pa_th EXpressions sup-
languages, designed for well-structured data, are inappropriate i ort three kinds of matching, the rigid rr_lz?\t(_:hlng (tyF"Ca' for_weII-
such environments [1], [2]. XML (Extensible Markup Language) [3] structured .data query languages), semirigid mgtchlng (typlcal for
is fast becoming the dominant standard for representation and irf2ther semistructured data languages) and flexible matching. The

terchange semistructured data on the Internet. Many heterogeneoBEOblem of query containment for queries based on those three kinds

information sources can structure their external views as repositorie%f matching is dlscusseq. ) ) ) )
The rest of the paper is organized as follows: Section 2 gives basic

of XML data, no matter what their internal storage mechanisms. o X
Thus, modeling and querying semistructured data repositories is Qleas and motivation for research. Models of semistructured data are
! discussed in Section 3. In Section 4 we give syntax and semantics

new challenge in the field of intelligent data retrieval and knowledge-  path calcul di le-ori d . h f
based systems. of path calculus and its rule-oriented extension. A theorem of query

In the paper we follow the assumption that semistructured data igontal?ment IS prov;:;n. Section 5 concludes the paper and outlines
arooted, labeled directed graph. Such data must be: some future research.

o exchanged over the Web and presented to users, 2 MOTIVATION AND BASIC IDEA
e stored in some repositories - in text files on the Web, within a

database system supporting storing and querying the data, or in2€mistructured data retrieval systems may be characterized as fol-
mixed form, lows [6]:

e capable for _reasoning, especially when heterogeneous da_ltg data does not conform to a rigid schema -
sources are integrated or when approximate answers to queries
are expected.

it is difficult to design
queries,
e the structure of the database changes frequently - queries should

We discuss some modeling alternatives to achieve goals mentioned be rewritten frequently,

above. For exchanging and presenting data - the XML data modef® datais contrib_uted_ by many users in a variety of design - the query
should deal with different structures of data,

1 Chair of Control, Robotics and Computer Science, Phzdaiversity of ~ ® the description of the schema is large (e.g. made in DTD) - it is
Technology, Poland, email: Tadeusz.Pankowski@put.poznan.pl difficult to use the schema for formulating queries.




Semistructured data is commonly perceived as a rooted, labeled adjacent labels in the path expression must not be mapped to
directed graph. All edges, all leaves and some non-leaf nodes of a  adjacent edges of the database path, e.g. (1, 8, 9, 10) semirigidly
data graph are labeled with strings (texts). Additionally, a unique matchedib.book.author.namavhile (1, 14, 12, 18) does not;
identifier may be assigned to each node (we will denote identifiers
by integers). There is ot label which uniquely identifies a data
graph. An example of a data graph is in Figur®ib,is the root label
of the data graph.

¢ in theflexible matchindabels of a path expression are mapped
to edges of data graph; the ordering need not be preserved; no-
tice that the path expression is not necessarily mapped to a path
in the data graph. E.g. (1, 14, 12, 18) flexibly matches the path
expressiorbib.book.author.nameBecause such notion of ac-
ceptable matchings (answers) might be too general, we will
assume some restrictions. In some approaches the problem of
choosing appropriate answers is solved by means of ranking
them (e.g. [7]).

2. For lack of basic predicates (like relation names in relational cal-
culus) specified in advance, some partially defined path expres-
sions may be used. In our approach, any path expression is con-
sistent with some matching type.

3. Final result of the query must be provided as an object (e.g. as
an XML document). Thus, a mechanism for creating new objects
should exist in the query language.

3 SEMISTRUCTURED DATA MODELS

Semistructured data is commonly specified as an XML document.
Thus we assume that a system for processing semistructured data
should support XML format both on its input and output. In our
experimental implementation [13] XML data is transformed into an
object-oriented model and is stored within a relational database sys-
Figure 1. An example of data graph tem. In this §ection we re\{iew th_e modeling capability of XML, pro-
pose a semistructured object-oriented data model (SSOO), and show
how semistructured data can be defined by means of a description
logic.
Semistructured query languages have ability to reach to arbitrary
depth in the data graph_. ThIS is possible by means of path expressmg..l XML as a model of semistructured data
A simple path expression is a sequence of edge labels separated by
dots and starting with the root label. E.g. the following path expres-An XML document is a textual representation of data and consists of
sion hierarchically nested element structure starting with a root element.
bib.book.author.name The basic component in XML is aelement An element consists

. . .. of start-tag the correspondingnd-tagandcontent i.e. the structure
is intended to look for all the books and their authors. Matching is 9 P 8 g ' :
- . . between the tags. All content elements smbelementsf their par-
a mapping which assigns a sequence of data graph edges to every ; o .
. 2 ent element. With elements we can associtebutes An attribute
path expression. A labdl from a path expression is mapped to a |

data graph edge with labél. Every matching of a path expression is a pair(name = ”wvalue”) and is included within the start-tag of
) . an element. A well-formed XML element must conform to the fol-
L4,..., L, can be represented as a sequence of n¢des., i),

i . . . lowing syntax (* denotes zero or many occurrences of the precedin
whereij is a node with an incoming edge labeled with. In ex- gsy ( Y P g

act or rigid matching adjacent path expression labels are mapped tsa/mbol):
adjacent data graph edges. Notice that using the exact matching, we ~€lément

<tagattribute* > content</tag>

are not able to find all answers because an author node can either be attribute = name="text"
below or above a book node. content = elemenf text

The classical query-answer paradigm can not be directly used for The semistructured data from Figure 1 can be specified as the fol-
querying semistructured data. This is due to the following: lowing XML data:

1. To capture irregular structure of data and to avoid query reformusbib>
lation, an extended concept of matching path expressions and data <book title="SQL" year="1999">
graph paths is needed. We distinguish three kinds of matching: <author>

<name>Codd</name>

</author>

</book>

<year>
2000

e in the semirigid matching labels of a path expression are <book title="C++">
mapped to edges of one path and the ordering is preserved, but <author>

¢ in therigid matchingadjacent labels of a path expression are
mapped to adjacent edges of one path and the ordering is pre-
served, e.g. (1, 2, 4, 5) rigidly matches the path expression
bib.book.author.namevhile (1, 8, 9, 10) does not;



<name>Smith</name> Al Al
</author> DI ¢ Al
</book> L' < AlxAl
<lyear> _ I = {(@,2)|(z,2') € L'},
<author name="Wirth"> GR.D) = {ze A3 (z,2") € R A2’ € DT},
<year> (cnch) = c¢'nc’.
igggb A set of assertions (definition statements) of the form
<title>Pascal</title> D =45 C
</book>
<book> is a semistructured knowledge bade a definition statement (see
<title>Modula</title> [9]) D cannot appear in the left-hand side of other definition state-
</book> ments. The definition is intended to define the cond@jinh terms of
<lyear> C, i.e., to defineD as a concept denoting the set of the individuals
</author> satisfyingC'. E.g. the conceptt999 M Jauthor.C'5 may denote in-
</bib> dividuals that are from the year 1999 and that are related through the

binary relation (rolelauthor with some individual from the set of
individuals denoted by the conceb.

To describe SSOO data by means of SSDL, we assume that texts
Object-oriented approaches to semistructured data models wegge primitive concepts, identifiers are defined concepts, and labels are
emerging with the development of the Object Exchange Modelroles. Then for data from Figure 1, we ha@0 = 3 bib.C1, C1 =3
(OEM) [4], [8] and are rooted in object-oriented database modelsbook.C2r1 3 year.C7r1 3 author.C12, ..., C7 = 20001 3 book.CS8,
There is a number of variants of the OEM data model [1]. In this..., etc.
paper we propose a variant called SSOO (+ denotes one or many
occurrences of the preceding symbol): 4 QUERY LANGUAGE

object := oid (content)
content := label: oid| text

3.2 Object-oriented model of semistructured data

Our query language ([13], [15]) is based on regular paths which are
the basic constructs for semistructured data query languages [8], [11]
Definition 1 Let ID be a countable and infinite set of object identi- [12]. The differences are what a path expression denotes. In our ap-
fiers, LAB - a set of labels, TXT - a set of texts, and CONT - a set gbroach, it denotes a set ofd sequences (paths) of the same length.

contents created according to the rules specified above. The set is called path tableand is an extension of the path expres-
A quadruple DB = (ID, LAB, TXT, CONT) we call a database, and sion. Components of the path expression, separated by dots, consti-
a pair (OID, con) - a state of the databas, where tute thetype of the path table. This approach was used in an ex-

perimental system, called XML-SQL, which we implemented in a

CONT ; . . . relational database system [13].

o con: OID — 2, IS gfunctlon which associates a subset of | thjs section we mainly address the problem of facilitating dif-
CONT to every identifier in OID. ferent kinds of matchings. We propose a class of path expressions

An identifierid € ID is said to be defined if con is defined oniit; ifid @nd rules for computing their extensions (semantics). The extension

is not defined we assumen (id) = 0. Additionally, we assume that of a path expression consists of a set of matchings, and the structure

e OID is afinite subset of ID,

every identifier occurring in con(id), fail € OID, is definedD of the path expression determines the kind of matching.
3.3 Modeling semistructured data in description 4.1 Path calculus
logic Path expressions:
Description logics allow for representing a domain of discourse in P == L|P.E|P.(x,!).E|P.(*).E
terms of conceptsand roles Concepts model classes of individu- E = L|x]|L

als, while roles model relationships between classes. Starting from A path expressio® consists of identity expressions, where ev-
atomic conceptandatomic roles one can build complex concepts ery identity expression returns a set of object identifiers. The value of
and roles by applying certaiconstructs We will consider a very  a path expression which consistsstomponentsi{ > 1) separated
simple description logic, SSDL, which can be used to describepy dots, is a set of sequences of object identifiers of length equal to
semistructured data. In SSDL three constructors are asswerisd:  n. The meaning of identity expression is:

tential quantifiers over role¢d), intersection on concepf$1), and ] ] ) )

role inverse(!). We use the following notations: for atomic roles ~ ® abelL denotes albids of objects (nodes) with an incoming edge

A for primitive atomic conceptsandD for defined atomic concepts labeled withZ, every path expression must begin with the root
Complex concepts;’, and complex rolesk, conform to the follow- label,
ing syntax: e "x" matches any path (also the empty path),
N ¢ "I_"matches inverse of any edge,
g ; 273 lAjena, e P.(x,!).EandP.(!_, x).E are conditional path expressions.
Semantics of SSDL might be defined by means of interpretatiorBemantics of path expressions:
I =(A%"), whereA’ is a set of individuals, and is aninterpre- To define semantics for path expressions we assume that a data

tation function Then: graph is represented by means of the following two tables:



EdgeTab(ParentOid, Label, Oid). Proposition 1 Let P be a path expression composed of two path
ValueTab(ParentOid, Value). expressiong’ and P, i.e. P = P;.P. Then for every database DB

If oid1(content) is an object, wher¢L : 0id2) € content, and  the following containments hold
t tent, then:
text € content, then QDB(Pl.Pz) g QDB(PL * .PQ) g QDB(PL(*, L).PQ),
(0idl, L, 0id2) € EdgeTab,
(0idl, text) € ValueTab. where eactQ) p5(P) is a ground query over DB ang.

. Everytpafthctiaxpressmﬁ IS geatedt_as arfl 1'%&06 predl_cate .den.Ot'Proof To show the first inclusion let us assume that
gwgtf]\ sfe IIo oi seqlue.ncets. emgn ics to pal \ expressmnst_ |slg|ven " Py.Py” (), 0 = v1 ® vs andPy(v1) A Pa(vs).

y the following rulesjast(v), and front(v) returns, respectively, Then forv’ = v1  last(v:) » vz, the formula
the last element, and the front (all elements except the last one) of a

sequence; u e w denotes the concatenation of sequencasdw: Pk Py (v)
1. "L?(x) - EdgeTab(, L,z) holds. So, the first inclusion is true.
2. "P.L”(v) - 7P’(u)A EdgeTab(last(u), L, x) The second inclusion follows from the implication:
/\U:u.x 7,P P?? 77P ' P77
3. "P.ox7(w) - 7P7(u) Av=uelast(u) 1x P27 (0) = 7Py (x, L) By ()
"P.ox7(v) = 7Pox7(u) A EdgeTab(last(u), -, z)  Thuys, the proposition is proven. O
Av = front(u) e x
4, "P17(v) - "P’(u) A EdgeTab(z, -, last(u)) A queryQps(P) is arigid query if it has no occurrence efand
ANv=uezx I_;itis a semirigid query if it has not any occurrence ofOtherwise
5. "P.(x,!)).E”(v) - 7"P.x.E"(v) it is a flexible query. For our running example we have:
PP(x,1).E(v) = —(P.x.E(0) APl %).E (v)
6. "P(%).E"(v) = "PI.E () Q1CQ2CQs
::Ilj‘(:*’ *)g: (v) _':i:*g: () A 77137‘7!1*3‘:‘ ‘E”gi) Q1, Q2, andQs are rigid, semirigid and flexible ground queries, re-
(t#).E7(v) - ;” PT.(' (1’))2”?() ) spectively. Notice thaD)s is equivalent to the query:
(1, %). v
Q4 = {v.book,v.author,v.name|
Definition 2 A query over a DB is an expression of the form "bib. * .author.name.(x,!_).book” (v)}
{path_var.E, ..., path_var.E| 6}, Two databases DB and DB’ are equivalent if for any query Q,
whereg is a formula (query qualifier)path_var is a path variable, @ps = Qpp
and £ is an identity expression. The syntax of a query qualifier is: - the equivalence may be referred to as a rigid, semirigid, or flexible
¢ u=  TP’(pathwar)|—¢| ¢ A ¢ | Ipathvar ¢ equvalence, depending on the class of queries under consideration.
| scalar = scalar,
scalar = pathovar.E | text | val(pathvar.E) O

4.2 Creating objects

The following expression is a query: To support creation of objects we use rules, where head of a rule

{v.title | "bib. * .book.title” (v) A Ju”bib. x .book.(x,1_).year” (u) constructs a semistructured _data object, ano! the body of the rule de-
Av.book = u.book A val(u.year) = 1999}. livers bound variables used in the construction. A rule conforms to
the following syntax:
Example 1 To find all books and their authors, we can write the

following gueries: obj-expr -  Query(zi,...,Tn)
nad ' e , where
Q1 = {v.book, v.author, v.namé€bib.book.author.name”(v}, bi . ¥ ¥ tent
Q2 = {v.book, v.author, v.nam&bib.*.book.author.name”(v}, objexpr = oid_expr | oid-expr(content_expr+)
Qs = {v.book, v.author, v.nanie content_expr = label_expr : obj_expr | text_expr
’ ' T gy oid_expr = newOid(variablex) | variable

"bib.*.book.(*, ! ).author.name”(v},
where results for these queries against Figure 1 are, respectively: A rule is intended to create a new object (answer to a query). The

Q1= {(2, 4,5}, head of the rule constructs the object using bound variables defined
Q2={(2,4,5), (8,9, 10), in the body. The body of the rule is a formulguery(z1, ..., z»),
Q3=1{(2,4,5),(8,9,10), (14, 12, 18) (16, 12, 18P where( is a query considered as arplace predicate; > 1. Such

L . . . _defined variables are then used as control variables or parameters
Each of the above queries is intended to retrieve the same infor- ., .
) . . ; ) .___.within the head of the rule.

mation but uses different semantics for matching. This semantics is ThenewOid(x ) function is aSkolem functiotin the con
. . s 1yeeey L -

chqsen thr_o_ugh the path expression used in qualifier o.f the qU€M¥ext of the head it occurs in). Every invocatiomefwOid() without

(r_|g_|d, semirigid and_erX|bIe). The consequences of making the deI’:lrguments. creates a new object and returns its identifier. The function

cision can be formalized as follows.

with argumentg, ..., x,,, Creates a new object for every distinct val-

Definition 3 Let P be a path expression ard, ..., I, be all labels ~ uation of variables, we say that this object and its identifier depend
Occurring inP. A ground query over a database DB and a path ex- onxi,...,Tn. EVery next invocation for the same valuation of al’gu-
pressionP is a query of the form ments returns the identifier that depends on this valuation.
The semantics of the expressioawOid(...)(content_expr) is
Qps(P) ={v.ly,..,v.ln|P(v)}. O as follows:



o if newOid() has the empty set of arguments or it is the first invo- which a semistructured database is perceived as an edge labeled
cation ofnewQid(...) with the given arguments, then a new object graph. Data retrieval is performed by means of a first-order path

is created with the content determined by thetent_expr and
the identifier of the newly created object is returned;
e every next invocation ohewOid(...)(content_expr) with the

calculus. To capture non-rigid data, we propose a method that al-
lows to use rigid, semirigid or flexible semantics. The query con-
tainment problem for these semantics is discussed. Modifications of

same values of arguments appends the content determined by ttee database, constructing query results as objects and inserting them
content_expr to the current content of the object created by theinto the database is supported by the rules and Skolem functions [15].

first invocation; the identifier of the object is returned.

There are several interesting problems to investigate within our ap-

proach. One is to study implications due to the fact that operating

Formally, every invocation of
newOid(...)(content)

in a database state = (OID,con) returns an identifieid and

on path tables we actually operate on views over the database. The
other problem concerns object subsumptions and their consequences
to data retrieval and result construction.

changes stateinto s’ = (OID’, con’) where: REFERENCES
O{D/ = OID. U {idL _ [1] S. Abiteboul, P. Buneman, D. SuciData on the Web. From Relational
con’(i) = con(i),for ¢ # id, to Semistructured Data and XNMMorgan Kaufmann, San Francisco,

andcon’ (id) = con(id) U content.

(2]
Example 2 Let Q be a query from Example 1. By means of the rule,

the following result object may be constructed: 3]
newOid()(result : [4]
newOid($b)(book:$b,
newOid($b,$a)(author:$a)
) [5]
) :- {v.book,v.author,v.name|
"bib.*.book.(*,!_).author.name"(v)} ($b,$a,$n) ]
This query can be written as the following XML-SQL rule [13]:
<result> [7]
<book>($b)
$b
<author>($b,$a) (8]
$n
</author> 9]
</book>
</result> :- Answer($b,$a,$n) 110]
where theAnswer table is obtained by the following SQL query op-
erating on path tables:
select v.book as $b, [11]
v.author as $a,
v.name as $n into Answer [12]
from "bib.*.book.(*,!_).author.name" v (13

The resulting object from Example 2 can be in turn introduced
into the database, so the database is transformed into a new state.
Note, however, that some book objects (e.g. 2 and 8) may contain4]
information about authors. In such a case we say that the book ob-
ject subsumes their author object. A subsumed object should be re-
moved from the resulting object to avoid unnecessary redundan(gﬁs]
(Subsumptions between semistructured objects we have discussed in
(14]).

5 CONCLUSION

In the paper we have discussed some problems concerning query-
ing semistructured data repositories. The role of such information
sources in data retrieval and knowledge-based systems becomes in-
creasingly important. We consider a semistructured data model in
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