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Abstract. This paper proposes a two-step approach to define rules for main-
taining materialized XML views specified over relational databases. The first
step concentrates on identifying all paths of the base schema that are relevant
to a path of the view, with respect to an update. Hence, the corresponding
views paths can be affected by the update. The second step creates rules that
maintain al view paths that can be affected by the update. The paper then dis-
cusses how to automatically identify all paths in the base schemathat are rele-
vant to a view path with respect to a given update operation and how to create
the appropriate maintenance rules.

1 Introduction

The eXtended Markup Language (XML) has quickly emerged as the universal for-
mat for publishing and exchanging data on the Web. As a result, data sources often
export XML views over base data [7, 11]. The exported view can be either virtual or
materialized. Materialized views improve query performance and data availability,
but they must be updated to reflect changes to the base source.

Basically, there are two dtrategies for materialized view maintenance. Re-
materialization re-computes view data at pre-established times, whereas incremental
maintenance [1, 2, 8, 13, 14, 17] periodically modifies part of the view data to reflect
updates on local sources. Incremental view maintenance proved to be an effective
solution.

Incremental view maintenance a gorithms have been extensively studied for rela-
tional and object oriented views [3, 9, 12, 15]. Also, there have been incremental
maintenance algorithms for semi-structured views [1, 18, 27], and recent work on
maintaining XML views [5, 6, 9, 10, 21, 26]. The techniques of [9, 26] cannot be
applied to incremental maintenance of XML views of relational data. [5] proposed
two approaches for incremental evaluation of ATGg[4] which isthe formalism used
for specifying the mapping between a relational schema and a predefined DTD. In



their middleware system, an update monitor detects source updates, and triggers

their incremental algorithm to propagate the changes to XML views automatically.

In [19], we proposed an incremental maintenance strategy, based on rules, for
XML views defined on top of relational data. The strategy has three major steps: (1)
convert the base source schema to an XML schema, so that the view schema and the
base source schema are expressed in a common data model [22]; (2) generate the set
of view correspondence assertions by matching the view schema and the base source
XML schema (the set of view correspondence assertions formally specify the map-
ping [16,25] between the view schema and the base source schema); and (3) derive
the incremental view maintenance rules from the correspondence assertions. Our
solution has the following salient pointsin relation to previous work:

*  Theviews can be stored outside of DBMS.

*  Most of the work is done at view definition time. Based on the view correspon-
dence assertions, at view definition time, we are able to: (i) identify all source
updates that are relevant to the view; and (ii) define the view maintenance state-
ments required to maintain the view w.r.t a given relevant update. It is impor-
tant to notice that the view maintenance statements are defined based solely on
the source update and current source state, and, hence, no access to the material-
ized view is required. Thisisimportant when the view is maintained externally,
because accessing a remote data source may be too slow.

e Our rules can be implemented using triggers. In which case, no middleware
system is required, since the triggers are responsible for directly propagating the
changesto the materialized view.

» The view maintenance statements propagated by the rules do not require any
additional queries over data source to maintain the view. This is important in
case where the view is maintained externally.

One can see that the use of rulesis a very effective solution for incremental main-
tenance of external views. However, creating the rules that correctly maintain an
XML view can be an extremely complex process. So, there is a need for tools which
automate the rule generation process. |In this paper we show that, based on the view
correspondence assertions, one can generate, automatic and efficiently, all the rules
required to maintain a materialized view. Our formalism allows us to formally justify
that the rules generated by our approach maintain correctly the view.

The main contributions of the paper are threefold. First, we propose the following
improvements to our mapping formalism: (i) we formally specify the conditions for a
set of correspondence assertions to fully specify the view in terms of the source and,
if so, we show that the mappings defined by the view correspondence assertions can
be expressed as XQuery view definitions; (ii) we propose an algorithm that, based on
the view correspondence assertions, generates XQuery[24] functions that construct
view elements from the corresponding tuples of base source; (iii) we introduce a
simple graphical interface that helps user define view correspondence assertions. It is
important to say that other proposed mapping formalism are either ambiguous [16]
or require the user to declare complex logical mapping [25] which can not be
graphically defined.



As we will show, this can be carried out automatic and effi-

ciently using view correspondence assertions.
The paper is organized as follows. Section 2 reviews how to convert a relational
schema into an XML schema. Section 3 presents our mapping formalism. Section 4
discusses how to specify XML view using correspondence assertions. Section 5 pre-
sents our approach for automatic generation of incremental view maintenance rules.
Section 6 describes how to automatically identify the paths that are relevant to a view
path with respect to an insertion, deletion or update on a base table. Finally, Section

8 contains the conclusions.

2 Mapping Relational Schema to XMLS* Schema

We review in this section how to map arelational schemaR into an XML schema S,
using the mapping rules described in [22].
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Fig. 1. The relational schema Bib and the XMLS' schema Bib



Briefly, S has a root complex type, denoted Troot[S]. For each relation schemes R;
in R, Troot[S] contains an element R of type Tri. Note that the relation scheme and the
XML element have the same name and will be used interchangeably. The complex
type Tri contains a sequence of elements tuple_Ri of type Ttuple_Ri. For each attribute a
of Ri of type ta, the complex type Ttuple_Ri contains an element a of a built-in XML
data type compatible with ta. Finally, for each referential integrity constraint in R, the
XML schema S contains a key ref constraint.

The mapping rules guarantee that the relational schemaR and the XML schema S
are semantically equivalent, in the sense that each database state of R corresponds to
a XML document with schema S, and vice-versa.

We adopt a graphical notation, denoted XMLS* for Semantic XML Schema [22], to
represent the types of the XML schema S. Briefly, the notation represents the types
of S asatree, where type names are in boldface, “&” denotes references, “@” denotes
attributes and “*” denotes multiple occurrences of an element.

Fig. 1 shows graphical representations for the relational schema Bib and for the
XML schema Bib. The root type Troot[Bib] contains an element for each relation in
Bib. For example, the element authors, of typeTauthors, corresponds to the relation
scheme authors. Tauthors contains a sequence of zero or more tuple_authors elements
of type Ttuple_authors, which contains elements ssn, name, email and area. The con-
straint FKs of Bib is represented by two reference elements in Bib: Ttuple_books has a
reference element, also labeled FKs, with type &Ttuple_publishers (a reference to Ttu-
ple_publishers); and Ttuple_publishers contains a reference element, labeled FKs?, with
type &Ttuple_books (areference to Ttuple_books).

Let T1, ..., Tn be types of an XML schema. Suppose that Tk contains an element g
of type T+, for k=1,...,n-1. Then d=e, /&, /.../e,1 isapath of T1, and T is the type of
0. If ex is mono occurrence, for k=1,...,n-1, then & is mono occurrence; otherwise,
is multi-occurrence. For example, o = books / tuple_books / FKs is a multi-occurrence
path of Troot[Bib].

In what follows, we adopt an extension of XPath [23] that permits navigating
through reference dements of XMLS schemas. For example, let o be a XML docu-
ment whose schema is Bib. The extended path expression document(a) / books / tu-
ple_books / FKz is defined by the following X Query expression: { For $b in document(a)
| Books / tuple_books, For $p in document(c) / publishers / tuple_publishers where $b /
publisher_cod =$p / cod Return $p}.

3 Background

In this section, consider V and S XMLS schemas, Tvand Ts types of V and S, respec-
tively.

Definition 3.1: A path correspondence assertion (PCA) of V is an expression of the
form [Tv/ €] =[Ts/ &, wheree isan element of Ty and & is a possibly null path of type
Ts.



Definition 3.2: Let Tv and Ts be types, and P be a set of Path Correspondence Asser-
tions (PCA).We say that P specifies Tv in terms of Ts iff, for any element e in Ty, there
isaPCA of theform [Ty /€] =[Ts / §] in P, such that:

(i) If e ismono occurrence, then & is mono occurrence.

(if) If e ismulti-occurrence then & is multi-occurrence.

(iii) If the type of e is an atomic type, then the type of & isan atomic type.

(iv) If thetype of e isacomplex type, then the type of & isacomplex type.
Definition 3.3 Let P be a set of Path Correspondence Assertions (PCA). We say that
P fully specifies Ty in terms of Ts iff: (i) P specifies Tv in terms of Ts; and (ii) for each
PCA in P of the form [Tv/ €] =[Ts/ 9], such that e is of complex type Te, P specifies Te
interms of T; (the type of d).

Definition 3.4 Let P be a set of PCAs that fully specify Tv in terms of Ts. Let $v and

$s be instances of T and Ts, respectively. We say that $v matches $s as specified by P
(denoted $v =p$s) iff: For any element e of Ty such that Te isthetypeof e and [Tv/ €]
=[Ts/ 8] isthe PCA in P for e (which exists by assumption on P) we have that:

(i) If disnot Null, e is mono occurrence and Te is an atomic type, then $v/e =
<e>$s/dltext() </e>

(if) If disnot Null, e is mono occurrence and Te is a complex type, then $v/e =

$s/6
(iii) If disnat Null, e is multi-occurrence and Te is an atomic type, then for each $a
in $v/e, thereis $b in $5/0 s.t $a = <e>$hitext() </e>, and for each $b in $s/d, there
is$a in $vle st $a = <e>$hitext() </e>
Input:  types Ty and Ts; set P of PCAs that fully specifies Ty in terms of Ts;
Output: function T[Ts— T\)($s:Ts) such that, given an instance $s of Ts, T[Ts — T.($s)
constructs the content of an instance of Ty as specified by the PCAs in P.
T = “declare function t[Ts - TJ($s:Ts) {;
For each element e of Ty where [Tv/ €] =[Ts/ 9], Te is the type of e
and Tsis the type of d Do
In case of
Case 1. If dis not Null, e is mono occurrence and Te is an atomic type
T =T+ “<e>$s/dltext() </e>";
Case 2: If dis not Null, e is mono occurrence and Te is a complex type, then
T=T+<e>1[T5 - Te|($s/O)</e>" ;
Case 3: If dis not Null, e is multi-occurrence and Te is an atomic type, then
T=1+ “{For $bin $s/d do return <e>$b /text() </e>} " ;
Case 4. If dis not Null, e is multi-occurrence and Te is a complex type, then
T=1+ “{For $bin $s/3 do return <e>t[Ts = Te]($b) </e>}, " ;
Case 5:1f &is Null, then 1=1+ {<e>1[Ts— Te|($s) </e>, ",
end case;
end for;
return T}

Fig. 2. Constructor Generation Algorithm



(iv) If disnot Null, e is multi-occurrence and Te is a complex type, then for each $a
in $v/e, thereis$b in $5/0 st $a = $b, and for each $b in $s/8, thereis $a in $v/e

st$a = $b
(v) IfdisNull, then $v/eEp $s.

Based on Definition 3.4, the algorithm shown in Fig. 2 receives as input the types
Tvand Ts, a set P of PCAsthat fully specifies Tv in terms of Ts, and generates the func-
tion constructor T[Ts— Tv]($s:Ts) such that, given an instance $s of Ts, T[Ts— Tv]($s)
constructs thecontent for an instance$v of Ty, such that $v =y$s.

4 View Specification

In general, we propose to define a view with the help of a view schema, as usual,
and a set of view correspondence assertions [20], instead of the more familiar ap-
proach of defining a query on the data sources. Without loss of generality, we assume
that the type of the root element of a view V, denoted Troot[V], has only one element
which usually is a multi-occorrence element. Let S be the XMLS schema of base
relational source R, aview over S is a quadruple V=<e, Te,W,P>, where e is the name
of the only element of Troot[V], Te is the type of the element e,

The GCCA W specifies that, given an instance os of Troot[S] and the value ov of V
in os then, for any $a in document(cy) / e, there is $b in document(cs) / Ry / tuple_Ro
[selExp] such that $a =p $b and, conversdly, for any $b in document(as) / Ro/ tuple_Rs
[selExp], there is $a in document(a.) / e such that $a =p $b ($a matches $h as specified
by P).

Consider the XML base source schema Bib shown in Fig. 1 and the XML view
View_Bib where author, is the only element of Troot[View_Bib] (the type of the root
element), and Tauthory is the type of the author, element  whose XML schema is
shown in Fig. 3. The global collection correspondence assertion matches the authory
element of Troot[View_Bib] with a path from Troot[Bib]:

W: [Troot[View_Bib] / author,] =[Troot[Bib] / authors / tuple_authors [area="Database]].
W gpecifies that given an instance ot Of Troot[Bib] and the val ue Gview vi» Of View_Bib in
Obib then:

Oview_bib = <root_ view_bib > For $a in document(cuin)/authors/tuple_author[area= “Database’]

return <author>T| Tiuple_authors — Tauthon/]($a ) <fauthor>
</root_ view_bib >

Fig. 3 shows the path correspondence assertions of View_Bib, which fully specifies
Tauthorv in terms of Ttuple_authors. These assertions are generated by: (1) matching
the elements of Tauthory with elements or paths of the base type Ttuple_authors; and
(2) recursively descending into sub-elements of Tauthory to define their correspon-
dence.



The definition of the view correspondence assertions is supported by the VBA
(View By Assertion) tool, which features a simple graphical interface. The process
starts with the user loading source and target schemas into VBA. The user can then
graphically connect elements of the source type with elements or paths of the target
type, asindicated in Fig. 3.

The function T[Tupe_aunors — Taunon] ($2) returns the content of the author, element
that matches the tuple_authors element $a, as specified by W1 to Wa. Functions t[Tuw-
ple_books — Tbookv] and T[Ttuple _publishers — Tpublisherv] are likewise defined usi ng Ws to Ws and W
to W1, respectively:
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Fig. 3. PCAsfor View_Bib



As we have shown, the set of view correspondence assertions fully specify the
view in terms of the data source, in the sense that the correspondence assertions of
View_Bib (see Fig. 3) define a functional mapping from instances of the source
schema Bib to instances of the view schema View_Bib.

5 Automatic Generation of Rules

In this section, first we present a sequence of definitions and propositions, and then
we discuss our approach for automatic generation of incremental view maintenance
rules.

In the rest of this section, let S be the XMLS schema of a base relational source R
and V=<e, Te,W,P> be a view over S, where Troot[V] contains a sequence of elementse
of type Te and the GCCA is of the form:

W: [Troot[V] / €] =[Troot[S] / Ry / tuple_Ru[selExp]]
Definition 5.1: A path &, of Tv is semantically related to a path & of Ttuple_Rv, de-
noted &, = &, iff there are paths &.,,...,8, in V and paths &,,...,, in S such that d =
O,/...10, & =8 [..l &, [Tv/dv]=[To/db] 0P and[Tv/d,,]=[Th/&,]OP,for
1<i<n-1.
Definition 5.2: A path & of Troot[S] is relevant to a path of Troot[V] in the following
Cases,
Casel. &=Rs/tuple_Rpisrelevant to path e of Troot[V].
Case2. &=Ro/tuple_Ry/aisrelevant to path e of Troot[V], where ais an element or
an attribute in selExp.
Case3. Let & and o, be paths of Ttuple_ Ry and Te, respectively, such that &, = &,
then Ry / tuple_Rs / &s isrelevant tog / d..

A path of Troot[S] isrelevant to V iff it isrelevant to a path of Troot[V].

Definition 5.3: A path & of Troot[S] is relevant to V iff & is relevant to a path of
Troot

In what follows, let 1 be an update over a table of R, and U be a list of updates
against the view V.



Proposition 5.1: A path &, of Troot[V] can be affected by p iff there is a path & of
Troot[S] such that & is relevant to & and & can be affected by U .

Proposition 5.2: If U correctly maintains all paths &, of Troot[V] w.r.t. p, then U cor-
rectly maintains V.

Proposition 5.3: Let & = & / & be a path of Troot[V]. Suppose that & can be affected
by . If U correctly maintains & w.r.t. p, then U correctly maintains d..

In our approach, the process of generating the maintenance rules for V consists of
the following steps:
1. Obtain the set Z{W,V] of all paths s such that: (i) & is relevant to a path & of
Troot[V]; (ii) &s is affected by p; and, (iii) there is no path & such that & isa
proper prefix of & and &' O Z4u,V]. P[4V] denote the set of pathsthat arerele-

vant to V with respect to a base update 1 over S.
For each path &, of Troot[V] where thereis & in Z4,V] such that & is relevant to

Oy, generate the rule for maintaining & with respect to y. Note that, if Z{u,V] =
@, then pLisnot relevant toV and no rule is generated.

N

From Proposition 5.2, we have that the rules correctly maintain a view V iff they
correctly maintain all paths of V. So, our strategy for proving that the rules created
by the above process correctly maintain V with respect to an update p consists in
demonstrating that: (i) all updates generated by the rules correctly maintain all paths
o of Troot[V] that can be affected by p, and (ii) all other paths cannot be affected by
the updates generated by rules. From Propositions 5.1 and 5.3, we have to generate
rules for maintaining each path & where thereis & in P[,V] such that & is relevant
to &y, which are the paths corresponding to the rules generated in Step 2 above.

L U(av) returns the new value of view V after applying U to oy



Theorem 5.1: Let i bean insertion or deletion operation over R.

Case 1. Supposethat R = Ry Then, we have Z4u,V] ={ Ro/tuple_Ro }

Case 2: Suppose that R # Ry. Let & be a path of Troot[S]. Then, a path &0 Z4,V]
iff &=Rn/tuple_Ro/ &/ FKit/ &1, where &and & can be null, FKi is aforeign key of
R, & isrelevant to V and there is no path &' such that & is a proper prefix of & and
o' UAWV]

Theorem 5.2; Let u be an update of the attribute a on R, and & be a path of Troot[S].
Case 1. Supposethat R = Rp. Then, apath &0 Z4p,V] iff

Case 1.1: &= R/ tuple_Ro/ a where Ry/ tuple_ Rp/ aisrelevant to V.

Case 1.2: & = Ru/ tuple_Rn/ FK/ & where FK isa foreign key of Rpsuch that a is
an attribute of FK, & isrelevant to V and thereis no path & such that &' is a proper
prefix of & and & O Z7[u,V].

Case 2: Suppose that R # Rs. Suppose that R # Re. Then, apath &0 Zu,V] iff

Case 2.1: &= Ru/ tuple_Ry/ &/ FK / a where 6 can be null, FK is a foreign key that
referencesR and & isrelevant toV.

Case 2.2: &= R/ tuple_Rs/ 8/ FK1/ awhered can be null, FK is aforeign key of R
and & isrelevanttoV.

Case 2.3: &= Ro/ tuple_Rn/ &/ FK / &, where & can be null, FK is a foreign key of
R such that ais an attribute of FK, ds is relevant to V and there is no path & such that
0 isaproper prefix of & and & O Z7[u,V].

Case 2.4: & = Ru/tuple_Ru/&1/FKY&2, where & e & can be null, FK isaforeign key of
R such that ais an attribute of FK, & isrelevant to V and there is no path & such that
0 isaproper prefix of & and & O Z7[u,V].




when UPDATE OF publisher_cod ON Books then

let $va in $view_bib / authory / booky where $vi / isbny /text()= $new / ishn/text()
for $din $old / FKz do

let $vn+1 in $vn / publishery where $vna / cody /text() = $d / cod /text()

delete $vn+1as child of $v;
for $iin $new / FKs do

$c := <publishen>T [Tuwple_ublishers — Tpuniisherv] ($i) </publisher,>

insert $c as a child of $vn;

Fig. 4. Rule for maintaining path author./ booky/ publishery w.r.t

when UPDATE OF a ON R then
let $vnin $V/e/d, where $vn = $new
for $din $old / FK / & do
let $vn+1 in $vn / env1 where $vine = $d

delete $vn+1 as child of $vi;
for $iin $new / FK / &, do
8¢ = <en>T [T& - Ty, ] ($i) </ena>

insert $c as a child of $vn;

6 ldentifying Relevant Paths

In this section, let S be a XMLS schema of base relational sourceR and R be atable of
R. Consider a view V=<e, Tv,W,P> defined over S, asin Section 4. To automatically
compute the set of all paths of Troot[S] which are relevant to V, we use the relevant
path tree of V, denoted <7]V].

Fig. 6 shows the relevant path tree for the View_Bib defined in Section 3. For each
path root,es,....en in &7View_Bib], there is a pathe: / ... / en of Troot[Bib] which is a
prefix of a path relevant to View_Bib, and vice-versa. If en is a black node, then e1/.../
en is relevant to View_Bib. Hence, paths authors / tuple_authors and authors / tu-
ple_authors / area are relevant to View_Bib, and the path authors is not relevant, since it
isa prefix of the relevant path authors / tuple_authors.

Fig. 6 aso shows the assertions that originated nodes and edges. For example,
from the GCCA W, authors / tuple_authors and authors / tuple_authors / area are relevant
to View_Bib (cases 1 and 2 of relevant path). From W and W1, authors / tuple_authors /



ssn is relevant to View_Bib (case 3). From Wand W, authors / tuple_authors / (Fki)! / Fka
isrelevant to View_Bib (case 3).

The relevant paths for a given base update operation can be automatically identi-
fied using the relevant path tree aswe illustrate in the following example.
Example 2: Let p be an insertion or deletion on table Publications. From
dAView_Bib], we have that the path & = authors / tuple_authors / (FK1)Y FKz, where FK1
is a foreign key of Publications, is relevant to path author, / booky of Troot[view_Bib].
From Case 2 of Theorem 5.1, we have that 6 0 Z4,View_Bib].
Example 3: Let p be an update of the attribute area of table Authors. From
dAView_Bib], we have that & = authors / tuple_authors / area is relevant to path authory
of Troot[view_Bib]. From Case 1.1 of Theorem 5.1, we have that & 0 Z{p,View_Bib].
Example 4: Let 1 be update of the attribute home_page of table Publishers. From <7~
[View_Bib], we have that & = authors / tuple_authors / (FK1)! / FK2 / FKs / home_page
where FK3 is aforeign key that references Publishers, is relevant to path author,/ booky/
publisher/ home_pagey of Troot[View_Bib]. From Case 2.1 of Theorem 5.2, we have
that the path &/ home_page 00 Z4,View_Bib].
Example 5: Let p be update of the attribute publisher_cod of table Books. From <7~
[View_Bib], we have that & = authors / tuple_authors / (FK1)1 / FK2 / Fks, where FKs is a
foreign key of Books that references Publishers such that publisher_cod is an attribute
of Fks, is relevant to path author, / booky / publisher, of Troot[View_Bib]. From Case 2.3
of Theorem 5.2, we have that & (0 Z4,View_Bib].

The full details of the algorithms to identify, for aview V, the set Z{,V] to inser-
tions, deletions and update operations can be found in [20].

namey (string) -
emaily (string)
booky* (Thookv)

authors

tuple_authors:‘-.,_

“@name  ® cod

Fig. 6. Relevant path tree of View_Bib



7 Conclusions

We argued in this paper that the view correspondence assertions fully specify the
view in terms of the data source, in the sense that they define a mapping from in-
stances of the source schema to instances of the view schema.

We showed that, based on the view correspondence assertions, we can automati-
cally and efficiently identify all view paths that can affected by a base update. Using
view correspondence assertions, we can also define the rule required for maintaining
a view path with respect to a given base update. Finally, we indicated how rules can
be automatically generated from rule templ ates.

It isimportant to notice that, in our approach the rules are responsible for directly
propagating the changes to the materialized view. Therefore no algorithm for view
maintenance is required. The effectiveness of our approach is assured for externally
maintained view because: the view maintenance statements are defined at view
definition time; no access to the materialized view is required to compute the view
maintenance statements propagated by the rules; and the propagated view mainte-
nance statements do not require any additional queries over data source to maintain
the view.

We are currently working on the development of atool to automate the generation
of incremental view maintenance rules. The tool uses a family of rule templates
which are used to generate the specific rules for maintaining the view paths that can
be affected by a given base updates. We have aready defined the rules templates for
most type of object preserving views.
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