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Abstract

Integration of multiple heterogeneous data sources continues to be a critical problem for many
application domains and a challenge for researchers world-wide. One aspect of integration is the
translation of schema and data across data model boundaries. Researchers in the past have looked
at both customized algorithmic approaches as well as generic meta-modeling approaches as viable
solutions. We now take the meta-modeling approach the next step forward. In this paper, we propose
a flexible, extensible and re-usable transformation modeling framework which allows users to (1)
model their transformations; (2) to choose from a set of possible execution strategies to translate the
underlying schema and data; and (3) to access and re-use a library of transformation generators. In
this paper, we present the core of our modeling framework - a set of cross algebra operators that
covers the class of linear transformations, and two different techniques of composing these operators
into larger transformation expressions. We also present an evaluation strategy to execute the modeled
transformation, and thereby transform the input schema and data into the target schema and data
assuming that data model wrappers are provided for each data model. To show re-usability in our
framework, we also present one transformation generator and show how the generator can produce
a transformation model for any given input schema and data. The proposed framework has been
implemented, and we give an overview of this prototype system.
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1 Introduction

Integration of multiple heterogeneous data sources continues to be a critical problem for many application
domains and a challenge for researchers world-wide [BROO]. Each database brings with it its own con-

cepts, semantics, data formats, and access methods. Currently, the burden falls on the human to manually



resolve conflicts, integrate the data, and interpret the results. More often than not, this barrier proves too

difficult or too time-consuming to overcome and data hence often is under-exploited.

Data integration as a research field looks at automating as many of the tasks related to the above
process, and hence aims to provide better and painless access to data no matter what data source or
format it is stored in. One aspect of data integration is schema matching. Schema matching is the task
of finding semantic correspondences between elements of two schemas [DR02]. Many researchers have
addressed the schema matching problem either for a specific domain [BHP94, BCVBO01, BMO01] or in a
generic domain-independent way [HMN*99a, MBR01, DR02, BR00, AT96, GL98, MR83, PR95]. These
techniques exploit various types of schema information, element names, data types, structural properties,
ontologies, domain knowledge as well as characteristics of data instances. Typically, two schemas are

provided as input, and matches between the schemas are produced as output by the integration tool.

Another aspect of the integration problem with respect to the heterogeneity of information, i.e., the
different data models, is the translation of schema (and data) from one data model to another. Solutions
for this include customized algorithmic approaches [ZLMRO01, FK99, SHT 799, CFLMO00, SYU99] and
meta-modeling approaches [AT96, GL98, PR95, BR00, MR83]. A customized algorithmic approach
provides fixed translation algorithms that convert schema and data between a given pair of data models.
The meta-modeling approach provides a more general technique that goes beyond translations for a given
pair of data models. The translations themselves are generally expressed either via rules [MR83, AT96]

or via fragments of code [BR0O, GL98].

In our work we focus on the meta-modeling approach for the translation of schemas across data model
boundaries. In particular, we focus on the explicit modeling and the subsequent execution of the transfor-
mations themselves, an aspect not addressed by previous research [AT96, GL98, PR95, BR00, MR83].
While models, such as the UML model, for static concepts like schemata or data models have been much
studied, models for the more dynamic aspects such as for transformations have been largely overlooked.
The goal of our work thus is to provide a flexible, extensible and re-usable translation modeling frame-
work wherein users can (1) explicitly model the translations between schemas; (2) choose automated
execution strategies to execute the modeled translations that would transform the source schema and data
to the desired target schema and data; and (3) choose and compose transformations from an existing li-
brary of translations. Such a framework offers many advantages over previous translation approaches. In

particular it allows for (1) optimized execution strategies as each modeled transformation can be reasoned



over to determine the optimal execution plan similar to the algebraic query optimization; (2) development
of a generic tool set for facilitating activities such as maintenance; and (3) query merging and translation

in a multi-tier environment.

To enable this translation modeling framework, we identify (1) the fundamental operations required
to express and model the translation process; and (2) the flexible techniques necessary for composing
these core operations into larger meaningful translations. In this paper we present the set of fundamental
operations, our building blocks. These operators, termed cross algebra operators, are the primitive set
of transformation operators that cover the class of linear graph transformations [GY98]. Our cross alge-
bra operators include graph operations such as the adding of a node or an edge (cr oss and connect
nodes), combining two edges (snoot h) and splitting an edge (subdi vi de). We also identify the two
main techniques necessary for composing the cross algebra operators to express complex structural trans-
formations between two schemas. The two composition techniques are nested composition and ordered
sequential composition. The nested composition enables nesting of the operators wherein the output of
one or more operators becomes the input of another operator. The ordered sequential composition en-
ables several algebra operators to collaborate and jointly operate on disparate sub-graphs to produce one

combined graph.

Another goal for our transformation modeling framework is to provide some re-usability. We do so
by providing a library of transformation generators. Each generator encodes an algorithm to generate a
transformation model based on a specific input graph. We currently can generate transformation models
based on many of the translation algorithms found in the literature [ZLMRO1, FK99, SHT +99, CFLMO00,
SYU99]. In this paper, we present one such generator, the basic-inlining generator, based on the basic

inlining technique proposed by Shanmugasundram [SHT 799].

These modeled transformations, either generated or modeled by the user, can now be executed using
any one of many possible execution strategies. These execution strategies would transform the source
schema and data into the target schema and data based on the modeled translation. These execution
strategies range from the mapping of the cross algebra expressions to full-fledged query languages such
as SQL [ANS92] and XQuery [FFM*01] to having customized execution algorithms. In this paper, we
briefly sketch out a customized algorithm for executing the cross algebra expressions to illustrate the

simplicity of this task.



Road-map. Section 2 defines the common data model used in our framework. Sections 3 and 4 intro-
duce the building blocks of our approach - the algebra operators and the two composition techniques. In
Section 5 we give an example of a map generator based on the basic inlining technique [STZ99]. Sec-
tion 6 presents one execution strategy that can be employed to execute the modeled transformation, while
Section 7 briefly describes the architecture of our prototype system and summarizes the experimental

results. Section 8 presents related literature. We conclude in Section 9.

2 Background

We assume, as in previous modeling approaches [AT96, GL98, PR95, BR00, MR83], that schemas from
different data models are first represented in one common data model. For this purpose, typically simple
importer and exporter can be developed [Cla02]. In this section, we now briefly describe the common
data model for our framework. The data model, called the Sangam graph model (SGM), is based on the

XML model and can represent schemas from the XML, relational and object models.

2.1 Sangam Graph Model

The Sangam Graph Model M= (N, &) defines N\ a set of node types and £ a set of edge types. We
categorize the node types A of SGM as either complex (C1) or atomic (O); and the edge types £ as either
containment (—) or property (--+). A containment edge is an edge between two complex nodes, while
a property edge exists between a complex node and an atomic node. We use the terms node and edge to

imply complex nodes and containment edges unless otherwise noted.

Sangam graph.  An instance of the Sangam graph model is called a Sangam graph. A Sangam graph
G= (N, E, X) is a directed graph of nodes N and edges E , and a set of labels \. Each node n € N is
either complex or atomic, i.e., 7: n — N. A complex node n € N represents a user-defined type, while
each atomic node represents a literal type such as a String or an integer. Each node n is assigned a label
I €\ e, 77:n— A. Any node with only outgoing property edges is termed a leaf. All nodes reachable
via a direct outgoing edge from a node n are called the children of the node n. Each edge e € E is either

a containment or a property edge, i.e., 77:e — €£.



Extent of Sangam graph.  Each node n has associated with it a set of objects, its extent denoted as |
(n). Each object o € I (n) is a pair <i d, v> where i d is a globally unique identifier and v is its data
value. Each edge e:<n1, ny> also has associated with it a set of objects, termed its extent R (e). Each
object o, € Ris a triple <i d,01,05> where i d is a system-generated identifier, object 0, € I (n1) and

object 0, € 1 (n2). There may be zero to multiple edges between the same two nodes.

Constraints. Each edge e is annotated with a set of properties ¢, possibly empty. This set of properties
includes a local order, denoted by p. This gives the relative local ordering for all outgoing edges from
a given node n in the Sangam graph. For example, given nodes ny, Ny, nNg, and ny, if e;:<ny, No>,
€-9:<Ny, N3>, €3:<Ny, Ny> are three edges, then local order defines the position of the edge e with
respect to all other children of node n;. In this example, p(e;) = 1 and p(e2)= 2. The local order of an

edge e is specified as an i nt eger , and the local order of sibling edges is monotonically increasing.

The quantifier annotation, denoted by €2, associated with an edge e:<n1, ny> specifies the subjec-
tivity and injectivity of the binary relationship e between the nodes n; and n». A quantifier is given as
a pair of integers [m n:max], with 0 < mi n < max < oo where i n specifies the minimum and max
the maximum occurrences of objects of a node n, for a given object o of node n; associated via the

relationship (edge) e.

Definition 1 (Valid Sangam graph ) A Sangam graph G=(N, E, )) is valid if for all nodes n € N, 7 (n)
€ N, and for all edges e € E, 7’ (e) € &, and the constraints (represented by the set of annotations ¢ on

an edge e) hold true for the extent of the edge e, R(e).

2.2 Running Example: Representing XML Schema as a Sangam Graph

Figure 2 shows the Sangam graph for the XMark benchmark schema of Figure 1. Here each element
and attribute is represented by a Sangam graph node. The edge e between the node labeled i t emand
| ocat i on represents a relationship between the i t emelement and its sub-element | ocat i on. The
edge e; has an order annotation of 1. The quantifier annotation [1:1] on edge e denotes a functional
edge, i.e., that there must be exactly one object of | ocat i on that can participate in a binary relationship
with one object of i t em Similarly, the edge e between the nodes with labels i t emand i d represents
the relationship between the XML element i t emand its attribute i d. The order annotation for this edge

is 4. The order for attributes is not part of the XML model but is assigned as part of the Sangam graph.



<!ELEMENT item (location,
mailbox, name)> fern

<IATTLIST item id 1D #REQUIRED )
featured CDATA #IMPLIED> @/w//ﬁ

[1: [L:1

<!ELEMENT location (#PCDATA)> location majlbox nolme id featured
<!ELEMENT mailbox (mailx)> location  malbox nome

<IATTLIST mailbox id CDATA> N
<!ELEMENT mail (from, to, date)> i sfome - lastome

<IATTLIST mail text CDATA>
<IELEMENT from (#PCDATA)>
<IELEMENT to (#PCDATA)> v/ e

ﬂ’\20:i3| firstName lastName

<!ELEMENT date (#PCDATA)> ff‘fm *f date
<IELEMENT name (firstName, fiom fo date
lastName)>
<!ELEMENT firstName (#PCDATA)> Figure 2: A Fragment of the XMark Benchmark
<!ELEMENT lastName (#PCDATA)> DTD as shown in Figure 1 depicted as a Sangam
Graph.

Figure 1. A Fragment of the XMark Bench-

mark DTD.

The information is discarded when converting the Sangam graph to an XML DTD or to another data
model that does not keep track of order. The quantifier annotation [1:1] specifies a functional edge, i.e.,
there can only be one attribute i d value per element i t emvalue. As every XML element can potentially
be a root of the document, we represent each sub element as a child node as well as a root node. The root

node gives the actual definition of the sub element in this case.

3 TheBricks: CrossAlgebra Operators

The key factors that influence the achievement of a flexible and extensible translation framework are the
building blocks that would enable users to model different translations in order to transform a schema. To
enable the modeling of such translations we provide two main building blocks: (1) the bricks: the cross
algebra operators which allow the user to express a variety of linear transformations; and (2) the mortar:
different techniques that allow users to compose the operators together to represent larger translation

units. In this section we present the first building blocks, i.e., the cross algebra operators.

In our work we have identified four basic transformation operators. These operators, termed the cross
algebra operators, represent the primitive set of operations in the class of linear graph transformations
[GY98] on the basis of which larger more complex linear transformations can be defined. The four basic

algebra operators are the cr oss operator denoted by ® for the addition of a node to the output Sangam



graph; the connect operator denoted by & for the addition of a binary relationship between two nodes
(an edge) in the output Sangam graph; the subdi vi de denoted by © for splitting a binary relationship
(an edge) in the input Sangam graph to a pair of binary relations (two edges) in the output Sangam graph;
and the snoot h operator denoted by ©, for converting two binary relations (two edges) in the input
Sangam graph to one binary relation in the output Sangam graph. Translations involving the deletion of
nodes or edges can simply be accomplished by not mapping the node or the edge in the input Sangam
graph to the output Sangam graph. In this section we briefly describe the semantics of these operators.

For more details refer to [Cla02].

3.1 Cross Operator

The cr oss algebra operator ® takes as input a node n in Gand produces as output anode n’ inG . The
Ccross operator is a total mapping, i.e., the objects in the extent of n given by I (n) are mapped one-to-one
to the objects in the extent of n’ given by I (n’ ) in the output Sangam graph . Figure 3 (a) depicts the

Cross operator.

featured “@ » featured’ moil|box moi|t|>ox’
G Cross G 1 1
(0:n]y "@ Ty l0:m]
mail Connect mail’
(@) G (o) ¢

Figure 3: (a) Example of Cross Algebra Operator; (b) Example of Connect Algebra Operator.

3.2 Connect Operator

A connect algebra operator (&) corresponds to an edge creation in G . It takes as input an edge e
between two nodes ny and ns in Gand produces an edge e’ between two nodes ny” and ny” in G . All
objects 0 € | (e) are also copied as part of this process. The connect operation succeeds if and only
if nodes ny; and n, have already been mapped to the nodes ny’ and ns’ respectively using two cross
operators. The connect operator preserves the annotations of the edge e, i.e., the output edge e’ will
have the same quantifier and local ordering annotation as the input edge e. Figure 3 (b) gives an example

of the connect operator.



3.3 Smooth Operator

A snoot h operator (&) models the combination of two relationships in Gto form one relationship in G .
Let Gbe a Sangam graph with three nodes n, no, and ns, and two relationships represented by edges
el:<ny,n, >and e2:< ny,n3 >. The snoot h (&) operator replaces the relationships represented by
edges el and e2 in Gwith a new relationship represented by edge e’ :< n/,n} > in G . The smooth
operator can only be applied when ®(n;) = n;’ and ®(ns) = n3’ . The local order annotation on the
edge e’ is set to the local order annotation of the edge e1. However, the edge e’ has a larger information
capacity as it is a result of combining the capacities of relations represented by edges el and e2. Hence,
the quantifier annotation of the edge e’ is given as: p(e’ ) = p(el) * p(e2). Figure 4 gives an example

of the smooth operator.

Table Element Table

Person PERSON Person PERSON

1-1
122 on a
Element w 10-2n h 4
mailloox fk 1 Tablel MAILBOX
0-n M
SubElement

!

Table v SubElement y Table v
mail MAIL Mail MAIL
S S g S
Figure 4: Example of Smooth Operator. Figure 5: Example of Subdivide Operator.

3.4 Subdivide Operator

A subdi vi de operator © intuitively performs the inverse operation of the snoot h operator, i.e., it
splits a given relationship into two relationships connected via a node. Let Ghave two nodes ny and ng
and edge e:< ny,n3 >. The subdi vi de operator introduces a new node n,’ in G such that the edge e
in Gis replaced by two edges el’ :<ny’ ,ny’>and e2’ :<ny’ ,n3’>in G . The subdi vi de operator
is only valid if ®(n1) = n;’ and ®(n3) = n3’ . The local order annotation for the edge e1’ :< n/,n}, >
is the same as the local order annotation of the edge e as ®(n1) = ny’ . The edge €2’ is the only edge
added for the node nsy’ and thus has a local order annotation of 1. To preserve the extent | (e), the edges
el and e2’ are assigned quantifier annotations as follows. If m n(p(e)) = 0, then the quantifier range
for el’ isgivenas [0 : 1], else it is always set to [1 : 1]. The quantifier of edge e2’ is set equal to the

quantifier of edge e.



3.5 Notation

We use the notation given in Table 1 to indicate the cross algebra operators. In general, 0p ,.:(in) repre-
sents an algebra operator that operates on input i n, where i n is either a node or an edge (or two edges
for the smooth operator) in a Sangam graph, and produces the output out which again is either a node or

an edge (or a node and two edges for the sub-divide operator) in a Sangam graph.

| Notation | Description |
R (N) Cross operator with input n and output n’
Se () Connect operator maps edge e:<ny, no>toedge e’ :<ny’ , Ny’ >
O (€1, €2) Smooth node maps edges e;:<ni, ho> and es:<ng, 3> to edge

e’ :<ny’, n3g’ > inthe output
1,62’ n2’(€) | Subdivide node maps edge e:<n;, ng> to el :<n; ,ny’ > and
e2’ :<ny’, n3’ > inthe output

Table 1: Notation Used for Cross Algebra Operators.

4 TheMortar: Composition Techniques

Cross algebra operators can be composed into larger transformations using two techniques: (1) context
dependency; and (2) derivation. For each technique we give the main intuition, the formal definition, as

well as the algebra expression.

4.1 Context Dependency Composition

The first composition technique, called the context dependency composition, enables several algebra op-
erators to collaborate and jointly operate on sub-graphs to produce one combined output graph. Figure 7
denotes such a context dependency composition CT of three cross algebra operators. Here, the algebra
operators op1,(A) and op2g/(B) are cross operators that map the nodes A and B in Gto nodes A* and
B’ respectively in the output Sangam graph G . The algebra operator op3./(€), a © operator is the root
of CT and maps the edge e:<A, B> between the nodes A and B in the input Sangam graph Gto the edge
e’ (<A, B' > between the nodes A’ and B’ in the output Sangam graph G . Here the outputs of all
operators opl, op2, and op3 together produce G .

Definition 2 Given an input Sangam graph G, a context dependency expression CT, is specified as:



A A A A (g ) A
opl

B o ‘ /[\ '

opl

c \Jopii
op3 l

D opl op2 B @ B’

op2 op2
£ ', B — . Input/Output
G G led — Input/Output — Context Dependency
[ a ) ( b ( c ) — Derivation

Figure 7: Context Dependency Composition Ex-
Figure 6: Derivation Composition. J P y P

ample.
0P (out, ) (IN:) for a single operation op; € {®, &,
S, 8}, and out , = out;
Opi(outi)(ini)a
(CTh(outy) (INk)) [ where op; is the parent operator of
(CTyouty) (i) CT;, and CT; denoting that op; must
CTo(out,) (ino) = be executed after CT;, and CT,. op;

uses outputs, inputs and mapping of
CTy and CT; and out, = out; | outy,
(J out;. The symbol []7 is part of the
grammar syntax and is defined be-
low.

operates on nodes n; and edges e; € G and produces as output a Sangam graph G such that all nodes
n,’ and/or edges e;’ produced as output by any of the individual operators op; € CT are in G . Here the
symbol “+” is part of the BNF grammar syntax to indicate that the expression contained in “[ ] may
occur one or more times.

Here i n, denotes the input of the context dependency composition CT,, that is Sangam graph nodes
or edges of graph G The expression out , denotes the final output of CT,. The output out , is the union
of the outputs of all operators that compose CT,. Thus, in Definition 2, out , = out ; | J out 4 |J out
to denote that the final output is the output of the operator op; and the context dependency compositions
CT, and CT,.

As an example, the expression for the context dependency composition in Figure 7 is given as:

CTous (in) = 0P8, (e), (0pLy () 0 0p2s:(B)). &)

10



Here the operator op3 is the root of the composition, and op1 and op2 are the children operators.
Heree: <A, B>ande’ :<A", B >. Thefinal outputout =e’ (JA |JB' corresponds to the final

output G .

The context dependency expression CT, is evaluated from right to left and from inside out. That is all
children operators are evaluated prior to the evaluation of their parent operator. The order of evaluation
between the sibling operations is immaterial. Beyond the order of evaluation, the context dependency
relation between two operators op3—opl (Figure 7) implies that the operator op3 uses the following
three pieces of information in its calculation: (1) the input of op1; (2) the output of opl; and (3) the

mapping ¢ of op1 as established by the type ®, &, @ and © of op1.

4.2 Derivation Composition Technique

The second composition technique is the derivation composition. This technique enables the nesting of
several algebra operators wherein output of one or more operators becomes the input of another operator.
Figure 6 gives an example of the modeling of a derivation composition that transforms the path in the
Sangam graph G shown in Figure 6 (a) to the edge in the Sangam graph G given in Figure 6 (c) by
applying three smooth nodes ©. Let e1:<AB>, e4:<B, C>, e3:<C, D> and e4:<D, E> be edges in
G Operators opl./(e1, €2) and op2.o(e3, €4) are applied to the input edges e, and e, and e3 and
e4 respectively to first produce the intermediate edges e;’ (<A’ , C > and ey’ <C , E’> as shown
in Figure 6 (b)!. The operator op3.3/(e;’ , €' ) operates on these intermediate edges e;” and e,’ and
produces the desired output edge es’ ' :<A’ ’ ,E' ’ > as shown in Figure 6 (c). One approach to achieving
this is to first produce the intermediate edges and then the final output edge e3”. Equivalently we can
express this by nesting. Thus, the output of the algebra expression op3.3/(0pl.i/(€1, €2),0p2.2(€3,
e4)) is the output edge e3”. The output of the operator op3 is said to be derived from the outputs of
operators op1 and op2, or put differently, the output of operators op1 and op2 are the inputs of operator
op3 and are consumed by op3.

Definition 3 Given an input Sangam graph G a derivation expression DT, is given as:

1We do not include here the context dependency composition that would be needed to map the nodes of the graph.

11



ODi(out,) (i) for a single operation op; € {®, 9,9, ©
} with op; semantics
OPi(out;)

(DT§(out;)(inj)) whereop; € {®, ©, ©} and DT; a deriva-

, tiontree and i n; = out ;

DTo(outo)(Zno) = ODi(out;)

((DTk(outk) (ink))a

(DTy(out,)(in1))) where op; € {S}, and DT, and DT; are
derivation trees and i n; = {out ;, out ;}

produces as output out , node and edge elements for an output Sangam graph G , such that out , is
the output of the root operator op; and thus also of the complete derivation tree DT,. Here, ““(” and ““)”

pairs denote nesting and the symbol **;” separates input arguments of an operator op ;.

Here out , denotes the output of the derivation tree DT,, that is Sangam graph nodes or edges gen-
erated by DT,; and i n, denotes the input Sangam graph nodes and/or edges the derivation tree operates
on. The output of the derivation tree DT,, is equal to the output out ;, i.e., the output produced by the
top-most algebra operator op; of the derivation tree. When DT, is a derivation tree with more than one
algebra operator, then the output of the outermost op; is calculated by using as input the outputs gener-
ated by its respective inner nested derivation trees DT ; or (DT, and DT;). Here the nested derivation trees

generate the inputs of the operator op;.

4.3 CrossAlgebra Graphs (CAG):

Combining Context Dependency and Derivation Compositions

Derivation and context dependency compositions can be combined in one cross algebra graph (CAG) to
model a complex transformation of a Sangam graph Ginto into a graph G . See for example Figure 8.
Here let el:<A, B>, e2:<B, C>, e3:<C, D> and e4:<D, E> represent edges in G and let e’ (<A’ ,

E’ > represent an edge in G . The expression for Figure 8 is CAT = CAT3.
The output of CAT3 is the final output of CAT. The expression for CAT3 is given as follows:

CAT3 = DT1, (op1,/(A) 0 op3g (E)) (2)

The output of CAT3 is produced by the evaluation of its expression, namely, by the evaluation of the

12



— Context dependency edge
—> Derivation

Figure 8: A Cross Algebra Graph.

three inputs, the derivation composition DT1, and the two cross algebra operators opl and op3. Using
the order of evaluation for context dependency compositions as specified in Section 4.1, the operators
opl and op3 must be evaluated prior to the evaluation of DT1. The evaluation of the two primitive
operators opl and op3 produces the nodes A’ and E respectively. Given that opl and op3 are in
context dependency relation with the root of DT1, the outputs of op1 and op3 now become part of the

final output of CAT3. The expression for DT1 is given as:

DT1 = Op6e’:<A’,E’> (CTl, CT2) (3)

The operator op6 represents the root of DT1. The output of op6 is thus the edge e’ between the
nodes A’ and E’ . This output is produced by the evaluation of the expression 0p6.¢.<x g~ (CT1,CT2).
Here the inputs for the operator op6 are the edges in the input graph produced by the context dependency
compositions CT1 and CT2 respectively. As per the definition of derivation (Definition 3), the tempo-
rary outputs (the output Sangam graph) generated by the context dependency trees CT1 and CT2 do not
manifest themselves in the final output of the derivation composition. The expression for CT1 is given as

follows:

13



CT1 = 0P4grenpr.<ar,c> (€1 1< A,B>,e2:<B,C >), (oply (4) o 0p2¢(C)) (4)

Operator op6 consumes the edge eTenp1 produced by the context dependency composition CT1 as
well as the edge e Tenp2, the output produced by CT2. The Sangam graph G is an intermediate Sangam
graph and is discarded, i.e, G and the edge eTenpl:<A’ ,C > do not appear in the final output of op6.

Similar to CT1, the expression for CT2 is given as:

CT2 = 0P5 reppa.<c (€3 :< C,D >,e4 :< D,E >), (0p2¢ (C) 0 op3g (E)) (5)

To summarize the above example (Figure 8), the context dependency compositions CT1 and CT2
produce two intermediate Sangam graphs G and G ’ that smooth the edges el and e2 to produce edge
eTenpl and smooth edges e3 and e4 to produce edge e Tenp2 respectively. The operator op6 then gets
its inputs from CT1 and CT2 and produces the edge e’ :<A’" , E' >. The operator op6 also participates
in the composition CAT3, the output of which is the final Sangam graph G ° * with nodes A" , E' and
the edge e’ :<A’ , E' >. Thus, the CAT in Figure 8 operates on the input Sangam graph Gand produces

as output the Sangam graph G "’ .

As shown by the example above, operators may participate in more than one context dependency
or derivation composition, i.e., they may appear multiple times in the CAT algebra expression. These
shared operators are evaluated only once during the evaluation of the complete CAT expression, and hence
contribute output once (versus multiple times) in the evaluation of the CAT. We say that two operators are

the same if they observe the following conditions.

Definition 4 (Same Operators) Two operators op; and op; are identified as being the same in one CAT,
if they have the (1) same mapping type (cross, smooth, etc.); (2) same input node or edge (from the same
input Sangam graph G) as identified by its label and identifier; and (3) produce as output the same node

or edge in the Sangam graph G based on its label and identifier.

Definition 5 (Evaluation Semantics of Shared Operators) If two operators op; and op; are the same

as per Definition 4, then they are termed shared operators. Each shared operator is evaluated once, and

14



contributes directly? at most once to the final output graph G produced by the CAT.

Definition 6 (CAT) A CAT is an expression that operates on one or more input Sangam graphs G and
produces one or more output Sangam graph G such that:

DT (out;)(in:) where DT; is as per Definition 3
CT(out;) (In:) where CT; is as per Definition 2

(CAT; (out,H(In5))

((CAT i (outy,) (Ing))) where CAT; is parent of CAT),
such that CAT; must be evalu-
ated prior to the evaluation of
CAT; and out, = out; J outL.

CATo(outo)(ino) = OB (out,)

(CATk(outy,) (iNk)) where op; derives its input in;
from the output out; produced
by CAT, and out, = outj..

Opj(out]-)((CATk(outk)(ink))!

(CAT(outy) (i) where op; derives its input in;
from the outputs out; and out;
produced by CAT, and CAT;
respectively, and out, = outj..

T = A context dependency edge is added from the root op ; of CAT; to the root op,, of CAT,.
I = A derivation edge is added from op ; to opy, the root of CAT},.
~ = A derivation edge is added from op; to op;, and op,, the roots of CAT;, and CAT; respectively.

Based on the definition of a CAT (Definition 6), we now define a cross algebra graph (CAG). Intu-
itively, a CAG is a collection of cross algebra trees that may operate on possibly disjoint input graphs to

produce possibly disjoint output graphs.

Definition 7 (CAG) A cross algebra graph (CAG) is an expression that operates on one or more input
Sangam graphs Gand produces one or more output Sangam graph G such that:

(CAT; (pur(in)) [o (CAT(pur,) (ing))]T  where CAT,; and CAT}, are sib-
J(out;) U1 (outy) J
CAGy(out,)(ino) = ling CATs such that out,, = out;
\J out,

2Some other operator op, may derive from it. The output of operator op, may appear in the final output.
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44 Summary

To summarize, in this section we have introduced two techniques for composing the cross algebra oper-
ators, namely the context dependency composition and the derivation composition. The context depen-
dency composition enables several algebra operators to collaborate and jointly operate on sub-graphs to
produce one combined output graph. The derivation composition enables the nesting of several algebra
operators wherein output of one or more operators becomes the input of another operator. Derivation and
context dependency can in turn be combined together to produce larger, more complex transformations.

In this section, we have presented rules governing their combination.

5 Transformation Model Generators

We recognize two important aspects of any modeling framework: (1) modeling of transformations is not
always an easy task and may possibly be labor-intensive; and (2) there exists possibly a set of commonly
used transformations. To encourage re-usability we propose a library of transformation generators. Each
generator in the library encodes an algorithm for generating a transformation model of a given “style” for
any given input graph. That is, the input graph is provided as a parameter to the generator. In this section,
we now present one such generator, the basic-inlining generator, based on the basic inlining technique
proposed by Shanmugasundram et al. [SHT99]. The basic inlining technique translates an XML DTD
and associated document into a relational schema and data. It essentially inlines as many descendants of
an element as possible into a single relation. As an XML document can be rooted at any element, this

technique is applied for all elements in a DTD and hence creates relations for every element.

To produce a transformation model based on the general basic inlining technique we follow a simple

algorithm. Given an input Sangam graph G, we create:
1. cross (®) operators for every node in G

2. For every node, calculate the path p. for all direct and indirect children nodes. Let the size of the

path p. be |p.| = n. For each path p. do:

e if p. = ey, and |p.| < 1 then create a connect (©) operator that maps the edge e;:<m n>
to an edge e’ in G . Build context dependency edges from the connect operator to the cross

operator that maps the node mas well as to the cross operator that maps the node n.
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ITEM(id VARCHAR(10) NOTNULL, featured VARCHAR(100), item.location VARCHAR(200),
item.mailbox.id VARCHAR(10), item.name.lastName VARCHAR(200), item.name.firstName VAR-
CHAR(200))

ITEM.MAILBOX.MAIL (text VARCHAR(800), item.mailbox.mail.from VARCHAR(50),
item.mailbox.mail.to VARCHAR(50), item.mailbox.mail.date VARCHAR(8), parentld INTEGER)

LOCATION(location VARCHAR(200), parentld INTEGER)
MAILBOX(id VARCHAR(10), parentld INTEGER)

MAIL(text VARCHAR(800), from VARCHAR(50), to VARCHAR(50), date VARCHAR(8), parentld
INTEGER)

FROM(from VARCHAR(200), parentld INTEGER)

TO(to VARCHAR(200), parentld INTEGER)

DATE(date VARCHAR(200), parentld INTEGER)

NAME((firstName VARCHAR(200), lastName VARCHAR(200), parentld INTEGER)

FIRSTNAME(firstName VARCHAR(200), parentld INTEGER)

LASTNAME(lastName VARCHAR(200), parentld INTEGER)

Figure 9: Fragment of Relational Schema Generated by Mapping the XMark Benchmark Schema of
Figure 1 using the Basic Inlining Technique [STZ%99]. All field sizes are set during the mapping of
atomic nodes which are not shown here.

e ifp=-el. e2,and |p| = 2, then create a smooth & operator that takes as input the two edges
e; and e, and produces one edge e’ in G . Build context dependency edges from the &

operator to the ® operators that map the end-points (nodes) of the path.

o if p=-ej.es....e, and |p| > 2, then to inline the edges and produce one edge e’ :<mi ,
n’ > where m and n’ are the mapped end-points of the path p, build derivation trees of

smooth © and connect & operators in the manner detailed below.

— Break the input path p into paths py, p2 ... p.,, Of size 2 each. Create a © operator
for every such pair of edges. For paths of odd size, create a connect & operator for the
singleton path p,, with |p,,| = 1 that is left over. Create context dependency edges
between the operators as described in step 3. An intermediate G ’ is created such that

the size of the path p’ in G’ is |p’ | = n/2 if |p| was even and |p’ | = n/2 4+ 1 if |p|
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was odd.

op7
location item firstName lastName id featured mail

@om 7&% opl19
0|o7k> T<>o§)

opl4 opl5 oplé
mail from P ° dc:’rep

Figure 10: The Cross Algebra Graph that represents the Basic Inlining Technique applied to the Sangam
graph in Figure 2. This Sangam graph is only for the node with root i t em Cross Algebra Trees similar
to the ones given in this figure will be produced for each root node.

— Repeat the previous step to produce a path p™/* of size n/ 4, and so forth until a path p”
of size 1.
— Create the context dependency edges from the root of the CAT (this is operator with the

final output of one edge) to the two end-points of the edge as described in step 3.

Figure 10 graphically depicts the modeled transformation that translates the Sangam graph in Fig-
ure 2 to the Sangam graph shown in Figure 11. This modeled transformation can now of course
be executed to translate XML schemas and data into relational schema and data using strategies as

further outlined in the next section.

[fem’
2 3
[1:1 [0:n [1:1] [1: [1:1] 1:1]
location’ m3 il firstName' lastName’ id’ featured’

[1:1 [1:1] 1:1]
from' to' date’

Figure 11: Output Sangam graph Produced by the Evaluation of the Cross Algebra Graph in Figure 10
for Input Sangam graph in Figure 2.
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ltem’(id” VARCHAR(10) NOTNULL, featured’” VARCHAR(100) NOTNULL, location’” VARCHAR(200)
NOTNULL, firstName’ VARCHAR(200), lastName” VARCHAR(200))

Item.mail’(from’ VARCHAR(50), to’ VARCHAR(50), date’ VARCHAR(8), CONSTRAINT fk_id FOR-
EIGN KEY (id’) REFERENCES ltem’(id’))

Figure 12: The Relational Schema Produced by the Translation of the Sangam graph in Figure 11.

6 Execution Strategiesfor Modeled Transformations

In Sections 3 and 4 we have introduced the bricks and the mortar of our translation modeling framework,
and shown how large complex transformations can be modeled in the same. In this section, we briefly
describe how the cross algebra expressions representing the modeled transformations can be executed.
The execution of the cross algebra expression here implies the transformation of the source schema and
data as per the modeled transformation to produce the target schema and data. As stated in Section 1 there
are many possible strategies for executing these modeled transformations. These strategies range from
mapping the modeled transformation into query languages such as SQL [ANS92] or XQuery [FFM *01]
to applying execution algorithms directly using the transformation model. To keep the discussion sim-
ple we now sketch out a customized algorithm for executing the cross algebra expressions as shown in

Figure 13.

A cross algebra graph (CAG) can be viewed as a forest of nested context dependency and derivation
compositions. Each composition CAT; of the CAG can be evaluated independently of any other compo-
sition CAT of the CAG. To evaluate each individual CAT, we use post-order evaluation, i.e., all children

operators op; of an operator op,, are evaluated prior to the evaluation of opy,.

Figure 13 gives the algorithm for evaluating the cross algebra graph. Here, to facilitate evaluation of
shared operators, each operator op ; is marked “visited” the first time it is evaluated, and its local output
is cached. If the operator op; is re-visited, no further evaluation of op is done, instead its cached output
is returned to the invoking parent operator op;. Evaluation of the tree terminates with the evaluation of

the root operator®.

3Proof of termination can be found in [Cla02].
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function EvaluateCAG (input: CAG cag, input: Sangam graph G
output: Sangam graph G )

{
Listr oot s « cag.getRoots()
while (r oot s ! = null) {
operator op « r oot s.getNext()
EvaluateCAT (op, G G )
¥
¥

function EvaluateCAT (input: Operator op, input: Sangam graph G
output: Sangam graph G )

{
if (lop.hasChildren())
Sangam graph G <« op.evaluate(G G )
op.markDone()
Sangam graph out < G // cache the local output
return| ocal G
while (op.hasChildren()) {
operator opC < op.getNextChild()
if (e: <op, opC> = derivation)
SAG Gyq; < EvaluateCAT (opC, G G )
SAG G « op.evaluate(Gocar; G )
op.markDone()
SAG out «— G //'local cached output
return G
elseif (e: <op, opC> = context dependency)
SAG Ggeqr < EvaluateCAT (opC, G G )
SAG G jocqr < Op.evaluate(G G )
SAG G« c;local U G local
op.markDone()
SAG out « G ,.q // local cached output
return G
¥
¥

Figure 13: The Evaluation Algorithm for a Cross Algebra Graph.
7 Gangam - The Prototype System

7.1 Architectural Overview of Gangam

The Gangam system incorporating all the techniques discussed in the paper has been developed using
Java technology and a variety of tools such as the JAXP [Sys01] for parsing XML documents and the
DTD-Parser [Wut01] for parsing the DTDs. Figure 14 gives an architectural overview of the system.

Here SAG-Loader translates XML and relational schema and data into Sangam graphs ; CAG-Builder
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houses the library of transformations and builds transformation models based on the chosen generators for
the given input Sangam graph ; the CAG-Evaluator evaluates the CAG; and lastly the CAG-Generator

is able to translate the given output Sangam graph into a relational or XML schema and data.

SAG G ,- , | SAG G
CAG-Evaluator & extent
J T 1

s Schema Data

Extent

SAG-Schema SAG-Data SAG-Schema SAG-Data
Builder Translator CAG-Builder Generator Exporter

SAG-Generator

elational
>;NE)L Db Schema &
0cs Data

SAG-Loader

XML DTD
& Docs

Relational
Schema &
Data

Figure 14: Architecture of Gangam

7.2 Experimental Validation of Gangam

We have conducted several experiments to measure: (1) the practicality of the Sangam graph model and
the cross algebra graph as presented in Sections 2 and 3 respectively; and (2) the costs for the different
modules. However, due to space constraints we report only a summary of our results, while a full set of

experiments can be found in [Cla02].

All experiments were conducted on a Pentium IV, 933MHz, 256Mb RAM system running Debian
Linux, kernel version 2.2.19, using the Gangam prototype system described in Section 7.1. The Gangam
system itself was built using the Java JDK, version 1.3.1. To store relational data we used Oracle 9i

running on Debian Linux, kernel version 2.2.19.

For each input Sangam graph, we built the Cross Algebra Graphs (CAGs) that represent either (1) an
identical transformation, in which case the input Sangam graph is identical to the output Sangam graph;
(2) a basic inline transformation; or (3) a shared inline transformation®. Figure 15 depicts the evaluation
time for the ident and the inline CAGs. In general, we found that the ident performed better than the inline.
This can be attributed to the fact that an inline CAG contains smooth operators which are more expensive
than the connect and cross operators contained in the ident CAG. Figure 16 depicts the experimental

results for a larger Sangam graph.

“We found the loading time of the basic and shared inlining to be almost identical. We thus report only the results of the
basic inlining.
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Evaluation Time vs. Input Extent Evaluation Time vs. XML Size
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Based on our experimental results (detailed elsewhere) [Cla02], we can draw the following conclu-
sions: (1) the evaluation times for the cr oss and connect operators increase linearly with a linear
increase in input extent size; (2) the evaluation time for the snoot h and subdi vi de operators in-

creases polynomially with a linear increase in input extent size; and (3) the evaluation time for a CAG, in

general, is a polynomial function of the operator types and the size of the CAG.

8 Reated Work

Schema Integration and Data Transformation. There is extensive literature under the umbrella of
schema transformation and integration [HMN*99h, MZ98, FK99, MIR93, CJR98, RR87]. However, this
work is typically specific to either an application domain or to a particular data model and does not deal
with meta-modeling [AT96, BR0O, PR95, RR87]. Recent work related to ours are Clio [HMN199b] a
research project at IBM’s Almaden Research Center and work by Milo and Zohar [MZ98]. Clio, a tool
for creating mappings between two data representations semi-automatically with user inputs, focuses on
supporting querying of data in either the source or the target representation and on just in time cleansing
and transformation of data. Milo et al. [MZ98] have looked at the problem of data translations based
on schema-matching. They follow an approach similar to Atzeni et al.[AT96] and Papazoglou et al.
[PR95], but not at the meta-level, in that they define a set of translation logic rules to enable discovery

of relationships between two application schemas. Bernstein et al. [BROO] have also proposed a meta-
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modeling framework to represent schemas in a common data model to facilitate a host of tools such as the
match operator which produces a set of matches between two given schemas. While we share this vision,
our focus is more on the representation and the execution of transformations that may be produced either
by such matches or by a user via a GUI. In fact, based on the discussion with the authors of [BR00], their

meta-model can be extended with a nakenmap meta-operator to capture the semantics of our work.

We can directly make use of translation algorithms from the literature, such as the algorithms for
translating between an XML-DTD and relational schema [FK99] or mapping rules [MZ98] or output
from match operators [BROO]. That is, we can develop generators that capture such specific algorithms,
and then generate separate transformation models that can be executed. Work on equivalence of the trans-
lations between models [MIR93] is of particular importance as such properties could also be established

for the cross algebra.

Mapping XML Models to Other Data Models. Currently there are numerous projects that deal with
the persistent storage of XML documents [ZLMRO01, FK99, SHT+99, CFLMO00]. Shanmugasundram et
al. [SHT99] presented the storage of XML documents with DTD in a relational system and cataloged
the limitations of relational systems in doing so. We utilize their translation algorithms basic inlining and
shared inlining as examples in our work. In the same vein, Florescu et al. [FK99] present a comparative
evaluation of eight mapping schemes for storing XML documents in relational databases. Zhang et al.
[ZLMRO1] present one fixed mapping for storing XML documents (with DTD) in relational systems.
Catania et al. [CFLMO00] present the use of object databases to efficiently store XML documents with
DTDs.

9 Conclusions

In this paper, we have presented our flexible, extensible and re-usable transformation modeling frame-
work. This framework has the advantage of allowing users to model complex translations using the basic
building blocks that we have presented in this paper, and then with a click of a button generating and

executing code that would perform the data translation. Concretely, we make the following contributions:

e The Building Blocks:

— Cross Algebra Operators: These operators represent the set of primitive operations for the
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class of linear graph transformations.

— Composition Techniques: To allow users to model larger and more complex transformations,

we have defined in this paper two composition techniques, context dependency and derivation

compositions, to allow for ordered and nested compositions respectively.

e Transformation generators: To increase the re-usability of our framework, we have introduced the

concept of a library of transformation generators. Each generator captures specific logic to produce

transformation models for a given input graph.

e Execution Strategy: A modeled transformation can be evaluated using many different techniques,

ranging from mapping to query languages to customized algorithms. In this paper we present

a Sangam native algorithm for evaluating the modeled transformation to translate the underlying

data, which has been implemented in our system.

e Implementation: A prototype of this framework has been built and several aspects of its perfor-

mance evaluated. The framework has been built in Java, JDK 1.4, and various other Java tools.

More details can be found in [Cla02].

While in this paper, we make substantial contributions towards providing a transformation framework,

we believe this is just the tip of the iceberg. Some of the possible extensions to this work include extending

the framework to handle a larger class of transformations beyond the linear transformations, investigating

optimization strategies for the evaluation of the modeled transformations, and the development of a tool

set to increase the utility of such a framework.
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