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Abstract 
In this paper we study the problem of translating schemes between different data models, 
in a formal framework that refers to a wide range of models. We first introduce a graph
theoretic formalism that allows us to uniformly represent schemes and models, to compare 
different data models and to describe the behavior of basic translations. The formalism 
is based on a classification of the constructs used in the known data model into a limited 
set of types. Then, we study in this framework formal properties of scheme translation 
between heterogeneous data models, and we develop a method for deriving translations 
that enjoy those properties. 
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1 INTRODUCTION 

1.1 Motivations and background 

It is widely accepted now that a conceptual data model be used in the analysis phase 
and many tools exist that support the analysis and design of information systems (see 
for instance the book of Batini et al. (1992)). At the same time, many data models have 
been defined (see the survey of Hull and King (1987), and the book of Tsichritzis and 
Lochovski (1982)), and each of the tools usually implements only one of the models. 
Incidentally, although it is true that most of the tools support the Entity-Relationship 
model, introduced by Chen (1976), it is also true that there are in fact many versions of 
this model, which represent actually different models, often compatible only to a limited 
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extent. It is reasonable that in a complex environment different models should coexist, 
for a number of reasons: (i) different subproblems may be analyzed independently (for 
examples by companies that later merged or got involved in a federated project) or (ii) 
different analysts may prefer different models; or (iii) different subproblems could be 
tackled with different models, because of the specific aspects of each. 

We have already discussed the general ideas of our approach (Atzeni and Torlone 
(1993)). Our long term goal is an environment that allows the definition of "any rea
sonable model," by means of a suitable formalism called a metamodel. Then, for any two 
models M1 and M2 defined in this way, and for each scheme S1 (the source scheme) of 
M1 (the source mode~, it should be possible to obtain a scheme S2 (the target scheme) 
that be the translation of S1 into M2 (the target mode0. A major point in this plan is 
related to the expressive power of the metamodel, that is, the set of models that can be 
defined. In fact, the notion of a model is widely accepted and understood, but there is no 
general, formal definition. This problem can be overcome by noting that, according to a 
classification of Hull and King (1987), all the constructs used in most known models fall 
in a rather limited set of categories: lexical type, abstract type, aggregation, generaliza
tion, function, grouping. Therefore, we have argued (see Atzeni and Torlone (1993)) that 
a metamodel can be defined by means of a basic set of metaconstructs, corresponding 
to the above categories. Then, a model can be described by defining its constructs by 
means of the metaconstructs in the metamodel. The generality and variety of the meta
constructs determine the expressive power of the metamodel. In a sense, this approach 
is "asymptotically" complete: if there is a model that cannot be expressed by means of 
the metamodel, because a construct in the model has no cou~terpart in the metamodel, 
then the metamodel can be extended by introducing a new, suitable metaconstruct. We 
believe that a wide class of models can be managed with a few extensions to the basic 
metamodel. 

A second key point in our approach is that there is no clear notion of when a translation 
is correct: at first, one could think that the target scheme should be "equivalent" to the 
source scheme, that is, they should represent "the same information." A lot of research has 
been conducted in the last decades on scheme equivalence (or "comparison of information 
capacity") with reference to the relational model (refer for instance to Atzeni et al. (1982), 
Hull (1986) and Rissanen (1982)) or to heterogeneous frameworks (Abiteboul and Hull 
(1988), Kalinichenko (1990), Lien (1982), and Miller et al. (1993)), but there is no general, 
agreed definition. 

To the best of our knowledge, there is not much literature related to the problem we 
tackle and the goal we set. Some work exists on the idea of a metamodel for the repre
sentation of models (Barsalou and Gangopadhyay (1992), and Kalinichenko (1990)), but 
the goal is more on the integration of heterogeneous databases in a federated environment 
(Sheth and Larson (1990) provided a survey on federated database systems) than on the 
translation of schemes to generic target models. 

On the basis of the above arguments, one of the conclusions of our preliminary study 
was that in order to study transformations between different data models, a pragmatic 
approach is needed. As a matter of fact, the various constructs that correspond to the 
same metaconstruct can be assumed to have the same semantics (at least with respect to 
the translation process). For example, as argued by Hull and King (1987), the semantics 
of entities is the same in all versions of the E-R model, as well as in the functional model 
and corresponds to the semantics of abstracts (or non-printable) types. As a consequence, 
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the process of scheme translation can be based on translations of constructs (or simple 
combinations thereof) defined with respect to the corresponding metaconstruct. In this 
way, schemes and translations need not refer to specific models. For example, a scheme 
S1 with entities, binary relationships and is-a hierarchies belongs to all versions of the 
E-R model that allow is-a hierarchies, whereas a scheme S2 with binary and ternary 
relationships and no hierarchies belongs to all versions that allow ternary relationships. 
The translation of S1 into the model of S2 would be performed within the framework of 
a model that allows both ternary relationships and is-a hierarchies, but its result would 
not include is-a hierarchies. 

Another result of our preliminary study was that the translation process can be obtained 
as the composition of a predefined set of elementary transformations which implement 
the standard translations between constructs studied in the literature (see Batini et a!. 
(1987)). The operation that eliminates is-a hierarchies (and, say, replaces them with binary 
relationships) is an example of basic translation that should be used in many translations 
that go from a model with hierarchies to a model without them. 

1.2 Contributions of the paper 

The approach has been studied within a graph-theoretic framework that allows us to 
define in a uniform way schemes and models (Atzeni and Torlone {1994)). We have the 
notion of a structure, a directed graph whose nodes have different types (corresponding 
to the basic metaconstructs we mentioned above, such as lexical, abstract, aggregation 
and function). Then, we use structures in two ways: we have patterns, structures where 
the edges have cardinalities as labels, and schemes, structures whose nodes and edges are 
labeled with names. Then a model M is defined by means of a set of patterns P: a scheme 
S is allowed in M if Scan be mapped (according to a specific, but natural notion) to one 
of the patterns in P. In this way, there is a set of schemes associated with each model. 
Clearly, a scheme can be allowed in several models. Our major result {1994) is that a 
partial order can be introduced on patterns, which, suitably extended, becomes a lattice 
on sets of patterns. 

The main goal of this paper is to study within this framework how elementary transfor
mations can be composed, in order to form complex translations: assuming that the basic 
transformations are correct, we first introduce correctness and other desirable properties of 
complex translations, and then we present techniques for finding translations that satisfy 
those properties. In a sense, this could be called an "axiomatic" approach that is coherent 
with the observation made above on the difficulty in defining correct translations. Now, 
elementary transformations are described on the basis of the patterns they eliminate and 
the patterns they introduce: clearly, this is only part of their description (we say this is 
the signature of a translation step, as opposed to its body or program), but it is sufficient 
for our purposes. The main point of the approach is that if a transformation eliminates 
all constructs of a scheme that correspond to a pattern P1 and replaces constructs cor
responding to a pattern P2 , then, from an intuitive point of view, its application to a 
set of schemes described by a set of patterns P generates schemes described by another 
set of patterns (intuitively, P- {PI} U {P2}. In this way, a translation from a model M0 

(described by the set of patterns Po) to another model M (described by P) can be seen 
as a sequence of elementary translations r1 , ••• , Tk such that there is a sequence of sets 
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of patterns P~, .. . , Pk such that Pk = P and T; applied to schemes described by P;_1 

generates schemes described by P;. 
Thus, the main contributions of this paper are the definition and characterization of 

desirable properties of translations, and the development of a methodology for the auto
matic generation of translations that satisfy such properties. The results are obtained in 
an elegant way by means of the lattice framework on patterns. 

1.3 Plan of the paper 

The paper is organized as follows. In Section 2 we describe our graph-theoretic formalism 
for the various components of the metamodel, and show its properties. This formalism 
is used in Section 3 to define schemes, models and translations of schemes. In Section 
4, we study formal properties on the activity of scheme translation and provide several 
characterizations. On the basis of these results, in Section 5 we develop a general method to 
derive translations between models. In Section 6, we show a detailed example to illustrate 
the various notions introduced throughout the paper. Finally, in Section 7, we sketch some 
conclusions. Because of space limitation, the proofs of the various results of this paper are 
not given here. 

2 A GRAPH-THEORETIC FORMALISM 

2.1 Structures and Patterns 

We fix a set of node types N and the set of edge types[: they will be used to represent the 
metaconstructs of the metamodel. We point out that the approach is essentially indepen
dent on the (meta)constructs used and therefore we assume that the elements inN and in 
[ are chosen according to the specific application. The only restriction we impose is that, 
following a notation used by Hull and King (1987), atomic types and type constructors 
are represented with nodes, whereas functions (or attributes) and applications of type 
constructors to other types are represented with edges. In our examples, we will consider 
three types of nodes corresponding to abstracts (denoted by the symbol .6), aggregations 
( 0 ), and lexicals (D); and six types of edges corresponding to functions (denoted by -+ ), 
multi valued functions ( --1+ ), components of aggregation (--), keys of aggregation (-...+ ), 
keys of abstract ( ---.+) and subset· relations between abstracts ( =>). 

Definition 1 A structure is a triple S = ( G, p., f) where G = (N, E) is a directed acyclic 
graph, and p. and f are structuring functions: p.: N-+ N and f: E-+ [. 

We assume that every structure satisfies a number of conditions corresponding to the 
usual restrictions on the composition of constructs. Note that for sake of simplification, we 
have assumed that a structure has no directed cycles. This is not a significant limitation 
in practice: intuitively, "cyclic" schemes can be obtained by composing structures, in 
the same way as in conceptual models cycles in the schemes appear, without recursive 
constructs (a formal justification for this argument was given by Kuper (1985)). 
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Given two structures S1 = ((N~,E!),p~,t!) and S2 = ((N2,E2),J1.2,t2), a mapping 
cfl from S1 to S2 is a pair of functions 8 : N1 -+ N2 and ¢> : E1 -+ E 2. A mapping 
cp = (8, ¢>) is structure-preserving if: (1) for each n E N~, Jl.l(n) = Jl.2(8(n)), and (2) for 
each e = (n,n') E E 1, t 1(e) = t2(¢>(e)) and ¢>(e)= (O(n),O(n')). If 8 and¢> are bijections 
then we say that cp is an isomorphism and that sl and s2 are isomorphic (note that two 
finite isomorphic structures are indeed identical). 

Let N be the set of natural numbers and N+ be the set of positive natural numbers. 
A range of cardinality (or simply, a range) is a pair (n,m) (minimum and maximum 
cardinality respectively) such that n EN, mEN+ and n :Sm. If x EN and r = (n, m) 
is a range, then x E r if n :S x :S m. 

Definition 2 A pattern is a pair P = ( S, p) where S = ( G, p, t) is a structure such that 
G is a rooted tree, and p is a function that associates a range with each edge of G. 

Roughly speaking, a range denotes the number of times a certain edge can appear in 
a structur~. Thus, a pattern describes a collection of structures that involve a specific 
composition of metaconstructs. 

Two patterns PI = (SI, p!) and p2 = (S2, P2) are isomorphic if sl and s2 are isomorphic 
and each edge of H is associated with an edge of P2 with the same range. 

For sake of conciseness, in our examples we will also represent patterns by means of 
a parenthetical notation (this is always possible since a pattern is a tree). Specifically: 
n1 -+ n2 will be denoted by n1 (n2), n1 --# n2 by n1 ((n2)), n1 ---i>n2 by ndn2], n1 ~ n2 
by ndn2J\ n1 ~ n2 by n1(n2)k, and n1 => n2 by n1[n2D· 

Now, we say that a structureS matches with a pattern P = (S', p) if there is a structure
preserving mapping cp = (8, ¢>)from S to S' that verifies the following condition: given a 
node n of S let E~ denote the set of all edges e of S, outgoing from n, such that ¢>(e) = e 
for some edge e of S'; then, for each node n of S and for each set of edges E~, it is the 
case that IE~I E p(e). 

The main definition of this section establishes correspondences between structures and 
sets of patterns. A preliminary notion is needed: we say that the components of a structure 
S are the trees composed by all the nodes and edges reachable from the outer nodes of S. 

Definition 3 A structure S is an instance of a set of patterns P if, for each component 
S; of S there is a pattern PEP such that S; matches with P. Given a set of patterns P, 
we will denote with Inst(P) the set of all instances of P. 

Definition 4 A set of patterns P 1 is contained in a set of patterns P 2, in symbols P 1 ~ 
P2, if Inst(P!) ~ Inst(P2). If both P1 ~ P2 and P 2 ~ P1 then we say that the two sets of 
patterns have the same representation capacity (in symbols, P 1 = P2). 

Example 1 Figure 1 shows a pattern and one of its instances. The pattern represents 
unary and binary aggregations of abstracts, and (optional) functions from abstracts to 
lexicals. It is possible to see that the structure has two components {the trees having the 
aggregation node as the root) that match with the pattern. 
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Figure 1 A pattern and one of its instances. 

2.2 An algebra on patterns 

Before introducing a number of operations on sets of patterns, we define a partial order 
relationship between them that yields a practical way to compare their representation 
capacity. It refers to patterns of a particular kind called unitary. We have shown (Atzeni 
and Torlone (1994)) that by using a set of decomposition rules, it is always possible to 
transform (in a unique way) a set of patterns Pinto a set of unitary patterns P*, called 
the decomposition of P, having the same representation capacity as P. A partial order 
relationship on sets of patterns is then defined as follows. 

Definition 5 A set of patterns P 1 is subsumed by a set of patterns P2 (in symbol P 1 :5 
P 2} if for each pattern P1 E P; there is a pattern P2 E P2 such that Pt and P2 are 
isomorphic. If both P 1 :5 P2 and P2 :5 P1 then Pt and P2 are equivalent (in symbols 
Pt ~ P2). 

Given a pair of sets of patterns P 1 and P2 , the subsumption relationship yields a 
practical way for testing whether P 1 has more representation capacity than P2 (that is, 
whether P 1 is able to represent all the structures represented by P2 and possibly more). 
This is confirmed by the following result. 

Theorem 1 [Atzeni and Torlone (1994)] Let Pt and P 2 be two sets of patterns. Then 
Pt :5 P2 if and only if Pt ~ P2. 

We now define a number of binary operations on sets of patterns, based on the notion 
of decomposition. 

• The join of a pair of sets of patterns P 1 and P 2, denoted by P 1 U P2, is the set of 
patterns P; U P2. 

• The meet of a pair of sets of patterns P 1 and P 2, denoted by P 1 n P2, is the set of 
patterns Pt n Pi. 

• The difference of a pair of sets of patterns P 1 and P2, denoted by P1 - P2, is the set 
of patterns P; - P;. 
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Figure 2 A set of patterns describing a version of the E-R model. 
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Lemma 1 Let 'P1 and 'P2 be a pair of sets of patterns. Then: {1} Inst('P1 U 'P2) = 
Inst('Pt) U Inst('P2), {2} Inst('P1 n 'P2) = Inst('Pt) n Inst('P2), and {3} Inst('P1 - 'P2) = 
Inst('Pt) - lnst('P2). 

The join and the meet operators are both commutative and associative and so we can 
speak of join and meet of a finite collection of sets of patterns. Then, it is possible to show 
that the partial order relation j induces a lattice on the set of sets of (unitary) patterns. 

Theorem 2 [Atzeni and Torlone (1994)) Every finite collection P of sets of patterns has 
both a greatest lower bound (glb(P)) equal to the meet of the elements in P, and a least 
upper bound (lub(P)) equal to the join of the elements in P. 

3 MODELS, SCHEMES AND TRANSLATIONS 

In this section we show how structures and patterns can be used to represent the various 
components of our framework. 

3.1 Models and Schemes 

Definition 6 A model is a pair M = (P, 1) where P is a set of patterns and 1 zs a 
labeling function that maps each element of N U £ occurring in P to a label. 

The labels corresponds to the names associated with to a construct in a specific model 
(e.g., the abstract construct is called entity in the E-R model). 

Example 2 In Figures 2 and 3, we show two sets of patterns representing two different 
data models {the symbol n denotes a parameter representing a fixed integer). Specifically, 
the patterns in Figure 2 represent a version of the E-R model involving binary relationships 
with entities that can have simple and/or multivalued attributes. Labels have been assigned 
to the constructs of the model, according to a quite standard terminology. Note that, for 
the sake of conciseness, the identifier of the pattern P1 is used in patterns P2 and P3 to 
denote their subpatterns. The patterns in Figure 3 represent another version of the E-R 
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Figure 3 A set of patterns describing another version of the E-R model. 

model involving n-ary relationships with entities which can have simple and composite 
attributes {that is, attributes that are aggregations of lexicals). 

Using the parenthetical notation, the two sets of patterns can be represented as follows: 

P1 = {Pl: 6((D)to,n)(D)(o,n)((D))(o,n)), 
P2 : Q9([Pi]~1 ,l)[Pl]{I,l)(D)(o,n)), 
P3 : eJ([Pi](2,2)(D)(o,n)) } 

P2 = {PI : 6( (D)to,n)(D)(o,n)(eJ([D]{l,n)))(o,n)), 
P2 : eJ([PI]~l,n)[Pi](l,n)(D)(o,n)), 
P3 : eJ([PI](2,n)(D){o,n)) } 

Definition 7 A scheme is a pairS = (S, .A) composed by a structure S and by a labeling 
function .A that maps each node and each edge of S to a label, such that different labels 
are associated with different elements of the structure. 

The labels used in a scheme correspond to names associated with the various concepts 
in a specific scheme (e.g., persons, books and so on). It is important to note that in 
our approach the definition of scheme is completely independent on the notion of model. 
Clearly, it is possible to establish a correspondence between schemes and models as follows. 

Definition 8 A schemeS= (S,.A) is allowed in a model M = (P,1) if S E lnst(P). 

Example 3 In Figure 4, we report a scheme, representing a real-word situation, that is 
allowed in the model described by the patterns in Figure 3. 

Let S = (S, .A) be a scheme and M = (P, 1) be a model: it is possible to show that, on 
the basis of the subsumption relationship, we can easily check whether S is allowed in M 
(Atzeni and Torlone (1994)). 

3.2 Schema translations 

We say that a translation function T from a model M 1 to a model M2 is a function 
T : lnst(MI) -+ lnst(M2 ). In our framework, translation functions can be specified by 
means of a specific language (a good candidate is the graph based database language 
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Figure 4 A scheme allowed in the model described in Figure 3. 

introduced by Gyssen et al. (1990)). However, since the goal of this paper is to study 
general properties of translations between models, we need an higher level description of 
the behavior of a translation function. Again, this will be done by using the notion of 
pattern. 

Definition 9 A translation signature u for a translation function T is a pair of patterns 
0' = ( P1, P2) such that for- each structure S and for each component S; of S: ( 1) r( S;) zs 
an instance of {P2 } if S; matches with P1 , and (2) r(S;) = S; otherwise. 

In plain words, a translation signature represents: (1) the constructs on which T operates 
and (2) the constructs it introduces as effect of its execution. For instance, let us consider 
the translation signature: 

It represents a translation that replaces abstracts and (optional) functions from abstracts 
to lexical (e.g., an entity of the E--R model with its attributes), with an aggregation on 
lexicals (e.g., a relation of the relational model). It is important to note that a translation 
signature is independent of a specific model. 

Definition 10 A translation rule has the form u[r], where T is a translation function 
and 0' is a translation signature for T. A translation T is a sequence of translation rules 
T = u![r!], ... , ak[rk]· 
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A nice property of a translation signature is that it can be used to characterize transla
tions in terms of models. Let P be a set of patterns and u[r] be a translation rule where 
u = (P1 , P2 ). Then, the effect of O" on P, denoted by u(P), is defined as follows: 

u(P) = { p(P- {PI}) U {P2} if {P1} ::5 P 
otherwise 

We have the following result. 

Theorem 3 Let u[r] be a translation rule, P a set of patterns and S a structure such 
that S E Inst(P). Then, it is the case that r(S) E Inst(u(P)). 

The signature O"T of a translation T = u1[rl], ... , O"k[rk] is the sequence of signatures 
O"T = u 1 , ••• , O"k, whereas the body TT ofT is the composition of the translation functions 
ofT: TT = Tk o ... o r1• Then, the effect of the signature O"T = u 1 , .•• , O"k over a set of 
patterns Pis the set of patterns O"k(· .. u 1(P) .. . ). It turns out that the results above can 
be easily extended to entire translations. 

Corollary 1 LetT be a translation (with,signature O"T and body TT }, P be a set of patterns 
and S a structure such that S E Inst(P). Then, it is the case that TT(S) E Inst(uT(P)). 

4 PROPERTIES OF SCHEMA TRANSLATIONS 

According to our approach, we fix a set Rb of basic translation rules and we assume 
hereinafter that a translation T is based on Rb, that is, a sequence of translation rules in 
Rb· We recall that these basic translations implement the standard translations between 
the constructs present in the traditional data models (e.g., from an entity of the Entity
Relationship model to a relation of the relational model or from a n-ary relation to a set 
of binary ones). 

4.1 Correctness of translations 

We first introduce a very general and natural notion of correctness of translations: we say 
that a translation T is a correct translation from a source model M. to a target model M1 

if TT is a translation function from M. to M1• By the results of the previous section it 
follows that this property can be easily verified by means of the translation signatures. 

Lemma 2 A translation T is a correct translation from a source model M. = (P., '"Ys) to 
a target model M 1 = (Pt, '""ft) if and only if O"T(P.) ::5 Pt. 

The following important result follows by the lattice structure on the set of patterns. 

Theorem 4 Let M = {M1 , ••• ,Mk} be a set of models M; = (P;,'""f;) {i = l, ... ,k), 'PT 
be the least upper bound of {P11 ••• , 'Pk} and Mt = (Pt, '"Yt) be a model such that 'Pt ::5 'PT. 
Then a translation T such that O"T('PT) ::5 'P1 is a correct translation from any model 
M; EM to Mt. 
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An important consequence of the above result is that in the lattice framework, given 
a set of models M, there is no need to specify a translation for each pair of models in 
M as it is sufficient to look for translations from PT to every model. Thus, the number 
of required translations is linear in terms of the number of involved models, rather than 
quadratic. It could be said that the set of patterns PT represents a "supermodel" that 
contains all the possible constructs used in the various models. 

4.2 Completeness of sets of translation rules 

Definition 11 A set of basic translation rules 'R.. is complete with respect to a set of 
models M if for every pair of models M, and Mt in M there is a correct translation T 
based on n from M. to Mt. 

By the results on correctness, we can verify this property as follows. We say that a 
model Mm = (Pm,/) E M is minimal in M if there is no model M = (P,!) E M, 
different from Mm, such that P ~ Pm. 

Theorem 5 A set of translation rules n is complete with respect to a set of models M 
if and only if for each minimal model Mm = (Pm,/) EM there is a translation T such 
that ur(PT) ~ Pm. 

The importance of this result relies also on the fact that it suggests a methodology to 
achieve completeness. If a set of translation rules turns out to be incomplete because we 
are not able to find a translation from PT (the lub of our models) to a certain minimal 
model, then we can add new rules to guarantee that this translation can be done. 

From a practical point of view, the supermodel and the minimal models state a set 
of maximal and minimal conditions respectively that all the models must satisfy to be 
described and managed within the framework. This is reasonable since in general not all 
possible combinations of constructs form a model. 

4.3 Comparisons between translations 

The various characterizations on correctness of translations give rise to a natural measure 
of the quality of a translation from one model to another. We have observed (1993) that 
the structures we should obtain as a result of a "good" translation have to exploit as much 
as possible the constructs of the target model. This notion can be formalized as follows. 

Definition 12 Given two different correct translations T1 and T2 from a source model 
M. = (P., /.) to a generic target model, T1 is preferable than T2 if ur,(P.) ~ uy, (P.). 

Again, preferability of translations can be characterized using the notion of subsump
tion. 

Lemma 3 Let T1 and T2 be two different correct translations from a source model M, = 
(P.,/s) to a target model Mt = (Pt,/t)· Then, T1 is preferable to T2 if and only if 
ur,(P.) ~ ur,(P.). 
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We introduce now two reasonable types of "optimization" criteria for translations. The 
former is related to syntactic aspects (that is, length of the translation), whereas the latter 
is more involved and takes into account the above notion of preferability. Let us denote 
with ITI the number of basic translations rules occurring in T. 

Definition 13 A correct translation T from a source model M, to a target model M1 is 
minimal if there is no rule R E T such that T - { R} is preferable than T. 

Definition 14 A correct translation T from a source model M, to a target model M1 is 
optimal if there is no other correct translation T' from M, to M1, such that T' is preferable 
than T. 

5 AUTOMATIC GENERATION OF TRANSLATIONS 

In this section we present a number of results that can be used for deriving correct and 
(possibly) optimal translations between models. 

5.1 Reductions and monotonic translations 

In searching for translations between sets of patterns (and so, between models), there is 
an important point to take into account: in the lattice framework we have defined, it is 
sufficient to search for translation between sets of patterns Pt and P, such that P1 :: P •. 
In fact, by Theorem 4, it follows that for any pair of models (or, more generally, for 
any set of models) we can look for a translation from their least upper bound that, by 
definition, subsumes them. We will call a translation with this property a reduction. More 
specifically, we say that a translation Tis a reduction with respect to a model M = (P, 1) 
if o-r(P) :: P. 

A very general method for generating a reduction from P, to P1 consists in selecting 
rules that eliminate patterns of P1 which are not allowed in P,. Unfortunately, this cannot 
be done naively since the order in which the rule are selected is cruciaL In fact, it may 
happen that a rule that eliminates a certain pattern P is selected before a rule that 
eliminates another pattern but, as a side effect, introduces P again. This can be avoided 
by looking for reductions that enjoy the following property. 

Let T = Rt, . .. , Rk be a reduction with respect to a model M = (P, 1) and let Tlj 
denote the reduction R1 , •.• , Ri composed by the first j rules ofT (j :::; k). Then, we say 
that T is monotonic with respect to M if, for every 1 :::; i < j :::; k, it is the case that: 

(P- o-n(P)) n o-r1,(P) -/;0. 

We now show that this property can be verified locally, by analyzing the set of rule at 
disposaL Given a set of rules R, the analysis needs the construction of a graph Gn, called 
the precedence graph of R, whose nodes represent the rules in R and such that there is 
an edge from a ruleR;= o-;[r;) to a rule Rj = O"j[r}] if o-; = (Pf,Pj), O"j = (Pf,P1) and 
P4 n Pi -1 0. Intuitively, the presence of an edge from R; to Rj means that R; must be 
executed before Rj. For reductions, the following result holds. 
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Lemma 4 Let T be a reduction with respect to a model M involving the rules R. Then, 
if for each pair of rules o-;[r;], <7Jhl in T such that i < j, o-;[r;] is not reachable from o-J[TJ] 
in aR I then T is monotonic with respect to M. 

Hence, after the selection of a set of rules that implements our reduction, we need to 
serialize them according to the above property. We say that a translation that satisfies 
the condition of Lemma 4 is serial and that a set of rules R is serializable if it is possible 
to find a serial translation that involves all the rules in R. The following result easily 
follows. 

Lemma 5 A set of translation rules R is serializable if and only if G-R is acyclic. 

We present now an interesting result for serializable rules R which turns out to be very 
useful in the following: it states that the effect of a serial reduction based on R ( 1) is easy 
to compute and (2) is essentially independent of the serialization chosen. Given a set of 
rules Rand a set of patterns P let Del(R, P) = Uvu[.,.]eR(P- o-(P)). 

Theorem 6 Let P be a set of patterns and R be a set of serializable rules. Then, <7T(P) = 
P - Del(R, P) for any serial reduction based on R. 

5.2 A method for generating translations 

On the basis of the above results, we can derive a methodology for the automatic ge
neration of correct translations between models. The methodology is composed in the 
following steps: 

1. Consider a source set of patterns P, and a target set of patterns Pt: as explained above, 
we can assume, without loss of generality, that Pt ::5 P,. Then, in order to derive a 
reduction from P. to P~, we first select rules whose effect deletes patterns that belong 
to P. but do not belong to Pt. If the effect of the obtained set of rules does not allow 
to generate the target model, we stop here. 

2. In the second part, the set of rules R 1 generated in the first part is (possibly) reduced 
by deleting the rule R E R 1 that are "redundant", that is, whose elimination does not 
affect the correctness of the translation. 

3. Then, in the third part we verify whether the set of rules R 2 obtained in the second 
step is serializable. If they are not, we can try to derive another reduction over the set 
of rules Rb- {R}, where R is a rule in R 2 that belongs to a cycle in GR, and so, by 
Lemma 5, causes the rule set to be non-serializable. If the remaining rule set does not 
yield a correct translation, we stop here. 

4. Finally, we can try to derive an optimal rule set. This can be done by searching for a 
serializable reduction over the set of rules Rb- {R}, where R is a rule that belongs to 
the set obtained in the previous step and deletes patterns that are in Pt. The rationale 
under this choice is that there could be "finer" functions which are able to replace the 
work done by R and that do not require the deletion of patterns in the target set of 
patterns. 
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In general, according to the results presented in Section 4, we can find correct transla
tions between a generic set of models M = { M1, ... , Mk} such that M; = ( P;, /i), for 
i = 1, ... , k, by first finding the lub PT of P 1 , ... , Pk, and then applying the methodology 
above to PT and, in turn, Ph . .. , Pk· 

6 A SIMPLE CASE STUDY 

In this section we present a concrete example to illustrate the various notions introduced 
in the paper. Let us consider the following data models: 

• M1 is a version of the E-R model with binary relationships and multivalued attributes 
for entities (see Figure 2): 

P1 : 6( (D)fo,n)(D)(o,n)((D))(o,n)) 
P2 : 0([Pl]fl,l)[Pl](l,l)(D)(o,nJ) 
P3: 0([P1Jf2,2)(D)(o,n)) 

• M2 is a version of the E-R model with n-ary relationships and composite attributes for 
entities (see Figure 3): 

P1 : 6( (D)fo,n)(D)(o,n)(®([D]{l,n)))(o,n)) 
P2 : 0([Pdfl,n)[Pd(l,n)(D)(o,n)) 
P3 : 0([Pdf2,n)(D)(o,n)) 

• M3 is a version of the E-R model with n-ary relationships and subset relations between 
entities: 

P1 : 6( (D)fo,n)(D)(o,n)) 
P2: 6((D)fo,n)(D)(o,n)[Pl](o,n)) 
P3 : 0([P2Jfl,n)[P2]{o,n)(D)(o,n)) 
P4 : 0([P2]{l,n)(D)(o,n)) 

• M3 is the relational model: 

P1 : 0([DJtl,n)[D](o,n)) 

The lub of the patterns describing the above models is then as follows: 

PT = { P1: 6((D)to,n)(D)(o,n)((D))(o,n)(0([D]{J.nJ))(o,n)) 
P2 : 6( (D)ko,n) (D)(o,n)((D))(o,n) ( 0([D](l,n)) )(o,n)[Pl](o,n)) 
P3 : 0([P2\l,n)[P2](l,n)(D)(o,n)) 
P4 : 0([P2hnJ(D)(o,n)) 
Ps : 0([DJf1,n)[D]{o,nJ) } 

Now, let us consider a set of translation rules Rb described by the following translation 
signatures: 

• R1 translates abstracts (with simple attributes) into aggregations on lexicals: 
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• R2 translates aggregations on lexicals into abstracts (with simple attributes): 

172 = ( ®([D)t1,n)[D](o,n)), 6( (D)f1,n)(D)(o,n))) 
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• R3 translates aggregations on abstracts (with simple attributes) into abstracts (with 
simple attributes): 

173 = ( ®([6( (D)fo,n)(D)(o,n)%,n)[6( (D)fo,n)(D)(o,n))](l,n)), 6( (D)fo,n)(D)(o,n))) 

• R4 translates n-ary aggregations on abstracts (with simple attributes) into binary ag
gregations on abstracts (with simple attributes): 

Us = ( ®([6( (D)fo,n)(D)(o,n)%,n)[6( (D)fo,n)(D)(o,n) )](o,nj), 
®([ 6( (D)fl,l) (D)(o,n)%,1)[6( (D)ft,l)(D)(o,n) )]{1,1))) 

• R5 translates abstracts with composite attributes into binary aggregations on abstracts 
(with simple attributes): 

177 = (6( (®([D]{t,n))l(l,n)), 0([6( (D)fl,l)(D)(o,n))Jtl,ql6( (D)fl,l)(D)(o,n))jfl,l))) 

• 14 translates abstracts with multivalued attributes into abstracts with composite at
tributes: 

• R7 translates subset relations between abstracts into binary aggregations on abstracts: 

17g = (6( (D)fo,n)(D)(o,n)[6( (D)fo,n)(D)(o,n)](t,n)), ®([6( (D)fo,n)(D)(o,n))Jt2,2))) 

In this context, the precedence graph Gp has the rules in Rb as nodes and the following 
edges: 

(Rt. R2), (R2, Rt), (R3, Rt), (R4, R3), (Rs, R3), (14, Rs), (R1, R3), (R1, R4). 

Then, by applying the first step of the methodology described in Section 5, we can generate 
the following sets of rules: 

• From PT to P 1: we obtain the set 'R1 = R2; R4; Rs; R1. 
• From PT to P 2: we obtain the set 'R2 = R2; 14; R1. 
• From PT to P3: we obtain the set 'R3 = R2; Rs; 14. 
• From PT to P4 : we obtain the set 'R4 = R 1 ; R3; Rs; 14; R1. 

Indeed, all of these rule sets can be serialized and therefore the following translations can 
be finally obtained: 

e TM, = R2; R1; R4; Rs . 
• TM, = R2; 14; R7. 
• TM3 = R2; 14; Rs. 
• TM, = 14; Rs; R1; R3; Rt. 
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Speaks 

Figure 5 The result of the translation of the scheme in Figure 4 to the model M1 • 

Now, if we want to translate the schemeS reported in Figure 4 (that is allowed in the 
model M 2 ) to the model M1 , we can use the translation TM,· Actually, the first two rules of 
T M, (namely, R2 and R1) do not produce any effect on the input scheme, since both of them 
apply to combination of constructs (aggregations on lexicals and subset relations between 
abstracts, respectively) that do not occur in S. Rule R5 instead replaces the ternary 
relationship in scheme S with two binary relationships, in a standard way. Finally, rule 
R5 replaces the composite attribute of the entity Employee with a relationship between 
this entity and the new entity Language. The final scheme is reported in Figure 5. It is 
easy to see that this scheme is indeed allowed in the model M 1. 

7 CONCLUSIONS 

In this paper we have presented a formal approach to the problem of translating schemes of 
different data models. We have introduced the notion of pattern as a graph-theoretic tool 
for the description of models and we have defined a partial order relationship among sets 
of patterns that induces a lattice on them. This lattice structure allows us to compare 
different data models and to define and characterize various interesting properties of 
translations. On the basis of these results, we have then developed a general methodology 
for deriving correct translations between models that enjoy the above properties. 

We believe that this approach brings a contribution to several problems related to 
cooperative activities within heterogeneous database frameworks, and is promising for 
further investigations. From a theoretical point of view, we are currently working on 
extending the results of this paper to more general cases and testing the various features 
of the approach in an involved case. From a practical point of view we are working on the 
development of a first prototype of the metamodel. 
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Questions & answers 
Question [Gordon Everest]: 

What are your definitions of model and scheme? 

Answer [Paolo Atzeni]: 
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A model is a set of constructs that can be used to represent reality. A scheme is 
a representation of reality. 

Comment [Arnon Rosenthal]: 
Our discipline uses model to describe a formalism to decide on data structures. 

Comment [Gordon Everest]: 
I use a modeling scheme to produce a model. 

Question [Robert Meersman]: 
What is the dot on the arrow? Isn't the red enough? 

Answer [Paolo Atzeni]: 
I'm just being consistent with the paper. We needed the dot for the black and 
white paper. In the talk, red is enough, so the dot is redundant on the transparen
cies and is only there to be consistent with the paper. 

Question [Robert Meersman]: 
Do you use a different set of symbols for different models? 

Answer [Paolo Atzeni]: 
The symbols are irrelevant. 

Question [Gordon Everest]: 
A lattice implies there is a top level. How do you establish a ranking? 

Answer [Paolo Atzeni]: 
We use a power hierarchy. 

Question [Gordon Everest]: 
What are the nodes in the lattice? 

Answer [Paolo Atzeni]: 
The nodes are models. 

Question [Sham Navathe]: 
What about cardinalities? 

Answer [Paolo Atzeni]: 
They're not there. In principle, it should be possible to add them -- at least the 
common ones. More complex ones are harder. 

Question [Robert Meersman]: 
I disagree that there is no general equivalence. There are first-order models -
thus, can't we translate to first-order and then create a model (apologies for a 
third use of model)? 

Answer [Paolo Atzeni]: 
Set theory is probably too general. It is like a Turing Machine; there needs to be 
more expressiveness. 
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Comment [Arnon Rosenthal]: 
There is an equivalence to any model with one field and an arbitrary number of 
values. 

Comment [Robert Meersman]: 
But first-order has richness, including constraints with limitations. 

Comment[]: 
There is no consensus on what limitations should be placed on constraints. 

Question [Leo Mark] 
We need all three components -- structures, constraints, and operations -- to be 
equivalent to a database; what about operations? 

Answer [Paolo Atzeni]; 
We have not worked with operations; hopefully we'll be able to do operations in 
the future. 

Comment [Arnon Rosenthal]: 
Some previous related work has been done-- see my TODS article, June 1994. 

Comment[]: 
Final comment: Some layout tools are being built. 


