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Abstract

In this paper, we present a query trandation al-
gorithm which allows object-oriented queries to
be automatically translated into a relational que-
ry language. Our goal isto provide a unique and
powerful query interface supporting the cooper-
ation of information systems, particularly under
the aspect of migrating existing systems without
changes into the cooperation. Translation algo-
rithms, like the one proposed in this paper are es-
sential parts of Cl Ssto mediate between the com-
mon global query language and the query
languages of participating components. Our
guery trandation algorithm ensures a fully auto-
matic translation of object-oriented queriesinto
equivalent QL queries for the original relation-
al schema in all cases where a direct translation
is possible. In all other cases, it generates SQL
gueries providing a superset of the desired data
and a sequence of ‘formatting’ functions that
transform the data into the desired result.

1. Introduction

Nowadays, many private, commercial and re-
search information services are publicly accessible
over wide area networks ranging from simple file
distribution, e.g. via‘anonymous ftp’, to information
systems (1S) with more complex query interfaces,
e.g.‘mosaic’ or library systemswith text retrieval fa-
cilities. However, often people do not know whereto
find relevant data, how to retrieve data, or even do
not know about the existence of a system useful for
solving their information needs. On the other hand,
even within one company or institute, numerous het-
erogeneous information systems with various data
models, query languages and interfaces are used in
research and industry to perform different tasks or
simply for historic, market or individual preference
reasons. Many tasks, however, require access to

more than one of these information systemsat atime.
For example, in a hospital, the treating doctor needs
information from previous examinations stored in
various systems, e.g. an image from the X-ray image
database, blood data from the system of the patholo-
gy laboratory and the daily record of patient data
from the wards. To present another example, several
institutes record various types of environmental data;
it is very desirable to combine these flat data or to
combine them with maps of roads, industry, etc. pro-
vided by GISs to detect and evaluate complex inter-
actions.

The need to integrate or transparently access dif-
ferent systems has been realized by many people.
The naive solution of integrating all systemsinto one
fails in most cases for severa reasons. It usually re-
quires a complete system change or migration mak-
ing it necessary to convert the existing databases in-
cluding all their application programs that have been
successfully used over the years. A further difficulty
in the migration process is that, in general, the sys-
tems are used on-line with many application pro-
grams running permanently on a daily basis. In
performing a system change or migration, most com-
paniesfear the possibleloss of dataand the necessary
changes of application programs. Additionaly, be-
cause of thediversity of tasks, one system oftenisnot
capable of efficiently performing all of them. Finally,
the number and the autonomy of systems which are
accessible via worldwide networks prevents the de-
sired kind of integration. Among the current solu-
tions are specifically designed application programs
which accessrelevant systemsin their own languages
and combine the results before further processing.
Also, most database vendors offer gatewaysthat pro-
vide some kind of cross-database access [Syb 90,
Ing 92, Ora 92, Inf 92] alowing the use of specific
new database systems in conjunction with existing
relational ones. Another solution is data exchange by
flat files exported from one system and imported into
atarget system. These solutions, however, have the
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drawbacks of high development and maintenance
costs, as well as the lack of flexibility. Furthermore,
the resulting systems, i.e. the applications, are even
more proprietary than the integrated systems.

The common goa of research activities in the
fields of database systems, (intelligent) cooperative
information systems (CIS), interoperable systems,
multidatabase systems is the development of general
concepts supporting the migration or integration of
previously isolated systems into CISs, e.g. [BHP 92,
EJ92, RPR 89, SL 90]. According to [BC 92], we
define

e an IS to be any system that allows shared
access to persistent data,

« a CIS to be an arbitrary number of
component ISs, that interact in some way to
execute joint tasks.

Particularly, the components must be ableto inter-
operate directly or indirectly, i.e. to mutually send,
receive and understand(!) requests and results. We
additionally assume that

» the communication language is high level,
e.g. an object-oriented query language,

* information on the components (schema, 1o-
cation) is globally available,

» the component ISs are at least able to re-
ceive requests and send back answers in a
client server fashion, i.e. play a passive role
in the cooperation.

« there exists at least one active component in
the CIS. Active components are able to
send, forward, distribute requests and to
combine results,

« existing ISs need not to be changed in order
to be integrated into the CIS, that means ac-
cess to these systems uses aready existing
query interfaces.

Figure 1 shows a conceptual CIS architecture
meeting the above requirements. Especially impor-
tant in our opinion is that existing (legacy) systems
are integrated into the CIS by viewing them through
a ‘cooperative interface’. In this case, no change to
thelegacy systemsisnecessary and previous applica
tions may be preserved. Therefore, cooperativeinter-
faces help to solve part of the overall migration prob-
lem which, in our notion, isasummation of problems
on severa layers. These comprise among others how
to establish a communication between different net-
works, hardware platforms, and operating systems,
add client server facilities to components, provide
schema transformation and query translation mod-
ules, deal with the autonomy of the components (in
the integration as well as the operation phase). In
dealing with legacy systems which are heteroge-
neous with respect to their data models and query
languages, it is especialy important to transform
their schemas into the global data model and make
them globally available. Furthermore, the coopera-
tive interfaces must be able to unify languages and
models in addition to controlling communication and
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access. This means, for the cooperation of 1Ss mod-
ules are needed which tranglate requestsin the global
language on objects represented in the global model
into requests in the local language and reformat re-
sults into the global language. For these tasks, the
cooperative interfaces must access the global infor-
mation to map between local and global object repre-
sentations. Further submodules of the cooperative
interfaces not listed in figure 1 comprise query de-
composition, result combination, optimization and
global transaction monitoring.

Asa core technology for the integration of legacy
ISs into a CIS, in this paper we focus on the query
translation and answer conversion, specifically from
an object-oriented language to the relational SQL.
The object-oriented data model and language seemto
be well suited as global language for communicating
ISs because of its message passing paradigm, be-
cause of its rich semantics which alow representa-
tion of most other models aswell as systemswith op-
erational interfaces, and because of its availability in
the form of object-oriented databases. We choose
SQL as trandation target language, since many in-
stances of relational systems are currently installed
and accessible using a standard SQL [1SO 92] inter-
face. To apply this approach to areal world environ-
ment with isolated, heterogeneous ISs, additional
translation modules have to be devel oped to adapt the
cooperative interface to non-relational components.

Therest of the paper is organized asfollows: Sec-
tion 2 introduces the overall framework and gives a
brief overview of the schema enrichment and trans-
formation aswell asashort introduction of our Struc-
tured Object Query Language (SOQL) which pro-
vides declarative query facilities for objects. In
section 3, we then present the stepsthat are necessary
in automatically translating SOQL queries for the
created object-oriented schema into equivalent SQL
queries for the original relational schema. In sec-
tion 4, we describe the formatting process that is
needed to transform the flat results provided by the
relational system into structured results that are spec-
ified by the object-oriented query. Section 5 summa-
rizes our approach, points out some problems and
gives directions of future research.

2. TheFramework

In the following, we are going to briefly introduce
two prerequisites of our query translation algorithm,
namely the schema enrichment and transformation
agorithm on the one hand and the Structured Object
Query Language (SOQL) on the other hand.

2.1 Schema Enrichment and Transfor mation

Since, in general, object-oriented schemas contain
more semantics than corresponding relational sche-
mas, more input than the pure relational schema is
needed to produce adequate, well-structured object-
oriented class definitions. The needed additional se-
mantic information includes information on tables
representing relationships, the type of the relation-
ship (1:1, 1:n, n:m), attributes or groups of attributes
representing foreign keys and so on. This informa-
tion may either be provided by the database adminis-
trator or, in some cases, it may be deduced from an
underlying entity-relationship design schema. It is
stored as part of the metainformation which includes
all information on the enriched relational schema, on
the created object-oriented schema and on the map-
pings between them. Aswe will seein the next sec-
tions, the metainformation is crucial not only for the
schema transformation process but also for an auto-
matic trandation of SOQL queries.

The basic steps of the schema transformation al-
gorithm areasfollows. First, each relation istrand at-
ed into aclass definition with each relational attribute
becoming a member variable. Next, all functional re-
lationships are replaced by direct object references,
in one direction by a ssmple object reference, in the
other direction by a set-valued object reference. All
remaining n-ary relationships are trandated into
methods with one method providing the set of tuples
that fulfill the relationship and one method for each
relationship attribute. The additional methods are
added to each class that is part of the relationship. In
figure 2, an example for arelational database Flight-
DB together with the corresponding object-oriented
schemais given. The details of the schema transfor-
mation algorithm are beyond the scope of this paper.
A formal description can be found in [KKM 933].

At thispoint, it should be mentioned that the sche-
ma created by our schema transformation algorithm
may not provide a perfect object-oriented schema. It
does not use all object-oriented modeling features
(e.g. subtyping, inheritance) but it till provides a se-
mantically enriched, well-structured object-oriented
schema that allows SOQL queries to be significantly
shorter and more intuitive than corresponding SQL
gueries using the original tables. Let us further em-
phasize that only object-oriented class definitions are
generated with the instances remaining in the rela
tional database. Thus, access operations to instances
of object-oriented classes have to be trandlated into
accesses to the corresponding relational tuples which
is done by our query trandation algorithm (c.f. sec-
tion 3).



FlightDB:

Passenger (pid: Integer; name: Sring; address. Sring)
Departure (did: Integer; start: Date; flight: Integer; airline-id: Sring; plane-id: Integer)
Pass Dept (did: Integer; pid: Integer; booking: Date)

Airline(airline-id: String; name: Sring)
Plane(serial-nr: Integer; ...)

Class Passenger with
attributes
pid: Integer;
name: Sring;
address: Sring; key is (pid);
methods
departures. — Set (Departure);
booking: Departure — Date;
end;

Class Airline with
attributes
airline-id: Sring;
name: Sring; keyis (airline-id);
methods
departures. — Set (Departure);
end;

Class Departure with
attributes
did: Integer;
start: Date;
flight: Integer; keyis(did);
methods
airline: — Airling;
plane: — Plane;
passengers. — Set (Passenger);
booking: Passenger — Date;
end;

Class Plane with
attributes
serial-nr: Integer;

end;...

Figure 2: Example for the Schema Transformation

2.2 Structured Object Query Language

In this subsection, we give a short introduction to
our Structured Object Query Language (SOQL).
SOQL is a declarative query language for querying
the created object-oriented schema. It is an easy-to-
use but powerful and orthogonal extension of SQL.
It is similar to other declarative query languages
for object-oriented database systems (O,SQL
[BCD 92], Object SQL [HD 91], OSQL [Fis89],
OQL [ASL 89]) but provides additional features
such as the generalization of the dot-notation and
structured expressions. The basic query format of
SOQL can beindicated by the following description

select

{<range var>{.<method>}"{ .struct_expr}91}+
for each

{ <classname>{ .<method>}" <range var>}*
{ where <condition>}91.

According totheexpressioninthe‘select’ clause,
anew (temporary) object classisautomatically creat-
ed with al tuplesfulfilling the condition being avail-
able as virtual instances of this class. The result is
also available as a (nested) set and can therefore be
directly used in nested queries. As indicated in the
query format definition, methods are applied to class
or range variables using dot-notation. Chains of
methods may be connected in dot-notation aslong as

the methods are defined for the corresponding class.
The chaining of methods allow direct access of one
object class from another without explicitly joining
them. Itisaform of schemanavigation in the created
object-oriented schema. In the condition, all methods
including the created access methods to attributes
may be used aslong astheresult of thewhole expres-
sion is of result type ‘Boolean’. Specia features of
SOQL are structured expressions and the generaliza-
tion of the dot-notation. Structured expressions allow
an easier specification of queries with structured re-
sults by providing the possibility of defining the re-
sult structure by square brackets. The generalization
of the dot-notation to setsis an intuitive but powerful
extension of the normal dot-notation (c.f. section 3).
To provide the basic queries facilities that are avail-
able in SQL, a set of basic object classes (Boolean,
Sring, Numbers, Integer, Real and the generic class-
es Set and List) together with a set of basic methods
including the aggregate operations count, avg, sum,
min, max (Set(Numbers) ["Nudmbers) is predefined.
A detailed description of SOQL can be found in
[KKM 93b].

Tofurther illustrate our query language, in thefol-
lowing wewill givetwo examplesfor SOQL queries.
For the query examples, we use the transformed ex-
ample database as presented in figure2. A simple
query selecting all passengers and their addresses




that fly with airline ‘Lufthansa’ on the ‘06/18/93'
would be expressed as

Example 1
select P.name, P.address
for each Passenger P, P.departures D
where D.start ='06/18/93' and
D.airline.name = ‘ Lufthansal

In the second query example, all passengers, their
addresses and flights with flight numbers, list of pas-
sengers for each of the flights and total number of
flights for each passenger are selected for all passen-
gers which have addresses containing ‘80802
Mdinchen'.

Example 2:
select P.[name, address|, P.departures.
[[did, passengers.name], count]
for each Passenger P
where P.addresslike *%80802 M iinchen%’

The query exampleswill be used in sections 3 and
4 to explain the query trandation agorithm. Note,
that the result of the second query is of the complex
type
Set ([Sring, Sring],
[Set ([Integer, Set (Kring)] ), Integer] ).

Nested results may occur as answer for queries
with structured expressions or queries where the gen-
eralization of the dot-notation is used more than once
in arow. Furthermore, in corresponding SQL queries
additional information is needed to do the grouping
and aggregation (e.g. the counting of departures)
whichisonly implicitinthe SOQL query. In general,
if the result for aquery isanested set with more than
onenesting level, thereisno one-to-onetrandationto
an SQL query. Equivalent SQL queriesfor our query
examples are given asresults of the query translation
algorithm in section 3.

To sum up, SOQL provides query facilities that
alow queries to be much shorter, easier to write and
understand and more intuitive than corresponding
SQL queries. Since the created class definitions are
more structured, in most casesjoins do not haveto be
specified explicitly and complex queries are avoided.
In addition, the results of SOQL queries can be arbi-
trarily structured and the application of methods in
dot-notation is generalized to work on sets.

3. Trandation of SOQL Queriesinto
SQL-Queries
Since information is added during the schema
transformation process and SOQL has more expres-
sive power than SQL,, it isobviousthat all queries ex-
pressed in SQL over the relational schema (RS) can
also be expressed by SOQL queries over the created

object-oriented schema (OS). This section deals with
the trandation of SOQL queries into standard SQL
[ISO 92] and the identification of formatting primi-
tives during the transl ation process which are needed
to restructure the result according to the complex an-
swer type given by the SOQL ‘select’ clause. Toiil-
lustrate thetasks of thetrandlation al gorithm, figure 3
shows an examplefor asmall relational database and
the virtual instances of the corresponding object-ori-
ented schema. The virtual instances of the object-ori-
ented database ODB are created from the tuples of
the relational database RDB by a virtual instance
mapping Ving: (OS, RDB) - ODB. By thevirtual in-
stance mapping, basically, each tuple of a non-rela
tionship table of RDB is mapped to avirtual instance
of the respective class in ODB and each tuple or at-
tribute representing arelationship is mapped to avir-
tual object reference. The basic idea of our instance
mapping is similar to the one presented in [Heu 89]
which has been proposed to formally describe sche-
ma equiivalence of asemantic, anested relational and
arelationa data model. Executing the SOQL query
in figure 3 against ODB yields the structured result
{(Smith, {401, 403}), (Smith, {401})}. A corre-
sponding SQL query together with its result is also
given in figure 3. Although both query results seem
to bevery similar, it isimpossible to create the struc-
tured SOQL result from the flat result of the SQL
query if no additional information is available. How-
ever, by adding the key attribute P.pid of Passenger
tothe SQL ‘select’ clause, we get the result { (Smith,
1, 401), (Smith, 1, 403), (Smith, 2, 401)} which can
easily be transformed into the desired format by
grouping the tuples according to P.pid, combining
the D.did attributes to sets and afterwards projecting
out the P.pid attribute. Selecting additional informa-
tion that allows to structure the results from the rela-
tional database into the desired format, is one of the
ideas which isused in our trandation algorithm. The
main tasks of the trandlation algorithm are

 resolving chains of method applications by
suitable joins and subqgueries on the rela
tional side,

- flattening the nested structure while simul-
taneously creating the inverse formatting
operations,

« correctly replacing the SOQL condition part
by equivalent SQL constructs which may
involve handling of methods on structured
types, set operations and so on. However,
for the presentation of the trandation algo-
rithm in subsection 3.2 we restrict ourselves
to SQL-like conditions and discuss feasible
extensions separately in subsection 3.3.



RDB:
Passenger Departure Pass Dept
pid | name address did | start flight pid did | booking
1 | Smith New York. ... 401 | 7-1-93 | 0815 1 401
2 | Smith London 402 | 7-1-93 | 1414 1 403
3 | Jones Paris 403 | 7-1-93 | 1017 2 401
4 | Huber Minchen ... 4 401
4 402

(virtual) ODB:

Passenger = {04, 05, 03, 04}

Departure = { 05, 0g, 07}

01.pid=1, oq.name="'Smith’, o;.address="‘New York ...’
0,.pid=2, 0p.name="'Smith’, o0,.address="London ...,
03.pid=3, o0g.name="‘Jones, oz.address="Paris...,
04.pid =4, 04.name="Huber’, o4.address=‘Mdinchen...,

0;.departures = { 05, 07}
0,.departures = { 0g}
0z.departures = { }
04.departures = { 05, Og}

select Pname, P.departures.did
for each Passenger P
where Pname='Smith’
result:
{ (Smith, {401, 403}), (Smith, {401} )}

og5.did =401, og.start="'7-1-93, os.flight = ‘0815’ Os.passengers = { 04, 0o, O}
0g.did =402, og.Start =*7-1-93, og.flight = 1414’ Og.passengers = { 04}

0,.did =403, o7.start="7-1-93, o,.flight = 1017’ 07.passengers = { 04}
SOQL: 0L:

select Pname, D.did
from Passenger P, Departure D, Pass Dept Pd
where Pname='Smith’ and

result:
{ (Smith, 401), (Smith, 403), (Smith, 401)}

Ppid=Pd.pid and Pd.did=D.did

Figure 3: Instances of the Relational and the Virtual Object-Oriented Database

Before describing the query translation algorithm,
we first introduce the basic notions of ‘equivalence
of queries’ and ‘equivalence trandations'.

3.1 Basic Definitions

As dready indicated in the above example, in
many cases there is no translation of an SOQL to an
SQL query which provides exactly the same result.
Therefore in this context we have to introduce a
weaker notion of equivalence. Informally, our notion
of result equivalence means that the SQL query pro-
duces an answer which may be easily converted into
the desired result, particularly without further selec-
tion and join operations. The former ensures, that
only the necessary amount of datawill be transferred

which is important for performance reasons, espe-
ciadly if therelational system isaccessed vianetwork,
and the latter ensures, that the query can be answered
by exactly one SQL statement.

Definition (Equivalence of queries)

Let RDB bethe actual relationa database with sche-
ma RS, ODB the virtual object-oriented database
with schema OS, res(S, RDB) the resulting table
when executing S on database RDB, and res(Q,
ODB) the result expected from an execution of Q on
ODB. Then we say, Q and S areresult equivalent up
to simpleformatting operationsif thefollowing prop-
erty holds:

fo(res(S, RDB)) = res(Q, ODB),(+)



where the formatting function fq is composed by
structuring, grouping, projection, nesting and aggre-
gate operations (c.f. section 4).

Based on the above definition, we are able to de-
fine the notion of an ‘equivalence trandation’ from
SOQL into SQL.

Definition (Equivalencetrandation)

Any mapping t, t: Q = (S, fg) trandating an
SOQL query Q into a result equivalent SQL
query S and providing a formatting function
fo, suchthat (+) holds, is said to be an equiva-
lencetrandlation.

Note, that t isa partial mapping, because there are
SOQL queries, that can not be translated into SQL. It
would be desirable, however, for t to be complete in
the following sense: If there exists an SQL query S
and aformatting function f 5 with

fo(res(S,RDB) ) =res(Q, ODB)
for agiven query Q, thent should return apair (S, fg)
with the same property as S’ and f .

Before presenting the trandlation algorithm t in

detail, we will formalize the following helpful obser-
vation that allows a uniform treatment of chains of
method applications:
Let R, := flat_type(V.my.m,. ... .my) be the flat class
type resulting from the successive method applica-
tion to V which may be uniquely determined since
our schema transformation algorithm produces no
subtype hierarchies. Chains V.my.m. ... .m,, of meth-
od applications occurring within SOQL -statements
may be divided into the first k and the last n-k+1 sub-
chains, 0 < k < n+1, such that: If 0<i <k, thenR
is a non-basic class type (e.g. Passenger, Departure
with a corresponding table in RS), and if K < i < n,
then R, is a basic class type (Boolean, String,
Integer, ...). A short example will illustrate this fact:

p.departures.passengers.name where pranges
over class Passenger impliesk=3, n=3 with
Ry = flat_type(p) = Passenger
R, = flat_type(p.departures) = Departure
R, =flat_type(p.departures.passengers)
= Passenger
R; = flat_type(p.departures.passengers.name)
= Siring

This observation ensures that chains of method
applications only have to be resolved until the first
basic class type is encountered as implicitly used in
transformation step 2 below. Loosely speaking, a
chain V.my.m,. ... .m_; indicates ajoin sequence.

3.2 Trandation Algorithm

By providing a step-by-step algorithm for the
trangd ation, in the following we constructively define
an equivalence trandlation t which trandates SOQL
gueries into result equivalent SQL queries. Since
SOQL queries can be more structured than SQL que-
ries, the result structure of an SOQL query needs to
be flattened before it can be processed by the rela-
tional system. To build the desired result structure, a
seguence of formatting operationsis recorded during
the flattening process (c.f. section 4). In the follow-
ing, it isassumed that al class variables occurring in
the ‘for each’ clauses of the query and all its subque-
ries have pairwise distinct names. Otherwise, they
will be consistently renamed. New variables intro-
duced during the transformation are denoted by V;.

Before applying the steps of the trandlation algo-
rithm, we transform the considered SOQL query into
anested set expression. The ‘select’ clause becomes
the result part of the set. The range and class variable
definitions of the ‘for each’ clause are transformed
into ‘element in set’ relationships. The ‘where’
clauseis syntactically adapted to the set notation and
occurring subqgueries are recursively transformed
into corresponding set expressions. In figures 4 and
5, thetrandlation processisillustrated using the query
examples from section 2.
Step 1. Resolution of structured expressions and

generalized dot-notation

In this step, structured expressions and chains of
method applications using the generalized dot-nota-
tion are resolved. Chains of method applications

V.ml. oMy

in the ‘select’ or ‘for each’ clause are successively
resolved as

(V.m).....m,
if my isamethod defined for V and as
{v.m;lve V}.m,. ... m_

if Vis set-valued and my is not defined for V. The
translation of generalized dot-notation occurring in
the ‘where’ clause is dlightly different. In this case,
an existential quantification isintroduced (c.f. trans-
lation step 1 in figure 4). The trandation of more
complex conditions involving nested sets which can
not be expressed in SQL are described in subsec-
tion 3.3. Note, that the trandlation is possible since
chains of method applications have only to be re-
solved until the first basic class type is encountered
(c.f. observation in section 3.1).

Structured expressions

V.[mll. .mll, mnl. .mln]



select P.name, P.address
for each Passenger P, P.departures D

where D.start =°06/18/93 and D.airline.name = ‘ Lufthansa

D.airline.name = ‘Lufthansa’ }

{(P.name, P.address) | P e Passenger A D € P.departures A D.start = *06/18/93' A

«ep1) {(P.name, P.address) | Pe Passenger A D € P.departures A D.start = *06/18/93' A

V4. Vy=D.arlinea Vqi.name="'Lufthansa }

«ep3) 1(P.name, P.address) |3V 4: P e Passenger A D € Departure A join(P, D) A D.start = *06/18/93' A

Vi€ Airlinea join(D, V) A Vy.name=‘Lufthansa }

select P.name, P.address

n

from Passenger P, Departure D, Airline V1

where join(P, D) and join(D,V;) and D.start =‘06/18/93 and V1.name = ‘Lufthansa

= select P.name, P.address

from Passenger P, Departure D, Airline V1, Pass Dept V2
where P.pid=V2.pid and V2.did=D.did and D.airline-id = V1.arline-id and
D.start =*'06/18/93' and V1.name = 'Lufthansa

Figure 4: Translation of Query Example 1

are also resolved successively as
v.m, . ....m, ..., V.m_....m )
( 1 Iy n I

if at least oneof the m;, isdirectly applicabletoVand
1
as

{v.[mll. .mll, Mmoo .mln]‘ ve V}

n
if Visset-valued and none of the mil isdefinedon V.
Note, that structured expressions and chains of meth-
od applications may be nested into each other. There-
fore, both translation rules may have to be applied
aternately.

Step 2: Resolution of complex range variables

In this step, variables ranging over arbitrary path ex-
pressions are replaced by variables ranging only over
classes corresponding to relations. To select all pas-
sengers together with the sets of co-passengers for
each of their flights, we may write

select P.name, CP.name
for each Passenger P,
P.departures.passengers CP

In this case, the range variable CP ranges over sets of
passengers which cannot be directly expressed in
SQL. Therefore, the corresponding nested set expres-
sion
{(P.name, CP.name) | Pe Passenger A CP e
{V1.passengers| Ve P.departures}}

istrandated into

{(P.name, V 1.passengers.name)| Pe Passenger
A V1 € P.departures} =(sep 1)

{(P.name, {V,.name| V, e V.passengers}) |
Pe Passengersa V; e P.departures}.

More formally, the trandl ation can be expressed as
{x.y)Ixe Xaye{h(@)|ze Z Ap(x,2)} Aq(x,y)}
=> {(x,h(2)) |xe X Aze ZAp(X, 2) Aq(X, h(2))}
with a subsequent resolution of generalized dot-nota-
tion (c.f. step 1).

Step 3: Resolution of object references

All remaining object references are resolved as fol-
lows.

ViopX.m =>
V4 € flat_type(X.m) A join(X, V),

where op = ‘e’ or '=" depending on whether X.mis
set or single valued. In this step, join predicates
join(X, V;) areintroduced with theintended meaning:
join(X, V;) istrueif thereis an object reference from
X to Vi'

Note, that in the previous steps path expressions in-
volving aggregate operations have not been resolved.
In this step, however, we want to resolve possible ob-
ject references that are part of such path expressions.
Since the aggregate operations are applied to sets, we
trangl ate path expressions

V.ml. e My

with m,, being an aggregate operation into
{vlve V.m . ...m _; }.m,
Then all object referencesin V.m,. ....m__; can

be resolved by join predicates as described above. In
some cases, however, no additional joins may haveto




select P.[name, address], P.departures.[[did, passengers.name], count]
for each Passenger P
where P.address like ‘%M Uinchen% (cond := ‘P.address like ‘%M iinchen%')

= {([P.[name, address], P.departures.[[did, passengers.name], count]) | P € Passenger A cond}

=(¢ep 19 1 ((P.name, P.address), ({(V1.did, V,.passengers.name) | V, € P.departures}, P.departures.count)) |
P e Passenger A cond}

=(¢ep 1) 1 ((P.Name, P.address), ({(Vq.did, {V,.name |V, e Vj.passengers}) | V4 € P.departures},
P.departures.count)) | P e Passenger A cond}

=ep3 {((P.name, P.address), ({(V,.did, {V,.name|V, e Passenger A join(Vq, Vy)} ) |V, € Departure
A join(P, V9)}, {V4}.count)) | P e Passenger A cond}

= (ep 49) 1 ((P.name, P.address), P.key, ((V1.did, {V,.name |V, e Passenger A join(Vy, Vo)} ), {V1}.count)) |

P e Passenger A V1 € Departure A join(P, V1) A cond}

=(sep ap) { ((P.name, P.address), P.key, ((V1.did, V.key, V,.name), Vq.key)) | P e Passenger A
V4 € Departure A join(P, V1) A V5 e Passenger A join(Vq, V) A cond}

= (ep 4) 1 (P.NamMe, P.address, P.key, V,.did, V4.key, V,.name, V,.key) | P e Passenger AV, € Departure
A Vo e Passenger A join(P, V1) A join(V4, V5) A cond}

= select P.name, P.address, P.pid, V,.did, V,.name

from Passenger P, Departure V1, Passenger V2, Pass_Dept V3, Pass Dept V4
where P.pid=V3.pid and V3.did=V1.did and V1.did =V4.did and V4.pid =V2.pid

and P.address like ‘%M tinchen%’

Figure 5: Translation of Query Example 2

beintroduced. In example 2, the P.departures comes
from astructured expression that already has been re-
solved and, therefore, we do not need to repeat the
part ‘Vq e Departure A join(P, Vq)' but still use V;.
The result of the three steps of the trandation al-
gorithm that have been described so far is semanti-
cally and structurally equivalent to the original query
but with all dot generaizations and structured ex-
pressions being resolved. In the following steps, the
result is changed either by adding attributes or by
flattening the result structure. Still, our notion of re-
sult equivalence up to simple formatting operationsis
preserved since the necessary formatting operations
are recorded.
Step 4: Resolution of nested result types
In this step, the nested structure of result tuplesisre-
solved by shifting set conditions of theinner setsonto
the outer level and adding key information. Thetrans-
lation is done level by level starting outermost-left-
most. Key information which is necessary to recon-
struct the desired result structure isintroduced for all
variables on the outer level (c.f. step4a and 4b in
figure 5). At the same time, the formatting function
which reconstructs the intended result structure suc-
cessively (c.f. section 4) is extended by the inverse
structuring, grouping, projection and nesting opera-
tions. Aggregate operations coming from inner nest-

ing levels need to be removed (c.f. trandation step 4b
in figure 5). Formally, the flattening of one nesting
level can be described as:

{x{ylye Y ap(x y)})Ixe XAaqkx,)} =>

{(x. key(x),y)lye Y Ap(x,y) Axe XAq(x)}.
This trandation rule is applied until the nesting
structure of the result tupleisflat. Then, only the re-
maining tuple structure needs to be flattened (c.f.
trandation step 4c infigure 5). Again, in this step the
formatting function is extended by the inverse opera-
tions and key information is added to the result list
instead of the omitted aggregate operations.

The remaining trandation into avalid SQL query
is straightforward provided we restrict SOQL condi-
tions to permissible SQL conditions. More complex
condition parts may aso be trandated into SQL. In
subsection 3.3, some extensions of the condition part
are described that can be translated into permissible
SQL statements. Note, that replacing the join predi-
cates join(R, S) may introduce additional relations
which are necessary, e.g. Pass Dept in example 2, to
establish m:n relationships.

3.3 Extensionsof the Condition Part

Since SOQL has more expressive power than
SQL, there are some cases where SOQL queries do
not have result equivalent SQL queries. However, as



we will show in the following, the condition part that
ispermissible in SOQL querieswhile still guarantee-
ing an equivalence trandation can be extended con-
siderably. Simpler extensions, for example, are meth-
ods on set types such as ‘el in set’ which may be
replaced by computing the set in a subquery and ap-
plying the corresponding SQL constructs ‘el in
(select ...)" to the result of the subquery. Some im-
portant extensions to be included into the trandation
agorithm are;

Extension 1: Generalized dot-notation in
conditions

In the condition part of SOQL queries, set-valued
method path expressions like D.passengers.name
='Jones may occur at all positions where the SQL
syntax only allows simple column expression like
P.name="Smith’. According to the definition of the
semantics of method path expressions, the resolution
of set-valued method path expressions in conditions
would result in aset of booleanswhich hasto be*flat-
tened’ to asingle boolean value.

{X|xe X} opyisdefinedby Ix: xe X Ax 0opYy,
if ‘opy’ isnot applicableto thewhole set.

Example:
D.passengers.name=‘Jones =>
{Vq.name|V € D.passengers} = ‘Jones =>
V41V, € D.passengers A V.name = ‘ Jones

Only applying the resolution according to the gener-
alization of dot-notation to

{Vq.name|V, e D.passengers} = ‘Jones
resultsin

{Vq.name="‘Jones |V, e D.passengers}
which is a set of booleans. Like in IRIS [Fis89], in
SOQL sets of booleans in conditions are implicitly

‘or’-connected [KKM 93b] evaluating to true if at
|east one element istrue.

Extension 2: Set inclusion

Inclusion conditions A = B with A = {x4 | p(x1)} and
B={X> | q(x)} inthe SOQL ‘where’ clause may be
transformed in the following way, provided A and B
can be processed by SQL subqueries.

AC B => not exists{x, | p(xq) and
not exists { X, | q(xo) A Xo =%} }

Example:
D1.passengers.name € D2.passengers.name
=> not exists{ P1.name| P1 e Passenger A
join(P1, D1) A not exists

{P2.name| P2 € Passenger A
join(P2, D2) A P2.name=P1.name} }

Extension 3: Union, intersection, difference
Predicateslikexe AUB,xe AnB,xe A-Bin
the SOQL ‘where’ clause can be transformed to

xin {xq |p(xp)} or x in{xz|q(xx)},
xin{xq | p(xy)} and xin{x, | q(xy)},
Xin{xq | p(x7)} and x notin{xs|q(x)},

which can be transformed to SQL, if A and B can be
transformed to valid SQL subqueries.

Note, that the subqueries A and B in extensions 2
and 3 may only return unstructured results since oth-
erwise the nesting operators of SQL are not applica-
ble. Serious problemsin the query trandlation process
may be caused by user extensions to the object-ori-
ented schema, such as additional attributes or user-
defined methods. In the case of using user-defined
methods in an SOQL query, the data necessary to
evaluate the query hasto beretrieved iteratively from
therelational system beforeit can be used to execute
the methods. If classes are extended by additional at-
tributes, the data necessary to evaluate the condition
part of aquery isretrieved partialy from the rel ation-
al system and the additional dataisretrieved from the
system managing the additional data. According to
the extended object-oriented schema, the correspond-
ing data of both sourcesisrelated to each other before
the condition is evaluated and the desired data is re-
trieved as specified inthe‘select’ clause. In both cas-
es, it may be necessary to transfer large amounts of
data, evenin caseswheretheresulting dataset israth-
er small and, therefore, performance problems may
occur. Note, that the problemsare only caused in cas-
es where there is no corresponding SQL query.

4. Transformation of the Result

As dready mentioned, to automatically restruc-
ture the result flattened by the last steps of the trans-
lation algorithm a formatting function has to be gen-
erated. In each partia transformation of these steps,
formatting primitives are recorded which are com-
posed in the reverse order of their creation, such that
the last primitive is applied first to the result returned
by the generated SQL query.

This means for query example 2 in figure 5, that
the result returned by the final SQL query has to be
structured into subtuples after copying the V 1.key at-
tribute twiceto revert the last two steps. Then, the tu-
plesare partitioned into groups by equal values of the
attribute combination P.key, Vq.key and for each
group, the values of V,.name are combined to form
the inner sets, i.e. for each person and one of its de-
partures, al passengers belonging to this departure



f0=£

f1 = project(P.name, P.address, V.did, V,.name, (V1.key).count)
f, = group(by(P.key), nest(V,.did, {V,.name}), count(V ;.key))
f3 = project(P.name, P.address, P.key, V,.did, {V,.name}, V1 .key)

f4 = group(by(P.key, V1.key), nest(V,.name))

f5 = structure((P.name, P.address), P.key, ((V4.did, V1.key, V,.name), V.key))
fg = structure(P.name, P.address, P.key, (V,.did, V.key, V,.name), V .key)
f7 = project(P.name, P.address, P.key=P.pid, V,.did, V1.key=V.did, V,.name, V 1.key=V,.did)

(step 4a)
(step 4a,4b)
(step 4b)
(step 4b)
(step 4c)
(step 4c)
(final step)

Figure 6: Formatting Function for Query Example 2

are grouped into a set. Now, the first V,.key can be
projected out. Next, the intermediate result is
grouped by P.key to be able to count each person’s
departures and to combine the information on each
person’s departures into a set. After projecting out
the second V1.key and P.key, the correct answer in
the desired result structure is reached.

In the following, the formatting primitives are de-
fined as generic functions which may be arbitrarily
composed:

o structure (attr_listy, ..., attr_list):

Res — Res
combines the attributes of each attr_list;
into a tuple (ail...,aini) and the whole
expression itself into atuple

(@11, s B30, s (@11, B4py)-

* group (by(attr_list;), op(attr_listy), ...,

op(attr_list)): Res — Res
groups Res according to equal values of
by(attr_list). For each group, the attributes
listed in op(attr_list) are combined to setsif
op = nest, and aggregated using the
corresponding aggregate operator if op =
min, max, count, avg, sum. In order to get
only one vaue per group, al attributes that
occur in none of the attr_list have to be
functionally dependent on the attributes in
by(attr_list).

* project(a_new;=a_oldy, ...,

a newj=a_old|): Res— Res
projects Res onto the specified attributes
allowing attributes to be duplicated and
renamed. The assignment a_new; = a_old;
isonly needed if attributes are duplicated or
renamed.

The formatting function is constructed as concat-
enation of the formatting primitives:

fo=foofyo -+ ofnyofy

with fy being the e—function. The formatting primi-
tives and their concatenation to the formatting func-
tion fo are illustrated in figure6 using query
example 2.

5. Summary and Conclusions

A major challengein building aClSistheintegra-
tion of existing ISs. We propose the concept of a co-
operative interface to support the cooperation of iso-
lated systems without changes to these systems. The
main contribution of this paper is the query tranda-
tion algorithm which is an important part of such an
interface. Our algorithm allows an automatic tranda-
tion of SOQL queries issued against the created ob-
ject-oriented schema into ‘result equivalent’ SQL
queriesfor the original relational schema. In the que-
ry translation algorithm, first chains of method appli-
cations are replaced by appropriate joins and subque-
rieson therelational side, the conditions are replaced
by equivalent SQL conditions and, since SQL cannot
provide structured results, the nested structure of the
result is flattened but enhanced with additional key
information. Simultaneously, the inverse formatting
operations are created allowing reconstruction of the
desired result from the result of the SQL query.

We believe that our query trandation algorithmis
easily applicable and thus, of high practical impor-
tance. It does not require any changeto the relational
system, the data or existing applications and there-
fore, our schema transformation and query transla-
tion algorithmis a practical solution for the devel op-
ment of cooperative systems. The implementation of
the schema transformation and operation tranglation
algorithms with complete support of user-defined
methods and additional object-oriented classes is
currently on the way, but not yet finished. One open




problem isthe optimization of querieswhich involve
user extensions to the schema, complex set opera
tions or arbitrarily structured results. In such SOQL
queries which have no one-to-one correspondence to
an SQL query, the query optimization cannot be done
ontherelational side. Therefore, we haveto optimize
the query execution plan to reduce the amount of data
which needsto be transferred between the object-ori-
ented query interface and the relational system. Per-
formance issues will be of high importance for such
asystem to be used in real world applications.

In our future work, we plan to extend the schema
enrichment and query trandlation algorithmsto cover
the automatic detection and creation of subtype hier-
archies and to deal with complex methods. We will
try to find possihilities to translate complex condi-
tions involving set operations on structured results.
Wewill further work on the optimization issuetrying
to provide an acceptable performance even in com-
plicated cases. Finaly, wewill investigate on the dis-
tribution of globa queries and the combination of
their results.
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