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ABSTRACT
On-Line Analytical Processing (OLAP) systems based on a mul-
tidimensional view of data have found widespread use in business
applications and are being used increasingly in non-standard appli-
cations. These systems provide good performance and ease-of-use.
However, the complex structures and relationships inherent in data
in non-standard applications are not accommodated well by OLAP
systems. In contrast, object database systems are built to handle
such complexity, but do not support OLAP-type querying well.

This paper presents the concepts and techniques underlying a
flexible, “multi-model” federated system that enables OLAP users
to exploit simultaneously the features of OLAP and object database
systems. The system allows data to be handled using the most
appropriate data model and technology: OLAP systems for mul-
tidimensional data and object database systems for more complex,
general data. Additionally, physical data integration can be avoided.
As a vehicle for demonstrating the capabilities of the system, a pro-
totypical OLAP language is defined and extended to naturally sup-
port queries that involve data in object databases. The language per-
mits selection criteria that reference object data, queries that return
combinations of OLAP and object data, and queries that group mul-
tidimensional data according to object data. The system is designed
to be aggregation-safe, in the sense that it exploits the aggregation
semantics of the data to prevent incorrect or meaningless query re-
sults. A prototype implementation of the system is reported.

1. INTRODUCTION
On-Line Analytical Processing (OLAP) systems have become

increasingly popular in many application areas, as they consider-
ably ease the process of analyzing large amounts of enterprise data.
Designed specifically with the aim of better supporting the retrieval
of higher-level summary information from detail data, these sys-
tems offer better performance for aggregate queries than do tra-
ditional DBMSs. The multidimensional data models employed in
OLAP systems enable visual querying, as well as support the se-
mantics of the model. As an example, most OLAP systems support
automatic aggregation [20, 14], meaning that the systems know
which aggregate functions to apply when retrieving different higher-
level summaries.
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Almost all OLAP systems are based on a dimensional view of
data, in which measured values, termed facts, are characterized by
descriptive values drawn from a number of dimensions; and the
values of a dimension are typically organized in a containment-
type hierarchy. While the dimensional view of data is particularly
well suited for the aggregation queries performed in OLAP analy-
sis, this view also limits the abilities of OLAP systems to capture
complex relationships in the data. As a result, an OLAP database
only captures some of the structure available in the data from which
it derives. Furthermore, it is often difficult or impossible to com-
bine data from an OLAP system with data from other sources.

In contrast, object database (ODB) systems excel at capturing
and querying general, complex data structures. These systems of-
fer semantically rich data models and query languages that include
constructs such as classes, inheritance, complex associations be-
tween classes, and path expressions. However, ODB systems do
not support aggregate queries well. For example, the complex data
structures tend to make it hard to formulate correct queries that ag-
gregate the data in the ODB. Also, ODB systems are optimized
to perform more general types of queries, so the performance for
aggregate queries is usually not satisfactory.

Federated database systems [22] support the logical integration
of autonomous database systems, without affecting the functioning
of the individual autonomous database systems. When integrating
data from databases based on different data models, the traditional
approach has been to map all data into one common data model
and federate the (logically) transformed data rather than the original
data. In this paper, we adopt an alternative approach that combines
data from summary databases (SDBs) and object databases using a
federated database approach1, where data is handled using the most
appropriate data model and database technology: SDB systems for
summary data and ODB systems for complex, general data. No
attempt is made to “shoehorn” the data into one common format,
which is unlikely to fit all the data.

Our focus is on enabling OLAP-style queries over existing SDBs
to also include data from existing, external ODBs, without jeopar-
dizing the benefits of OLAP queries and without having to integrate
the data physically. As a first step in demonstrating the capabili-
ties of the system, a prototypical, user-oriented query language for
SDBs, termed SumQL, is defined. The concept of a link, which
enables the connection of SDBs to ODBs in a general and flexible
manner, is then integrated into SumQL along with object features,
yielding an extended language, termed SumQL++.

With this language as a vehicle, it is shown how the system en-
ables the use of path expressions for referencing data in SDBs in
selection criteria. Queries over SDBs may return ODB data along

�

Although the paper’s contributions are applicable to almost all
current OLAP systems, we use the term SDB instead of OLAP DB
to emphasize the focus on aggregate queries over summary data.
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with the aggregate results, i.e., the result of an OLAP query may
be decorated with object data. Finally, SDB data may be grouped
based on ODB data. The approach can easily be applied to queries
over external relational databases that allow path expressions in
queries, e.g., as proposed in the SQL:1999 standard [11].

A prototype has been built [8] that supports the execution of
SumQL++ queries over a federation of SDBs and ODBs.

The most related previous work is a system based on the nD-
SQL language [6]. This system enables the querying of a federa-
tion of solely relational data sources, which are treated symmetri-
cally, using nD-SQL. In contrast, we extend OLAP-style queries
on an identified SBD to object databases with related data. Further,
nD-SQL supports neither dimension hierarchies nor the aggrega-
tion semantics that enable safe aggregation and shield the users
from incorrect results. Other existing middleware offerings such
as DataJoiner [10], Cohera [5], and Oracle Gateways [17] exhibit
the same limitations, which renders the formulation of distributed
OLAP queries cumbersome and error prone in comparison to this
paper’s proposal.

More specifically, we believe this paper to be the first to con-
sider the integrated querying of data from independent summary
and object databases without prior physical integration, with the
objective of giving OLAP users enhanced, aggregation-safe query
capabilities. Surveys of OLAP data models and languages [18, 23,
24] indicate that this issue has not been addressed previously. To
our knowledge, the paper is also the first to demonstrate a “multi-
paradigm” (or “multi-model”) federation [1, 9], where one of the
data models is a summary data model.

The remainder of the paper is structured as follows. Section 2
moivates the paper’s contribution and presents a case-study. Sec-
tion 3 introduces prototypical data models and query languages for
the SDBs and ODBs to be federated. Section 4 then describes the
notion of a link that connects SDBs to ODBs. Section 5 proceeds
to describe the federated data model, which incorporates links, and
the extended SumQL query language, which enables queries to ac-
cess information in both SDBs and ODBs. Section 6 describes the
prototype implementation of the system that implements the con-
cepts and techniques presented. The last section summarizes and
offers research directions.

2. MOTIVATION
In this section, we discuss why it is a good idea to federate ex-

isting summary and object databases and present a real-world case
study that is used for illustration throughout the paper.

2.1 Reasons for Federation
Many reasons exist for federating existing SDBs and ODBs, as

opposed to physically integrating these. The generic arguments
for federation include leveraging existing technology, accessing the
most current information, and allowing the autonomous existence
of the systems being federated. These arguments also apply in this
case, so we concentrate on the advantages specific to summary and
object databases.

First, in many situations, SDBs only contain summary data and
do not contain the base data from which the summary data is de-
rived. For example, summary databases provided by the Ministry
of Health do not permit access to base data, because the base data
is unavailable or considered too sensitive for general disclosure,
e.g., diagnosis information. The same situation arises in census
databases, where only high-level information is disclosed publicly.
Such databases are controlled by organizations that allow access to
the summary data, but do not allow them to be extended with addi-
tional data. In such cases, federation with external databases is the
only option.

Second, in the federated approach, an SDB needs not contain all
objects, attributes, and relationships in the base database, but only
the elements relevant to summary querying. This is attractive, as
capturing all information in the SDB unnecessarily complicates the
model of the SDB system. Indeed, most OLAP systems that im-
plement SDBs do not have the necessary facilities to support object
modeling concepts, e.g., category inheritance [13], to support this
extra information. The federated approach allows the SDB to re-
main simple, while still allowing access to relevant external object
databases.

Third, OLAP-type systems provide better performance of sum-
mary queryies than do general-purpose DBMSs. The former type
of system typically employs specialized, performance enhancing
techniques, such as multidimensional storage and pre-aggregation.
If the OLAP database is large, this performance gain can often out-
weigh the performance loss due to the fact that the data is not phys-
ically integrated, meaning that a federated system can have compa-
rable (or even better) performance without the limitations incurred
by physical integration.

Fourth, it is easier to formulate summary queries in an SDB sys-
tem than in a general (relational or object) DBMS. This is because
an SDB query language is designed exclusively for expressing sum-
mary queries over categories, taking advantage of, e.g., the au-
tomatic aggregation implied by the summary database semantics.
Even when extending an SDB language to access object data (as
we do in Section 5), it is easier to pose summary queries in the ex-
tended language than in a general database query language such as
OQL or SQL.

Fifth, an SDB system can be designed to support the formula-
tion of summary queries that return correct, or meaningful, query
results. When building an SDB, the data may be shaped in order to
satisfy summarizability conditions [14]. Briefly, a summary query
satisfies summarizability conditions if the query result is correct
w.r.t. the real world. For example, summarizing the populations
over cities to get summaries for states will produce incorrect re-
sults if the populations in towns and farms outside cities are not
accounted for. As another example, if some patients have sev-
eral diseases, and we summarize over all diseases to get the total
number of patients, we obtain a wrong result, as some patients are
counted more than once. We may enrich an SDB system with infor-
mation that enables the system to ensure correctness. In a general-
purpose DBMS, no mechanisms for ensuring correct summary re-
sults are available. Using the federated approach permits the con-
tinued support of summary semantics while linking to external ob-
ject databases.

Finally, the federated approach offers additional flexibility when
query requirements change. SDBs may be huge, and therefore re-
building them may be time consuming. Restructuring an SDB, e.g.,
adding new types of information, may require a total or partial re-
build of the database. In contrast, a new link can be added in a
matter of minutes, yielding much faster access to newly aquired
information.

The above reasoning suggests that in many cases, it is advan-
tageous to logically federate existing OLAP and object databases
instead of forcing physical integration.

2.2 Case Study
The case study concerns data in three different databases, each

managed by a separate organization. Each databases serves a dif-
ferent purpose, but the databases contain related data. A graphical
illustration of the databases is seen in Figure 1.

The databases are modeled using the Unified Modeling Lan-
guage (UML) [21]. Compound boxes denote classes. The class
name is in boldface in the top part of the box, while class attributes
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Figure 1: UML Schema of Case Study

are listed in the middle part. Associations, i.e., relationships, be-
tween classes are represented by lines tagged with an association
name. The cardinality of an association is shown by the numbers
at the ends of the association line. Either a single cardinality or
a range of cardinalities are specified. A “*” denotes any natural
number.

The demographic database is maintained by the Department of
the Interior and offers central access to demographic data for all
cities and states in the country. Data is collected for states, for
which name and area are stored, and for cities, for which name and
population are recorded. The database also contains information
about the current mayor of a city. There are zero or more cities in
each state, and each city has exactly one current mayor.

Next, the admissions database is maintained by the Department
of Health and provides an overview of the admissions patterns for
all hospitals nationwide. For an admission, the date of admission
and the reason for admission, e.g., accident, are recorded. Addi-
tionally, we record which hospital the patient is admitted to and
the primary diagnosis that caused the admission, e.g., Insulin De-
pendent Diabetes. For hospitals, the name and the state where the
hospital is located are recorded. For diagnoses, we record an al-
phanumeric code, determined by a standard classification of dis-
eases, e.g., the World Health Organization’s International Classi-
fication of Diseases (ICD-10) [25]. The classification also deter-
mines how the diagnoses are grouped into diagnosis groups, e.g.,
Diabetes. Diagnosis groups consist of at least 2 related diagnoses
and a diagnosis belongs to exactly one diagnosis group. For diag-
nosis groups, we record a alphanumeric code, determined by the
classification.

The last database is an epidemiology database maintained by
a medical school for research purposes. Data are collected from
hospitals, practicing physicians, and insurance companies to ob-
tain a rich overview of the occurrence of diseases. The database is
organized around the diagnoses in the standard disease classifica-
tion also used in the admissions database, but more information is
recorded. In addition to the alphanumeric code and an additional
descriptive text, the database also records the number of incidences
per year, the number of deaths per year, and whether the disease is
dependent on the lifestyle of the patient. The Diagnosis class has
two subclasses, Contagious Diagnosis and Non-contagious Diag-
nosis. For contagious diagnoses, we additionally record the mode

of transfer of the disease, e.g., by air. The symptoms of diseases are
also recorded. For symptoms, we record a name and a description
of the symptom, e.g., Cough or Fever.

The three databases were built and are used separately, which
explains the differences in their information contents. We want to
use them together, to exploit information from the demographic and
epidemiology databases in queries against the admissions database.
We consider the Admissions Database to be the SDB, and the other
two DBs to be the ODBs that we wish to link to in a federation.

3. FEDERATION DATA MODELS AND
QUERY LANGUAGES

This section defines a prototypical multidimensional data model
and query language used for the SDB component in the federation;
and it briefly presents the data model and query language of the
federation’s ODB components.

The multidimensional model precisely and concisely captures
core multidimensional concepts such as categories, dimensions, and
automatic aggregation. The model and query language are equiv-
alent in expressive power to previous approaches such as the ones
proposed by Cabbibo et al. [2] and Jagadish et al. [12]. The ODB
data model and query language is the ODMG data model and OQL
query language.

3.1 Summary Data Model
The model has constructs for defining the schema, the instances,

and the aggregation properties.
An n-dimensional fact schema is a two-tuple

���������
	��
, where�

is a fact type and
	
�������������������������! 

is its corresponding
dimension types. A fact type is a name describing the type of the
facts considered.

EXAMPLE 1. In the case study we will have Admissions as the
fact type, and Diagnosis, Place, Reason, and Time as the dimension
types.

A dimension type
�

is a four-tuple
��"#�%$'&(�*)+&(��,-&.�

, where"/�0��"213�546�7�2�8�����*9: 
are the category types of

�
,
$ &

is a par-
tial order on the

" 1
’s, with

)+&<;="
and

,+&>;?"
being the top

and bottom element of the ordering, respectively. The intuition is
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that one category type is “greater than” another category type if
each member of the former’s extension logically contains several
members of the latter’s extension, i.e., they have a larger element
size. The top element of the ordering corresponds to the largest
possible element size, that is, there is only one element in its ex-
tension, logically containing all other elements. We say that

" 1
is

a category type of
�

, written
" 1 ; �

, if
" 1 ;?"

. We assume a
function

������� "��	�

�
that gives the set of immediate ancestors

of a category type
" 1

.

EXAMPLE 2. Diagnoses are contained in Diagnosis Groups.
Thus, the Diagnosis dimension type has the following order on its
category types:

,�� ���������������
= Diagnosis � Diagnosis Group �)�� �������
��� ���

. Thus,
����� �

Diagnosis
�.� �

Diagnosis Group
 
. Other

examples of category types are Day, Month, and Year. Figure 2, to
be discussed in detail in Example 5, illustrates the dimension types
of the case study.

A category � 1 of type
"21

is a set of dimension values  . A
dimension ! of type

� � � ��" 1  ��$ & � )+& �*,+& �
is a two-tuple! � � � �8$'� , where � � � � 1� is a set of categories � 1 such that"$#�%$& � � 1 � �=" 1 and

$
is a partial order on ' 1 � 1 , the union of all

dimension values in the individual categories.
The partial order is defined as follows. Given two values  �

�  
(
then  �

$  ( if  � is logically contained in  ( , i.e.,  ( can be
considered as a set containing  � . We say that � 1 is a category of! , written � 1 ; ! , if � 1 ; � . For a dimension value  , we say
that  is a dimensional value of ! , written  ; ! , if  ; ' 1 � 1 .

We assume a partial order
$*)

on the categories in a dimension,
as given by the partial order

$ &
on the corresponding category

types. The category
, �

in dimension ! contains the values with
the smallest value size. The category with the largest value size,)��

, contains exactly one value, denoted
)

. For all values  of the
categories of ! ,  $ ) . Value

)
is similar to the ALL construct of

Gray et al. [7]. We assume that the partial order on category types
and the function

�����
work directly on categories, with the order

given by the corresponding category types.

EXAMPLE 3. The Diagnosis dimension has the following cat-
egories, named by their type. Diagnosis, Diagnosis Group, and)�� �������
��� ���

which contain the actual dimensions values, e.g., Di-
agnosis could contain the value “52” which represents the diagno-
sis with the code “N12” and the text “Pneumonia.” The Diagnosis
Group category contains the value “61” (Infections) and the par-
tial order specifies that + 
 $-, �

to indicate that the Pneumonia
diagnosis is part of the Infections Diagnosis Group.

ID Code GroupID
50 E10 60
51 E11 60
52 N12 61

Diagnosis Table

ID Code Text
60 E1 Diabetes
61 N1 Infections
DiagnosisGroup Table

Table 1: Diagnoses and Diagnosis Groups

Let � �
�8����� � � be categories and . a domain that includes the

special value null. A measure for these categories and this domain
is a function / � � �10 ��� 0 � �2�	 . . We say that / is measure for
the set of dimensions ! � � ! �

�8����� ! �  , if / is a measure for the
categories

, �43 �8����� , �65
. Every measure / has associated with it a

default aggregate function 7�8 � . 0 . �	 . . The default aggregate
function must be distributive. The null value is used to indicate that
no data exists for a particular combination of category values. As
with SQL, the aggregate functions ignore null values. The intuition
behind a measure is that it “measures” what has happened at one

particular point in the multidimensional space, e.g., the total sales
for a particular product and store.

EXAMPLE 4. In the case study we have one measure,"�9�:<;�= ��>�?A@CBDB�@ 9 �EB
, which is the total number of admissions by Di-

agnosis, Place, Time, and Reason. The default aggregate function
is SUM.

For different kinds of measures, different aggregate functions are
meaningful. For example, it is meaningful to sum up numbers of
admissions; and because this data has a metric on it, it is also mean-
ingful to compute the average, minimum, and maximum values. In
contrast, in at least some situations, it may not be meaningful to
compute the sum (over time) of measures such as the number of pa-
tients hospitalized (because each patient would be counted several
times in the result), but it remains meaningful to compute the aver-
age, minimum, and maximum values. Next, it makes little sense to
compute these aggregate values on data that do not have any order-
ing defined on them, such as diagnoses. Here, the only meaningful
aggregation is the count of occurrences. Whether or not an aggre-
gate function is meaningful also depends on the dimensions being
aggregated over. For example, patient counts may be summed over
the Place dimension, but not over the Time dimension. For addi-
tional discussion of these issues, we refer to reference [14].

An
�

-dimensional summary database (SDB) is a 3-tuple F �
��� � ! � / �

, where
�

is the schema, ! �<� ! �
�8����� ! �: is a set of

dimensions, and / � � / �
�%����� /�G  is a set of measures for the

categories
,��43 �8����� ,��65

.

EXAMPLE 5. The case study has a 4-dimensional SDB with
Diagnosis, Place, Reason, and Time as dimensions. There is one
measure,

"�9�:<;H= ��>
?I@CBDBD@ 9 �$B
, as described above. The SDB is illus-

trated in Figure 2.
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Figure 2: Summary Model for the Admissions Database

3.2 The Summary Query Language
The query language of the SDB components is termed SumQL

and is meant to make it easy for the user to pose aggregate queries
over SDBs by taking advantage of the semantic properties of the
summary data model. We have chosen to define a separate sum-
mary language rather than attempting to augment the object query
language, OQL, for querying SDBs because we wish to refer ex-
plicitly to the special data structures in SDBs. Using OQL, or some
variant thereof, for querying SDBs would mean that we would have
to introduce OLAP constructs such as measures, dimensions, and
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hierarchies, which would conflict with the generality of the object
model.

SumQL is reminiscent of SQL, but includes constructs that re-
flect SDB concepts such as measures, dimensions with hierarchi-
cally organized categories, and automatic aggregation, thus sup-
porting naturally the expression of aggregate queries over SDBs.
With SumQL we can concisely define the extensions for referenc-
ing object data.

The general format of a SumQL query is given below. The sym-
bol “+” indicates one or more occurrences and square brackets de-
note optional parts. The formal syntax and semantics of SumQL
are given elsewhere [19].

SumQL query ::= SELECT measure
�

INTO summary database
BY CATEGORY category

�
FROM summary database
[ WHERE predicate clause ]

The SELECT clause contains a list of measures for which a re-
sult is to be computed. Unlike in SQL, aggregate functions such
as SUM need not be specified; rather, the default aggregation func-
tion specified in the schema is automatically applied to aggregate
the data. An INTO clause follows that specifies the SDB into which
the query result is stored. Thus, SumQL queries take SDBs as ar-
guments and return an SDB.

The BY CATEGORY clause specifies the aggregation level at
which the measures are to be computed. For each dimension not
mentioned in this clause, the measures are aggregated over the
whole dimension, which is the same behavior as in SQL’s GROUP
BY clause.

The FROM clause specifies the SDB from which to aggregate.
The optional WHERE clause specifies predicates that are applied
to the SDB before aggregation occurs. The predicates can include
standard constructs such as comparison, set, and string operators.
These constructs are equivalent or similar to those found in SQL
and OQL [3].

EXAMPLE 6. The following SumQL statement computes the
“Total Admissions” measure from the “admissions” SDB, aggre-
gated to the level of Year and State, for the years after 1997. The
resulting SDB is called “testdb.”

SELECT TotalAdmissions INTO testdb
BY CATEGORY year, state
FROM admissions
WHERE year � 1997

3.3 The Object Model and Query Language
This section briefly reviews the object data model and query lan-

guage used by the ODB components of the federation. We use
the Object Data Management Group’s object data model, ODMG
2.0 [3], and its associated query-language, OQL. The ODMG data
model includes constructs such as object class definitions, attri-
butes, object identifiers, set-valued attributes, reference attributes,
tuple attributes, inverse attributes, inheritance structures, and object
class unions. An in-depth coverage of the ODMG data model and
the OQL language may be found in the literature [3].

The OQL query language has constructs such as path expressions
and class selectors. Path expressions are used to navigate through
reference attributes to other classes using dot-notation, while class
selectors restrict queries to operate only on a certain subclass. In
Section 5 we will use these constructs for extending SumQL to
allow its queries to refer to external ODB structures.

EXAMPLE 7. The following query uses a path expression to se-
lect the city name only for cities where the current mayor is more
than 40 years old. The path expressions navigates from cities to
mayors via reference attribute “current mayor.”

SELECT C.name FROM C IN City
WHERE C.current mayor.age � 40

EXAMPLE 8. The next query navigates from symptoms to the
diagnoses that exhibit those symptoms using a path expression. It
then applies a class selector (the square brackets) to select the at-
tribute “transfer mode” of the Diagnosis subclass “Contagious Di-
agnosis.” Thus, only transfer modes for contagious diagnoses with
the the symptom “Cough” are returned.

SELECT S.diagnoses[ContagiousDiagnosis]transfer mode
FROM S IN Symptom
WHERE S.name = “Cough”

4. LINKING DATABASES
We proceed to define the links that are used to connect SDBs and

ODBs. As mentioned in the introduction, we use explicit links to
connect the databases, rather than relying solely on implicit knowl-
edge of relationships among the databases when formulating que-
ries.

Explicit links are preferable for several reasons. First, even if
the data in the SDB is derived from source data in an ODB, the
complete mapping may be unknown because of substitutions for
missing data and other types of data cleansing, interpolation, etc.
Second, explicit links are needed when linking an SDB to an unre-
lated ODB, i.e., an ODB other than the base data from which the
SDB was extracted.

Links are considered as separate from the databases being fed-
erated, to better capture their special semantics and to aid the opti-
mization of queries involving links. However, links can be physi-
cally implemented as part of these databases.

Formally, a link � from a category � to an object class � is a
relation � � �3�������2�� 

, where
� ; � and

� ; � . All links have a
name to distinguish them. This is because each category and even
pair of category and object class may have several links.

Links may be specified in several ways. An equivalence link is
specified by a predicate � � � � � , where � is a category, � is an
object class, and

�
is an attribute of � that uniquely identifies in-

stances of � , i.e.,
�

is a candidate key for � in relational database
terms. Equivalence links occur when a category in the SDB rep-
resents the same real-world entities as does some object class in
an ODB. An attribute link is specified by the same type of pred-
icate, the only exception being that

�
does not uniquely identify

instances of � . An enumerated link is given by an a link relation
� � �3��� ��� �� , where pairs of dimension values in � and object ids
from class � are explicitly enumerated. Therefore multiple dimen-
sion values may be assigned to the same object. Enumerated links
are typically used for linking a category in an SDB and an object
class that do not represent the same real-world entities.

EXAMPLE 9. In our case study, we can specify an equivalence
link between the Diagnosis category in the Admissions SDB and
the Diagnosis Class in the Epidemiology ODB by the predicate
“Diagnosis = Diagnosis.Code,” as the values of the Diagnosis cat-
egory are the codes of the diagnoses. In subsequent examples, we
term this link “diag link.”

EXAMPLE 10. An enumerated link from the Hospital category
in the SDB to the City class in the Demographic ODB may be spec-
ified by explicitly assigning hospitals to cities based on where the
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hospitals are located. An example of instances of such a link rela-
tion is � � � (“Alta Bates”,”Berkeley”), (“Portland General Hospi-
tal”,”Portland”), (“Portland Kaiser”,”Portland”)

 
. We will use the

name “city link” for this link.

The cardinality of a link is important, as the cardinality may af-
fect summarizability. This cardinality is one of

� ��� ���
,
� ���?���

,� ��� ���
, or

� ��� ���
. For some link properties, only the cardinality of

the object side of a link is interesting. As a short-hand notation, we
say that the cardinality of a link is

� �+���
if the cardinality is

� ��� ���
or
� �	�/���

. Similarly, the cardinality of a link is
� �(���

if the cardi-
nality is

� �
� ���
or
� ��� ���

. For example, the cardinality of link
“diag link” is

� �
� ���
and the cardinality of “city link” is

� ��� ���
.

It is also necessary to capture whether some dimension values or
objects do not participate in a link. For that purpose, we define that
a link � � �3��� � �2�� from category � to object class � covers � if� ���1)(� � � . Similarly, � covers � if � � ����� � � � , where � � is
the set of object ids for � . If � covers both � and � , � is complete;
otherwise, � is incomplete. For example, the “diag link” link is
complete, while the “city link” link covers the Hospital category,
but not the City class.

The next section explores the effect of these link properties on
the semantics of queries. We shall see that incomplete links and� �(���

links, which are analogous to non-summarizable hierarchies,
require special attention. Interestingly, an attribute link always has
a link cardinality that is

� �(���
, while an equivalence link always has

a
� ��� ���

cardinality.

5. THE FEDERATED DATA MODEL AND
QUERY LANGUAGE

Having described the data models and query languages of the
SDB and ODB components to be federated, as well as a minimal
mechanism for linking SDBs and ODBs, the next step is to provide
language facilities that enable OLAP-type queries across the entire
federation. Specifically, we extend SumQL.

The federation approach presented here has the distinguishing
feature that it uses the aggregation semantics of the data to provide
aggregation-safe queries, i.e., queries that do not return results that
are incorrect or meaningless to the user. This section describes
how the previously defined concepts of aggregation types, summa-
rizability, link cardinality, and link coverage combine to provide
aggregation-safety for queries.

5.1 The Federated Data Model
The federation consists of a collection of independent compo-

nents, supplemented with additional information and components
that enable the functioning of the federation. Specifically, the fed-
eration consists of an SDB, a number of ODBs, and links that inter-
relate information in the different databases. Formally, a federation�

of an SDB F and a set of ODBs � � � � �
�8����� � �  is a three-

tuple
� � � F � � � � � , where � ��� � �

�%����� ���  is a set of links
from categories in the dimensions of F to classes in � �

�8����� � � .
We assume a single SDB only. Permitting multiple SDBs in-

troduces additional challenges not covered here, e.g., the matching
of categories and dimensions. The case of a single SDB is very
useful, as typical queries to a federation naturally centers around
one SDB: Typical queries concern SDB measures, grouped by SDB
categories, and involving selection criteria relating to data from the
ODBs; or queries retrieve ODB data along SDB data; or, in some
cases, actually group SDB data by categorical ODB data.

Rather than requiring that the SDB and ODB data comply with
one common data model, the federation adopts a multi-paradigm
approach [1, 9], where the data remain in their original data models.

Allowing multiple data models (or paradigms) to co-exist in the
federation enables us to exploit the strengths of the different data
models and query languages when managing and querying the data.
In particular, the availability of multiple paradigms allows a prob-
lem solution to take advantage of the fact that certain subsets of a
problem are often well suited for one paradigm, while other prob-
lem subsets are better suited for other paradigms.

Just as the arguments to queries are federated databases, the re-
sults are federated databases, i.e., query results may have SDB,
ODB, and link components. This closure property mirrors those of
the well-known relational, object, and multidimensional data mod-
els and query languages, and it permits the result of one query to be
used in a subsequent query. We allow the sets of ODBs and links,
� and � , to be empty. Thus, an SDB is in itself a federation.

5.2 The SumQL++ Language
Because the objective is to allow more powerful OLAP queries

over SDBs by letting the queries refer to data from ODBs, we take
SumQL at the outset and extend this language. The new, extended
language is termed “SumQL++” as it introduces object-oriented
concepts into its predecessor, akin to the C++ successor to the C
programming language.

We are interested in extending the typical OLAP queries that se-
lect a set of measures from an SDB, grouped by a set of categories.
Three extensions to SumQL are useful in this respect. First, we
introduce path expressions in selection predicates, in order to inte-
grate ODB data. Second, we introduce so-called decorations [7] of
SumQL results, which enable ODB data to be returned along with
the SumQL result. Third, SumQL is extended to enable SDB data
to be grouped by data belonging to ODBs, i.e., attributes of object
classes, rather than just the built-in SDB categories.

5.2.1 Extended Selection Predicates
The first extension of SumQL is to allow selection predicates that

reference ODB data. This is achieved by extending the ‘category’
in the selection predicate into a category expression. The basic idea
is to allow the use of standard OQL path expressions, as described
in Section 3.3, in the category expressions in the selection predi-
cates, using standard dot-notation for path expressions.

The link that is used to reach the ODB is included in the category
expression. A category expression always starts with an SDB cate-
gory, and is followed by an optional part consisting of the link name
and a path expression. Inside the path expressions, class selectors
may occur that restrict predicates to work on selected (sub)classes.
The syntax is shown below. The square brackets in single quotes in
the “class connector” rule denote (sub)class selection and are part
of the language being defined. Nonterminals not defined below are
strings.

cat exp ::= category [ . link obj path attr ]
obj path ::= class conn � path list
class connector::= . � ’[’ class ’]’
path list ::= class conn elem � path list elem
elem ::= reference attribute class conn

EXAMPLE 11. We want to use the Epidemiology ODB to get
the total admissions by year for only the diagnoses for which cough
is a symptom. We use the “diag link” link to do so in the following
the SumQL++ statement.

SELECT TotalAdmissions INTO testdb
BY CATEGORY Year FROM Admissions
WHERE Diagnosis.diag link.symptoms.name = “Cough”

EXAMPLE 12. We use a class selector in the Epidemiology
ODB to get the total admissions by year for only contagious diag-
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noses with the transfer mode “Air,” with the following SumQL++
statement.

SELECT TotalAdmissions INTO testdb
BY CATEGORY Year FROM Admissions
WHERE Diagnosis.diag link[Contagious-

Diagnosis]transfer mode = “Air”

Informally, the cardinality of a category expression is the com-
bination of the cardinalities that we encounter as we go through the
link and the subsequent (possibly set-valued) reference-attributes,
i.e., going through a

� �+���
relationship in a link or a reference at-

tribute does not change the running cardinality, but a
� �(���

relation-
ship causes the total cardinality to be

� �(���
.

Given a category expression
� � � � � � � � � � � , where � is a

category, � is a link,
�

is an object path, � is an object class,
and

�
is an attribute, we informally define ��� to be the whole of� seen as a link from � to � . Following the definitions given for

links, we say that
�

covers O, does not cover O, covers � , does not
cover � , is complete, and is incomplete, if � � covers � , does not
cover � , covers � , does not cover � , is complete, or is incomplete,
respectively. Above, � is the object class that

�
is an attribute of,

i.e., the last object class reached in the category expression. We say
that � is the final class of

�
. � is the category in the beginning of�

. We say that � is the starting category of
�

.

EXAMPLE 13. The cardinality of the category expression
“Hospital.city link.locatedin.name” is

� � � ���
as we only traverse� � �����

relationships and the state name is a key attribute. The cardi-
nality of the category expression “Diagnosis.diag link.symptoms.
name” is

� � �?���
because the “symptoms” reference attribute is

set-valued.

The cardinality and covering properties of a category expression
affect the meaning of a SumQL++ statement. If the cardinality is� �+���

, the predicate will only reference one attribute value and the
meaning is clear. However, if the cardinality is

� �(���
, the predi-

cate will reference more than one attribute value, leading to several
possible semantics for the query.

For example, the category predicate “Diagnosis.diag link.
symptoms.name = “Cough” in Example 11 has a

� �(���
cardinality.

One possible interpretation of this is that all the referenced attribute
values must match the predicate, e.g., that all symptoms must have
name “Cough.” Another interpretation is that at least one attribute
value must satisfy the predicate, e.g., that at least one symptom
has name “Cough.” Because this is the interpretation chosen in the
OQL language, we adopt this interpretation.

Similar problems may arise when a category expression
�

does
not cover its starting category � , because � � then will be undefined
for the uncovered dimension values of � . However, if we adopt
our previous interpretation, that at least one attribute value must
match the predicate, the meaning is well-defined. The values in �
not covered by

�
will then be excluded from the selection. There

are no problems if
�

does not cover its final class � , as � � will be
defined for all the instances of � referenced by

�
.

5.2.2 Decorating the Query Result
It is often desirable to display additional descriptive information

along with the result of an SDB query. This is commonly referred
to as decorating the result of the query [7]. For example, when ask-
ing for the number of admissions by hospital, it may be desirable to
display the name of the city and the name of the city’s mayor along
with the hospital name.

This can be achieved by extending the SumQL with features for
decorating the result. One possibility is to allow category expres-
sions with path expressions in the SELECT clause, but this makes

it unclear which parts of the SELECT clause refer to measures and
which parts refer to decorations. Instead, we extend SumQL with
an optional “WITH” clause. The extended syntax is shown below.

SumQL++ query ::= SELECT measure
�

INTO summary database
BY CATEGORY category

�
[ WITH expression

�
]

FROM summary database
[ WHERE predicate clause ]

EXAMPLE 14. Using this extension, we select the number of
admissions by hospital, decorated with the names of the city and
its mayor.

SELECT TotalAdmissions INTO testdb FROM Admissions
BY CATEGORY Hospital WITH Hospital.city link.name,
Hospital.city link.current mayor.name FROM Admissions

It only makes sense to decorate the result with data that is cor-
related to the original query result, so the categories referenced in
the WITH clause must be part of the BY CATEGORY clause. The
decoration data is returned in the ODB and link parts of the feder-
ation and is not integrated into the result SDB. This loose coupling
of decoration data and SDB data is essential in avoiding semantic
problems.

5.2.3 Grouping By Object Class Attributes
The last extension allows the measures of an SDB to be grouped

by attribute values in ODBs, thus enabling aggregation over hier-
archies outside the SDB. Specifically, category expressions instead
of just categories are allowed in the BY CATEGORY clause. The
syntax of the extension is given below. The only difference from
the previous syntax is that the BY CATEGORY clause is now a list
of category expressions rather than just categories. Recall that a
category expression is either a category or a category followed by
a link, an object path, and an attribute.

SumQL++ query ::= SELECT measure
�

INTO summary database
BY CATEGORY expression

�
[ WITH expression

�
]

FROM summary database
[ WHERE predicate clause ]

EXAMPLE 15. The number of admissions grouped by symp-
toms may be retrieved as follows.

SELECT TotalAdmissions INTO testdb
BY CATEGORY Diagnosis.diag link.symptoms.name
FROM Admissions

This type of SumQL++ queries will return SDBs where one new
dimension is added for each category expression in the BY CATE-
GORY clause, thereby reflecting the hierarchy specified by the cat-
egory expression, and aggregation will occur over these new di-
mensions.

Although the extensions to SumQL were described separately
above, they can be used together in the same SumQL++ statement.
Assuming an SumQL++ statement that contains all three exten-
sions, query evaluation proceeds as follows. First, the rules for han-
dling grouping by object attributes are used, producing a statement
without object attribute grouping. This statement is then processed
using the rules for the WITH clause described above, resulting in a
statement without a WITH clause, which can then be evaluated us-
ing the rules for extended selection predicates. The statement pro-
duced by the extended predicate rules is a pure SumQL statement,
which may be evaluated following standard SumQL semantics.

411



6. IMPLEMENTATION OVERVIEW
This section briefly describes a prototype federated system im-

plementing SumQL++ queries. The overall architecture of the sys-
tem is seen in Figure 3. The parts of the system handling ob-
ject and link data are based on the commercially available OPM
tools [15] that implement the Object Data Management Group’s
(ODMG) object data model [3] and the Object Query Language
(OQL) [3] on top of a relational DBMS, in this case the ORACLE8
RDBMS. In-depth descriptions of the OPM toolset exist in the lit-
erature [4]. The OLAP part of the system is based on Microsoft’s
SQL Server OLAP Services using the Multi-Dimensional eXpres-
sions (MDX) [16] query language. The graphical user interface
(GUI) is implemented as Java classes running in a standard Web
browser for optimal flexibility. A description of the user interface
may be found elsewhere [8].

Federation
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Federation

Coordinator
 SQL


SumQL++


OQL-to-SQL

translator


ODB Data

(Oracle)


OQL


OQL-to-SQL
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(MS OLAP)
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Graphical User
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SQL
 SQL
 MDX


Figure 3: Architecture of the Federated System

The system has six major components: the GUI, the ODB sys-
tems, the link DB system, the SDB system, the federation coordi-
nator, and the metadata database. The ODB, link DB, and SDB
components are treated as independent units by the federation sys-
tem; only their published interfaces are used, and no assumptions
about their internal workings are made. The link component stores
enumerated links and is placed in an independent “link” DB, as
it cannot generally be assumed that these links may be stored in
some ODB component. Should this be possible, we can choose
to do so, e.g., to obtain better performance. The operation of the
prototype is entirely based on federation metadata specified in the
metadata database. This allows for a very flexible system that may
adapt quickly to changes. For example, if a new connection to an
outside ODB is desired, appropriate links just need to be specified
and stored as metadata, after which queries can start using the new
ODB.

Queries are generated by the GUI. A Query is first sent to the fed-
eration coordinator, which parses the query. Based on the query’s
content, the system looks up the relevant metadata (link specifica-
tions, ODB names, etc.) in the metadata database and processes
the query according to the metadata by issuing queries to the DB
components. Example 16 below explains how a particular query is
processed.

EXAMPLE 16. The query below selects the total admissions by
diagnosis, state, and year, restricted to diagnoses with “Cough” as

a symptom and to years after 1997.

SELECT TotalAdmissions INTO testdb
BY CATEGORY Diagnosis,State,Year FROM Admissions
WHERE (Diagnosis.diag link.symptoms.name =”Cough”)

AND (Year � 1997)

To process the query, the Federation Coordinator (FC) parses the
query and identifies the link and ODB parts of the query. Based on
the link name (diag link), the FC looks up in the metadata which
ODB, object class, and attribute the link is connected to and the
type of the link, i.e., equivalence, attribute, or enumerated. For this
query, the ODB is the “Epidemiology” DB, the class is “Diagno-
sis,” the attribute is “code,” and the link type is “equivalence.” The
object path to be followed is “.symptoms,” and the final attribute is
“name.” Based on this, the FC forms the OQL query seen below.

SELECT code = @n1
FROM @n0 IN SUMDB:Diagnosis, @n1 IN @n0.code
WHERE @n0.symptoms.name = ”Cough”;

The OQL query is then executed against the Demographic ODB,
giving as result the single diagnosis code “N12” (for example data-
base instances, only parts of which are given in the paper). Based
on the result of the OQL query, the FC now forms the SumQL
query seen below, which is executed against the SDB component
of the federation to obtain the final result. The reason for using the
intermediate SumQL statements is to isolate the implementation
of the OLAP data from the FC. As an alternative, we have also
implemented a translator into SQL statements against a relational
“star schema” design.

SELECT TotalAdmissions INTO testdb
BY CATEGORY Diagnosis,State,Year FROM Admissions
WHERE (Diagnosis IN ( ’N12’ ) AND Year � 1997)

The SumQL query is now translated into the MDX statement seen
below and executed against the SDB managed by MS SQL Server
OLAP Services.

SELECT [Measures].[TotalAdmissions] ON COLUMNS,
INTERSECT (CROSSJOIN (CROSSJOIN([Diagnosis].[N12],
[Place].[State].MEMBERS), [Time].[Year].MEMBERS),
CROSSJOIN(CROSSJOIN([Diagnosis].[Diagnosis].MEMBERS,
[Place].[State].MEMBERS), FILTER([Year].MEMBERS,
[Time].CURRENTMEMBER.NAME � ”1997”)))
ON ROWS FROM Admissions

The example above illustrates the amount of work a user must go
through without the aid of the user interface and the federated trans-
lation tools. In particular, it reveals the usefulness of the OLAP-
object database links in generating the combined result. Also, the
users are shielded from the verbosity of MDX (which is hidden
from them).

7. CONCLUSION AND FUTURE WORK
Motivated by the increasingly widespread use of OLAP technol-

ogy, we have presented the concepts and techniques underlying a
prototype system that federates data in OLAP databases with data
from outside object databases, without requiring physical integra-
tion of the data.

Summary data is best handled using OLAP technology, while
complex detail-level data structures are best handled with object
database technology. This enables the handling of the data using
the most appropriate data model and technology, while still allow-
ing queries to reference data across the different databases and data
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models. No attempt is made to map data into one common data
model, which would be sub-optimal for some of the data. To our
knowledge, this is the first example of a “multi-model” federation
that includes a dedicated summary data model. In contrast to earlier
works, the approach presented here uses the aggregation semantics
of data to guard against meaningless or incorrect queries.

As a vehicle for presenting the paper’s contributions, a high-level
language for summary databases, SumQL, is introduced. This is
then extended to support queries that reference data in separate ob-
ject databases. The resulting language, SumQL++ embodies the
concept of links that connect an SDB to ODBs in a general and
flexible way, in addition to object-oriented concepts. SumQL++
permits selection criteria that reference data in the ODBs using
path expressions, facilities for decorating the aggregate results of
SDB queries with external object data, and the ability to group data
in the SDB according to object data. Also covered is the exten-
sion of aggregate queries over SDBs to include data from ODBs.
It is possible to use other languages such as SQL, OQL, and MDX
in place of SumQL++ once these are enriched with the necessary
SumQL++ constructs they lack.

Interesting research directions include extending the approach to
handle federations with several SDBs, as well as the federation with
XML databases, which offer less structure than object databases
and thus may benefit even more from the enforcement of aggre-
gation semantics by the federation. Another interesting direction
is to consider the optimization of queries over the federation. For
example, in some situations it may be advantageous to perform ag-
gregation before selection, to take advantage of OLAP techniques
such as pre-aggregation.
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