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Abstract

Developments in our ability to integrate and anal-
yse data held in existing heterogeneous data resources
can lead to an increase in our understanding of bio-
logical function at all levels. However, supporting ad
hoc queries across multiple data resources and corre-
lating data retrieved from these is still difficult. To
address this, we are building a mediator based on the
functional data model database, P/FDM, which inte-
grates access to heterogeneous, distributed biological
databases, while making use of existing search engines
and indezes, without infringing on the autonomy of the
underlying databases. Central to our design philoso-
phy is the use of schemas. We have adopted a feder-
ated architecture with a five-level schema, arising from
the use of the ANSI-SPARC three-level schema to de-
scribe both the existing autonomous data resources and
the mediator itself. We describe the use of mapping
functions and list comprehensions in query splitting,
producing execution plans, code generation and result
fusion. We give an example of cross-database query-
ing involving data held locally in P/FDM systems and
external data in SRS.

1 Introduction

The internet is an increasingly important research
tool for scientists working in biotechnology and the
biological sciences, and many collections of biological
data can be accessed via the World-Wide Web. Some
on-line data resources provide search facilities to en-
able scientists to find items of interest in a particular
database more easily. However, working interactively
with an internet browser is extremely limited when
one wants to ask complex questions involving related
data held at different locations and in different for-
mats since one must formulate a series of data access
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requests, run these against the various databanks and
databases, and then combine the results retrieved from
the different sources. This is both awkward and time-
consuming for the user.

To streamline this process, we are developing a fed-
erated architecture and mediator to integrate access to
heterogeneous, distributed biological databases. The
suitability of a federated multi-database approach for
integrating biological databases is advocated by Rob-
bins [15] and also proposed by Karp [9]. The spec-
trum of choices for data integration is summarised in
Figure 1. In order to get the desired federated infor-
mation infrastructure we believe, with Robbins, that
we do not require the adoption of a common hardware
platform or vendor DBMS, but we do need a “shared
data model across participating sites”.

Tightly Coupled: single organizational entity overseeing information

resources relevant to genome research

adoption of common DBMSs at participating sites

shared data model across participating sites

common semantics for data publishing

Loosely Coupled: =~ common syntax for data publishing
Figure 1: Continuum from tightly coupled to loosely
coupled systems, involving multiple databases (from

[15])-

Our work is based around the P/FDM object
database system, which has been developed at Ab-
erdeen for storing and integrating protein structure
data. In this paper we discuss the different levels of
schemas present in our federated architecture, and we
relate these to the classic ANSI-SPARC three layer
model. We describe the implementation of our media-
tor software with particular emphasis on the use of list



comprehensions in transforming queries against a con-
ceptual schema into queries expressed against schemas
in other layers of the system, with an example that ac-
cesses external bioinformatics databases. Finally we
discuss the role of mapping functions and wrappers
in our architecture, and compare these with similar
software modules in other systems.

2 Data resources in the federation

P/FDM [6] is an object database management sys-
tem that is based on a semantic data model: the Func-
tional Data Model (FDM) [17]. The basic concepts in
the P/FDM database are entities and functions. En-
tities are used to represent conceptual objects, while
functions represent the properties of an object. Func-
tions are used to model both scalar attributes and re-
lationships. Functions may be single-valued or multi-
valued, and their values can either be stored or com-
puted on demand. Entity classes can be arranged
in subtype hierarchies, with subclasses inheriting the
properties of their superclass, as well as having their
own specialised properties. P/FDM is being used at
Aberdeen to store data on special classes of proteins,
but it is increasingly used for data integration. The ad
hoc query language used in P/FDM is an implementa-
tion of Daplex. Daplex queries are normally processed
in P/FDM by first being compiled into an internal In-
termediate Code (“ICode”) [5] which is a Prolog term
structure that resembles a list comprehension. The
ICode form of a query is then optimised, and a code
generator translates the ICode into Prolog code for
execution. As we shall see in Section 4, ICode plays
an important role in processing multi-database queries
within the mediator. Remote access to a P/FDM
database is provided through a CORBA server [11].
Our mediator, which is described in Section 4, is im-
plemented as an extension of the P/FDM database
management system.

The Sequence Retrieval System (SRS) [4] main-
tains indexes relating entries in one flat file databank
(e.g. the SWISS-PROT protein sequence databank, or
the BRENDA enzyme databank) to entries in others.
Thus, SRS maintains a large network of related data-
bank entries. SRS provides search tools that enable
users to retrieve particular entries or to find the acces-
sion codes of entries that satisfy specified criteria, e.g.
entries with fields that match a given pattern string,
or fields with numeric values in a given range. SRS
also provides “link” operators that enable the user to
follow cross references and find all entries in one data-
bank with corresponding entries in another. These
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Figure 2: ANSI-SPARC schema architecture

can even follow a chain of cross references where there
is no “direct” link between the two. The SRS system
has its own query language that can be accessed via
an HTTP server.

3 Schemas in the federation

The design philosophy of our architecture can be il-
lustrated with reference to the three-level schema that
was proposed by the ANSI-SPARC standards work-
ing party [1]. The three-level schema is illustrated
in Figure 2. This promotes data independence by de-
manding that database systems be constructed so that
they provided both logical and physical data indepen-
dence. Logical data independence provides that the
conceptual data model must be able to evolve without
changing external application programs. Only view
definitions and mappings may need changing, for ex-
ample to replace access to a stored field by access to
a derived field calculated from others in the revised
schema. Physical data independence allows us to re-
fine the internal schema for improved performance,
without needing to alter the way queries are formu-
lated.

The clear separation between schemas at different
levels helps us in building a database federation in a
modular fashion. In our architecture we see the ANSI-
SPARC three-level schema in two situations: in each
of the individual data resources, and in the mediator
itself.

First, let us consider an external data resource.
The resource’s conceptual schema (which we call Cg)
describes the logical structure of the data contained
in that resource. If the resource is a relational
database then this will include information about ta-
ble names and column names, and type information
about stored values. With SRS [4], it is the data-
bank names and field names. These systems also
provide a mechanism for querying the data resource
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Figure 3: ANSI-SPARC schema architecture describ-
ing the mediator (left) and an external data resource
(right).

in terms of the table/class/databank names and col-
umn/tag/attribute/field names that are presented in
the conceptual schema.

The internal schema (or storage schema, which we
call Ip) contains details of allocation of data records
to storage areas, placement strategy, use of indexes,
set ordering and internal data structures that impact
on efficiency and implementation details [6]. In this
paper we do not concern ourselves with the internal
schemas of individual data resources. The mapping
from the conceptual schema to the internal schema has
already been implemented by others within each of the
individual resources that we use, and we assume that
this has been done to make best use of the resources’
internal organisation.

A resource’s external schema (which we call ER)
describes a view onto the data resource’s conceptual
schema. At its simplest, the external schema could
be identical to the conceptual schema. However, the
ANSI-SPARC model allows for there to be differences
between the schemas at these layers so that different
users and application programmers can each be pre-
sented with a view that best suits their individual re-
quirements and access privileges. Thus, there can be
many external schemas, each providing users with a
different view onto the resource’s conceptual schema.
A resource’s external, conceptual and internal schemas
are represented on the right hand side of Figure 3.

We can also use the ANSI-SPARC three-layer
model in describing the mediator that is central to our
database federation, and this is shown on the left hand
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Figure 4: Schemas in a database federation.

side of Figure 3. The mediator’s conceptual schema,
Cu, describes the content of the data resources that
are members of the federation, including the semantic
relationships that hold between data items in these
resources. We also refer to this as the federation’s
integration schema. We have chosen to express this
schema using the functional data model. As far as
possible, the C; is designed based on the semantics
of the domain, rather than consideration of the ac-
tual partitioning and organisation of data in the ex-
ternal resources. For example, different attributes of
the same conceptual entity can be spread across dif-
ferent external data resources, and subclass-superclass
relationships between entities in the conceptual model
of the domain might not be present explicitly in the
external resources [8].

We cannot expect scientists to agree on a single
schema. Different scientists are interested in different
aspects of the data, and will want to see data struc-
tured in a way that matches the concepts, attributes
and relationships in their own personal model. This is
made possible by following the ANSI-SPARC model;
the principle of logical data independence means that
the system can provide different users with different
views onto the integration schema. We shall use Ejs
to refer to an external schema presented to a user of
the mediator.

A vital task performed by the mediator is to map
between Cj; and Cgr. To facilitate this process, we
introduce another schema layer which, in contrast to
Cu, is based on the structure and content of the exter-
nal data resources. This schema is internal to the me-
diator, and is referred to as Ip;. The mediator needs



to have a view onto the data resource that matches
this internal schema, thus Ip; and Eg should be the
same. In our system we have chosen to use the func-
tional data model to represent Ins/Eg. Having the
same data model for Cys and Ip/ER brings advan-
tages in processing multi-database queries, as will be
seen in Section 4.

Redrawing Figure 3, the situation where there are
u different external schemas presented to users, and
there are r data resources, the relationship between
schemas in the federation is as shown in Figure 4.
The five-level schema shown here is similar to that
described by Sheth and Larson [16].

4 Mediator architecture

The role of the mediator is to process queries ex-
pressed against the federation’s integration schema
(Car)- The mediator has five main components: a
Daplex compiler, an ICode rewriter, query splitter,
code generators and a result fuser. These components
are shown in Figure 5.

The mediator holds metadata describing the inte-
gration schema and also the external schemas of each
of the federation’s data resources (Eg). In P/FDM,
metadata takes the form of Prolog clauses that are
compiled from high level schema descriptions.

The Daplex compiler translates queries expressed
against the integration schema into ICode that also
refers to entities, attributes and relationships in the
integration schema. The ICode rewriter then per-
forms semantic and syntactic optimisations, and mod-
ifies the original ICode so that it now refers to entities,
attributes and relationships in the data resources’ ex-
ternal schemas. Thus, query transformation from Cj,
to Ep is performed by the ICode rewriter. This is done
by applying mapping function that are implemented
as rewrite rules. The query splitter performs code re-
ordering, code grouping and variable dependency anal-
ysis and cost estimation. After this step, the ICode
has been separated into a number of “chunks”, each re-
ferring to a different actual data resource. Each ICode
chunk is sent to one of several code generators. These
translate ICode into queries that are executable by the
remote databases, transforming query fragments from
Epr to Cr. The remote queries are wrapped with Pro-
log code which oversees their sending, and reception
of results. The result fuser provides a synchronisa-
tion layer, combining results retrieved from external
databases.

In this paper, queries are expressed directly against
an integration schema (Cps). However, these could al-
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external data resources have not been modified.



protein swissprot_entry
protein_code id
protein_name acc
swissprot_entries def
A
enzyme
ec_number
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Figure 6: Integration schema and distributed databases (P/FDM and SRS)

for each e in enzyme such that ec_number(e) = "1.1.1.1"
for each s in swissprot_entries(e)
print(protein_name(e), def(s), acc(s));

Figure 7: Daplex query expressed against an integration schema.

[V6, V4, V3| V1 < enzyme ;
V2 « swissprot_entries(V1) ;
V3 = acc(V2) ; V4 = def(V2) ;
V5 = ec.number(V1) ; V5 = “1.1.1.17
V6 = protein_name(V1) ]

Figure 8: ICode corresponding to the query in Figure 7.

foreign( swissprot_entries, [protein], srs_sprot, entity, KeyICode, ebi_db )
KeyICode = (V1,V2,[V3,V4,V5,V6],
L
restrict(ebi_db:id, [ebi_db:srs_sprot]l, [V2],V6),
restrict_subquery (some(V5),
[ generate(ebi_db:pdb_entry,V3),
restrict(ebi_db:id, [ebi_db:pdb_entry]l, [V3],V4),
restrict(protein_code, [protein] ,V1,V4),
restrict(ebi_db:link, [ebi_db:pdb_entry], [V3],V5) 1],
[ expression([],[V6,V5],expr(=,V6,V5)) ]
)
1).

Figure 9: Mapping function used to expand the relationship swissprot_entries in the integration schema into
ICode that refers to data held at the EBI.



ternatively be expressed against an external schema
presented by the mediator (Ejps). If the external
schema is also an FDM schema then an additional
layer of mapping functions would be required to trans-
late the query from Ejs to Chy.

5 Example

A prototype mediator has been used to combine
access databanks at the EBI via an SRS server [4] and
(remote) P/FDM test servers. This example, using a
mini-integration schema, illustrates the steps involved
in processing multi-database queries.

In this example, three different databases are
viewed through a unifying integration schema, which
is shown in the upper part of Figure 6. There are
three classes in this schema: protein, enzyme and
swissprot_entry. A function representing the enzyme
classification number (ec_.number) is defined on the
class enzyme, and enzymes inherit those functions
that are declared on the superclass protein. Each in-
stance of the class protein can be related to a set of
swissprot_entry instances.

The lower part of Figure 6 shows the actual dis-
tribution of data across the three databases. Db I
is a P/FDM database that contains the codes and
name of proteins. Db II is also a P/FDM database,
and contains the protein code (here called pdb_code)
and enzyme classification code of enzymes. To iden-
tify SWISS-PROT entries at the EBI that are related
to a given protein instance we must first identify the
Protein Data Bank (PDB) entry whose id matches
the protein code and then follow further links to find
related SWISS-PROT entries. Relationships between
data in remote databases can be defined by condi-
tions that must hold between the values of the related
objects. Constraints on identifying values are repre-
sented by dashed arrows in Figure 6.

Figure 7 shows a Daplex query expressed against
this integration schema. This query prints informa-
tion about enzymes that satisfy certain selection crite-
ria, and their related SWISS-PROT entries. Figure 8
shows a “pretty-printed” version of the ICode that is
produced when this query is compiled. This ICode is
then processed by the query splitter, producing ICode
that will be turned into queries that will be sent to the
three external data resources (Figure 10). Note that
the variable V1 is common to all three query frag-
ments. Values for this variable that are retrieved from
P/FDM Db II are used in constructing queries to be
sent to the other data resources.

ICode for P/FDM Db II:
[VI| V2 ¢« enzyme ; V3 = ec.number(V2) ;
V1 = pdb_code(V2) ; V3 = “1.1.1.1" ]

ICode for P/FDM Db I:
[ V6| V4 « protein ; V5 = protein_code(V4) ;
V6 = protein name(V4) ; V1 = V5|

ICode for SRS:
[V7,V8]| V9 « pdb_entry ; V10 = id(V9) ;
V1 = V10 ; V11 « link(V9) ;
V12 ¢ swissprot_entry ;
V13 = id(V12) ; V7 = def(V12) ;
V8 = acc(V12) ; V13 in V11 ]

Figure 10: ICode sub-queries against the actual data
resources that need to be accessed in answering the
query in Figure 7.

In the example, the class protein is related
to the class swissprot_entry in the integration
schema by a multi-valued relationship function called
swissprot_entries. The mapping function given in Fig-
ure 9 is used in transforming queries that contain this
relationship into “enhanced” ICode that refers to the
external schemas of the actual data resources. This
code shows an actual example of P/FDM ICode. Map-
ping functions such as this can be compiled from high
level declarative rewrite rules, and do not have to be
written by hand.

6 Discussion

The use of mediators was originally proposed by
Wiederhold [18] and became an important part of the
Knowledge Sharing Effort architecture [13]. Examples
of such intelligent information-seeking architectures
are Infosleuth [2] and KRAFT [7]. In this architecture,
the mediator can run on the client machine, or else
be available as middleware on some shared machine,
while the wrapper is on the remote machine contain-
ing the knowledge source. The idea behind this is that
existing knowledge sources can evolve their schemas,
yet present a consistent interface to the mediator by
suitable changes to the wrapper. For this purpose the
wrapper may be as simple as an SQL view, or it may
be more complex, involving mapping of code. In any
case, the site is able to preserve some local autonomy.
Other mediators do not have to worry how the site
evolves internally. Also new sites can join a grow-
ing network by registering themselves with a facilita-
tor. All the mediator needs to know is how to contact



the facilitator, and that any knowledge sources the fa-
cilitator recommends will conform to the integration
schema.

In this paper we describe an alternative architec-
ture, where the wrappers reside with the mediator.
This has the advantage that there is no need to get
the knowledge source to install and maintain custom-
provided wrapper software.

In our architecture, as shown in Figure 5, the wrap-
pers are used to generate code in a different query lan-
guage or constraint language. Thus they are used in
two directions. In one direction they map queries or
constraints into a language that can be used directly
at the knowledge source. This can be crucial for ef-
ficiency, by allowing one to move selection predicates
closer to the knowledge source in a form that is capa-
ble of using local indexes etc. This can have a very big
effect with database queries, because it saves bringing
many “penny packets” of data back through the in-
terface, only to be filtered and rejected on the far side
[10]. In the other direction, wrappers are used to map
data values, for example by using scaling factors to
change units, or by using a lookup table to replace
values by their new identifiers.

Note that we are not advocating building a so-called
global integration schema. This has often been crit-
icised on the grounds that attempts to map every
single concept in one all-embracing schema is both
laborious and never-ending. Instead we visualise an
incrementally growing integration schema, driven by
user needs. Ideally the schema would be built interac-
tively using a GUI and rules that suggest various map-
pings, as proposed by Mitra et al. [12] in their ONION
system for incremental development of ontology map-
pings. The crucial thing to realise is that the inte-
gration schema represents a virtual database, which
allows it to evolve much more easily than a physical
database.

An alternative to a federated approach is to drive
the system from a classification ontology, as in the
TAMBIS approach [14]. They maintain a classifica-
tion hierarchy for proteins with many pre-defined sub-
classes (such as guppy proteins, or enzymes with zinc
cofactors). For each such subclass they maintain a
recipe for iterating over its members, expressed in the
CPL language [3]. They code-generate CPL and say
“we view CPL as a wrapping mechanism tightly cou-
pled with convenient language facilities for accumulat-
ing and transmitting results from different sources”.
Thus they use the term “wrapper” as a kind of black
box interface to remote sources, whereas we are con-
sidering it as a processing step in the context of various

levels of schema mapping.

In TAMBIS, it is easy to get filtered subsets of
the subclasses, by putting restrictions on values of
various attributes. This works well for queries that
closely follow the framework of the hierarchy and re-
turn members of specific subclasses, and so their GUI
makes it very easy to build such queries. What we
gain, by contrast, from the federated approach is a
full ad hoc query language, with the freedom to follow
any access path we choose through the virtual fed-
erated database. Likewise we can gather compound
results which include values gathered from a number
of related entities. These are of particular interest
where one is searching for unsuspected connections
and chains of connections between various biological
components, rather than following those that are doc-
umented in the classification hierarchy.

7 Conclusions

We have described the role of schemas in a bioinfor-
matics database federation, and the implementation of
a system that supports ad hoc querying across multi-
ple heterogeneous data resources.

Intermediate Code (ICode) provides a high level,
declarative representation for queries. We have imple-
mented ICode as Prolog term structures, and our me-
diator make extensive use of Prolog’s powerful pattern
matching and list processing capabilities in perform-
ing query transformation. The examples presented
in this paper demonstrate how ICode can be ma-
nipulated easily by the mediator to rewrite and split
queries expressed against an integration schema into
sub-queries that refer to the external schemas of dis-
tributed databases.

Bioinformatics faces a “crisis of data integration”
[15], which we believe is best addressed through fed-
erations that allow their constituent databases to de-
velop autonomously and independently. The existence
of schemas at different levels, as shown in Section 3,
makes apparent the requirements for query transfor-
mation in a mediator in a database federation. This
results in a modular design for the mediator that en-
ables the federation to evolve incrementally.
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