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Abstract. We present an approach to supportincremental navigationof struc-
tured information, where the structure is introduced by the data model and schema
(if present) of a data source. Simple browsing through data values and their
connections is an effective way for a user or an automated system to access
and explore information. We use our previously defined Uni-Level Description
(ULD) to represent an information source explicitly by capturing the source’s
data model, schema (if present), and data values. We define generic operators
for incremental navigation that use the ULD directly along with techniques for
specifying how a given representation scheme can be navigated. Because our nav-
igation is based on the ULD, the operations can easily move from data to schema
to data model and back, supporting a wide range of applications for exploring
and integrating data. Further, because the ULD can express a broad range of data
models, our navigation operators are applicable, without modification, across the
corresponding model or schema. In general, we believe that information sources
may usefully support various styles of navigation, depending on the type of user
and the user’s desired task.

1 Introduction

With the WWW at our fingertips, we have grown accustomed to easily using unstruc-
tured and loosely-structured information of various kinds, from all over the world. With
a web browser it is very easy to: (1) view information (typically presented in HTML),
and (2) download information for viewing or manipulating in tools available on our
desktops (e.g., Word, PowerPoint, or Adobe Acrobat files). In our work, we are focused
on providing similar access to structured (and semi-structured) information, in which
data conforms to the structures of a representation scheme or data model.

There is a large and growing number of structural representation schemes being
used today including the relational, E-R, object-oriented, XML, RDF, and Topic Map
models along with special-purpose representations, e.g., for exchanging scientific data.
Each representation scheme is typically characterized by its choice of constructs for
representing data and schema, allowing data engineers to select the representation best
suited for their needs. However, there are few tools that allow data stored in different
representations to be viewed and accessed in a standard way, with a consistent interface.

? This work supported in part by NSF grants EIA 9983518 and ITR 0225674.



2

The goal of this work is to provide generic access to structured information, much
like a web browser provides generic access to viewable information. We are particularly
interested in browsing a data source where a user can select an individual item, select a
path that leads from the item, follow the path to a new item, and so on,incrementally
through the source.

The need for incremental navigation is motivated by the following uses. First, we
believe that simple browsing tools provide people with a powerful and easy way to ac-
cess data in a structured information source. Second, generic access to heterogeneous
information sources supports tools that can be broadly used in the process of data in-
tegration [8, 10]. Once an information source has been identified, its contents can be
examined (by a person or an agent) to determine if and how it should be combined (or
integrated) with other sources.

In this paper, we describe a generic set of incremental-navigation operators that are
implemented against our Uni-Level Description (ULD) framework [4, 6]. We consider
both a low-level approach for creating detailed and complete specifications as well as
a simple, high-level approach for defining specifications. The high-level approach ex-
ploits the rich structural descriptions offered by the ULD to automatically generate
the corresponding detailed specifications for navigating information sources. Thus, our
high-level specification language allows a user to easily define and experiment with
various navigation styles for a given data model or representation scheme. The rest of
this paper is organized as follows. In Section 2 we describe motivating examples and
Section 3 briefly presents the Uni-Level Description. In Section 4, we define the incre-
mental navigation operators and discuss approaches to specifying their implementation.
Related work is presented in Section 5 and in Section 6 we discuss future work.

2 Motivating Examples

When an information agent discovers a new source (e.g., see Figure 1) it may wish
to know: (1) what data model is used (is it an RDF, XML, Topic Map, or relational
source?), (2) (assuming RDF) whether any classes are defined for the source (what is
the source schema?), (3) which properties are defined for a given class (what properties
does thefilm class have?), (4) which objects exist for the class (what are the instances
of thefilm class?) and (5) what kinds of values exist for a given property of a particular
object of the class (whatactor objects are involved in thisfilm object?).

This example assumes the agent (or user) understands the data model of the source.
For example, if the data model used was XML (e.g., see Figure 2) instead of RDF,
the agent could have started navigation by asking for all of the available element types
(rather than RDF classes). We call this approachdata-model-aware navigation, in which
the constructs of the data model can be used to guide navigation.

In contrast, we also propose a form of browsing where the user or agent need not
have any awareness of the data-model structures used in a data source. The user or
agent is able to navigate through the data and schema directly. As an example (again
using Figure 1), the user or agent might ask for: (1) the kind of information the source
contains, which in our example would include “films,” “actors,” and “awards,” etc.,
(2) (assuming the crawler is interested in films) the things that describe films, which
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Fig. 1.An example of an RDF schema and instance.

XML DTD: XML Instance:

<!ELEMENT moviedb (movie*)> <?xml version=‘‘1.0’’?>
<!ELEMENT movie (title,studio,genre*,actor*)> <moviedb>
<!ELEMENT title (#PCDATA)> <movie>
<!ELEMENT studio (#PCDATA)> <title>The Usual Suspects</title>
<!ELEMENT genre (#PCDATA)> <studio>Gramercy</studio>
<!ELEMENT actor (#PCDATA)> <genre>Thriller</genre>
<!ATTLIST actor role CDATA #REQUIRED> <actor role=‘‘supporting actor’’>

Spacey, Kevin
</actor>

</movie>
...

</moviedb>

Fig. 2.An example XML DTD (left) and instance document (right).

would include “titles” and relationships to awards and actors, (3) the available films
in the source, and (4) the actors of a particular film, which is obtained by stepping
across the “involved” link for the film in question. We call this form of browsingsimple
navigation.

3 The Uni-Level Description

The Uni-Level Description (ULD) is both ameta-data-model(i.e., capable of describing
data models) and a distinct representation scheme: it can directly represent both schema
and instance information expressed in terms of data-model constructs. Figure 3 shows
how the ULD represents information, where a portion of an object-oriented data model
is described. The ULD is a flat representation in that all information stored in the ULD
is uniformly accessible (e.g., within a single query) using the logic-based operations
described in Table 1.

Information stored in the ULD is logically divided into three layers, denotedmeta-
data-model, data model, andschema and data instances. The ULD meta-data-model,
shown as the top level in Figure 3, consists ofconstruct typesthat denote structural
primitives. The middle level uses the structural primitives to define both data and schema



4

Meta-Data-Model
(Construct Types)

Data Model
(Schema
Constructs)

Data Model
(Data
Constructs)

Schema
(Instances)

Data
(Instances)

‘Robert
De Niro’

actor
d-inst

c-instc-inst

class
conf

object

ct-instct-inst

Fig. 3.The ULD meta-data-model architecture.

Operations for defining instance-of relationships
ct-inst(c, ct) Constructc is act-instof construct-typect.
c-inst(d, c) Construct instanced is ac-instof constructc.
d-inst(d1, d2) Construct instanced1 is ad-instof instanced2.
conf(d, r, c1, c2) Instances of constructc1 can conform to instances of constructc2 as required by domaind and ranger

cardinality constraints (exactly one1, zero or one?, zero or many* , or one or many+).
Operations for restricting construct instances
c1.s-> c2 Instances of constructc1 have selectorss with instances of constructc2 as values.
setof(c1, c2) Instances of constructc1 are sets whose members are constructc2 instances.
bagof(c1, c2) Instances of constructc1 are bags whose members are constructc2 instances.
listof(c1, c2) Instances of constructc1 are lists whose members are constructc2 instances.
unionof(c1, c2) Instances of constructc2 are also constructc1 instances.
Operations for accessing instance structures
d1.s:d2 Construct instanced1 has valued1 for selectors.
d1 ∈ d2 Construct instanced1 is a member of collectiond2.
d1[i]=d2 Construct instanced2 is at thei-th position in the listd1.
|d1|=n The length of the collection construct instanced1 is n.
d1∈∈d2=n Construct instanced1 is a member of the bagd2 n times.

Table 1.The ULD operations expressed as logical formulas.

constructs, possibly withconformance relationshipsbetween them. Constructs are nec-
essarily instances of construct types, represented with ct-inst instance-of links. Simi-
larly, every item introduced in the bottom layer, denoting actual data or schema items,
is necessarily an instance of a construct in the middle layer, represented with c-inst
instance-of links. An item in the bottom layer can be an instance of another item in the
bottom layer, represented withd-inst instance-of links, as allowed by the conformance
relationships specified in the middle layer. For example, in Figure 3, theclassandobject
constructs are related through a conformance link, labeledconf, and their corresponding
construct instances in the bottom layer, i.e.,actor and the object with the name ‘Robert
De Niro’ are related through a data instance-of link, labeledd-inst.

The ULD offers flexibility through the conf and d-inst relationships. For example,
an XML element that does not have an associated element type can be represented in
the ULD; the element would simply not have a d-inst link to any XML element type.

The ULD represents an information source as aconfigurationcontaining the con-
structs of a data model, the construct instances (both schema and data) of a source,
and the associated conformance and instance-of relationships. A configuration can be
viewed as an instantiation of Figure 3. Each configuration uses a finite set of identifiers
to denote construct types, constructs, and construct instances as well as a finite set of
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schema constructs:
ct-inst(elemType, struct-ct) ct-inst(pcdata, atomic-ct) elemType.hasModel-> contentDef
ct-inst(attDefSet, set-ct) ct-inst(cdata, atomic-ct) setof(attDefSet, attDef)
ct-inst(attDef, struct-ct) elemType.hasName-> uldString attDef.hasName-> uldString
ct-inst(contentDef, set-ct) elemType.hasAtts-> attDefSet setof(contentDef, elemType)

data constructs:
ct-inst(element, struct-ct) conf(*, ?, element, elemType) element.hasChildren-> content
ct-inst(attSet, set-ct) conf(*, ?, attribute, attDef) setof(attSet, attribute)
ct-inst(attribute, struct-ct) unionof(node, element) attribute.hasName-> uldString
ct-inst(content, list-ct) element.hasTag-> uldString attribute.hasVal-> cdata
ct-inst(node, union-ct) element.hasAtts-> attSet listof(content, node)
unionof(node, pcdata)

Fig. 4.The XML with DTD data model.

ct-inst, c-inst, conf, and d-inst facts. We note that a configuration can be implemented
as a logical view over an information source, and is not necessarily “materialized.”

The ULD meta-data-model contains primitive structures for tuples, i.e., sets of
name-value pairs; set, list, and bag collections; atomics, for scalar values such as strings
and integers; and unions, for representing non-structural, generalization relationships
among constructs. The construct-type identifiers for these structures are denotedstruct-
ct, set-ct, list-ct, bag-ct, atomic-ct, andunion-ct, respectively.

Figures 4, 5, and 6 give example descriptions of simplified versions of XML with
DTDs, RDF with RDF Schema, and sample schema and data (from Figure 1) for the
RDF model, respectively.3 We note that there are potentially many ways to describe a
data model in the ULD, and these examples show only one choice of representation.

The XML data model shown in Figure 4 includes constructs for element types,
attribute types, elements, attributes, content models, and content, where element types
contain attribute types and content specifications, elements can optionally conform to
element types, and attributes can optionally conform to attribute types. We simplify
content models to sets of element types for which a conforming element must have at
least one subelement for each corresponding type.

The RDF data model with RDF Schema (RDFS) of Figure 5 includes constructs for
classes, properties, resources, and triples. A triple in RDF contains a subject, predicate,
and object, where a predicate can be an arbitrary resource, including a defined property.
In RDFS,rdf:type , rdfs:subClassOf , andrdfs:subPropertyOf are con-
sidered special RDF properties for denoting instance and specialization relationships.
However, we model these properties using conformance and explicit constructs. For ex-
ample, a subclass relationship is represented by instantiating asubClassOf construct
as opposed to using the specialrdfs:subClassOf RDF property.4

A ULD query is expressed as a Datalog program [1] and is executed against a con-
figuration. As an example, the first query below finds all available class names within an

3 We useuldValue anduldValuetype as special constructs to denote scalar values and
value types [4, 6]. Also,uldString anduldURI are default atomic constructs provided by
the ULD.

4 This ULD representation of RDF allows properties and isa relationships to be decoupled (com-
pared with RDF itself). This approach does not limit the expressibility of RDF: partial, op-
tional, and multiple levels of schema are still possible.
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schema constructs:
ct-inst(resource, union-ct) conf(*, *, class, class) simpleRes.hasURI-> uldURI
ct-inst(rdfType, union-ct) conf(*, *, prop, rdfType) class.hasURI-> uldURI
ct-inst(simpleRes, struct-ct) unionof(rangeVal, class) class.hasLabel-> uldString
ct-inst(class, struct-ct) unionof(rangeVal, uldValueType) prop.hasURI-> uldURI
ct-inst(prop, struct-ct) subClass.hasSub-> class prop.hasLabel-> uldString
ct-inst(rangeVal, union-ct) unionof(resource, rdfType) prop.hasDomain-> class
ct-inst(subClass, struct-ct) unionof(resource, simpleRes) prop.hasRange-> rangeVal
ct-inst(subProp, struct-ct) unionof(rdfType, class) subClass.hasSuper-> class
conf(*, *, simpleRes, class) unionof(rdfType, prop) subProp.hasSub-> prop
subProp.hasSuper-> prop

data constructs:
ct-inst(triple, struct-ct) unionof(objVal, resource) triple.hasObj-> objVal
ct-inst(objVal, union-ct) triple.hasPred-> resource unionof(objVal, literal)
ct-inst(literal, atomic-ct) triple.hasSubj-> resource

Fig. 5.The RDF with RDF Schema data model.

schema:
c-inst(film, class) thriller.hasURI:‘#thriller’ prop.hasLabel:‘#hasTitle’
c-inst(title, prop) filmthril.hasSub:thriller prop.hasRange:‘literal’
c-inst(thriller, class) film.hasURI:‘#film’ thriller.hasLabel:‘thriller’
c-inst(filmthril, subclass) film.hasLabel:‘film’ filmthril.hasSuper:film
prop.hasDomain:film prop.hasURI:‘#title’

data:
c-inst(m1, simpleRes) d-inst(m1, film) t1.hasSubj:m1
c-inst(t1, triple) m1.hasURI:‘#m1’ t1.hasObj:‘The Usual Suspects’
d-inst(m1, thriller) t1.hasPred:title

Fig. 6.Portion of schema and data for RDF(S).

RDF configuration. Note that upper-case terms denote variables and lower-case terms
denote constants. The rule is read as “If C is an RDF class and the label of C is X,
then X is a classname.” The second query returns the property names of all classes in
an RDF configuration. This query, like the first, is expressed solely against the schema
of the source. The third query below is expressed directly against data, and returns the
URI of all RDF resources used as a property in at least one triple, where the resource
may or may not be associated with schema.

classname(X)← c-inst(C, class), C.hasLabel:X.
hasProp(X, Y)← c-inst(C, class), c-inst(P, prop), P.hasDomain:C, C.hasLabel:X, P.hasLabel:Y.
dataprop(X) ← c-inst(T, triple), T.hasPred:P, P.hasURI:X.

The following three queries are similar to the previous three, but are expressed
against an XML configuration. The first query finds the names of all available ele-
ment types in the source, the second finds, for each element-type name, its correspond-
ing attribute-definition names, and the last finds all available attribute names as a data
query.

elemtype(X)← c-inst(E, elemType), E.hasName:X.
atttype(X,Y)← c-inst(E, elemType), E.hasName:X, E.hasAtts:AL, AT∈AL, AT.hasName:Y.
atts(X) ← c-inst(A, attribute), A.hasName:X.
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Finally, the following query returns all constructs that serve asstruct-ct schema
constructs and their component selectors. This query is solely expressed against the
data-model constructs.

schemastruct(SC, P)← ct-inst(SC, struct-ct), conf(DC, SC, X, Y), SC.P-> C.

4 Navigation Operators

The ULD presents a complete, highly detailed description of a data source, with in-
terconnected model, schema, and data information. In the ULD, each construct type,
construct, and instance is represented by an id and every id, in turn, has an associated
value. The value can be either an atomic value (such as a literal in RDF) or a structured
value (such as a set or bag of ids).

We view navigation as a process of traversing a graph consisting oflocations(nodes)
andlinks (bi-directional edges), superimposed over a ULD source file. A location is ei-
ther a construct type, construct, or instance in the ULD; thus a location is anything with
an id. A link is a (simple or compound) path, from one location to another, through the
connections in the ULD.

A navigation binding consists of an implementation for the following functions. For
a binding, we assume a finite set of location namesL and a finite set of link namesN ,
where bothL andN consist of atomic string values. Navigation consists of moving
from one location name to another. The binding should include only those locations
that are meaningful to the intended user community, with appropriate links.

Starting Points. The operatorsloc : P(L) returns all available entry points into an information
source. We require the result ofsloc to be a set of locations (as opposed to links). Note that
P(L) stands for the power set ofL.

Links. The operatorlinks : L → P(N ) returns all out-bound links available from a particular
location. For some locations, there may not be any links available, i.e., thelinks operator
may return the empty set.

Following Links. The operatorfollow : L × N → P(L) returns the set of locations that are at
the end of a given link. We use thefollow operator to prepare to move to a new location from
our current location. Given the set of locations returned by thefollow operator, the user or
agent directing the navigation can choose one as the new location.

Types. The operatortypes: L → P(L) returns the (possibly empty) set of types for a given
location. We use thetypesoperator to obtain locations that represent the schema for a data
item. A particular location may have zero, one, or many associated types.

Extents. The operatorextent: L → P(L) returns the (possibly empty) set of instances for a
given location. Theextentoperator computes the inverse of thetypesoperator.

As a simple example, the following (partial) navigation binding can be defined for the
data shown in Figure 6

sloc ={‘class’, ‘property’, ‘subClass’, ‘resource’, ‘triple’, ...}
extent(‘class’) ={‘film’, ‘comedy’, ‘thriller’, ... }
links(‘thriller’) = {‘title’ }
extent(‘thriller’) = {‘#m1’, ...}
follow(‘#m1’, ‘title’) = {‘The Usual Suspects’}
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We express the navigation functions in Datalog using the predicates described be-
low. An operator binding is a set of ULD queries, where the head of each query is
a navigation operation (expressed as a predicate). Thus, operator bindings are defined
as global-as-view mappings from the ULD (typically, over any configuration of a data
model) to the navigation operations. We propose two ways to specify a navigation bind-
ing: as a set of low-level ULD queries and as a high-level specification that is used to
automatically generate the appropriate navigation bindings.

– sloc(r), wherer represents a starting location.
– links(l, k), wherek is a link from locationl.
– follow(l, k, r), wherer is a location that is found by following linkk from some locationl.
– types(l, r), wherel is a location of typer.
– extent(l, r), wherer is in the extent ofl.

To illustrate, the following low-level binding queries present a view of an RDF con-
figuration, where we only allow navigation from data items with corresponding schema.
Thus, this example supports simple browsing. The starting locations are classes and the
available links from a class are its associated properties and its associated instances.
The definition uses an additional intensional predicatesubClassClosurefor computing
the transitive closure of the RDF subclass relationship.

sloc(L) ← c-inst(C, class), C.hasLabel:L.
links(L, K) ← c-inst(C, class), C.hasLabel:L, c-inst(P, property),

P.hasLabel:K, P.hasDomain:C′, subClassClosure(C, C′).
links(L, K) ← c-inst(C, class), d-inst(O, C), O.hasURI:L, c-inst(T, triple), T.hasPred:X,

T.hasSubj:O, c-inst(X, property), X.hasLabel:K, X.hasDomain:C′,
subClassClosure(C, C′).

follow(L, K, R)← c-inst(C, class), C.hasLabel:L, c-inst(T, property), T.hasLabel:K,
T.hasDomain:C′, T.hasRange:C′′, C′′.hasLabel:R, subClassClosure(C, C′).

follow(L, K, R)← c-inst(C, class), C.hasLabel:L, c-inst(T, property), T.hasLabel:K,
T.hasDomain:C′, T.hasRange:R, R=‘literal’, subClassClosure(C, C′).

follow(L, K, R)← c-inst(C, class), d-inst(O, C), O.hasURI:L, c-inst(T, triple), T.hasPred:X,
T.hasSubj:O, T.hasObj:R, c-inst(R, literal), c-inst(X, property), X.hasLabel:K,
X.hasDomain:C′, subClassClosure(C, C′).

follow(L, K, R)← c-inst(C1, class), d-inst(O1, C1), O1.hasURI:L, c-inst(T, triple), T.hasPred:X,
T.hasSubj:O1, T.hasObj:O2, O2.hasURI:R, c-inst(X, property), X.hasLabel:K,
X.hasDomain:C′, subClassClosure(C, C′).

extent(L, R) ← c-inst(C, class), C.hasLabel:L, d-inst(O, C), O.hasURI:R.
type(L, R) ← c-inst(C, class), C.hasLabel=R, d-inst(O, C), O.hasURI:L.

subClassClosure(C, C)← c-inst(C, class).
subClassClosure(C1, C3)← c-inst(S, subClass), S.hasSub:C1, S.hasSuper:C2,

subClassClosure(C2, C3).

In general, with low-level binding queries a user can specify detailed and exact
descriptions of the navigation operations for data sources. To specify higher-level bind-
ings, a user selects certain constructs as locations and certain other constructs as links.
Using this specification, the navigation operators are automatically computed by travers-
ing the appropriate instances of locations and links in the configuration. Figure 7 shows
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RDF Binding:
B = (L, N, S, F )
L = class, resource, literal
N = property, triple
S = class
F = triple : resource [ triple/hasSubj ]⇒ literal [ triple/hasObj ],

triple : resource [ triple/hasSubj ]⇒ resource [ triple/hasObj ],
property : class [ property/hasDomain ]⇒ class [ property/hasRange ],
property : class [ property/hasDomain ]⇒ literal [ property/hasRange ]

name(X, N)← c-inst(X, class), X.hasLabel:N.
name(X, N)← c-inst(X, resource), X.hasURI:N.
name(N, N)← c-inst(N, literal).
name(X, N)← c-inst(X, property), X.hasLabel:N.
name(X, N)← c-inst(X, triple), X.hasPred:R, c-inst(R, property), R.hasLabel:N.

Fig. 7.A high-level binding for simple navigation of RDF.

an example of a high-level binding definition for RDF, where RDF classes, resources,
and literals are considered sources for locations and RDF properties and triples are con-
sidered sources for links (Figure 10 shows a similar binding for XML, which we discuss
later).

We define a high-level binding specification as a tuple(L,N, S, F ). The disjoint
setsL andN consist of construct identifiers such thatL is the set of constructs used as
locations andN is the set of constructs used as links. The setS ⊆ L gives the entry
points of the binding. Finally, the setF containslink definitions(described below).

Each construct inL andN has an associated naming definition that describes how
to compute the name of an instance of the construct. The name would typically be
viewed by the user during navigation. The naming definitions serve to map location and
link instances to appropriate string values. For example, in Figure 7, RDF classes and
properties are named by their labels, resources are named by their URI values, a literal
value is used directly as its name, and the name of a triple is the name of its associated
predicate value.

The incremental operators in a high-level binding specification are computed auto-
matically by traversing connected instances. We define the following generic rules to
compute when two instances are connected. (Note that these connected rules only per-
form single-step traversal, and can be extended to allow an arbitrary number of steps,
which we discuss at the end of this section.)

connected(X1, X2)← c-inst(X1, C), ct-inst(C, struct-ct), X1.S:X2.
connected(X1, X2)← c-inst(X1, C), ct-inst(C, bag-ct), X2∈X1.
connected(X1, X2)← c-inst(X1, C), ct-inst(C, list-ct), X2∈X1.
connected(X1, X2)← c-inst(X1, C), ct-inst(C, set-ct), X2∈X1.
connected(X2, X1)← connected(X1, X2).

A connected formula is true when there is a structural connection between two in-
stances. Note that the rules above do not consider the case when two items are linked
by ad-inst relationship. Instead, thed-inst relationship is directly used by thetypes
andextentoperators, whereas connections are used by thelinksandfollow operators.
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sloc(R) ← BS(S), c-inst(X, S), name(X, R).
links(L, K) ← name(X, L), connected(X, Y),BF (F), linkSource(F, X, Y), name(Y, K).
follow(L, K, R)← name(X, L), connected(X, Y),BF (F), linkSource(F, X, Y), name(Y, K),

connected(Y, Z), linkTarget(F, Y, Z), name(Z, R).
type(L, R) ← name(X, L), c-inst(X, P),BL(P) d-inst(X, Y), c-inst(Y, Q),BL(Q),

name(Y, R).
extent(L, R) ← name(Y, L), c-inst(Y, Q),BL(Q), d-inst(X, Y), c-inst(X, P),BL(P ),

name(X, R).

Fig. 8.Datalog rules to compute links and locations.

The link definitions ofF have the formck : c1[p1]⇒ c2[p2] where:

– The behavior of the link constructck ∈ N is being described by the rest of the expression.
For example, in Figure 7, the first link definition is for triple constructs.

– Forc1, c2 ∈ L, the constructck can serve to link an instance ofc1 to an instance ofc2. Thus,
we can traverse from instances ofc1 to instances ofc2 via an instance ofck. For example,
in Figure 7, the first link definition says that we can follow a resource instance to a literal
instance if they are connected by a triple.

– The expressionsp1 andp2 further restrict how instances ofck can be used to linkc1 andc2

instances, respectively. For example, in Figure 7, the first link definition states that triples
link resources and literals through the triple’s hasSubj and hasObj selector, respectively.

We define thelinkSource(f , i1, ik) and linkTarget(f , ik, i2) clauses as follows.
Given a link definitionf ∈ F and a connection fromi1 to ik such that connected(i1, ik)
is true (whereik is the link instance),linkSource(f , i1, ik) is true if f = ck : c1[p1] ⇒
c2[p2] such thati1 is an instance ofc1 (that is, c-inst(i1, c1) is true),ik is an instance of
ck (that is, c-inst(ik, ck) is true whereck is a link construct), andi1 andik are connected
according to the expressionp1. Similarly, for anf ∈ F , linkTarget(f , ik, i2) is true if
f = ck : c1[p1] ⇒ c2[p2] such thatik is an instance ofck (a link construct),i2 is an
instance ofc2, andik andi2 are connected according to the expressionp2.

Given the above definitions, we automatically compute each navigation operator
using the Datalog queries in Figure 8. We assume each operator is represented as an
intensional predicate (as before) and the binding specificationB = (L, N, S, F ) is
stored as a set of unary extensional predicatesBL, BN , BS , andBF . For example, the
expressionBL(X) bindsX to a location inL for bindingB. We also assume that the
namepredicate is stored as an intensional formula (as defined in the binding).

The first rule in Figure 8 finds the set of entry points: It obtains a construct in
the set of starting locations, finds an instance of the construct, and then computes the
name of the instance. The second rule finds the locations with links. For each named
instance in the configuration that is connected to another instance, we use thelinkSource
predicate to check if it is a valid connection, we check to make sure that the link instance
(represented as the variable Y) is valid, and then compute the name of the instance. The
third rule is similar to the second, except it additionally uses thelinkTargetto determine
the new location. Finally, the last two rules use thed-inst relationship to find types and
extents, respectively.
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unbound

path

location

m1 (resource)

t1 (triple)

d-inst

d-inst

thriller (class)

hasSub

hasURI ‘#m1’ (URI)

hasSuper

film-thriller (subclass)

film (class)

hasDomain

title (property)

‘literal’

hasObj

d-inst

hasSubj

hasPred

hasRange

‘The Usual Suspects’ (literal)

Fig. 9.An example of labeled instances for RDF.

To demonstrate the approach, we use the binding definition of Figure 7 and the
sample configuration of Figure 9. This configuration shows part of Figure 1 as a graph
whose nodes are construct instances and edges are either connections between struc-
tures ord-inst links. Consider the following series of invocations.

1. sloc= {‘film’ ,‘thriller’ }. According to the binding definition, theslocoperator returns all the
labels ofclassconstruct instances. As shown in Figure 9, the onlyclassconstruct instances
arethriller andfilm.

2. links(‘film’) = {‘title’ }. Thelinks operator is computed by considering each connected con-
struct instance offilm until it finds a construct instance whose associated construct is inN .
As shown, the only such instance istitle, which is an RDF property.

3. extent(‘film’) = {‘#m1’}. Theextentoperator looks for thed-inst links of the given instance.
As shown, the only such link forfilm is tom1.

4. follow(‘#m1’, ‘title’) = {‘The Usual Suspects’}. Thefollow operator starts in the same way
as thelinks operator by finding instances (whose constructs are inN ) that are connected to
the given instance. For the given item, the only such instance in Figure 9 ist1. The follow
operator then returns thehasObjcomponent oft1, according to the link definition fortriple.

Note that for this example, the rules for computing thefollow and links operators
only consider instances that are directly connected to each other (through theconnected
predicate). Thus, invoking the operator links(‘thriller’) will not return a result (for our
example) because there are no link construct instances directly connected to the associ-
ated RDF class. However, the properties of a class in RDF also include the properties of
its superclasses. We can include such information by expanding the set of connection
rules. One approach is to allow the navigation specifier to add a connected rule specif-
ically for the subclass case. Alternatively, we can extend the connection definition to
compute the transitive closure (of connections) using the following rule.

connected(X1, X3)← connected(X1, X2), connected(X2, X3).

We also allow binding specifications to include multiple-step path expressions inF .
For example, we add the following link definitions to the RDF binding specification to
correctly support subclasses.
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XML Binding:
B = (L, N, S, F )
L = elemType, element, cdata, pcdata
N = attDef, attribute, contentDef, content
S = elemType
F = attDef : elemType [ elemType/hasAtts/ ]⇒{},

attribute : element [ element/hasAtts/ ]⇒ cdata [ attribute/hasVal ],
contentDef : elemType [ elemType/hasModel ]⇒ elemType [ contentDef/ ],
content : element [ element/hasChildren ]⇒ element [ content/ ],
content : element [ element/hasChildren ]⇒ pcdata [ content/ ]

name(X, N)← c-inst(X, elemType), X.hasName:N.
name(X, N)← c-inst(X, element).
name(X, X)← c-inst(X, cdata).
name(X, X)← c-inst(X, pcdata).
name(X, N)← c-inst(X, attDef), X.hasName:N.
name(X, N)← c-inst(X, attribute), X.hasName:N.
name(X, N)← c-inst(X, contentDef), N=’hasChildType’.
name(X, N)← c-inst(X, content), N=’hasChild’.

Fig. 10.A high-level binding for direct navigation of XML.

property : class [ property/hasDomain/hasSuper/hasSub ]⇒ class [ property/hasRange ]
property : class [ property/hasDomain/hasSuper/hasSub ]⇒ literal [ property/hasRange ]

Finally, Figure 10 shows a high-level binding specification for the XML data model
of Figure 4. The binding specification assumes the transitive connection relation de-
fined above. Element types, elements, and atomic data serve as locations, with element
types as starting locations. Attribute definitions, attributes, content definitions, and con-
tent serve as links. We use ‘hasChildType’ and ‘hasChild’ strings as the names of the
links for content definitions and element content, respectively. Note the attDef link def-
inition is a special case in which attDef links always lead to an empty set of locations
(denoted using the empty set in Figure 10). Also, the ending ‘/’ in a link-definition path
denotes traversal into the elements of a collection structure (as opposed to denoting the
collection structure itself).

5 Related Work

A number of approaches provide browsing capability for traditional databases. Motro
[14] seeks to enable users who are (1) not familiar with the data model of the system, (2)
not familiar with the organization of the database (i.e., the schema), (3) not proficient
with the use of the system (i.e., the query language), (4) not sure what data they are
looking for (but are looking for something interesting or suitable), and/or (5) not clear
how to construct the desired query. As more structured information finds its way on the
Web, we believe these issues become more pressing for users as well as for software
agents wishing to exploit structured information.

Database browsing typically assumes a fixed data model [2, 14, 12, 17, 3, 8, 18] (ei-
ther relational, E-R, or object-oriented). Only a few systems allow browsing schema and
data in isolation [3, 12, 14], where most support browsing data only through schema
(i.e., navigating data using items of the schema). Hypertext systems, including those
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with structured data models, also use browser-based interfaces [15, 13]. These systems,
as in database approaches, are developed for a single data model, and support limited
browsing styles.

The links and locations abstraction used by incremental navigation is similar in
spirit to the graph-based model of RDF and RDF Schema. The Object Exchange Model
(OEM)—the semi-structured representation of TSIMMIS [11, 16]—is another simple
abstraction. Both TSIMMIS and some database browsing systems [2, 9, 14, 8] support
user navigation mixed with user queries, which we would like to explore as an extension
to our current navigation operators. Finally, Clio [18] provides some support for navi-
gation, specifically to help users build data-transformation queries. Clio supports “data
walks,” which display example data involved in each potential join path between two
relations, and “data chases,” which display all occurrences of a specific value within a
database.

6 Conclusion and Future Work

We believe incremental navigation provides a simple, generic abstraction, consisting of
links and locations(and typesandextentswhen applicable), that can be applied over
arbitrary data models. More than that, with the high-level binding approach, it becomes
relatively straightforward to specify the links and locations for a data model, thus en-
abling generic and uniform access to information represented in any underlying data
model (described in the ULD). We believe that this approach can be extended beyond
navigation to include querying information sources (i.e., querying links and locations)
and for specifying high-level mappings between data sources.

We have implemented a prototype browser [5] to demonstrate incremental naviga-
tion, both for data-model aware and simple navigation of RDF, XML, Topic Map, and
relational sources. In addition, some of the ideas of incremental navigation appear in the
Superimposed Schematics browser [7], which allows users to incrementally navigate an
ER schema and data source. Based on these experiments, we believe incremental navi-
gation is viable, and helps reduce the work required to develop such browsing tools.

For future work, we intend to investigate whether additional ULD information can
be used, such as data-model constraints, to help validate and generate operator bind-
ings. We are also interested in defining a language to express path-based queries over
the links and locations abstraction offered by incremental navigation. One issue is to
determine whether algorithms and optimizations can be defined to efficiently compute
(i.e., unfold) the binding-specification rules to answer such path queries. Finally, we
believe that the incremental-navigation operators can be easily expressed as a standard
web-service interface (where information sources have corresponding web-service im-
plementations), providing generic, web-based access to heterogeneous information.
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