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Abstract

In semistructured databases there is no schema fixed
in advance. To provide the benefits of a schema in
such environments, we introduce DataGuides: concise
and accurate structural summaries of semistructured
databases. DataGuides serve as dynamic schemas,
generated from the database; they are useful for
browsing database structure, formulating queries,
storing information such as statistics and sample
values, and enabling query optimization. This paper
presents the theoretical foundations of DataGuides
along with an algorithm for their creation and an
overview of incremental maintenance. We provide
performance results based on our implementation of
DataGuides in the Lore DBMS for semistructured
data. We also describe the use of DataGuides in Lore,
both in the user interface to enable structure browsing
and query formulation, and as a means of guiding the
query processor and optimizing query execution.

1. Introduction

Traditional relational and object-oriented database systems force
all data to adhere to an explicitly specified schema. Yet a typical
site on the World-Wide Web demonstrates that much of the
information available on-line is semistructured. Although the
data may exhibit some structure, it is too varied, irregular, or
mutable to easily map to a fixed schema. Recent research has
focused on data models, query languages, and systems that do
not require a schema to accompany each database {AQM+96,
BDHS96, BDS95, KS95, MAG+97).

Beyond its use to define the structure of the data, a schema
serves two important purposes:

e A schema, in the form of either tables and their attributes or
class hierarchies, enables users to understand the structure of
the database and form meaningful queries over it.

o A query processor relies on the schema to devise efficient
plans for computing query results.

Without a schema, both of these tasks become significantly
harder. Although it may be possible to manually browse a small
database, in general forming a meaningful query is difficult
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without a schema or some kind of structural summary of the
underlying database. Further, a lack of information about the
structure of a database can cause a query processor to resort to
exhaustive searches. To address these challenges in “schema-
free” environments, we introduce DataGuides, dynamically
generated and maintained structural summaries of
semistructured  databases. This paper makes several
contributions:

e We give a formal definition of DataGuides as concise,
accurate, and convenient summaries of semistructured
databases. Further, we motivate and define strong
DataGuides, well-suited for implementation within a DBMS.
We provide a simple algorithm to build strong DataGuides
and describe how to keep them consistent when the
underlying database changes.

We show how to store sample values and other statistical

information in a DataGuide.

s We demonstrate how DataGuides have been successfully
integrated into Lore [MAG+97] (for Lightweight Object
Repository), a DBMS for semistructured data under
development at Stanford University. DataGuides are vital to
Lore’s user interface: users depend on the DataGuide to learn
about the structure of a database so they can formulate
meaningful queries. In addition, users may specify and
submit queries directly from the DataGuide.

o Finally, we explain how a query processor can use a strong
DataGuide to significantly optimize query execution.

Our work is cast in the context of the Lore system. All data in
Lore follows a simple, graph-based data model called OEM, for
Object Exchange Model [PGW95). Thus, our work can be
applied easily to any graph-based data model. A Lore database
is queried using Lorel [AQM+96]}, an OQL-based language
designed for easy and effective queries over semistructured data.

Within Lore, DataGuides serve much the same role as
traditional metadata. For example, DataGuides are stored
directly in Lore as OEM objects. As with metadata in relational
or object-oriented systems, user interfaces or client applications
may access and query the DataGuide through Lore’s standard
interfaces [MAG+97). And in the same way that a traditional
query processor consults metadata, the DataGuide is available to
guide Lore’s query processor. Of course, DataGuides also differ
significantly from metadata, since they are dynamically
generated: DataGuides conform to the data, rather than forcing
data to conform to the DataGuides.

1.1 Related Work

DataGuides extend initial work presented in [NUWC97],
which gives a theoretical foundation to the concept of
dynamically generated structural summaries of graph-structured
databases, called Representative Objects (ROs). Their
foundational work defines these summaries in a functional style,
with less emphasis on implementation.



Other related theoretical research is presented in [BDFS97],
which discusses schemas for graph-structured databases. A
formal definition of a graph schema is given, along with an
algorithm to determine whether a database conforms to a
specific schema. The work in {BDFS97] is presented with a
more traditional view of a schema than we take. Optimization
and browsing functionality depend on having a database (or at
least large fragments of the database) conform to an explicitly
specified schema. In contrast, our work focuses directly on the
case where it is inconvenient or implausible to specify and
maintain a schema: DataGuide summaries are dynamically
generated and maintained to always represent the current state of
the database. A DataGuide never includes information that does
not exist in the database, and by definition any database always
“conforms” to its DataGuide. A graph schema, on the other
hand, could be a superset of any database that conforms to it.

As with many research and commercial user interfaces that
use a schema (or structural summary) to guide browsing and
query formulation, our work has been influenced by the seminal
work on Query By Example [Zl0o77]). In addition to early
research efforts such as Timber [SK82], many commercial
relational front-ends such as Access and Paradox have
sophisticated interfaces for visually specifying queries. Several
visual database browsers have also been developed for richer,
object-oriented data models, including KIVIEW [MDT88] and
OdeView [AGS90). PESTO [CHMW96] is a visual tool for
exploring object databases that integrates browsing and querying
into a single interface. The DataGuide is unique as a graphical
browsing and query tool, since it presents a template
dynamically generated directly from a database without regard
to any fixed schema or class hierarchy.

For query optimization, we show how the DataGuide can be
used as a path index. Substantial research on object-oriented
query optimization has focused on the design and use of path
indexes, e.g., [BK89, CCY94, KM92]. In general, previous
work has required explicit specification of the paths to index.
The issues of how to create, maintain, and use a path index in a
semistructured data model like OEM, where the set of paths in a
database may often change over time, have not to the best of our
knowledge been addressed.

1.2 Paper Outline

Section 2 first reviews the data model and query language with
which we are working. It then provides the motivation and
definition for DataGuides, along with a simple algorithm for
creating them. In Section 3 we present experimental results
showing the time and space required to build and store typical
DataGuides. Section 4 explains how to incrementally maintain a
DataGuide in response to database modifications. Section 5
describes how DataGuides are used in practice to browse
structure and guide query formulation through a graphical
interface to the Lore system. In Section 6 we see how a strong
DataGuide can improve query processing in Lore. We discuss
future research in Section 7.

2. Foundations
In this section we describe our basic data model and query

language. We then motivate and define DataGuides and their
properties, and we provide an algorithm for building them.

2.1 Object Exchange Model

Our research is based on the Object Exchange Model (OEM), a
simple and flexible data model that originates from the Tsimmis
project at Stanford University [PGW95]. OEM itself is not
particularly original, and the work presented here adapts easily
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Restaurant Restaurant Bar
Name Phone Name Entree Rose
Entree Owner Manager Entree ; Crc?w
Chili's Burger 555-1234 Smith  Darbar (L::Tr: CB::.‘;

Figure 1. A sample OEM database

to any graph-structured data model. In OEM, each object
contains an object identifier (0id) and a value. A value may be
atomic or complex. Atomic values may be integers, reals,
strings, images, programs, or any other data considered
indivisible. A complex OEM value is a collection of 0 or more
OEM subobjects, each linked to the parent via a descriptive
textual label. Note that a single OEM object may have multiple
parent objects and that cycles are allowed. For more details on
OEM and its motivation see [AQM+96, PGW95].

Figure 1 presents a very small sample OEM database,
representing a portion of an imaginary eating guide database.
Each object has an integer oid. Our database contains one
complex root object with three subobjects, two Restaurants and
one Bar. Each Restaurant is a complex object and the Bar is
atomic, containing the string value “Rose & Crown.” Each
Restaurant has an atomic Name. The Chili's restaurant has
atomic data describing its Phone number and one available
Entree. We can see that the database structure is irregular, since
restaurant Darbar, with two Entrees, doesn’t include any phone
number information. Finally, we see that OEM databases need
not be tree-structured—Smith is the Owner of one restaurant and
Manager of the other.

Next, we give several simple definitions useful for describing
an OEM database and subsequently for defining DataGuides.

Definition 1. A label path of an OEM object o is a sequence of
one or more dot-separated labels, I;.15...1,, such that we can
traverse a path of n edges (e;...e;) from o where edge ¢; has
label /; O

In Figure 1, Restaurant.Name and Bar are both valid label paths
of object 1. In an OEM database, queries are based on label
paths. For example, in Figure 1, a valid query might request the
values of all Restaurant.Entree objects that satisfy a given
condition. Queries are further discussed in Section 2.2.

Definition 2. A data path of an OEM object o is a dot-separated
alternating sequence of labels and oids of the form
11.01.12.02...15.05 such that we can traverse from o a path of n
edges (ej...ep) through n objects (xj...x,) where edge e; has
label /; and object x; has oid 0;. O

In Figure 1, Restaurant.2.Name.5 is a data path of object 1.

Definition 3. A data path d is an instance of a label path [ if the
sequence of labels in d is equal to 1. Q

Again in Figure 1, Restaurant.2.Name.5 is an instance of
Restaurant.Name and Bar.4 is an instance of Bar.

Definition 4. In an OEM object s, a target set is a set ¢ of oids
such that there exists some label path [ of s where
t={olljo}.l3.03...In.0 is adata path instance of [}. That is, a
target set ¢ is the set of all objects that can be reached by
traversing a given label path [ of s. We say that ¢ is “the target
set of ! in s,” and we write t=Tg(/). Each element of 1 is
reachable via I, and likewise [ reaches any element of . Q
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Figure 2. A DataGuide for Figure 1
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For example, the target set of Restaurant.Entree in Figure 1 is
{6, 10, 11}. Note that two different label paths may share the
same target set. {8}, for instance, is the target set of both
Restaurant.Owner and Restaurant.Manager.

2.2 Lorel Query Language

Lorel (for Lore language) was developed at Stanford to enable
queries over semistructured OEM databases. Lorel is based on
OQL [Cat93], with modifications and enhancements to support
semistructured data; for details see [AQM4+96]. As an
extremely simple example, in Figure 1 the Lorel query

Select Restaurant.Entree

returns all entrees served by any restaurant, the set of objects {6,
10, 11}. As another simple example, we may request the names
of all restaurants that serve burgers:

Select Restaurant.Name
Where Restaurant.Entree = “Burger”

In Figure 1, the answer to the query is the single object 5.

As these brief examples indicate, some knowledge of the
structure of the database is important for forming meaningful
queries. The Lorel language does provide several facilities, such
as “wildcards” in label paths, to enable queries when the
database structure isn’t entirely known. Still, a summary of the
structure of the underlying database is invaluable for guiding the
formulation of meaningful queries in Lorel.

2.3 DataGuides

We are now ready to define a DataGuide, intended to be a
concise, accurate, and convenient summary of the structure of a
database. Hereafter, we refer to a database that we summarize as
the source database, or simply the source. We assume a given
source database is identified by its root object. To achieve
conciseness, we specify that a DataGuide describes every unique
labe] path of a source exactly once, regardless of the number of
times it appears in that source. To ensure accuracy, we specify
that the DataGuide encodes no label path that does not appear in
the source. Finally, for convenience, we require that a
DataGuide itself be an OEM object so we can store and access it
using the same techniques available for processing OEM
databases. The formal definition follows.

Definition 5. A DataGuide for an OEM source s is an OEM
object d such that every label path of s has exactly one data path
instance in d, and every label path of d is a label path of 5. Q

Figure 2 shows a DataGuide for the source OEM database
shown in Figure 1. Using a DataGuide, we can check whether a
given label path of length n exists in the original database by
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Figure 3. A source and two DataGuides

considering at most n objects in the DataGuide. For example, in
Figure 2 we need only examine the outgoing edges of objects 12
and 13 to verify that the path Restaurant.Owner exists in the
database. Similarly, if we traverse the single instance of a label
path [ in the DataGuide and reach some object o, then the labels
on the outgoing edges of o represent all possible labels that
could ever follow [ in the source database. In Figure 2, the five
different labeled outgoing edges of object 13 represent all
possible labels that ever follow Restaurant in the source. Notice
that the DataGuide contains no atomic values. Since a
DataGuide is intended to reflect the structure of a database,
atomic values are unnecessary. Later we will see how special
atomic values, when added to DataGuides, can play an
important role in query formulation and optimization. Note that
every target set in a DataGuide is a singleton set. Recalling
Definition 4, a target set denotes all objects reachable by a given
label path. Since any DataGuide label path has just one data
path instance, the target set contains only one object—the last
object in that data path.

A considerable theoretical foundation behind DataGuides can
be found in [NUWC97]. That paper proved that creating a
DataGuide over a source database is equivalent to conversion of
a non-deterministic finite automaton (NFA) to a deterministic
finite automaton (DFA), a well-studied problem [HU79]. When
the source database is a tree, this conversion takes linear time.
However, in the worst case, conversion of a graph-structured
database may require time (and space) exponential in the
number of objects and edges in the source. Despite these worst-
case possibilities, experimental results in Section 3 are
encouraging, indicating that for typical OEM databases, the
running time is very reasonable and the resulting DataGuides are
significantly smaller than their sources. Unfortunately, no
research known to the authors formally identifies those NFAs
that do or do not require exponential time or space to be
converted to equivalent DFAs.

2.4 KExistence of Multiple DataGuides

From automata theory, we know that a single NFA may have
many equivalent DFAs {[HU79]. Similarly, as shown in Figure
3, one OEM source database may have multiple DataGuides.
Figures 3(b) and (c) are both DataGuides of the source in Figure
3(a). Each label path in the source appears exactly once in each
DataGuide, and neither DataGuide introduces any label paths
that do not exist in the source. Figure 3(c) is in fact minimal: the
smallest possible DataGuide. (Well-known state minimization
algorithms can be used to convert any DataGuide into a minimal
one [Hop71].) Given the existence of muitiple DataGuides for
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a source, it is important to decide what kind of DataGuide
should be built and maintained in a semistructured database
system. Intuitively, a minimal DataGuide might seem desirable,
furthering our goal of having as concise a summary as possible;
[NUWC97] also suggests building a minimal DataGuide. Yet,
as we now explain, a minimal DataGuide is not always best.

First, incremental maintenance of a minimal DataGuide can
be very difficult. In Figure 3(a), suppose we add a new child
object to 10, via the label E. To correctly reflect this source
insertion in Figure 3(b), we simply add a new object via label E
to object 17. But to reflect the same insertion in the minimal
DataGuide in Figure 3(c), we must do more work in order to
somehow generate the same DataGuide as our updated version
of Figure 3(b), since it now is the minimal DataGuide for the
source. In general, maintaining a minimal DataGuide in
response to a source update may require much of the original
database to be reexamined. The next subsection describes a
second significant problem with minimal DataGuides.

2.5 Annotations

Beyond using a DataGuide to summarize the structure of a
source, we may wish to keep additional information in a
DataGuide. For example, consider a source with a label path /.
To aid query formulation, we might want to present to a user
sample database values that are reachable via . (Such a feature
is very useful in OEM, since there are no constraints on the type
or format of atomic data.) As another example, we may wish to
provide the user or the query processor with the statistical odds
that an object reachable via [ has any outgoing edges with a
specific label. Finally, for query processing, direct access
through the DataGuide to all objects reachable via ! can be very
useful, as will be seen in Section 6. The following definition
classifies all of these examples.

Definition 6. In a source database s, given a label path /, a
property of the set of objects that comprise the target set of /in s
is said to be an annotation of . That is, an annotation of a label
path is a statement about the set of objects in the database
reachable by that path. O

A DataGuide guarantees that each source label path [ reaches
exactly one object o in the DataGuide. Object o seems like an
ideal place to store annotations for /, since we can access all
annotations of ! simply by traversing the DataGuide’s single
data path instance of /. Unfortunately, nothing in our definition
of a DataGuide prevents multiple label paths from reaching the
same object in a DataGuide, even if the label paths have
different target sets in the source. Referring to Figure 3(c), we
see that label paths A.C and B.C both reach the same object.
Thus, if we store an annotation on object 20, we cannot know if
the annotation applies to label path A.C, label path B.C, or both.
In the DataGuide in Figure 3(b), however, we have two distinct
objects for the two label paths, so we can correctly separate the
annotations. Next, we formalize DataGuide characteristics that
enable unambiguous annotation storage.

2.6 Strong DataGuides

We define a class of DataGuides that supports annotations as
described in the previous subsection. Intuitively, we are
interested in DataGuides where each set of label paths that share
the same (singleton) target set in the DataGuide is the set of
label paths that share the same target set in the source. Formally:

Definition 7. Consider OEM objects s and d, where d is a
DataGuide for a source s. Given a label path [ of s, let Ts(l) be
the target set of / in s, and let T4(]) be the (singleton) target set
of lin d. Let Ly(l) = {m | Tg(m) = Ts()}. That is, Lg()) is the set
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// MakeDG: algorithm to build a strong DataGuide
// Input: o, the root oid of a source database
// Effect: dg is a strong DataGuide for o

targetHash: global empty hash table, to map source
target sets to DataGuide objects
dg: global oid, initially empty

MakeDG (o) {
dg = NewObject()
targetHash.Ingsert ({0}, dg)
RecursiveMake ({0}, dq)

}

RecursiveMake(tl, dl) {
p = all children <label, oid> of all objects in tl
foreach (unique label 1 in p) {
t2 = set of oids paired with 1 in p
d2 = targetHash.Lookup(t2)
if (d2 !'= nil) {
add an edge from dl to d2 with label 1
} else {
d2 = NewObject()
targetHash.Insert (t2, d2)
add an edge from dl to d2 with label 1
RecursiveMake (t2, d2)

of all label paths in s that share the same target set as /.
Similarly, let Lg(l) = {m | Tg(m) = Tg(l)}. That is, L4(J) is the set
of label paths in d having the same target set as /. If, for all label
paths [ of s, Lg(I) = Ly(0), then d is a strong DataGuide for 5. Q

For example, Figure 3(c) is not a strong DataGuide for Figure
3(a). The source target set Tg(B.C) is {6, 7}, and the DataGuide
target set T4(B.C) is {20}. In the source, Ly(B.C) is {B.C}, since
no other source label paths have the same target set. In the
DataGuide, however, Lg(B.C) is {B.C, A.C). Since Ly(B.C) #
L4(B.C), the DataGuide is not strong. The reader may verify that
Figure 3(b) is in fact a strong DataGuide.

Next, we show that a strong DataGuide is sufficient for
storage of annotations. A proof appears in [GW97].

Theorem 1. Suppose d is a strong DataGuide for a source s. If
an annotation p of some label path [ is stored on the object o
reachable via [ in d, then p describes the target set in s of each
label path that reaches 0. 0

We also show that a strong DataGuide induces a
straightforward one-to-one correspondence between source
target sets and DataGuide objects (again the proof appears in
[GW97]). This property is useful for incremental maintenance
(Section 4) and query processing (Section 6).

Theorem 2. Suppose d is a strong DataGuide for a source s.
Given any target set ¢ of s, ¢ is by definition the target set of
some label path I. Compute Tg(!), the target set of / in d, which
has a single element o. Let F describe this procedure, which
takes a source target set as input and yields a DataGuide object
as output. In a strong DataGuide, F induces a one-to-one
correspondence between source target sets and DataGuide
objects. O

If a DataGuide is not strong, it may be impossible to find a
one-to-one correspondence between source target sets and
DataGuide objects. For example, Figure 3(a) has seven different
target sets, each corresponding to one of the label paths A, A.C,
A.C.D, B, B.C, B.C.D, and the empty path. Since Figure 3(c) has
only 4 objects, we cannot have a one-to-one correspondence.



Source DataGuide
Description Objects Links Labels Height | Objects Links Time (secs)
Sports (Tree) 3,095 3,094 41 S 75 74 137
DBG (Graph) 947 1,102 32 - 138 168 1.52
Table 1. DataGuide performance for operational Lore databases
Source DataGuide
DB | Tree Objects Links Height | Labs. | Fan- | Full Objs. Backlink Objects Links Time
No ? per out ? per Freg/ (secs)
Level Level Level
1 Y 37,449 37,448 5 1 8 Y - - 6 5 113
2 Y 329,176 329,175 12 2 N - - 1,802 1,801 1273
3 N 37,111 311,111 12 2 10 Y 500 - 156 288 123.1
4 N 26,700 93,151 12 2 10 N 500 - 3,074 3,073 712.6
5 N 11,134 44,346 5 4 80 N 2000 10/2 198 720 22,6
6 N 4,524 13,151 8 4 10 N 200 10/0 14,326 29,101 78.5
7 N 3,108 6,787 8 4 10 N 200 15/3 8,736 16,805 36.2

Table 2. DataGuide performance for synthetic databases

2.7 Building a Strong DataGuide

Strong DataGuides are easy to create. In a depth-first fashion,
we examine the source target sets reachable by all possible label
paths. Each time we encounter a new target set ¢ for some path /,
we create a new object o for ¢ in the DataGuide—object o is the
single element of the DataGuide target set of /. Theorem 2
guarantees that if we ever see ¢ again via a different label path m,
rather than creating a new DataGuide object we instead add an
edge to the DataGuide such that m will also refer to 0. A hash
table mapping source target sets to DataGuide objects serves this
purpose. The algorithm is specified in Figure 4. Note that we
must create and insert DataGuide objects into targetHash
before recursing, in order to prevent a cyclic OEM source from
causing an infinite loop. Also, since we compute target sets to
construct the DataGuide, we can easily augment the algorithm to
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good performance. All measurements are taken running the Lore
system on a Sun Ultra 2 with 256MB RAM.

3.1 Operational Databases

We first consider two medium-sized databases used in Lore.
One is a tree, and the other is a graph with significant data
sharing. We believe tree-structured sources will be common in
Lore; any relational database, for example, can be modeled as an
OEM tree. Our tree-structured database contains a snapshot of
data imported from a large and popular Web site covering many
different sports, with the OEM database following the structure
of the menus and links at the site. While the overall structure is
quite regular, data for each sport differs significantly. We
captured only a small portion of the Web site, building a
database with about 3,000 objects and links, 40 unique labels,
and a maximum height of 5. Building a strong DataGuide
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