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Document warehouses, unlike traditional document management systems, contain
extensive semantic information about documents, cross-document feature relations, and
document grouping or clustering, thus providing an accurate and efficient access to busi-
ness intelligence information. Since documents are multi-dimensional in nature, we
claim that traditional indexing methods are not really suitable for document warehousing.
In this paper, we propose an indexing structure, called the D-tree, which can facilitate
the construction of document cubes. We formally present the related definitions, the de-
sign of its storage structure and related algorithms for D-trees. The above are essential
for establishing an infrastructure for combining text processing methods with numeric
OLAP processing technologies. Hopefully, the proposed combination of data warehous-
ing and document warehousing will be an important kernel for knowledge management
and customer relationship management applications.

Keywords: data warehousing, document warehousing, knowledge management, multi-
dimensional access method, OLAP

1. INTRODUCTION

Data warehousing [20] and data mining techniques [15] are gaining in popularity as
organizations come to realize the benefits of being able to perform multi-dimensional
analyses of accumulated historical business data to help contemporary administrative
decision-making [14, 15, 21, 29]. This is inspiring enterprises to obtain useful business
intelligence (BI) from both internal and external data. Business intelligence is supposed
to provide decision-makers with the tactical and strategic information they need to un-
derstand, manage, and coordinate operations and processes in their organizations.

However, many of these efforts have only touched the tip of the information iceberg.
While techniques for data warehouses, multi-dimensional models, on-line analytical
processing (OLAP), or even ad hoc reports have served enterprises well, they have not
completely addressed the full scope of business intelligence. It is believed that only about
20% of business intelligence can currently be extracted from formatted data stored in
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relational databases [17]. The remaining 80% is hidden in unstructured or semi-struc-
tured documents. This includes market survey reports, project status reports, meeting
records, customer complaints, e-mails, patent application sheets, and advertisements of
competitors, which are all recorded in documents.

Therefore, knowledge workers, managers, and executives still have to spend much
time reading dozens, if not hundreds, of various types of electronic documents spread
over the Internet. There is just too much text to digest in daily life without the use of
powerful tools. As a result, some relevant documents may be ignored, and some irrele-
vant documents may be considered based on faulty intuition in the course of decision-
making.

To dleviate these problems, Grigsby [12], McCabe et al. [26] and Sullivan [33]
have proposed that documents be properly warehoused according to some well-defined
concepts so as to expand the scope of business intelligence to include textual information.
Although many research works on text mining have been conducted (readers are referred
to [19, 22-24, 28, 34]), issues regarding document warehouses have rarely been ad-
dressed. With document warehouses, the documents of enterprises can be well organized
for effective analysis or feature extraction aimed at creating distilled and fruitful business
intelligence.

Since documents usually contain diverse concepts, they are multi-dimensional in
nature. Nevertheless, we claim that traditional indexing methods are not really suitable
for document warehousing. This is because the index of a document cube is not only
helpful for indexing, but can also serve as the metadata of the document cube itself. Al-
though a multi-dimensional array can be employed to represent the index of a document
cube, it is usually too costly as document cubes are usualy sparse. In addition, a multi-
dimensional array cannot support roll-up and drill-down operations directly. It must have
anested structure to support these functions.

In this paper, we will formally define and expand on the important concepts of
document warehousing. Then, we will propose an indexing structure, called the D-tree,
to facilitate the organizing of documents into document cubes, which together constitute
a document warehouse. We hope that this infrastructure combined with text processing
technologies can make data warehousing and document warehousing together an impor-
tant kernels of knowledge management and customer relationship management applica-
tions.

Document warehousing also provides an important platform for on-line analytical
processing (OLAP) at the text level for the interactive analysis of multidimensional
documents of varying granularity, which facilitates effective text mining, integrates
documents into a business intelligence infrastructure and provides a means of searching
for and targeting specific information in the same way we now do numeric data.

Our paper is organized as follows. Section 2 will survey current multi-dimensional
indexing structures. The design criteria obtained from these structures can be applied in
our D-tree. In section 3, the important concepts of document warehousing will be pre-
sented, and then, based on these concepts, aformal definition of the D-tree will be given.
In section 4, the storage structure and processes for constructing D-trees will be explored.
We will also address query processing and discuss experiments which we have con-
ducted. Finally, we will draw conclusions and outline future worksin section 6.
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2. RELATED WORKS
2.1 Indexing Structuresfor Multi-Dimensional Representations

Based on various types of data, indexing structures proposed for multidimensional
representations can be classified as follows:

1. Representing point data on multidimensional spaces. The K-D-B-tree [30], LSD-tree
[16] and hB-tree[25], for example, fall into this category.

2. Representing spatial data on multidimensional spaces. The R-tree [13], R'-tree [31]
and SKD-tree [27], for example, are included in this category.

3. Representing textual documents on multidimensional spaces. So far, we have not
found such indexing structure proposed in the literature. That was the motivation for
developing the D-tree.

From the multidimensional point of view, since the relative positions of different
points (or objects) are important information for spatial data management and need to be
properly recorded, the first two categories have the same properties in terms of repre-
senting spatial data. However, for document processing and management, keywords are
the most important objects. But the relative positions of the keywords in a document de-
pend on the context, which is hard to capture through current natural language under-
standing technologies. For the on-line analytical processing over documents, the tradi-
tional structures for indexing spatial data may be too complex and unsuitable for textual
documents. Therefore, we think that multidimensional structures for indexing textual
documents should be re-explored.

2.2 Requirementsfor Multi-Dimensional Indexing Structures

Based on the properties of spatial data and their applications, a variety of require-
ments for multidimensional access methods have been proposed [10, 25, 30], and we
follow these requirements in designing our D-tree. The requirements are as follows:

1. Dynamics. As data objects are inserted and deleted from the database in any given
order, access methods should continuously keep track of the changes.

2. Secondary/tertiary storage management. Despite the growing size main memory, it
is often not possible to hold a complete database in main memory. Therefore, access
methods need to integrate secondary and tertiary storage in a seamless manner.

3. Broad range of supported operations. Access methods should not support just one
particular type of operation (such as retrieval) at the expense of other tasks (such as
deletion).

4. Independence of the input data. Access methods should remain efficient even when
the input data are highly skewed. This point is especially important for data that are
distributed differently along various dimensions.

5. Smplicity. Intricate access methods with special cases are often error-prone and, thus,
not sufficiently robust for use in large-scale applications.
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6. Scalability. Access methods should adapt well to the growth of the underlying data-
base.

7. Time efficiency. Access methods should guarantee a logarithmic worst-case search
performance for all possible input data distributions regardless of the insertion se-
guence. This worst-case performance should hold for any combination of attributes.

8. Space efficiency. An index should be small in size compared with the data to be ad-
dressed and, therefore, guarantee a certain degree of storage utilization.

9. Concurrency and recovery. In modern databases, where multiple users concurrently
update, retrieve and insert data, access methods should provide robust techniques for
transaction management without incurring a significant performance penalty.

10. Minimum impact. The integration of an access method into a database system should
have aminimal impact on the existing parts of the system.

The rationale behind the D-tree is similar to that behind the R-tree [13], in the sense
that the R-tree models spatial objects with overlapping subspaces, whereas the D-tree
indexes textual documents with overlapping keywords, the structure of the D-tree is sim-
pler and completely different from that of the R-tree.

3.D-TREE: AMULTI-DIMENSIONAL INDEXING STRUCTURE
3.1 Definitions

Although issues concerning document warehousing have been addressed in [12, 26,
33], there are till no formal definitions. In the following, we will define a document,
dimension, document tuple and document cube. Then, based on these definitions, we will
define the D-tree.

Definition 1 A document T = {k;, k, ..., ki} isalogical unit of text characterized by a
set of keywords{ky, ko, ..., ki}.

Definition 2 A dimension D is atree structure of mlevels, m> 1, which is used to rep-
resent hierarchical relationships among the keywordsin aset. A nodein adimension D is
called a member, and each internal node contains a specia child, called summary mem-
ber, indicated by an ‘*’, which is used to define the other children of the internal node.

The summary member of the dimension root is used to represent the whole dimen-
sion. It is used in contemporary data warehousing systems to provide flexible query
processing when the dimension member is not explicitly specified in user queries. The
other summary members are used to represent the other children of the internal node.

The keywords in a dimension are not limited to those contained in document con-
tents. Any property or metadata of a document file (e.g., such as those defined in the
Dublin Core Metadata Element Set [8]) can also be regarded as a keyword in a dimen-
sion for constructing document cubes. Furthermore, if documents are organized into
predefined categories, the category hierarchy to which a document belongs can also be
regarded as a dimension. That is, text is not unstructured as is often assumed and as
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pointed out by Sullivan [33]. The concept of a dimension can be employed to model the
structure inherently hidden in text.

To simplify our discussion, we will use only ordinary dimensions in the following
examples.

Definition 3 For a dimension D, the ith-level member set, denoted D(i), is defined as
D(i) ={a|aisamember in theith level of D, but ais not a summary member}. In addi-
tion, we use D(0) to denote the union of al non-summary members in D, which is the
union of al i-th level member setsin D. That is, D(0) = U; <i<n D(i), where h is the
height of D.

In practice, a dimension can be represented by a relational table, where each level
corresponds to an attribute in the relation and the attribute names are usually regarded as
corresponding level names. To illustrate the above definitions, we will give an example
below.

Example 1: Suppose there is a relation Region representing the regions of Taiwan as
shown in Table 1 (@). Another aternative is shown in Table 1 (b). This relation can be
used to construct a dimension, denoted R as depicted in Fig. 1, where the first level cor-
responds to the dimension itself, which is commonly denoted “(All Region),” and the
second and third levels are derived from the attributes Location, and City, respectively.
All starred nodes in Fig. 1 are summary members. That is, the summary member in the
second level has the same meaning as all regions in Taiwan, which represents { South,
North}. Also, the summary members under South and North mean the same as South and
North, which denote { Tainan, Kaohsiung, Pingtong} and {Taipei, Taoyun, Hsinchu},
respectively. By omitting all the summary members, we can redraw Fig. 1 as shown in
Fig. 2. According to theillustration of dimension R, we know that R(1) = { (All Region)},
R(2) = {South, North}, and R(3) = {Tainan, Kaohsiung, Pingtong, Taipei, Taoyun,
Hsinchu}, and R(0) = { (All Region), South, North, Tainan, Kaohsiung, Pingtong, Taipei,
Taoyun, Hsinchu} .

In Fig. 3, another dimension denoted P and representing the products of a company
that manufactures consumer electronics, is concisely depicted. Both dimensions will be
used in the following examples. a

Table 1. A relation Region and its alternative for constructing dimension R.
@ (b)

Location City Tag | Parent | Level Keyword
South Tainan 1 1 1 (All Region)
South Kaohsiung 2 1 2 South
South Pingtong 3 1 2 North
North Taipei 4 2 3 Tainan
North Taoyun 5 2 3 Kaohsiung
North Hsinchu 6 2 3 Pingtong

7 3 3 Taipei
8 3 3 Taoyun
9 3 3 Hsinchu
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Level

:

2

3

Level Name Level

All Region 1
Location 2
City 3

Fig. 3. A conciseillustration of dimension P.

For a dimension D, there are two basic operations, called drill-down and roll-up.
The drill-down operation involves the expanding of an internal node to obtain all of its
children, and the roll-up operation involves the shrinking of a set of children to obtain
their common parent. This can be further clarified by the following definitions.

Definition 4 For any two n-tuple of keywords A = (ay, &, ..., &, ..., &, and B = (b,,
b,, ..., by, ..., b,) defined on n dimensions (D,, Do, ..., Dj, ..., Dy), where a; and b;
D;(0), we define B as a member of drilling down A along dimension D; (or A as a mem-
ber of rolling up B along dimension D;), denoted A <; B, if and only if there exists ex-
actly onei, 1<i<n, suchthat by isachild of & inD;, and b, = g, for al j #1i.

Definition 5 For a document T with a unique identifier idy, a document index of T de-
fined on n dimensions (D4, D, ..., Dy) is denoted x = (idt, Ky), where K = (K, Ky, ...,
Ki, ..., Kp) isan n-tuple of keyword sets such that each K; contains a set of keywords, and
for al keywords k; € K, wherek; € T, and k; € D;j(0), foral 1<i<n.
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For simplicity, the first and second components of a document index x = (idy, Ky)
will be denoted x* and ¥? (i.e., x* = idy and x* = Ky), respectively. When al |K;| = 1, the
document index is also called a base document index, and each K; can also be denoted by
its only element for the sake of convenience. (That is, in such cases, a Ky = ({ky},
{ka}, ..., {k}, ..., {ki}) can be abbreviated as Kt = (ki, ko, ..., ki, ..., ky).) If there is at
least one K;, such that |K;| > 1, and if the sizes of the other K;'s are all equal to 1, then the
document index is also called a composite document index. Finaly, if there are some K;,
suchthat |K;| =0, then the document index is also called a degenerate document index.
In the following, a degenerate document index with some |K;| = O will be generalized by
using the top level member set of the corresponding dimension, i.e., Di(1) or ‘*’, to re-
place the missing keyword set K;.

Example 2: Following Example 1, suppose there is a complaint e-mail T issued by a
customer as shown in Fig. 4. Then, a base document index of T defined on the above two
dimensions (R, P) can be obtained as x = (A0001, ({ Kaohsiung}, { TV})), where AO001 is
the unique identifier of T. a

To whom it may concern:

We bought a TV at your Kaohsiung branch last weekend. However, we found the screen
is severely unstable. Please give us the phone number of your service center. Thank you for
your kind help.

Sincerely,
Frank S.C. Tseng

Fig. 4. A complaint e-mail issued by a customer (A0001).

The basic component of adocument cube is called a cell, which is defined as follows.

Definition 6 A cell defined on n dimensions (D4, D, ..., Dy) is denoted ¢ = (t., X),
wheret; = (C, Cp ..., Gy ..., C), G € Di(O) U{*™*'}, L<i<n, and Xo = {Xy, X2, ..\ Xy ooy
Xm} is aset of document indices of the form x; = (idy, (Kq, Ky, ..., Ky)), where idy; is th
unique identifier of some document T; and K; N D;(0) # &, 1 <i < n. The set of all such
document unique identifiersidy involved in the cell ¢ = (t;, X;) is denoted ID(c) = {x,-l |V
X € X}. That is, a document with a unique identifier in 1D(c) can be directly accessed
from cell c.

Definition 7 A cdl ¢ = (t,, X.), wheret, = (¢, ¢, ..., G, ..., Cy), defined on n dimen-
sions (Dy, D, ..., Dy) iscalled an md cell, 0 < m < n, if and only if there are exactly m
non-summary membersc; (i.e, ¢, = ‘*"). If m=nand ¢ € D;(h;), where h; is the height of
D;, foral 1<i <n, then cisalso called a base cell; otherwise, cis called anon-base cell.

Definition 8 An n-dimensional i-d cell a = ((ay, &y, ..., &), Xg) is a parent of another
n-dimensional i-d cell b = ((by, by, ..., by), Xy), if and only if the following conditions
hold:

1. There exists exactly one k such that ay is the parent of b, in D, and g = b for all | # k,
1<1<n.
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2.1D(b) < ID(a), where ID(a) and ID(b) are the sets of all document unique identifiers
involved in cellsa and b, respectively.

Definition 9 A document cube DC = (S (Dy, Dy, ..., Dy)), where Sis a set of docu-
ments defined on n dimensions (D4, D, ..., Dy), is a cube composed of all cells ¢ = (t,
X)) witht € Xi4.,Dj(0) and ID(c) = S

A sample illustration of a document cube DC = (S, (R, P, T)) is shown in Fig. 5,

where R and P represent the aforementioned dimensions Region and Product, respec-
tively. Here, we assume that T is a dimension representing Time.

) IV
region
Taipei
Teoyuan (- North
& HsinCh
(All Region)

\\/ Tainan
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(Al Product)
Fig. 5. A sampleillustration of adocument cube.

A document cube can be implemented based on the concept of the D-tree, which will
be formally defined in Definition 10. In a complete D-tree, leaf nodes and non-leaf nodes
are used to represent the base cells and non-base cells of a document cube, respectively.
These nodes are linked according to the parent-child relationships defined in Definition 8,
such that all leaf nodes are located in the lowest level.

Definition 10 A D-tree is atree structure for implementing a document cube DC = (S,
(D4, Dy, ..., Dy)). The basic components of a D-tree are as follows:

1. A set of nodes, including leaf nodes and internal nodes, which, respectively, represent
base cells and non-base cells in the document cube. A non-base cell n = (t,, X,) isrep-
resented by an internal node | = (t,, X, I,) in a D-tree, where |, is a set of links (de-
fined below) linking to its children, and a base cell b = (ty, Xp) is represented by a leaf
node L = (t,, Xy, lp), where |, is an empty set. Since a leaf node has no children, it can
be abbreviated as L = (ty,, Xp).



D-TREE: A MULTI-DIMENSIONAL INDEXING STRUCTURE FOR DOCUMENT WAREHOUSES 827

2. A set of links, which are defined as follows:

+ AnodeP = (tp, Xp, Ip) has a child node C = (tc, X, Ic) (i.e., C € Ip) if and only if t¢
isadrilling down member t along some dimension D; (i.e,, tp <; tc). Thus, if there
exists exactly one ¢; such that tc = (py, P2, -+, Ciy «--s Pr)s tp = (P1, P21 -1 Piv -++» Pr)s
and ¢ isachild of p; in D;, then P isaparent of C.

Accordingly, the set of all the document unique identifiers involved in anode N =
(tn, X, In) in aD-treeis also denoted ID(N) = {x* | VX € Xx}, where N can be an internal
node or aleaf node. That is, a document with a unique identifier in ID(N) can be directly
accessed from node N.

Based on the above definitions, we have studied some properties of a complete
D-tree. However, due to space limitations, readers are referred to [35].

3.2 Supported Query Types of D-trees

The query type for a document warehouse is most likely the same as that for a data
warehouse. That is, foraDC = (S (Dy, D, ..., Dp)), users can provide a base or non-base
cellc=(cy, ¢ ..y Gy .oy Cn), G € D(0) U {**'}, 1 <i £ n, and the system will then re-
spond with document sets S. © Sindexed by c. Based on the current query results, users
can further issue roll-up or drill-down operations along some dimensions as well. For
example, for the document cube shown in Fig. 5, managers can issue a base cell ¢, =
(‘TV', ‘Taipei’, ‘Q4, 2004’) to obtain a subset of documents containing information re-
garding Taipei customers who purchased TVsin Q4, 2004, or anon-base cell ¢, = (‘'TV,
‘*''Q4, 2004’) to obtain a subset of documents containing information regarding all
customers who purchased TVsin Q4, 2004

To support various types of queries in data warehouses, MDX (Multi-Dimensional
eXpression) [32] has been proposed to provide multi-dimensional OLAP (On-Line Ana-
lytical Processing) capabilities. MDX has been widely adopted and supported by Applix,
Microsoft, Microstrategy, Whitelight, SAS and SAP [32]. In [36], we extended the con-
structs of MDX to MD?X (Multi-Dimensional Document eXpression) in order to include
more features for querying document warehouses.

4. IMPLEMENTATION OF A D-TREE

According to Definitions 9 and 10, since the size of X<, D;(0) is factorial, a com-
plete D-tree for a document cube generally consists of a huge number of nodes, which
grows exponentialy and is not practical for business applications. However, as we
pointed out in section 1, document cubes are usualy sparse, and it is not necessary to
generate all nodes for a D-tree. We will now present a feasible implementation of a
D-treein the following.

4.1 The Sorage Sructure of aD-Tree

In fact, the best storage structure for a D-tree is based on the use of relational or ob-
ject-relational databases. In Table 1, we show two representations of the dimension Re-
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gion. Both representations can be easily obtained from each other through conversion.
For example, to convert Table 1 (b) to Table 1 (a), the SQL statement can be employed:

select R1.keyword as Level2_name, R2.keyword as Level3_name
from D; R1, D; R2
where R1.Level = 2 and R1.Tag = R2.Parent

The structure of Table 1 (a) is easier for people to understand, and that of Table 1 (b)
is more efficient for computer processing. In the following, we assume that each dimen-
sion D; is stored in the relation Di(Tag, Parent, Level, Keyword), conforming to the
structure of Table 1 (b), such that the underlined attribute Tag represents the primary key,
and Di.Parent is aforeign key referencing Di.Tag. For example, the dimensions Product
and Timein Fig. 5 can be represented as shown in Fig. 6.

Product Time

Tag |Parent| Level Keyword Tag Parent Level Keyword
1 1 1 (All Product) 1 1 1 (Al Time)

2 1 2 Appliance 2 1 2 2003

3 1 2 Communication 3 1 2 2004
4 1 2 Computer 4 2 3 Q1, 2003
5 2 3 TV 5 2 3 Q2, 2003
6 2 3 Refrigerator 6 2 3 Q3, 2003
7 3 3 Cellular Phone 7 2 3 Q4, 2003
8 3 3 Radio 8 3 3 Q1, 2004
9 4 3 Monitor 9 3 3 Q2, 2004
10 4 3 Printer 10 3 3 Q3, 2004
11 3 3 Q4, 2004

Fig. 6. Dimensions product and time represented by relations.

To construct a D-tree for a document cube DC = (S, (Dy, D, ..., Dy)) with the best
possible utilization of storage, we only have to take into account all the document indices
obtained from all the document instances in S and convert them into initial D-tree nodes,
which will be used to generate all effective D-tree nodes. This is because non-effective
D-tree nodes are of no use for indexing the documents in S and can be neglected. This
may save an extremely large amount of storage space, as the ratio |S|/| X<, D;(0)] is very
small in practical applications.

A document index x = (idy, Ky), where Kt = (Ky, Ko, ..., K|, ..., K}), can be used to
generate {idt} X (X« Kj) as the set of initial D-tree nodes, which can be stored in the
relation DTreg(Doc_id, D1 _tag, D2 Tag, ..., Di_Tag, ..., Dn_Tag), where Doc _id is a
foreign key that references the document id in Sand each Di_Tag is aforeign key match-
ing the primary key D;.Tag of dimension D;. Here, we also regard Sas being stored in the
relation S(Doc _id, file path), where Doc _id is the primary key and file_path is used to
store the file paths or URIs of documents. We call this approach dimensional modeling
for document warehousing and illustrate it in Fig. 7. This can be regarded as a counter-
part of the approach proposed by Kimball [21] for traditional data warehousing. Through
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“ DTree (Fact Table)

Doc_Id (FK) . .

Dl_Tag (FK) |— Dimension

D2 Tag (FK) D,
Dimension

Di_Tag (FK)

Dimension

Dn_Tag (FK) D,

Fig. 7. Dimensiona modeling of adocument cube DC = (S, (D4, D, ..., Dy)).

dimensional modeling, al effective D-Tree nodes can be generated through the steps
discussed in section 4.2.

Example 3: For the document cube DC = (S (R, P, T)) illustrated in Fig. 5, a document
index x = (A0001, ({ North, Kaohsiung}, { TV, Radio}, &)) will be used to generate the
initial D-tree nodes, which will be stored as tuples in the relation DTree shown in Fig. 8.
Notice that, since x is a degenerate document index, the empty keyword set correspond-
ing to the third dimension T will be replaced by D3(1) = {(All Time)} before generation
proceeds. That is, x will be transformed into (A0001, ({ North, Kaohsiung}, { TV, Radio},
{(All Time)})) to generate the following set of tuples: {(A001, North, TV, (All Time)),
(A001, North, Radio, (All Time)), (A001, Kaohsiung, TV, (All Time)), (A001, Kaohsiung,
Radio, (All Time))}, which can be encoded into { (A001, 2, 5, 1), (A001, 2, 8, 1), (A001,
8, 5, 1), (A001, 8, 8, 1)} based on the relationship between the foreign keys Di_Tag and

their matching primary keys D;.Tag of each dimension, 1 <i <n. u
DTree
Doc id | D1 tag | D2 tag | D3 tag
A001 2 5 1
A001 2 8 1
A001 8 5 1
A001 8 8 1

Fig. 8. Initial relation DTree generated for DC = (S (R, P, T)).

4.2 The Generation of Effective D-Tree Nodes

Based on the above storage structure, according to Definition 10, the set of links of
a D-tree can be inherently maintained based on the relationships between the foreign
keys Di_Tag and their matching primary keys D;.Tag of each dimension, 1 <i < n.
Therefore, the parent nodes of al initial D-tree nodes (i.e., the tuplesin theinitial relation
DTree) can be derived by joining DTree.Di_tag with the attribute Di.Tag of dimension D;,
for al 1 <i <n, and then projecting Di.Parent to replace DTree.Di_Tag, together with the
other DTree.Dj Tag, foral 1<j <n,j#i. In general, the SQL statement for this task can
be formulated as follows:
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select distinct Doc_id, D1.Parent, DT.D2 Tag, ..., DT.Di_Tag, ..., DT.Dn_Tag
from D1, DTree DT

where D1.Tag = DT.D1 _Tag

union

select distinct Doc_id, DT.D1 Tag, D2.Parent, ..., DT.Di_Tag, ..., DT.Dn_Tag
from D2, DTree DT

where D2.Tag = DT.D2_Tag

union

select distinct Doc_id, DT.D1 Tag, DT.D2 Tag, ..., D;.Parent, ..., DT.Dn_Tag
from D;, DTree DT
where D;.Tag = DT.Di_Tag

union

select distinct Doc_id, DT.D1 Tag, DT.D2 Tag, ..., DT.Di_Tag, ..., D,.Parent
fromD,, DTree DT

where D,.Tag = DT.Dn_Tag

That is, the following SQL statement can be used to generate the parent nodes of the
tuples shown in Fig. 8:

select distinct Doc_id, R.Parent, DT.D2_Tag, DT.D3_Tag
from Region R, DTree DT

whereR.Tag = DT.D1_Tag

union

select distinct Doc_id, DT.D1_Tag, PParent, DT.D3 Tag
from Product P DTree DT

where PTag = DT.D2_Tag

union

select distinct Doc_id, DT.D1 Tag, DT.D2_Tag, T.Parent
fromTimeT, DTree DT

where T.Tag = DT.D3 Tag

As the dimensions are al finite, when this statement is iteratively applied to the
newly obtained nodes, there exists a least fixed point [37], such that at that point, no
more new nodes can be generated. When the least fixed point is reached, all the effective
nodes of the target D-tree can finally be obtained. The complete SQL commands for re-
peatedly generating the effective nodes can be packed into the following Transact-SQL
stored procedure Build_Dtree.

CREATE PROCEDURE build_Dtree AS
declare @Initial_Num_of Nodesint
declare @Generated_Num_of _Nodesint
select @Generated_ Num_of _Nodes=0
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if exists(select * from sysobjects whereid = object_id(‘' TempDTree') and type="‘U’)
drop table TempDTree
select distinct * into TempDTree from Dtree
select @Initial_Num_of_Nodes = count(*) from TempDtree
while (@Initial_Num_of_Nodes <> @Generated Num_of_Nodes) /* Isthe |least fixed point
reached? */
Begin
select @Initial_Num_of_Nodes = count(*) from TempDtree
if exists(select * from sysobjects where id = object_id('New_Effective_Tuples) and type =
‘U
drop table New_Effective_Tuples
select distinct *
into New_Effective_Tuples
from (
select distinct Doc_id, D1.Parent, DT.D2 Tag, ..., DT.Di_Tag, ..., DT.Dn_Tag
from D1, DTree DT
where D1.Tag = DT.D1_Tag
union
select distinct Doc_id, DT.D1_Tag, D2.Parent, ..., DT.Di_Tag, ..., DT.Dn_Tag
from D2, DTree DT
where D2.Tag = DT.D2_Tag
union

select distinct Doc_id, DT.D1_Tag, DT.D2 Tag, ..., D;.Parent, ..., DT.Dn_Tag
from D;, DTree DT
where D;.Teg = DT.Di_Tag

union
select distinct Doc_id, DT.D1_Tag, DT.D2 Tag, ..., DT.Di_Tag,..., Dy.Parent
fromD,, DTree DT
where D,.Tag = DT.Dn_Tag
) Tmp
Truncate table TempDTree
insert into TempDTree select distinct * from New_Effective_Tuples
insert into DTree select * from TempDTree
select @Generated_ Num_of Nodes = count(*) from New_Effective_Tuples
end
/* Remove temporary relations TempDtree and New_Effective Tuples*/
drop table TempDtree, New_Effective_Tuples
/* The following statements delete duplicate tuples */
select distinct * into TmpDtree from Dtree
drop table Dtree
exec sp_rename ‘ TmpDtree', ' Dtree’

4.3 Query Processingin aD-Tree

To support the query types addressed in section 3.2, the following SQL statement
can be employed to generate the query result (i.e., the document set) indexed by a spe-
cificcel c=(cy, ¢, ..., G, ..., C):
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select distinct Doc _id
from DTree
whereD1 Tag=c; and D2 Tag=c,andDi_Tag=¢; ... and Dn Tag = ¢,

To support the drill-down operation, i.e., to generate a query result indexed by drill-
ing down a specific cell ¢ = (cy, ¢, ..., G, ..., C,) dong dimension D; to obtain a set of
cellsC={(cy, ¢, ..., by, ..., &) | byisachild of ¢ in D;}, the following SQL statement
can be used to find set C:

select digtinct DT.D1 TagasCl, DT.D2 TagasC2, ..., Di.Tag asBi, ..., DT.Dn_TagasCn

from D;, DTree DT

where D;.Parent = DT.Di_Tag and DT.D1 Tag =c¢; and DT.D2 _Tag=c, and ...
DT.Di_Tag=c¢; ... and DT.Dn_Tag = ¢,

Then, we can obtain the drill-down result from the union of all the query results of
cellsinC.

To support the roll-up operation, i.e., to generate a query result indexed by rolling
up a specific cell ¢ = (¢, ¢y, ..., G, ..., Cy) dong dimension D; to obtain the cell p = (cy,
C2y -y Piy ---» Cn), SUCh that p; is the parent of ¢; in D;, the following SQL statement can be
issued to find cell p:

select distinct DT.D1_Tag asC1, DT.D2_Tag asC2, ..., Di.Parent asPi, ..., DT.Dn_Tag asCn
from D;, DTree DT
where D;.Teg = DT.Di_Tag and DT.D1_Tag = ¢, and DT.D2_Tag=c,and ...

DT.Di_Tag=¢; ... and DT.Dn_Tag = c,

Then, we can obtain the roll-up result from the query result of cell p.

Example 4: Based on the situations discussed in Example 1, we will demonstrate the
process of generating all effective nodes for the target D-tree of the document cube DC =
(S (R, P)), where Rand P are as depicted in Figs. 2 and 3, respectively. To compare the
storage utilization of the D-tree constructed with our approach, which contains effective
nodes only, and that of the complete D-tree, we list the nodes of the complete D-tree in
Table 2.

Now, suppose S contains three documents: T, (with idy, = A001), T, (with idy, =
A002) and Ts (with idr, = A003), from which three document indices can be generated as
follows:

1.x; = (A0001, ({Kaohsiung}, {TV})). This generates (A001, Kaohsiung, TV) and can be
stored in the relation DTree as (A00L, 5, 5).

2.%; = (A0002, ({ Tainan}, { Monitor, Printer})). This generates (A002, Tainan, Monitor)
and (A002, Tainan, Printer) and can be stored in the relation DTree as (A002, 4, 9) and
(A002, 4, 10), respectively.



D-TREE: A MULTI-DIMENSIONAL INDEXING STRUCTURE FOR DOCUMENT WAREHOUSES

833

Table 2. All n-tuples of keywor ds corresponding to dimensionsR and P.

t; = ((All Region), (All Product))

t, = ((All Region), Appliance)

tz = ((All Region), Communication)

t, = ((All Region), Computer)

ts = (South, (All Product))

ts = (North, (All Product))

tz = ((All Region), TV)

ts = ((All Region), Refrigerator)

to= ((All Region), Cellular Phone)

t1o = ((All Region), Radio)

t12 = ((All Region), Monitor)

t12 = ((All Region), Printer)

t13= (South, Appliance)

t14 = (South, Communication)

t15 = (South, Computer)

t16 = (North, Appliance)

t17= (North, Communication)

t1 = (North, Computer)

t1 = (Tainan, (All Product))

t0 = (Kaohsiung, (All Product))

t1 = (Pingtong, (All Product))

t, = (Taipei, (All Product))

tos = (Taoyun, (All Product))

t4 = (Hsinchu, (All Product))

ts= (SOUth, TV)

trs = (South, Refrigerator)

ty7 = (South, Cellular Phone)

ts = (SDUth, Rajlo)

too = (South, Monitor)

t3o = (South, Printer)

ta = (North, TV)

ts» = (North, Refrigerator)

tss = (North, Cellular Phone)

tz4 = (North, Radio)

tss = (North, Monitor)

tss = (North, Printer)

tz; = (Tainan, Appliance)

tzs = (Tainan, Communication)

tzo = (Tainan, Computer)

ty = (Kaohsiung, Appliance)

t41 = (Kaohsiung,Communication)

ts2 = (Kaohsiung, Computer)

ts3 = (Pingtong, Appliance)

t4= (Pingtong, Communication)

t4s = (Pingtong, Computer)

tss = (Taipei, Appliance)

t47 = (Taipei, Communication)

t4g = (Taipei, Computer)

tso = (Taoyun, Appliance)

tso = (Taoyun, Communication)

tsy = (Taoyun, Computer)

ts, = (Hsinchu, Appliance)

tss = (Hsinchu, Communication)

ts4 = (Hsinchu, Computer)

tss = (Tal nan, TV)

tss = (Tainan, Refrigerator)

ts; = (Tainan, Cellular Phone)

tss = (Tal nan, Rale)

tso = (Tainan, Monitor)

teo = (Tainan, Printer)

te1 = (KaOhS ung, TV)

tez = (Kaohsiung, Refrigerator)

tes = (Kaohsiung, Cellular Phone)

tes = (Kaohsiung, Radio)

tes = (Kaohsiung, Monitor)

tes = (Kaohsiung, Printer)

te7 = (Pingtong, TV)

teg = (Pingtong, Refrigerator)

teo = (Pingtong, Cellular Phone)

t7o = (Pingtong, Radio)

t71 = (Pingtong, Monitor)

t7» = (Pingtong, Printer)

tr3= (Tal pel, TV)

t74 = (Taipei, Refrigerator)

tz5 = (Taipei, Cellular Phone)

t76 = (Taipei, Radio)

t7; = (Taipei, Monitor)

tz = (Taipei, Printer)

t79 = (Taoyun, TV)

tgo = (Taoyun, Refrigerator)

tg1 = (Taoyun, Cellular Phone)

tg> = (Taoyun, Radio)

tgs = (Taoyun, Monitor)

tgs = (Taoyun, Printer)

tgs = (HS nchu, TV)

tgs = (Hsinchu, Refrigerator)

tg; = (Hsinchu, Cellular Phone)

tgs = (HS nChU, Rajlo)

tgo = (Hsinchu, Monitor)

too = (HS nChU, Pri nter)

3.X3 = (A0003, ({ Hsinchu, Taoyuan}, { Radio})). This generates (A003, Hsinchu, Radio)
and (A003, Taoyuan, Radio), and can be stored in the relation DTree as (A003, 9, 8)
and (A003, 8, 8), respectively.

That is, theinitial relation Dtreeisas shownin Fig. 9.

DTree
Doc id | D1 tag | D2 tag
A001 5 5
A002 4 9
A002 4 10
A003 9 8
A003 8 8

Fig. 9. Initial relation DTree generated for DC = (S (R, P)).



834 FRANK S. C. TSENG AND WEN-PING LIN

After the procedure Build_Dtree is applied, al effective tuples can be generated,
and we can finally obtain the target relation DTree as shown in Fig. 10, where nodest; =
(1, 1) = ((All Region), (All Product)) and ts = (2, 1) = (South, (All Product)) contain more
than one tuple (the shaded areas in Fig. 10). This means that the document sets { A001,
A002, A003} and { A001, A002} can be retrieved by issuing t; and ts as queries, respec-
tively. If we adopt object-relational databases to store the relation DTrees, then this phe-
nomenon can be alleviated, since the three tuples and two tuples of t; and ts, respectively,
can be grouped into two single tuples and stored in an object-relational database. Also,
object-relational databases can manipulate D-trees more efficiently by applying the im-
plicit join mechanism to each foreign key reference.

DTree
Doc id Dl_ta§| D2 tag Doc id | D1 tag| D2 tag Doc id| D1 tag| D2 _tag
t;| A0O1 1 1 ts| AOOL 2 1 tso| AOO2 4 9
ti] A002 | 1 1 ti13| A0O1 2 2 teo| AO02 4 10
t1| A0O3 | 1 1 t15| A002 2 4 too| AOOL 5 1
t,| AOO1 1 2 tos| AO01L 2 5 40| AOOL 5 2
t3| A003 1 3 too| A002 2 9 te1| AOOL 5 5
14| A002 1 4 t3o| A002 2 10 to3| A003 8 1
t;| A0O1 1 5 ts| A0C03 3 1 ts0| AOO3 8 3
t109| AOCO3 1 8 t17| A003 3 3 tgo| A0CO3 8 8
t11| A002 1 9 t34| A003 3 8 tos| AOO3 9 1
t1o| A0O2 1 10 tio| A002 4 1 ts3| A0O03 9 3
ts| A002 | 2 1 tag| A002 4 4 tgg| A003 9 8

Fig. 10. The target relation Dtree with effective D-tree nodes for Example 4.

Legend:
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To show the storage utilization of our approach, in Fig. 11, we depict the effective
nodes (i.e., the shaded nodes) in the corresponding complete D-tree, which contains all
the nodes listed in Table 2. Compared with the complete D-tree structure, only 1/3 num-
ber of the nodes are stored in our target D-tree. a

4.4 Performance Evaluation Experiments

Based on the above storage structure, if al dimensions consist of no more than
65,536 elements, then the attribute Di_Tag in the relation DTree can be encoded in only
two bytes. Also, if the number of documents is no greater than 65,536, then the attribute
Doc _id can be represented by a two-byte short integer. Under these circumstances, a tu-
plein DTree only occupies (2 + 2n) bytes, where n is the number of dimensions. That is,
the largest DTree in our experiments, which contained less than one million effective
nodes, only occupied (2 + 2 * 5) * 1,000,000 = 12,000,000 bytes = 12MB, which is
relatively small and can be easily stored in contemporary relational database manage-
ment systems (RDBMSs).

According to our dimensional modeling approach, the SQL statements discussed in
sections 4.2 and 4.3 only join two relations. Therefore, the time complexity of al the
statements is O(nlogn), where n is the number of tuplesin DTree. To measure the execu-
tion performance, we conducted experiments in which we generated the relation Dtree.
The experiments were designed to illustrate the superiority of our approach and the fea-
sibility of the D-tree. The experiments were also helpful for studying the accuracy of our
method to see if the aforementioned least fixed point can be reached efficiently. In fact,
the maximum number of iterations needed to reach the least fixed point is just the same
asthe height of the target D-tree.

In our experiments, the following data sets were used or generated based on our di-
mensional modeling approach:

1. Dimensions used: As documents usually center around some events concerned with
certain objects, people, places, and time periods, five dimensions were used in our ex-
periments to represent the events, products, people, locations, and time periods in-
volved in documents, each having 18, 10, 16, 16 and 52 nodes, respectively. The time
dimension included dates from three years, with the levels year, quarter, and month.

2. Document Index generation: We generated factitious document sets consisting of the
keywords in the five dimensions by means of random perturbations. There were three
document sets, composed of 50, 100 and 200 documents, respectively. To test the scal-
ability, the documents in each set were gradually extended with new keywords in each
dimension to generate new document indices. In our experiment, we extended each
document with new keywords in each dimension for five times. Then, based on the
obtained document indices, the initial D-tree nodes could be quickly derived and
stored in the relation DTree as Fig. 9 depicts (in our experiments, such actions could be
performed in 1 or 2 seconds).

3. Effective D-tree node generation: Based on the previously obtained relation DTree, al
of the effective D-tree nodes were iteratively generated and stored in DTree until the
least fixed point was reached.
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We implemented our method by means of Transact-SQL in Microsoft SQL Server
2000, and ran the experiments on a dedicated PC with a single Intel Pentium 4 (2.8GHz)
CPU, 512M of RAM, and 120GB of hard disk space. In Fig. 12, we list the experimen-
tal results, where the elapsed time was computed from scratch for each entry, not in-
crementally.

Keyword Initial # of nodes # of effective nodes )
f# of Doc exfinsi on generated from doc. indices generated Elapsed Time (sec)

Base 1,168 93,600 112

1% extension 2,224 146,600 129

50 2" extension 3,792 166,920 148
3 extension 4,352 173,280 146

4" extension 4,664 191,440 162

5" extension 6,400 210,280 189

Base 10,760 280,240 335

1% extension 12,240 349,320 350

100 2" extension 12,568 384,880 351
3 extension 19,448 435,120 395

4" extension 26,192 472,080 395

5" extension 26,240 538,880 490

Base 23,056 610,360 580

1% extension 33,576 745,560 604

200 2" extension 41,080 772,520 715
3 extension 47,584 877,760 658

4" extension 49,080 918,000 716

5" extension 51,072 922,320 693

600

500 F Dinitial # of nodes generated
from doc. indices/100

400

M+ of effective nodes
30 generated/1000
20

DO Time elapsed (sec)
10

1st extension  2nd extension 3rd extension  4th extension  5th extension

S

=]

S

o

(a) Number of documents = 100.

Oinitial # of nodes

800 generated from doc.
700 indices/100
600 W+ of effective nodes
500 generated/1000
:zz OTime elapsed (sec)
200
100

0

Istextenson 2nd extension 3rd extension  4th extension  5th extension

(b) Number of documents = 200.
Fig. 12. The experimental results.
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Note that, we only show bar charts corresponding to the last two sets of documents
(i.e., the sets containing 100 and 200 documents). From this illustration, one can see that
the time needed to generate the effective nodes of a D-tree grew almost linearly. There-
fore, for larger data sets, the experimental results scaled accordingly.

Although this process seems a bit time-consuming, it is necessary for constructing
document warehouses. This is the reason why vendors usually support the flexible stor-
age design methods of MOLAP (Multi-dimensional OLAP), ROLAP (Relational OLAP)
and HOLAP (Hybrid OLAP) to achieve a time/space trade-off. Fortunately, this time-
consuming process is only performed once during warehouse construction. After con-
struction is completed, queries can be answered very quickly.

5. CONCLUSION AND FUTURE DIRECTIONS

In this paper, we have stressed the importance of constructing document warehouses
to provide text-centric business intelligence, and proposed an indexing structure, the
D-tree, which can be used as metadata for document warehousing. The concept behind
the D-tree is simple, and its structure is easy to implement. As documents are ware-
housed, users can perform on-line analytical processing (OLAP) over text in a document
warehouse.

To prove the effectiveness of the D-tree, we have shown that it meets the require-
ments [10, 25, 30] listed in section 2 below.

1. Dynamics. As relational tables are employed in the storage structure of the D-tree,
effective nodes generated from document indices can be inserted and deleted in any
given order.

2. Secondary/tertiary storage management. The size of a D-tree mainly depends on the
number of effective nodes. Since the contents of al document instances are kept in
secondary storage, only their unique identifiers (or links) are maintained in D-trees,
which enable the document links to integrate secondary and tertiary storage seam-
lessly.

3. Broad range of supported operations. We have devised algorithms for multi-dimen-
sional queries, enabling rolling up and drilling down aong dimensions.

4. Independence of input data. Since only effective nodes are stored in a D-tree, the ef-
ficiency of aD-treeisretained, even when the input documents are highly skewed.

5. Smplicity. The concept behind the D-tree is simple, and its structure is easy to im-
plement in large-scale applications.

6. Scalability. The D-tree adapts well to the growth in the underlying document set.

7. Time efficiency. Multi-dimensional searches in D-trees are fast. This guarantees
logarithmic worst-case search performance for drilling down and rolling up under all
possible input document distributions, regardless of the insertion sequence.

8. Space efficiency. A D-tree is small in size compared with the document sets to be
addressed, therefore guaranteeing good storage utilization.

9. Concurrency and recovery. When multiple users concurrently update, retrieve and
insert documents, mature relational database technology provides robust concur-
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rency and recovery mechanisms for use in D-trees for document management with-
out asignificant performance penalty.

10. Minimum impact. Since a D-tree is kept in a separate place and is not mixed with the
document set, the integration of a D-tree into a document management system has no
impact on the existing parts of the system.

In our future work, we will devise an architecture for document warehousing. The
preliminary components may include the following modul es.

=

. An XML Schema[18] used to define document metadata.

2. Automatic text summarization [11, 14, 22], key feature extraction [9], or even docu-
ment classification and categorization [3] techniques for document warehousing.

3. Automatic document metadata decomposition and mechanisms for storing obtained

metadata in native XML or XML-enabled databases [5-7]. This will help users man-

age document warehouses more efficiently.

Finally, since the construction of a document warehouse involves scanning number
of documents, which is a time-consuming task, a parallel or grid architecture for this
process will beinvestigated in the future.
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