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ABSTRACT
In today’s OLAP systems, integrating fast changing data, e.g., stock
quotes, physically into a cube is complex and time-consuming. The
widespread use of XML makes it very possible that this data is
available in XML format on the WWW. Thus, making XML data
logically federated with OLAP systems is desirable. In this pa-
per, we extend previous work on the logical federation of OLAP
and XML data sources by presenting a simplified query semantics,
a physical query algebra and a robust OLAP-XML query engine.
Performance experiments with a prototypical implementation sug-
gest that the performance for OLAP-XML federations is compara-
ble to queries on physically integrated data.

Categories and Subject Descriptors
C.2.4 [COMPUTER-COMMUNICATION NETWORKS ]: Dis-
tributed Systems—Distributed databases; H.2.4 [Database Man-
agement]: Systems—Query Processing; H.2.5 [Database Man-
agement]: Heterogeneous Databases—Data Translation; H.2.7 [
Database Management]: Database Administration—Data Ware-
houses and Repository

General Terms
Algorithms, Performance

Keywords
OLAP, XML, data integration, query semantics, physical algebra

1. INTRODUCTION
On-line Analytical Processing (OLAP) technology enables data

warehouses to be used effectively for online analysis, providing
rapid responses to iterative complex analytical queries. Usually an
OLAP system contains a large amount of data, butdynamic data
today, e.g., stock prices, is not handled well in current OLAP sys-
tems. To an OLAP system, a well designed dimensional hierarchy
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and a large quantity of pre-aggregated data are the keys. However,
trying to maintain these two factors when integrating fast changing
data physically into a cube is complex and time-consuming, or even
impossible. However, advent of XML makes it very possible that
this data is available in XML format on the WWW. Thus, making
XML data accessible to OLAP systems is greatly needed.

Our overall solution is to logically federate the OLAP and XML
data sources. This approachdecoratesthe OLAP cube with ”vir-
tual” dimensions, allowingselectionsandaggregationsto be per-
formed over the decorated cube. In this paper, we describe the
foundation of a robust federation query engine with query plan
generation, optimization and evaluation techniques. A novel query
semantics that simplifies earlier definitions is proposed. Here, re-
dundant and repeated logical operators are removed and a concise
and compact logical query plan can be generated after a federation
query is analyzed. The main contribution of the paper is the defi-
nition of aphysical query algebrathat, unlike the previous logical
algebra, is able to model the real execution tasks of a federation
query. Here, all concrete data retrieval and manipulation opera-
tions in the federation are integrated. This means that we obtain a
much more precise foundation for performing query optimization
and cost estimation.Algebra-basedquery optimization and evalua-
tion techniques are also presented. Experiments with the query en-
gine suggest that the query performance of the federation approach
is comparable to physical integration.

There has been a great deal of previous work on data integration,
for instance, on relational data [3, 4, 9], semi-structured data [1],
and a combination of relational and semi-structured data [5, 10].
However, none of these handle the advanced issues related to OLAP
systems, e.g. automatic and correct aggregation. Some work con-
cerns integrating OLAP and object databases [17, 8], which de-
mands rigid schemas, i.e., data is represented by classes and con-
nected by complex associations. In comparison, using XML as
data source, as we do, enables the federation to be applied on any
data as long as the data allows XML wrapping, greatly enlarging
the applicability. The most related previous work is [15], which
presents a logical federation of OLAP and XML systems, where a
logical algebra defines the querysemantics, and a partial, straight-
forward implementation. In comparison, this paper presents a full-
function, robust query engine and aphysicalquery algebra that
models the actual execution tasks involved in processing an OLAP-
XML query, along with more robust query optimization techniques.

This paper makes the following novel contributions to OLAP-
XML federations. First, a simplified query semantics (compared
to [15]) is proposed. Second, a physical query algebra is defined.
Third, algebra-based query optimization and evaluation techniques
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are introduced. Fourth, a robust federation query engine is im-
plemented with all the above techniques and experiments are per-
formed with it. The novel contributions correspond to Sections 6–9.

The rest of the paper is organized as follows. Section 2 intro-
duces the cube and the XML document used in the illustrations.
Section 3 introduces the overall architecture of the query engine.
Section 4 defines the data models used in the federation. In Sec-
tion 5, a brief introduction to the logical algebra and query seman-
tics is given, which is followed by the simplified query semantics in
Section 6. Section 7 presents the formal definitions of the physical
operators. The query optimizer, query cost estimation and query
evaluation techniques are briefly described in Section 8. Section 9
describe the performance study, whereas Section 10 concludes the
paper and points to future work.

2. CASE STUDY
The TPC-H-based [18] database used in the experiments and il-

lustrations is shown in Figure 1(a). The OLAP database, called
TC, is characterized by aSupplier dimension, aParts dimen-
sion, anOrder dimension and aTime dimension. For each line
item, Quantity andExtendedPrice are measured. An ex-
ample fact table is shown in Figure 1. The XML document is
composed of the nation codes and public population data about na-
tions in millions. An example of the document is illustrated in Fig-
ure 1(b), where eachNation element contains two sub-elements,
NationName andPopulation. We use the listed three lines as
the example data in this paper. To connect the dimension values of
the levelNation and the populations, a link,Nlink, is defined,
which maps dimension values forNation in the cube to the nodes
Nation in the XML document (See Section 4).

Nation

Supplier

Customer

AllSuppliers

Measure: ExtPriceQuantity,

Region

Part Order

AllOrders

AllTime

Year

Day

Month

Manufacturer

AllParts

Brand

Dimensions: Suppliers Parts Orders Time

(a) Cube Schema

<Nation><NationName>United Kingdom</NationName><Population>19.1</Population></Nation>

<Nation><NationName>China</NationName><Population>1264.5</Population></Nation>
<Nation><NationName>Denmark</NationName><Population>5.3</Population></Nation>

. .
 .

/Nations>

Nations>

(b) Part of the XML data

Figure 1: Cube and XML Data

Quantity ExtPrice Supplier Part Order Day
17 17954 S1 P3 11 2/12/1996
36 73638 S2 P5 18 5/2/1992
28 29983 S2 P4 42 30/3/1994
2 2388 S3 P3 4 8/12/1996
26 26374 S4 P2 20 10/11/1993

Table 1: The fact table

3. OVERALL ARCHITECTURE
In this section, we give an overview of the prototypical OLAP-

XML federation system, the federation query language and the ba-
sic query evaluation process. The overall architecture of the pro-
totype is shown in Figure 2. Besides the OLAP and the XML
components, three auxiliary components have been introduced to
hold meta data, link data, and temporary data. Queries are posed
to the query engine, which coordinates the execution of queries in

SELECT SUM(Quantity),Brand(Part), Nation[ANY]/Nlink/Population
FROM TC
WHERE Nation[ANY]/Nlink/Population<30
GROUP BY Brand(Part),Nation[ANY]/Nlink/Population

Table 2: An example SQLXM query

the components. In the prototype, MS SQL Server 2000 Enterprise
Edition with SP3 is used. More specifically, the temporary compo-
nent is the temporary database on SQL Server, and the OLAP com-
ponent uses MS Analysis Services, and is queried with SQL [13].
The XML component is the local file system based on the XML
data retrieved from the Web with M S SQLXML [12] on top.

The federation query language is called “XML-extended Multi-
dimensional SQL” (SQLXM ), which has basic clauses similar to
SQL, i.e., SELECT, FROM, WHERE, GROUP BY, and HAVING,
and useslevel expressions(defined below) for referencing exter-
nal XML data. Figure 2 is an exampleSQLXM query based on
the cube in Figure 1(a), where theroll-up function “Brand(Part)”
rolls up to theBrand level from thePart level, and the level ex-
pression “Nation[ANY]/Nlink/Population” connects the dimension
levelNation and the decoration XML dataPopulation with a
link Nlink.

Metadata
Data

Link data
Data

OLAP DB
Data

Temp DB

Data

User Interface

query

XML DB
Data

Query Engine

Query Analyzer

Execution Plan

Initial Plan

Query Evaluator

Query Optimizer

Figure 2: Architecture of the optimized query engine

As shown in Figure 2, the query engine has three components:
query analyzer, query optimizerandquery evaluator. The query
engine parses and analyzes the given query, and generates the ini-
tial logical plan. The plan is expressed in the logical algebra (See
Section 5). The query optimizer generates aplan spacefor the ini-
tial plan, where all the logical plans produce the same output as
the original one. Furthermore, the optimizer converts all the logi-
cal plans into physical plans by converting the composing logical
operators into physical operators. Then, costs of the plans can be
estimated. Finally, the optimizer searches for the best execution
plan which has the least evaluation time and passes the plan on to
the query evaluator. The evaluator executes the operators in the
given plan and generates the final result. Generally, the component
queries are evaluated in the OLAP and XML components in paral-
lel and the data is transferred to the temporary component. Some-
times, the selection predicates on level expressions can be rewrit-
ten to new predicates with only references to dimension values and
constants, therefore can be evaluated in the OLAP component. We
term this techniqueinlining (See Section 7). Therefore, in such a
situation, some XML queries have to be evaluated before the con-
struction of OLAP queries so as to rewrite the predicates. More-
over, the underlying OLAP cube may be sliced and aggregated,
which leads to less inter-component data transfer. There are also
physical operators in the execution plan that model the processing
of the temporary data in the temporary component. There, SQL op-
erations are used to calculate the final result on the gathered data.
Finally, the final result is produced in the temporary component.
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4. DATA MODELS
The cube modelis defined in terms of a multidimensionalcube

consisting of acube name, dimensionsand afact table. Each di-
mension comprises two partially ordered sets (posets) representing
hierarchies oflevelsand the ordering ofdimension values. Each
level is associated with a set of dimension values. That is, adi-
mensionDi is a two-tuple(LDi , EDi), whereLDi is a poset of
levels andEDi is a poset of dimension values.LDi is the four-
tuple (LSi,�i,�i,⊥i), whereLSi = {li1, . . . , lik} is a set of
levels, �i is a partial order on these levels.⊥i is the bottom
level, while�i is the unique “ALL” level. We shall uselij ∈ Di
as a shorthand meaning that the levellij belongs to the poset of
levels in dimensionDi. Each pair of levels has a containment
relationship, that is, thepartial order of two levels, li1 �i li2,
which holds if elements inLi2 can be said to contain the elements
in Li1. Here,Lik is the dimension values of levellik, that is
Lik = {eik1 , . . . , eiklik }. Similarly, we say thate1 �Di e2 if
e1 is logically contained ine2 and lij �i lik for e1 ∈ Lij and
e2 ∈ Lik ande1 �= e2. EDi is a poset(

⋃
j Lij ,�Di), consisting

of the set of all dimension values in the dimension and a partial
ordering defined on these. For each levell we assume a function
Roll-upl : L × LSi 	→ P(Di), which given a dimension value in
L and a level inLSi returns the value’s ancestor in the level. That
is, Roll-upl(eikh , lij) = {e′|eikh �Di e′ ∧ e′ ∈ Lij}. A roll-up
expressionlij(lik) uses the Roll-up function to aggregate the cube
from a lower levellik to a higher levellij , i.e. lik �i lij∧lik �= lij .

A fact tableF is a relation containing one attribute for each di-
mension and one attribute for each measure. Thus,F = {(e⊥1 ,
. . . , e⊥n , v1, . . . , vm)|(e⊥1 , . . . , e⊥n) ∈ ⊥1 ×⊥n ∧ (v1, . . . ,
vm) ∈ M ⊆ T1 × . . . × Tm}, wheren ≥ 1, m ≥ 1 andTj
is the domain value for the j’th measure. We will also refer to the
j’th measure asMj = {(e⊥1 , . . . , e⊥n , vj)}. Each measureMj is
associated with adefault aggregate functionfj : P(Tj) 	→ Tj ,
where the input is a multi-set. Aggregate functions ignore NULL
values as in SQL. There may be NULL values for measures in the
logical definition, but in a physical implementation only the non-
empty tuples would be stored in the fact table. Ann-dimensional
cube, C, is given as:C = (N,D, F ), whereN is the cube name,
D = {D1, . . . ,Dn} is a set of dimensions, andF is the fact table.
A federationis the data structure on which we perform logical fed-
eration operations, e.g. selections, aggregations and decorations. A
federationF is a three-tuple:F = (C,Links,X), whereC is an
OLAP cube,X are the referred XML documents, andLinks is a
set oflinks (See below) between levels inC and documents inX.

A link is a relation that connects dimension values with nodes in
XML documents. For example, a linkNlink = {(DK, n1), (
CN, n2), (UK, n3)} maps each dimension value to a node in the
example XML document, here,n1 is theNation node with the
sub-nodeNationName having the string value “DK”,n2 is the
Nation node with the sub-nodeNationName having the string
value “CN”, and similarly forn3.

An XPath expression [2] is a path that selects a set of nodes in
an XML document. To allow references to XML data in SQLXM

queries, links are used with XPath expressions to define level ex-
pressions. A level expressionl[SEM ]/link/xp consists of astart-
ing levell, a decoration semantic modifierSEM , a link link from
l to nodes in one or more XML documents, and a relative XPath ex-
pressionxp which is applied to these nodes to identify new nodes.
For example,Nation[ANY ]/Nlink/Population links the di-
mension value “DK” with its population data “5.3” (million) which
is the string value of the nodePopulation in the context ofn1.
SEM represents thedecoration semantics, ALL, ANY and CON-
CAT which specify how many decoration values should be used

when several of them are found for a dimension value throughlink
andxp. The ALL semantics connect each dimension value with all
the linked decoration values, and the ANY semantics just use an
arbitrary decoration value for each dimension value, whereas the
CONCAT semantics concatenate all the possible decoration values
into one.

A hierarchy isstrict if no dimension value has more than one par-
ent value from the same level [11]. Non-strict hierarchy can lead to
incorrect aggregation over a dimension, e.g., some lower-level val-
ues will be double-counted. Three types of data are distinguished:
c, data that may not be aggregated because fact data is duplicated
and may cause incorrect aggregation,α, data that may be averaged
but not added, andΣ, data that may also be added. A function
AggType:{M1, . . . ,Mm} × D 	→ {Σ, α, c} returns the aggrega-
tion type of a measureMj when aggregated in a dimensionDi ∈
D. Considering only the standard SQL functions, we have thatΣ =
{SUM, AVG, MAX, MIN, COUNT},α = {AV G,MAX,MIN,
COUNT}, andc = ∅.

5. LOGICAL ALGEBRA AND QUERY SE-
MANTICS

In previous work [15], a logical algebra over federations was pro-
posed which is the basis of our work. In this section, a brief back-
ground introduction to the logical algebra, and the original SQLXM

query semantics are given. We then propose a simplified version of
the original query semantics.
Decoration A decoration operator,δ, builds a virtual dimension
using the XML data referenced by a level expression. The virtual
dimension has the hierarchy in accordance with the cube seman-
tics, which consists of the unique top level, the mid-level of exter-
nal XML data, and the bottom level linking the measures and the
decoration data.
Federation Selection A federation selection,σFed, selects data in
the federated cube according to user defined conditions. The cube
can have virtual dimensions built from external data, which means
that XML data can also be used in the filter. The cube schema is
not changed. Only facts in the fact table are affected.
Federation Generalized Projection The generalized federation
projection,ΠFed, also let the federated cube be aggregated over the
external XML data. Given a set of argument levels, the generalized
projection first removes the dimensions in which no argument lev-
els are present, and then each dimension value is rolled up to the
specified level. Finally, facts in the fact table are grouped, aggre-
gated measures are calculated, and other measures not specified in
the arguments are removed.
Semantics of the SQLXM Query Language The semantics of
an SQLXM query can be expressed in terms of the algebra de-
fined above. In the following, suppose:F = (C,Links,X) is
a federation. {⊥p, . . . ,⊥q} ⊆ {⊥1, . . . ,⊥n} and {ls, . . . , lt}
are levels inC such that⊥s �s ls, . . . ,⊥t �t lt and⊥s �=
ls ∧ . . . ∧ ⊥t �= lt. le is used to represent a level expression,
l[SEM ]/link/xp, whereSEM is the semantic modifier,l is a
level inC, link ∈ Links is a link from l to documents inX, and
xp is an XPath expression.predwhere represents the predicates in
the WHERE clause.predhaving represents the predicates in the
HAVING clause.LEΠ = {leuΠ , . . . , levΠ} are the level expres-
sions in the SELECT and GROUP BY clause.LEσwhere are the
level expressions in the WHERE clause.LEσhaving are the level
expressions in the HAVING clause.fx, . . . , fy are the aggregation
functions. A sequence of decoration operations is denoted by∆,
that is:∆{lei,...,lej}(F) = δlei(. . . (δlej (F))). Here is a prototyp-
ical SQLXM query: SELECTfx(Mx), . . . , fy(My),⊥p, . . . ,⊥q,
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ls(⊥s), . . . , lt(⊥t), leuΠ , . . . , levΠ FROMF WHEREpredwhere
GROUP BY⊥p, . . . ,⊥q, ls(⊥s), . . . , lt(⊥t), leuΠ , . . . , levΠ
HAVING predhaving, which can be represented in the logical al-
gebra proposed by [15] as shown below.

ΠFed[⊥p,...,⊥q,ls(⊥s),...,lt(⊥t),leuΠ ,...,levΠ ]<fx(Mx),...,fy(My)>(

σFed[predhaving ]( ∆LEσhaving
(

ΠFed[⊥p,...,⊥q,ls(⊥s),...,lt(⊥t),leuΠ ,...,levΠ ]<fx(Mx),...,fy(My)>(

∆LEΠ( σFed[predwhere]( ∆LEσwhere
(F))))))

The semantics above implies an SQLXM query can be evaluated
in four major steps. First, the cube is sliced as specified in the
WHERE clause, possibly requiring decorations with XML data.
Second, the cube is decorated for the level expressions in the SE-
LECT and GROUP BY clauses, and then all dimensions, including
the new ones, are rolled up to the levels specified in the GROUP BY
clause. Third the resulting cube is sliced according to the predicate
in the HAVING clause, which may require additional decorations.
Fourth, the top generalized projection projects the decorations not
required by the SELECT and GROUP BY clause and gives out the
final result cube.

6. SIMPLIFIED QUERY SEMANTICS
The query semantics have a great impact on the initial plan, as

the semantics take the form of a logical query tree after an SQLXM

query is parsed and analyzed. As the semantics indicate, duplicate
decoration operators are generated when a level expression exists
in several sub-clauses, e.g., the SELECT and the WHERE clauses.
As the algebra shows, an operator takes an input federation and
generates a new one. Thus, repeated operators then can be detected
by examining the input and output federations.

The simplified query semantics can be constructed by removing
theredundant operatorsthat do not change the cube semantics. An
operator that generates the same federation as the input federation
is redundant. Thus, the plan without redundant operators is more
compact, and sometimes considerably smaller than the unsimpli-
fied version. This simplification benefits the performance of the
query processing. First, during the query optimization, the equiv-
alent plans in the plan space can be enumerated much faster. Intu-
itively, this process can be looked as the combinations of operators.
The less operators a plan has, the less combinations it results in.
Second, smaller plans lead to less logical-to-physical conversion
and cost-estimation time. Third, in the execution phase, no dupli-
cate data is retrieved, thereby leading to high reusability, and more
importantly, less resource consumptions, e.g. CPU, I/O, storage,
etc.. The simplified algebraic query representation is below.

σFed[predhaving ](
ΠFed[⊥p,...,⊥q,ls(⊥s),...,lt(⊥t),leuΠ ,...,levΠ ]<fx(Mx),...,fy(My)>(

∆LEΠ,δ (σFed[predwhere](
∆LEσwhere

(F))))))

Here,LEΠ,δ is a set of the decoration operators that are referenced
by the SELECT and GROUP BY clauses only, that is:LEΠ,δ ⊆
LEΠ ∧ LEΠ,δ ∩ LEσwhere = ∅. Moreover, an instance of a
decoration operator for a specific level expression is unique. In
other words, when a virtual dimension for a level expression al-
ready exists in the federation, no decoration operator building the
same dimension is needed again. Therefore, some of the decora-
tion operators for the WHERE clause may build the virtual dimen-
sions required by the SELECT and GROUP BY clauses as well,
that is:LEΠ\LEΠ,δ ⊆ LEσwhere . ∆predhaving is removed be-
cause predicates on level expressions in the HAVING clause can be
put in the WHERE clause. The original top generalized projection

is also removed, because the HAVING clause does not change the
cube shema. An example query and the corresponding simplified
logical plan tree is shown in Figure 3, where only one decoration,
δN[ANY ]/Nl/P , exists below the federation selection, although ref-
erenced by two federation operators.

B=Brand, P=Part, Q=Quantity,
Nl=Nlink,N=Nation

ΠFed[B(P ),N [ANY ]/Nl/P ]<SUM(Q)>

δ[N [ANY ]/Nl/P ]

FTC

σFed[N [ANY ]/Nl/P<30]

Figure 3: The initial logical query plan

7. PHYSICAL ALGEBRA
As shown in Figure 2, an execution plan is produced by the query

optimizer which is used to guide the evaluator about when, where,
and how the data retrieval and manipulation operations should be
performed. An execution plan is an SQLXM query tree expressed
in the physical algebra. The logical semantics of a query implies
the main phases of the query evaluation, whereas a physical query
tree is integrated with more detailed evaluation operations. In this
section, we introduce the new physical algebra operators and the
new semantics of the existing federation operators, and show an
example of a logical plan and its corresponding physical plan.

The OLAP-XML federation decorates OLAP data in the tem-
porary component using the decoration XML data, which then en-
ables selections and aggregations over the decorated temporary fact
data. Therefore, the temporary component plays an important role
at evaluation time. Before we describe the physical operators, we
extend the original federation to an extended form, on which our
physical algebra is based. Anextended federationisFext = (C,
Links,X, T ), whereC is a cube,Links is a set of links between
levels inC and documents inX, andT is a set of temporary tables.

Cube operators include cube selection and cube generalized pro-
jection. They are used to model the OLAP component query which
is used to retrieve the cube data from the OLAP database.
Cube Selection The cube selection operatorσCube is much like a
logical federation selection operator, but has no references to level
expressions in the predicates. A cube selection only affects the
tuples in the fact table, thereby returning a cube with the same fact
type and the same set of dimensions.

EXAMPLE 7.1. Suppose the extended federationFTC,ext has
the cube schema and the fact table in Section 2. The cube selection

Quantity ExtPrice Supplier Part Order Day
17 17954 S1 P3 11 2/12/1996
36 73638 S2 P5 18 5/2/1992
28 29983 S2 P4 42 30/3/1994

Table 3: The fact table after selection
operatorσCube[Supplier=′S1′ORSupplier=′S2′](FTC,ext) =
F ′
TC,ext slices the TC cube so that only the data for the suppliers

S1 and S2 in the fact table are retained. The resulting fact table is
shown in Table 3.

DEFINITION 7.1. (Cube Selection) LetFext = (C,Links,X,
T ) be an extended federation, andθ be a predicate over the set of
levels{l1, . . . , lk} and measuresM1, . . . ,Mm. A cube selection
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is: σCube[θ](Fext) = (C′, Links,X, T ), whereC′ = (N,D,F ′),
andF ′ = {t′1, . . . , t′l}. If ti = (e⊥1 , . . . , e⊥n , v1, . . . , vm) ∈ F ,

thent′i =

{
ti if θ(ti) = tt
(e⊥1 , . . . , e⊥n ,NULL, . . . ,NULL) otherwise.

Cube Generalized Projection (CGP) The cube generalized pro-
jection operatorΠCube rolls up the cube, aggregates measures over
the specified levels and at the same time removes unspecified di-
mensions and measures from a cube. Intuitively, it can be looked
as a SELECT statement with a GROUP BY clause in SQL. The
difference between a cube and a federation generalized projection
operator is that the first one does not involve external XML data,
or level expressions and is executed in the OLAP component. In-
tuitively, the levels specified as parameters to the operator becomes
the new bottom levels of their dimensions and all other dimensions
are rolled up to the top level and removed. Each new measure value
is calculated by applying the given aggregate function to the corre-
sponding value for all tuples in the fact table containing old bottom
values that roll up to the new bottom values. To ensure safe ag-
gregation in case of non-strict hierarchies, we explicitly check for
this in each dimension. If a roll-up along some dimension dupli-
cates facts we disallow further aggregation along that dimension
by setting the aggregation type toc.

EXAMPLE 7.2. Suppose the extended federationFTC,ext has
the cube schema and the fact table in Section 2. The CGP operator
ΠCube[Supplier]<SUM(Quantity)>(FTC,ext) = F ′

TC,ext rolls up
the cube to the levelSupplier and calculates theQuantity
perSupplier. After the projection, only the measureQuantity
and the dimensionSuppliers are retained, of which the bottom
level isSupplier. The resulting fact table is shown in Table 4.

Quantity Supplier
17 S1
64 S2
2 S3
26 S4

Table 4: The fact table after the CGP operator

DEFINITION 7.2. (Cube Generalized Projection) LetFext =
(C,Links,X, T ) be an extended federation.li1 , . . . , lik be lev-
els inC such that at most one level from each dimension occurs.
The measure{Mj1 , . . . ,Mjl} ⊆ {M1, . . . ,Mm} are kept in the
cube andfj1 , . . . , fjl are the given aggregate functions for the
specified measures, such that∀D′

g ∈ {Dg |Dg ∈ D ∧ ⊥g /∈
{li1 , . . . , lik}}∀fjh ∈ {fj1 , . . . , fjl}(fjh ∈ AggType(Mjh ,D

′
g)),

meaning that the specified aggregate functions are allowed to be
applied. The CGP operatorΠCube over a cubeC is then defined
as: ΠCube[li1 ,...,lik ]<fj1 (Mj1 ),...,fjl

(Mjl
)>(Fext) = (C′, Links,

X, T ), whereC′ = (N,D′, F ′), andD′
ih

= (L′
Dih

, E′
Dih

) for

h ∈ {1, . . . , k}. The new poset of levels in the remaining dimen-
sions isL′

Dih
= (LS′

ih
,�′

ih
,�ih , lih), whereLS′

ih
= {lihP |

lihP ∈ LSih ∧ lih �ih lihP }, and�′
ih

=�ih|LS′
ih

. Moreover,

E′
Dih

= (
⋃

lih
∈LS′

ih

Lih ,�Dih | ⋃
lih

∈LS′
ih

Lih
), whereLih is the set

of dimension values of the levellih . The new fact table is:F ′ =
{(e′⊥i1 , . . . , e

′
⊥ik , v

′
j1 , . . . , v

′
jl

)|e′⊥ig ∈ Lig ∧ v′jh = fMjh
({v|

(e⊥1 , . . . , e⊥n , v) ∈ Mjh∧(e′⊥i1 , . . . , e
′
⊥ik ) ∈ Roll-up⊥i1 (e⊥i1 ,

li1)×. . .×Roll-up⊥ik
(e⊥ik , lik )})}. Furthermore, if∃(e⊥1 , . . . ,

e⊥n , vj) ∈ Mjh∃e ∈ {e⊥1 , . . . , e⊥n}(||Roll-up⊥ig (e, lig )|| >
1 ∧ vj �= NULL) then AggType(Mjh ,D

′
ig ) = c.

Fact-Transfer In a physical execution plan, the fact-transfer op-
erator is above the cube and below the federation operators. The

resulting fact data from the cube operators is transfered to the tem-
porary component through the fact-transfer operator. Thereafter,
SQL operations, e.g., selections and joins, can be performed over
the temporary fact table, Therefore, the fact-transfer operator sep-
arates the cube operators from the other operators, e.g. federation
selection and generalized projection.

DEFINITION 7.3. (Fact-Transfer) LetFext = (C,Links,X,
T ) be an extended federation. The fact-transfer operator is :
φ(Fext) = (C,Links,X, T ′), whereT ′ = T ∪ {RF }, RF is the
copy of the fact table in the temporary component.

Dimension-Transfer When a non-bottom level is referred by the
federation operations in the temporary component, dimension val-
ues of the non-bottom level are required. The dimension transfer
operatorω is used at this time to load the dimension values for the
given dimension levels into a table in the temporary component,
which then can be used by federation selection and generalized pro-
jection operators.

EXAMPLE 7.3. A roll-up function, “Nation(Supplier)”, yields
a dimension transfer. The two input parameters areNation and
Supplier. The dimension values for the two levels are loaded
into a temporary tableR1 shown in Table 5.

Nation Supplier
DK S1
DK S2
CN S3
UK S4

Table 5: The temporary table for Nation and Supplier

DEFINITION 7.4. (Dimension-Transfer) LetFext = (C,
Links,X, T ) be an extended federation, where the cube isC =
(N,D, F ). Let lix, liy be two levels in dimensionDi, and lix �i
liy . The dimension-transfer operator is defined as:ω[lix,liy ](Fext)
= (C,Links,X, T ′), whereT ′ = T∪{R},R =

{
(eix, eiy)|eix ∈

Lix ∧ eiy ∈ Liy ∧ eix �Di eiy
}

.

In the following, a temporary table forlix andliy by a dimension-
transfer operator is denoted as:Rω[lix,liy ] . In Example 7.3, the
temporary tableR1 can be denoted asRω[Supplier,Nation] . Ac-
cording to the definition, the temporary componentT ′ has a new
element,Rω[Supplier,Nation] .
XML-Transfer At query evaluation time, the XML data is needed
in the temporary component to allow decoration, grouping or selec-
tion on the cube according to the referenced level expressions. Intu-
itively, the XML-transfer operator connects the temporary compo-
nent and the XML component, transferring the XML data into the
temporary component. The input parameter is a level expression,
which specifies the dimension values to be decorated and the cor-
responding decoration XML values selected by the relative XPath
expression and the link in the level expression. The operator yields
a new table in the temporary component.

DEFINITION 7.5. (XML-Transfer) LetFext = (C,Links,X,
T ) be an extended federation, whereC = (N,D, F ). Let
lz[SEM ]/link/xp be a level expression, wherelz ∈ Dz , link ∈
Links is a link fromlz toX andxp is an XPath expression overX.
The XML-transfer operator is defined as:τlz [SEM]/link/xp(Fext)
= (C,Links,X, T ′), whereT ′ = T ∪ {R}, hereR is the tempo-
rary table containing the dimension values and the decoration XML
values found through the XML documents with the decoration se-
mantics specified by the semantic modifierSEM . At evaluation
time, the ALL semantics yield the temporary table having multiple
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rows with the same dimension value but different decoration values,
whereas the table for the ANY semantics has only one row for a di-
mension value and an arbitrary decoration value linked through
the level expression. Similarly, a dimension value decorated with
the CONCAT semantics also takes up one row, but the decoration
column is the concatenation of all the decoration values. In the
following descriptions,R is denoted asRτlz [SEM]/link/xp and for-
mallyRτlz [SEM]/link/xp =

• {(ez , exp)|∀(ez , s) ∈ link(∀s′ ∈ xp(s)(exp = StrV al(s′)))},
if SEM = ALL.

• {(ez , exp)|∃(ez , s) ∈ link(exp = StrV al(s′)for some s′ ∈
xp(s))}, if SEM = ANY .

• {(ez , exp)|(ez , s) ∈ link ∧ exp = Concat(StrV al(s1), . . . ,
StrV al(sk))∧ si ∈ Sez}, whereSez = {s|∀(e, s′) ∈ link(s ∈
xp(s′))}, for eachez ∈ Lz , if SEM = CONCAT .

EXAMPLE 7.4. The operatorτNation[ANY ]/Nlink/Population(
FTC,ext) generatesF ′

TC,ext = (C,Links,X, T ′), whereT ′ has
a new tableRτNation[ANY ]/Nlink/Population . The table has two
columns, one for the dimension values ofNation and the other
for the decoration valuesPopulation. A decoration value is the
string value of aPopulation node in the context of the nodes in
Nlink. Each nation has one population as specified by the deco-
ration semantics, ANY. The tableRτNation[ANY ]/Nlink/Population

using the XML data from Figure 1(b) is shown in Table 6.

Nation Population
DK 5.3
CN 1264.5
UK 19.1

Table 6: The temporary table for Nation and Population

Decoration The cube is decorated in the temporary component us-
ing the decoration operatorδ. The operator generates a decoration
dimension. The new dimension has the unique top level, the middle
decoration level and the bottom level of the dimension containing
the decorated level. Therefore, the new dimension has the same ag-
gregation type as the referred dimension with each measure. Values
of the levels are derived from a temporary table, which is composed
of the decoration values and the bottom values of the referred di-
mension. The decoration dimension is derived according to the
cube semantics, that the fact table contains the bottom levels of all
dimensions. Moreover, since the cube definition does not allow du-
plicate dimensions, no changes are made if an identical dimension
already exists in the cube. At evaluation time of the decoration op-
erator, the temporary table created by the XML-transfer operator
having the same input level expression is used. The new dimen-
sion follows the same decoration semantics specified by the level
expression. Correct aggregations on such a decoration dimension
is ensured by the federation generalized projection operator in Def-
inition 7.8. A physical decoration operator may have more than
one child operator. For example, one child operator could be an
XML-transfer operator with the same level expression as the input
parameter, thereby providing the XML data in a temporary table.

EXAMPLE 7.5. The decoration operator for
Nation[ANY ]/Nlink/Population generates a decoration dimen-
sion containing the top level�, the middle levelPopulation and
the bottom levelSupplierwhich is the bottom level of the dimen-
sion having the starting levelNation. The dimension values are
derived from the result of a SQL inner join on the temporary ta-
bles of Examples 7.3 and 7.4. The dimension hierarchy is strict
since a supplier in a nation only has one corresponding population
number. Table 7 shows the dimension and the temporary table.

Supplier Population

5.3
1264.5
19.1

5.3
S2
S3
S4

S1
19.1

S3 S4

5.35.3 1264.5

�
Nation[ANY]/NLink/Population

Table 7: The decoration dimension and the temporary table
Nation/Population

DEFINITION 7.6. (Decoration) LetOp1, . . . , Opn be the child
operators of a decoration operatorδlz [SEM]/link/xp, (C,Links,
X, T1), . . . , (C,Links,X, Tn) be their output federations, where
C = (N,D,F ). Let lz[SEM ]/link/xp be a level expression,
wherelz ∈ Dz , link ∈ Links is a link from lz to X andxp is
an XPath expression overX. The physical decoration operator is
defined as:δlz [SEM]/link/xp(Fext) = (C′, Links,X, T ′) where
Fext = (C,Links,X, T ) is the input,T = T1 ∪ . . . ∪ Tn is the
union of the temporary tables from the child operators. In the out-
put federation,T ′ = T ∪ {RDn+1}, RDn+1 is a temporary table
holding the dimension values of the bottom level⊥z , and the XML
level lxp, n is the number of the existing dimensions prior to the
decoration. More precisely, supposeRτlz [SEM]/link/xp ∈ T is a
temporary table loaded by an XML-transfer operator,Rω[⊥z,lz ] is
a temporary table loaded by a dimension-transfer operator, then
RDn+1 = π⊥z,lxp(Rτlz [SEM]/link/xp) if lz = ⊥z , otherwise,
RDn+1 = π⊥z,lxp(Rτlz [SEM]/link/xp ✶ Rω[⊥z,lz ]) if ⊥z �z lz ,
whereπ is the regular SQL projection, and✶ is the natural join.
The resulting cube is given by:C′ = (N,D′, F ), whereD′ =
{D1, . . . ,Dn} ∪ {Dn+1} andDn+1 = {LDn+1 , EDn+1}. Here,
LDn+1 = (LSn+1,�n+1,�n+1,⊥n+1), whereLSn+1 = {
�n+1, lxp,⊥n+1}, �n+1= {(⊥n+1, lxp), (lxp,�n+1), (⊥n+1,
�n+1)}, and ⊥n+1 = ⊥z. The poset of dimension values is
EDn+1 = (

⋃
(ei,ej)∈RDn+1

{ei, ej} ∪ {�n+1},�Dn+1), where

�Dn+1= {(e⊥n+1 , exp)|(e1, e2) ∈ RDn+1∧e⊥n+1 = e1∧exp =
e2} ∪ {(e⊥n+1 ,�n+1)|(e1, e2) ∈ RDn+1 ∧ e⊥n+1 = e1} ∪
{(exp,�n+1)|(e1, e2) ∈ RDn+1 ∧ exp = e2}. For each measure
Mh in M the aggregation type ofDn+1 is: AggType(Mh,Dz).

Federation Selection Intuitively, the physical federation selection
operatorσFed is a SQL selection over the join of several tables,
including the fact table, decoration dimension tables and tempo-
rary dimension tables for non-bottom levels referenced by the pred-
icates. Similarly to the cube selection, the federation selection re-
turns a cube with the same fact types and the same set of dimen-
sions, and only affects the tuples of the fact table, however, in the
temporary component. A federation selection operator may have
several child operators, e.g., dimension-transfer and decoration op-
erators, to provide the values required by the predicates. The tem-
porary tables produced by the child operators are collected and will
be used in the join.

EXAMPLE 7.6. Suppose the temporary fact table inFTC,ext is
the copy of the fact table in Figure 1. For the federation selec-
tion σFed[Nation[ANY ]/Nlink/Population<30](FTC,ext), the dec-
oration valuesPopulation are needed to filter the fact data.
Therefore, a SQL SELECT statement is issued against the join of
the temporary table in Figure 7 and the temporary fact table, with
the predicate on the decoration level and all the columns from the
fact table in the SELECT clause. See Table 8 for the query and the
fact table.

DEFINITION 7.7. (Federation Selection) LetOp1, . . . , Opn
be the child operators of a federation selection operator,(C,Links,
X, T1), . . . , (C,Links,X, Tn) be their output federations, where
C = (N,D, F ). Let θ be a predicate over the levels inC. The
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SELECT Fact.*
FROM Fact F,

Nation/Population P
WHERE F.Supplier=P.Supplier

AND P.Population<30
Quantity ExtPrice Supplier Part Order Day

17 17954 S1 P3 11 2/12/1996
36 73638 S2 P5 18 5/2/1992
28 29983 S2 P4 42 30/3/1994
26 26374 S4 P2 20 10/11/1993

Table 8: The SQL query and the resulting fact table

federation selection operator is defined as:σFed[θ](Fext) = (C′,
Links,X, T ′) whereFext = (C,Links,X, T ) is the input, and
T = T1 ∪ . . . ∪ Tn is the union of the temporary tables from the
child operators. In the output federation,T ′ = T\{RF } ∪ {R′

F }
means the temporary fact tableRF is replaced byR′

F . The re-
sulting cube isC′ = (N,D,F ′), where the new fact table is
F ′ = {ti|ti ∈ R′

F }. SupposeSθ is the set of levels referenced
by θ. R′

F = σθ(RF ), if Sθ = {⊥1, . . . ,⊥l} meaning the pred-
icates only contain the bottom levels. Otherwise, ifSθ has roll-
up or level expressions, that is,{lx(l⊥x), . . . , ly(l⊥y )} ⊆ Sθ,
and {lu[SEMj ]/linkj/xpj , . . . , lv[SEMk]/linkk/xpk) ⊆ Sθ,
thenR′

F = πRF .∗(σθ(RF ✶ Rω[⊥x,lx] ✶ . . . ✶ Rω[⊥y,ly ] ✶

Rτlu[SEMj ]/linkj/xpj
✶ . . . ✶ Rτlv [SEM]/linkk/xpk

)).

Federation Generalized Projection (FGP) Similar to the federa-
tion selection, the federation generalized projection operatorΠFed
is also implemented as a SQL SELECT statement over a set of
temporary tables. More specifically, a roll-up function is a join be-
tween the fact table and the temporary table containing the bottom
level and the target level, where the common bottom level is taken
as the key of the join. Likewise, showing the decoration values to-
gether with OLAP values in the result also can be implemented as
a roll-up from the bottom level to the decoration level of a deco-
ration dimension. Finally, a SQL aggregation calculates the given
aggregate functions of the measures over the grouped facts accord-
ing to the SELECT and GROUP BY arguments. Note that when
performing roll-up functions, correct aggregation must be ensured
by detecting hierarchy strictness explicitly, e.g., the dimension val-
ues of the two levels. If a roll-up along some dimension duplicates
facts we disallow further aggregation along that dimension by set-
ting the aggregation type to not available.

EXAMPLE 7.7. Suppose the temporary fact table inFTC,ext is
the copy of the fact table in Figure 1. For the operator
ΠFed[Nation[ANY ]/Nlink/Population]<SUM(Quantity)>(FTC,ext),
the temporary decoration table containing values ofPopulation
andSupplier is needed to perform the roll-up, while the other
dimensions and measures (not specified in the SELECT clause) will
be removed from the cube. Therefore, a SQL query is issued against
the temporary table from Figure 7 and the temporary fact table
with only Population and SUM(Quantity) in the SELECT
and GROUP BY clauses. TableNation/Population is strict,
therefore further aggregation is allowed along this decoration di-
mension. See Table 9 for the query and the fact table.

SELECT SUM(Quantity), Population
FROM Fact F,

Nation/Population P
WHERE F.Supplier=P.Supplier
GROUP BY Population

Quantity Population
81 5.3
2 1264.5
26 19.1

Table 9: The SQL query and the resulting fact table

DEFINITION 7.8. (Federation Generalized Projection) Let
Op1, . . . , Opn be the child operators of a federation generalized
projection operator,(C,Links,X, T1), . . . , (C,Links,X, Tn) be
their output federations, where the cube isC = (N,D, F ). Let

⊥p, . . . ,⊥q be bottom levels,ls(⊥s), . . . , lt(⊥t) be roll-up ex-
pressions,lu[SEMj ]/linkj/xpj , . . . , lv[SEMk]/linkk/xpk be
level expressions andDj , . . . ,Dk be the dimensions built for the
preceding level expressions. Furthermore, letfx, . . . , fy be aggre-
gate functions over the levels{Mx, . . . ,My} ⊆ {M1, . . . ,Mm}
such that∀fz ∈ {fx, . . . , fy}∀Dg ∈ {Ds, . . . ,Dt, Dj , . . . ,Dk}
(fz ∈ AggType(Mz,Dg)}. The FGP operatorΠFed is defined
as: ΠFed[⊥p,...,⊥q,ls(⊥s),...,lt(⊥t),lu[SEMj]/linkj/xpj,...,

lv [SEMk]/linkk/xpk]<fx(Mx),...,fy(My)>(Fext) = (C′, Links,X,
T ′), whereFext = (C,Links,X, T ) is the input,T = T1 ∪
. . . ∪ Tn is the union of the temporary tables from the child opera-
tors. In the output federation,C′ = (N,D′, F ′) is the updated
cube. After the projection, only the temporary table containing
the values required by the federation projection are retained, that
is, T ′ = {R′

F , Rω[⊥s,ls] , . . . , Rω[⊥t,lt] , RDj , . . . , RDk}, where
RDj , . . . , RDk are built by the decoration operators for
lu[SEMj ]linkj/xpj , . . . , lv[SEMk]linkk/xpk. Unspecified di-
mensions are also rolled up to the top level and projected away.
Therefore, the set of dimensions is given as:D′ = {Dp, . . . , Dq,
D′
s, . . . ,D

′
t,D

′
j , . . . ,D

′
k}, where the hierarchies of levels, the or-

dering of dimension values and the aggregation types are updated
in the same way as for the cube generalized projection operator.
Moreover, the fact table is given as:F ′ = {ti|ti ∈ R′

F }, where the
temporary fact table isR′

F = {ti|ti ∈ ⊥p,...,⊥q,ls,...,lt,lxpj ,...,lxpk
Gfx(Mx),...,fy(My)(RF,intermediate)}, whereRF,intermediate =
RF ✶ Rω[⊥s,ls] ✶ . . . ✶ Rω[⊥t,lt] ✶ RDj ✶ . . . ✶ RDk , G is
the SQL aggregation.

Inlining The inlining operatorι is used to rewrite the selection
predicates such that a referenced level expression can be integrated
into a predicate by creating a more complex predicate that contains
only references to regular dimension levels and constants. With-
out inlining, the OLAP and XML components can be accessed in
parallel, followed by computation of the final result in the tem-
porary component, e.g., selection of the OLAP data according to
XML data. Therefore, when selection predicates refer to decora-
tion values, a large amount of OLAP data has to be transfered into
the temporary component before it could be filtered. In this situa-
tion, it is often advantageous to make the OLAP query dependent
on the XML queries. That is, for the predicates referring to level
expressions, the XML and dimension values linked by the level ex-
pressions are first retrieved. After this, the level expressions are
inlined into the predicates which then only refer to dimension lev-
els and constants but have the identical effects as the original ones.
Thus, the selection can be performed over the cube, and thereby
reducing the cube size effectively before the data is transferred to
the temporary component.

EXAMPLE 7.8. For “Nation[ANY]/Nlink/Population<30”, the
decoration data and the decorated dimension values are retrieved
from the XML-transfer operator in Example 7.4. Using the result,
the predicate is transformed to “Nation=’DK’ OR Nation=’UK’ ”.

DEFINITION 7.9. Letθ1, . . . , θn be predicates referencing level
expressions.θi has the following possible formations:

θi =




1. lz[SEM ]/link/xp po K, whereK is a constant
2. lz[SEM ]/link/xp po lw, wherelw is a level
3. lz[SEM ]/link/xp po M, whereM is a measure
4. lz[SEM1]/link1/xp1 po lw[SEM2]/link2/xp2

5. lz[SEM ]/link/xp IN (K1, . . . , Kn),
whereKi is a constant value.

6. NOT (θi1)
7. θi1 bo θi2
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where, the binary operatorbo is AND or OR, the predicate oper-
ator po is one of : =, <,>,<>,>=, <= and LIKE. LetF =
(C,Links,X) be a federation, whereC = (N,D, F ) is the orig-
inal cube.lj/link1/xp1, . . . , lk/linkm/xpm are the level expres-
sions referenced byθ1, . . . , θn. Theι operator is defined as:
ι[θ1,...,θn ](τlj/link1/xp1(Fext,1), . . . , τlk/linkm/xpm(Fext,m)) =

(C,Links,X, T ′), whereFext,i = {C, Links,X, Ti} is an ex-
tended federation with a temporary componentTi which is an empty
set, andτlj/link1/xp1(Fext,1), . . . , τlk/linkm/xpm(Fext,m) are the
child XML-transfers used to load decoration values referenced by
the level expressions intoTi, 1 ≤ i ≤ m . The resulting tem-
porary componentT ′ has new temporary tables, that is:T ′ =
T ∪ {Rτlj/link1/xp1 , . . . , Rτlk/linkm/xpm

}. The inlining opera-

tor is positioned at the bottom of a physical plan above the XML-
transfer operators and rewrites the predicates in its parameter list
to θ′1, . . . , θ

′
n. As a consequence, the other occurrences of these

predicates in the plan change accordingly. To provide the dec-
oration values required by the inlining operator, the child XML-
transfer operators are always evaluated first, the rest of the plan is
evaluated after the inlining processes are finished. The transform-
ing functionT (θi) rewritesθi to θ′i, which returns the rewritten
predicate for each listed formation, respectively. That is,θ′i =

1. lz IN (t1, . . . , tn), whereti ∈ {ez|(ez , exp) ∈
Rτlz [SEM]/link/xp ∧ exp po K = true}.

2. lz = ez1 AND exp1 po lw OR . . . OR lz = ezn AND
expn po lw, where(ezi, expi) ∈ Rτlz [SEM]/link/xp.

3. lz = ez1 AND exp1 po M OR . . . OR lz = ezn AND
expn po M , where(ezi, expi) ∈ Rτlz [SEM]/link/xp .

4. (lz = ez1 AND lw = ew1 AND exp11 po exp21 OR . . .
OR lz = ez1 AND lw = ewn AND exp11 po exp2n)
OR . . . OR
(lz = ezm AND lw = ew1 AND exp1m po exp21 OR . . .
OR lz = ezm AND lw = ewn AND exp1m po exp2n),
where(ezi, exp1i) ∈ Rτlz [SEM]/link1/xp1

, (ewi, exp2i) ∈
Rτlw [SEM]/link2/xp2

.

5. T (lz [SEM ]/link/xp = K1) OR . . . OR
T (lz [SEM ]/link/xp = Kn).

6. NOT (T (θi1)).

7. T (θi1) bo T (θi2).

EXAMPLE 7.9. In this example, we show a logical plan and its
corresponding physical plan. The plan is enumerated by the query
optimizer for the query in Figure 2. The plan is selected so that it
is possible to show more physical operators. The logical plan al-
ways yields a unique physical plan. A logical operator in a certain
context can only be converted to one corresponding physical oper-
ator accompanied by other operators that provide data or construct
new predicates. Therefore, a logical plan can be deterministically
converted to a physical plan.

In the logical plan in Figure 4, the predicate “(N/Nl/P <
30)′” is marked to be rewritten and no longer refers to the level
expression at evaluation time. It means the federation selection can
then be executed directly in the OLAP component. The bottom two
federation operators perform the selection and partial aggregation
on the federation before the cube is decorated. Besides the mea-
sureQuantity, only the dimensionsPart andSuppliers are
retained after the projection, but it still allows the decoration after-
wards. The top FGP operator rolls up the dimensions to the speci-
fied levels and calculates the aggregate functions over the specified
measure.

(b) The physical plan(a) A logical plan

Nl=Nlink,N=Nation
B=Brand, P=Part, Q=Quantity,

φ

ΠCube[B,N]<SUM(Q)>

δ[N [ANY ]/Nl/P ]

σ
Cube[(N [ANY ]/Nl/P<30)′ ]

τN [ANY ]/Nl/P

ι[N [ANY ]/Nl/P<30]

FTC,ext

ΠFed[B(P ),N [ANY ]/Nl/P ]<SUM(Q)>

δ[N [ANY ]/Nl/P]

FTC

ΠFed[B(P ),N]<SUM(Q)>

σ
Fed[(N [ANY ]/Nl/P<30)′]

ΠFed[B(P ),N [ANY ]/Nl/P ]<SUM(Q)>

Figure 4: A logical plan and its corresponding physical plan

The corresponding physical plan is shown to the right. The plan
is evaluated in a bottom-up fashion. The XML-transfer operator
retrieves the dimension values and their decoration data, followed
by the inlining operator which is required by the predicate in the
logical plan which is marked to be rewritten. After the predicate is
rewritten by the inlining operator, the cube selection slices the cube
using the new predicates, followed by the CGP operator which rolls
up the cube to levelsBrand andNation. As an optimized plan,
it aggregates the cube as much as possible, therefore unspecified
dimensions are rolled up to the top level. The dimensionPart is
rolled up toBrand as it is required in the SELECT clause. The
dimensionSuppliers is rolled up toNation and it is still pos-
sible to perform the decoration afterwards. The two cube operators
are converted from the two corresponding federation operators at
the bottom of the logical plan, which do not refer to external data
and can be evaluated in the OLAP component to reduce the data
transferred between components. The fact-transfer operator is re-
sponsible for transferring the returned OLAP data to the tempo-
rary component after the cube operators process the cube. The
decoration and the FGP operators are performed in the temporary
component. Since the starting levelNation is the current bot-
tom level ofSuppliers and “Nation[ANY]/Nlink/Population” is
already evaluated by the bottom XML-transfer operator, the dec-
oration operator uses directly the dimension values forNation
from Nlink and the corresponding population data in the XML doc-
ument to generate the decoration dimension. If the bottom level is
Supplier, a dimension-transfer is required as a child operator
of δ to create a table forNation andSupplier which is then
joined with the table for the level expression to create the decora-
tion dimension linking the facts and the decoration data. The top
FGP operator utilizes SQL operations to roll up the cube further-
more to the decoration levelPopulation.

8. QUERY OPTIMIZATION AND EVALUA-
TION

In this section, we take a brief look into the query optimization,
cost estimation and evaluation.
Architecture of The Optimizer The optimizer is based on the Vol-
cano optimizer [6], where queries are optimized in two stages. The
first phase, plan rewriting, is similar to the first stage of Volcano,
where, for the input plan, the entire plan space consisting of logical
expressions is generated. During the second stage of Volcano, the
search for the best plan is performed. The implementation rules
are used to replace operators by algorithms, and the costs of di-
verse sub-plans are estimated. In our optimizer, we integrate the
second stage into the first stage such that logical plan enumeration
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Figure 5: Inner structure of the query optimizer

is combined with plan search. Conversion into physical plans is
straightforward as every logical operator can be deterministically
implemented by one algorithm. After Phase 2, each logical plan is
integrated with real execution tasks. Therefore the evaluation cost
can be explicitly estimated. This is achieved in Phase 3 in order
to performcost-basedplan space pruning in Phase 4. As the log-
ical plans are considerably smaller than physical plans, plan enu-
meration is made much faster by enumerating logical rather than
physical plans, boosting the overall optimization speed.

The optimization for the initial plan is performed operator by op-
erator through a bottom-up fashion. Therefore the process iterates
through the four phases several times. An operator constructs new
trees on top of the result plans from the previous iteration, gen-
erates the logical plan space and proceeds until the pruning phase
is finished. The resulting plans are then passed on to the operator
above in the original plan which starts another iteration. Therefore,
the process of iterations goes on until it reaches the top. When the
pruned plan space for the root operator is generated, the physical
plan with the least cost is selected as the execution plan.

The evaluation cost of a physical plan is estimated according to
the evaluation algorithm. Therefore, we first introduce the query
evaluation process to give a better understanding of cost estimation.
Query Evaluation The general evaluation algorithm is shown in
pseudo-code of Figure 10. Plan b in Figure 4 shows an execution
plan tree, where a leaf is an extended federation. In lines 2 and 3,
the algorithm just returns when it reaches the bottom of a plan tree
(which always consists of either a federation or a cube name) as
no operations need to be performed on these. When the algorithm
returns from the bottom, the real execution starts. The algorithm
follows the idea of the conventional pull-based iterator model [7],
where the lower part of the plan tree provides data for higher oper-
ators. However, data is not directly transferred between operators
through pipes. Instead, temporary tables are used. A hashtable,
TempTable, is used to record the temporary tables, where the cre-
ator information composes the key to identify each entry. Sibling
operators in the plan tree can be evaluated in parallel, therefore a
multi-threaded technique is adopted in implementation, as line 5
shows. After all the sub-threads are finished, the real execution of
Op begins. Here, component queries are constructed and evaluated
in the appropriate component. Data can also be transferred into
temporary tables. After the execution, the output is registered in
TempTable. For some operators, e.g. a dimension-transfer, the
result might be a real table. But for a federation selection or gener-
alized projection, as Examples 7.6 and 7.7 have shown, it might be
a query string, which then can be nested into the query string of a
higher operator and evaluated later at some point in batch-mode.
Cost Estimation Basically, a physical plan for a federation query
and the evaluation algorithm suggest how the cost can be estimated.
That is, the cost of a query plan is the cost of the root operator plus
the maximal evaluation time of the sub-plans. However, to give an
intuitive overview, we divide the total cost to the time for: inlining,
OLAP query evaluation and data transfer, and producing the final
result in the temporary component. For a query plan on which the
inlining technique is applied, references to level expressions can

void OpEvaluation(OperatorOp)
1) {
2) if Op is aFext
3) return;
4) get all the child operatorsOp1, . . . , Opn belowOp;
5) perform each OpEvaluation(Opi ) in separate threads;
6) wait until all threads return;
7) find the required tables inTempTable;
8) executeOp;
9) add an entry for the output inTempTable;
10) return;
11) }

Table 10: The evaluation algorithm

be inlined into the selection predicates and therefore can be eval-
uated in the OLAP component. Therefore, the first period of the
evaluation time is spent on the inlining process, i.e., XML query
evaluation, XML data transfer and predicate rewriting. The second
period of the total time starts from query evaluation in the OLAP
component until the data is transferred into the temporary compo-
nent. However, for the queries not inlining all the level expressions
in the selection predicates, it is the time for the slowest retrieval of
data from the OLAP and XML components. Finally, the sum of the
previous two periods plus the time for producing the final result in
the temporary component gives the total time. (See [16] for a more
detailed discussion).

9. PERFORMANCE STUDY
The experiments were performed on a machine with an Intel

Pentium III 800Mhz CPU, 512MB of RAM, 30 GB of disk and
4096MB of page file. The OS is Microsoft Windows 2000 server
with SP4. The example cube used in the experiments is shown in
Figure 1(a) . The cube is based on about 100MB of data generated
using the TPC-H benchmark [18] . The following experiments ob-
serve the federation w.r.t. the practicality of the federation system.
Thus, we compare the performance when the external XML data
is in 1) the XML component (federated), 2) in the local, relational
temporary component (cached), and 3) physically integrated in the
OLAP cube itself (integrated).

The performance of sixteen differentquery typeswas measured.
The query types all aggregate fact data, but vary in a) whether one
or two dimensions are used in the query, b) which dimensions are
used, and c) which levels in these dimensions are used. Two differ-
ent XML documents were used, a large (11.4 MB) document about
orders and their priorities, and a small (2KB) document about na-
tions and their populations, both generated from the TPC-H bench-
mark [18]. For the small document, the WHERE clause has a 10%
selectivity. For the large one, the WHERE clause has a 0.1% se-
lectivity. The selectivity does not affect the relative performance of
the queries on the federated, cached and integrated data originat-
ing from the same XML document, as long as the same selectivity
is used. The bar charts in Figure 6 shows the performance for the
federated, cached, and integrated cases described above.

As Figure 6(a) indicates, the cost of querying the federation ex-
ceeds the cost of querying the physical integration by a factor of
ten to twenty. The “Cached” bars stay in between but much closer
to the “Integrated”. The “federated” queries are evaluated in three
sequential tasks. First, load the XML data into the temporary com-
ponent and rewrite the predicate. Second, perform the selection
and aggregation in the OLAP component, then load the values into
the temporary component. Third, generate the final result in the
temporary component. The first task takes much more time (about
135 sec.) so that the other two are relatively trivial. Therefore, the
queries on federations seem to take approximately the same eval-
uation time. The “cached” queries skip the first part of the first
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task and rewrite the predicates using the cached XML data, thereby
boosting the execution speed. The “integrated” queries referencing
the dimension values which are the integrated XML elements skip
the first step, thereby evaluated mostly in the OLAP component.
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(a) Queries involving the federated, cached or inte-
grated 11.4MB XML data
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(b) Queries involving the federated or integrated
2KB XML data

Figure 6: Comparisons of the queries involving different com-
ponent data

The chart in Figure 6(b) demonstrates comparisons of queries
on two other federated/integrated levels. The chart suggests that
querying the logical federation with a virtual dimension has almost
the same performance as on the physically integrated cube, when
the amount of the XML data is small, i.e. a few kilobytes. There-
fore, a federation involving such XML data can be queried just as
if it was a local cube.

However, when the XML documents grow larger and larger, re-
trieving XML values is becoming the bottleneck for processing the
federation queries. Experiments have shown that the performance
can be improved by caching the external data. That is, the XML
data can be stored in relational tables, thereby reducing the time for
decorating the cube for the queries using these data. Based on the
strategies proposed by [14] in handling external XML data sources
under different circumstances, the cached XML data can be used
by queries and provide efficient access to external data for analysis,
when, e.g., the data is not out of date. In summary, the federation
is good for a small amount of XML data. However, more efficient
query performance can be gained by caching the external data lo-
cally, which will become the most common case in the applications
of OLAP-XML federations. All in all, the logical approach can
actually be a practical alternative for flexible on-line analysis in-
volving external fast-changing data.

10. CONCLUSION AND FUTURE WORK
Current OLAP systems have a common problem in physically

integrating fast changing data. As external data will most often be
available in XML format, a logical integration of OLAP and XML
data is desirable.

Motivated by this, we have extended previous work on OLAP-
XML federations as follows. First, a simplified logical query se-
mantics is proposed which yields more compact and concise logical
query plans for SQLXM queries. Second, a set of physical algebra
operators is presented in order to model the actual query execution
tasks precisely. Third, query plan optimization is performed in four
phases: query rewriting, logical query conversion, cost estimation
and plan space pruning. Fourth, we describe the implementation
of a robust query engine, which generates component queries for
underlying data sources, and evaluate the final execution plan in a
bottom-up manner. Fifth, a performance study has been performed
that shows the effectiveness of our approach.

Future work will be focused on improving the query engine by
developing more advanced query optimization techniques, cost es-
timation techniques, and query evaluation techniques, e.g., a more
efficient search algorithm for query enumeration, more accurate
cost formulas, and more efficient OLAP and XML data loading
techniques. Also, more performance studies should be performed
to reveal the behavior of the OLAP-XML query engine.
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