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Abstract

In this paper, we describe the design of a data warehousing system for an engineering company ‘R’.
This sydem aims to assst users in retrieving data for business analysis in an efficient manner. The
sructural design of this data warehousing system employs the dimensional modeling concepts of star
and snowflake schemes. Furthermore, frequently accessed dimension keys and attributes are stored in
various summary views (materialized views) in order to minimize the query processng cost. A cost
model was developed to enable the evaluation of the total cost and benefit involved in sdecting each
materialized view. Using the cost analys's methodology for evaluation, an adapted greedy algorithm
has been implemented for the selection of materialized views. This algorithm takes into account all of
the cogt variables associated with the materialized views selection method, including query access
frequencies, base-data update frequencies, query access cods, view maintenance costs and the
availability of the system’'s storage.  The algorithm and cost modd have been applied to a set of real-
life database items extracted from company ‘R. By sdecting the most cost effective set of
materialized summary views, the total cost of the maintenance, storage and query processing of the
systemi s optimized, thereby resulting in an efficient data warehousing system

Keywords: Data warehouse, materialized views selection, query processing cost, storage
cost, maintenance cost, query and update frequencies.

1. Introduction

A data warehouse is an information base tha stores a large volume of extracted and summarized data
for On-Line Andytica Processing and Decison Support Systems [1]. The basic architecture of a data
warehousing system given in [2] is shown in Figure 1. To reduce the cost of executing aggregate
queries in a data warehousing environment, frequently used aggregates are often precomputed and
maeridized into summary views so that future queries can utilize them directly.  Undoubtedly,
materiaizing these summary views can minimize query response ime. However, if the source data
changes frequently, keeping these materidized views updated will inevitably incur a high maintenance
cost. Furthermore, for a system with limited storage space and/or with thousands of summary views,
we may be adle to materialize only a smdl fraction of the views. Therefore, a number of parameters,
incduding users query frequencies, base relation update frequencies, query codts, view maintenance
costsand the availability of the system's storage, should be considered in order to sdlect an optimal set
of summary views to be materidized.
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To motivate the discusson of data warehouse design and materidi zed view selection, consder a data
warehouse which contains the following fact and dimension tables:

INV (Co_no, Inv_no, Inv_date, P_no, Qty, Amt)
CO (Co_no, Co_name, R_no)
PD (P_no, P_name, Mfr_no, Type _no, Cat_no)
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Figure 1: The basic architecture of a data warehousing system

Assume the szes of the fact and dimension tables ‘INV’, ‘CO and ‘PD’ are 114B, 12B and 6B
respectively, where B denotes the data block size which is 2K in the database system (e.g., Orade).
Given a subset of typical user queries as illugrated in Table 1, we can caculate te totd cost G, and each
cost component (i.e. query processing, maintenance and storage costs) for the following three view
meateridization drategies

the all-virtual-views method
the all-materialized-views method
the sdlected- materialized-views method

Table 5 illugtrated the storage cost cdculaion for summary tade ‘CO-P-DAY’. Table 2 presents the
caculation results, from which we make the following observations: (i) The all-virtual-viens method
requires the highest query processing cost but no view maintenance and storage costs are incurred. (i)
The all-materialized-views method can provide the best query performance since this method requires
the minimum query processing cost. However, its total maintenance and storage expenses are the
highest. (iii) The sdectedmaterialized-viens method requires a dightly higher query processing cost
than the all-materialized-views method, but itstotal cost C, isthe least.
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Based on the dbove cost andyss, apparently, the sdected-materialized-views method is the most
effective in terms of both query performance axd maintenance cost of data warehousing systems.

Users Queries Query | Summary No. of |Sizeof
Freguency Views records in|Summar
fq summary |y View
table (In B)
SELECT INV.CO_NO, CO_NAME, INV.P_NO, P_NAME, TYPE_NO, 2 CO-P-DAY 3845 240.00
CAT_NO, MFR_NO, R NO, INV_DT, SUM(AMT) AMT,
SUM(QTY) QTY
FROM INV , CO, PD
WHERE INV.CO_NO=CO.CO_ NO AND INV.P_NO=PD.P_.NO
GROUPBY  INV.CO_NO,CO NAME,INV.P_NO,P_NAME,TYPE_NO, INV_DT
ORDER BY TYPE NO
SELECT INV.CO_NO, CO_NAME, INV.P_NO, P_NAME, TYPE_NO, 1 CO-P-MTH 3560 209.00
CAT_NO, MFR_NO, R NO, TO_CHAR(INV_DT,MM-YY"),
SUM(AMT) AMT, SUM(QTY)QTY
FROM INV, CO, PD
WHERE INV.CO_NO=CO.CO_NO AND INV.P_NO = PD.P_NO
GROUPBY  INV.CO_NO, CO_NAME, INV.P_NO, P_NAME, TYPE_NO,
TO_CHAR(INV_DT,MM-YY")
ORDER BY TYPE NO
SELECT INV.CO_NO, CO_NAME, INV.P_NO, P NAME, TYPE_NO, 1 CO-P-QTR 3331 196.00
CAT_NO, MFR_NO, R_NO, TO_CHAR(INV_DT,'Q-YY"),
SUM(AMT) AMT, SUM(QTY)QTY
FROM INV, CO, PD
WHERE INV.CO_NO=CO.CO_NO AND INV.P_NO=PD.P_NO
GROUPBY  INV.CO_NO, CO_NAME, INV.P_NO, P_NAME, TYPE_NO,
TO_CHAR(INV_DT,Q-YY")
ORDERBY _TYPE_NO
SELECT INV.CO_NO, CO_NAME, INV.P_NO, P_ NAME, TYPE_NO, 1 CO-P-YR 1087 64.00
CAT_NO, MFR'NO, R NO, TO_CHAR(INV_DT,YY?),
SUM(AMT) AMT, SUM(QTY) QTY
FROM INV , CO, PD
WHERE INV.CO_ NO=CO.CO_NO  AND INV.P_NO=PD.P_.NO
GROUPBY  INV.CO_NO, CO_NAME, INV.P_NO, P_NAME, TYPE_NO,
TO_CHAR(INV_DT,YY")
ORDER BY TYPE NO

Table 1: A subset of users' queries. Notefy denotes thequery frequency between every two

updates.
Total query Total maintenance  Total storage Cowa =
processing cost |  cost Total(Cp cost Total (Cygren) Total(C) +
Total(Cy) Total(C,p +
Total (Cygren)
All-virtual-views
10920 0 0 10920
All- materialized-views
A9 2829 709 4487
Selected-materialized-
views 1200 2184 240 3624

Table2: The query, maintenance and storage costs for three view materialization strategies

Recently, materidized view sdection problem has sparked vigorous discussions in the database
ressarch community. Harinarayan, Rgaraman and Ullman [3] presented a greedy dgorithm for the
selection of materidized views so that query evauation costs can be optimized in the speciad case of

oy complete list of annotations used in our case study can be found in the appendix of the paper.
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“data cubes’. However, the costs for view maintenance and storage were not addressed n this piece
of work. Yang, Karlapdem and Li [4] proposed a heurigtic dgorithm which utilizes a Multiple View
Processng Plan (MVPP) to obtain an optima materidized view sdection such that the best
combination of good performance and low maintenance cost can be achieved. However, this
agorithm did not consder the system storage condraints. Gupta [5] further developed a greedy
agorithm to incorporate the maintenance cost and storage congtraint in the selection of data warehouse
maeridized views. “And-Or” view graphs were introduced to represent al the possible ways to
generate warehouse views such that the best query path can be utilized to optimize query response
time. In this paper, we discuss our experiences in designing and selecting appropriate materiaized
views for data warehousng sysems. The latest dimensiond modding methodologies are applied in
our case study to design an efficient data warehousing system for an engineering company ‘R’. The
greedy agorithm presented by Gupta [5] has been adopted and modified for the sdection of
materidized views. A cost modd was developed to enable the evaluation of the total cost and benefit
involved in sdecting each materidized view. We agpply the agorithm and cost modd to a set of rea-
life database items extracted from this company. Due to the condraints in data storage and
computational costs involved, a subset of sales records (i.e. the yearly sales records of 1996) was
adopted to estimate the size of each summary view. Based on the cost andlyss, a set of materidized
views are selected to optimize the totd cost including the query, maintenance and storage costs of the
warehousing system. This view sdlection methodology was tested and proved to be very cost effective
for the optimization of the data warehouse. Generd guidelines for data warehouse design and
materialized views sdection based on this work are presented.

The reminder of the paper is organized as follows. Section 2 describes the schema design of the data
warehousing system. The cost modd and adapted greedy agorithm for the sdection of materidized
views are presented in section 3. In section 4, various view materidization srategies are analyzed and
their performances are tested. Guiddines for the design and sdection of materidized views for data
warehousing systems are discussed in section 5. Section 6 concludes the paper with a brief discussion
of future work.

2. Data Warehouse Design

In this section, the application characteristics and performances of dar, fact constellation and
snowflake schemes [6] are reviewed and discussed, based on which the benefit of integrating these
schemesinto the design of our data warehousing system is then examined.

2.1 Star, fact constellation and snowflake schemes

2.1.1 Star schema

The two major components of the star schema are fact and dimension tables, as shown in Figure 2.
The center of this star schema is represented by the fact table ‘INV’ and the points of the star schema
are represented by dimension tabdes. The attributes of these dimension tables can often be organized
into hierarchies[7].
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Figure 2: The star schema for data warehousing systems

In order to maintain a smple data structure, the fact table of this star schama keeps both basedata and
summarized data, while the dimenson tables are unnormdized. As a result, the number of joins
required for processing each query can be effectively reduced. However, when large volumes of new
data and precaculated data are added to the data warehouse, the fact table can become extremdy
large. Likewise, if the un-normalized dimension tables have many records, their Szes will increase
significantly because of the repeated attribute values. Thus, large disk storage and long query
processing time will be required due to the large data quantity in the fact and dimension tables.

2.1.2 Fact congtdlation schema

The fact table of the fact congtdlation schema is partitioned horizontaly according to the group-by
atributes in order to reduce query processing time, as shown in Figure 3. Furthermore, the amount of
summarized data to be materidlized can be adjusted according to the users query frequencies and the
system'’s storage constraint.  The main disadvantages of this design are: 1) the structure of the fact
congelation schema is more complex. Therefore, it is very difficult to maintain a large number of
summary views; and 2) various views may have to be accessed in order to process one user’s query.
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Figure 3: Thefact constellation schema for data warehousing systems
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2.1.3 Snowflake schema

The snowflake schema was developed in an attempt to further improve query performance by
normdizing the dimension tables since smdler dimension tables can effectively reduce the cost of join
operations. This schemais illugtrated in Figure 4. The main disadvantages of this design are: 1) itisa
very complex data structure, with many summary views and normdized dimenson tables, and 2)
various sumnary views and dimension tables may aso need to be accessed in order to process one

user's query.
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Figure 4. The snowflake schema for data warehousing systems

2.2 Theapplication requirements of company ‘'R’

The database system of company ‘R’ actualy contains a large number of tables. However, in this case
study, andysis is conducted mainly on the sales data of the invoice database system. The ER diagram
of this system is illugtrated in Figure 5. The data warehousing design methodology developed based
on this smplified data mode can be easily incorporated into the company’s present system.
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Figure5: ER diagram for the invoice database system
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After the user requirements were collected, it was found that the measures ¢ sales in relation to each
dimengon attribute needed to be andyzed. The measures of sales are in terms of the amount charged
for each invoice item and the quantity of products sold. The information required by users can be
obtained by aggregating the sdes data with various dimension tributes, including Co_no and R _no
of the Company dimension, Product no, Type no, Caegory no and Mfr_no of the Product
dimension, and day, month, quarter and year of the Date dimension. For example, the summary view
‘Co-P-Yr is caculated by summing up numbers of each product sold to different companies in a yesr.
Furthermore, these aggregated sdes data will be sorted by various dimension attributes for generating
reports.

The summary views which aggregate sales data with various group-by attributes and the estimated
query frequencies between every two updates are listed in Table 3. Table 4 gives the notations used in

these summary views.

Summary viewsgenerated by [Query Frequency|| Summary viensgenerated by | Query Frequency

users queries fo users queries foi
COP-DAY 2 CO-SALEDAY 5
COP-MTH 1 CO-SALEMTH 5
COP-QTR 1 CO-SALEQTR 5
COP-YR 1 COSALEYR 5
R-P-DAY 1 R-TYPEDAY 05
R-P-MTH 1 R-TYPEMTH 05
RP-QTR 1 R-TYPEQTR 05
R-P-YR 1 R-TYPEYR 05
P-SALEDAY 6 TYPESALEDAY 1
P-SALEMTH 6 TYPESALEMTH 1
P-SALEQTR 6 TYPESALEQTR 1
P-SALEYR 6 TYPESALEYR 1
COMFR-DAY 05 R-CAT-DAY 05
COMFR-MTH 05 R-CAT-MTH 05
COMFR-QTR 05 R-CAT-QTR 05
COMFR-YR 05 R-CAT-YR 05
R-M FR-DAY 1 CAT-SALEDAY 2
RMFR-MTH 1 CAT-SAALE-MTH 2
RMFR-QTR 1 CAT-SAALEQTR 2
R-MFR-YR 1 CAT-SALE-YR 2
MFR-SALEDAY 3 R-SALE-DAY 2
MFR-SALEMTH 3 R-SALEEMTH 2
MFR-SALEQTR 3 R-SALE-QTR 2
MFR-SALEYR 3 R-SALE-YR 2
COTYPEDAY 1 TOT-SALE-DAY 3
COTYPEMTH 1 TOT-SALE-MTH 3
COTYPEQTR 1 TOT-SALEQTR 3
COTYPEYR 1 TOT-SALE-YR 3
COCAT-DAY 1 CO-CAT-QTR 1
COCAT-MTH 1 CO-CAT-YR 1

Table3: Summary views generated by users queriesand related query frequencies
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Notationsin summary views Group-by attributes Names of group-by attributes
Co Co no Company_number
R R no Region_number

P P no Product_no

Mfr Mfr_no Manufacturer_no
Type Type_no Type_no

Ca Cat_no Category _no

Day Inv_dt Invoice date
Mth To_char(Inv_dt;mm-yy") Invoice date

Qtr To_char(Inv_dt,'Qvyy") Invoice date

Yr To_char(Inv_dt,'yy') Invoice date

Amt Amt Amount

Qty Qty Quantity

Table4: Notationsin summary views

2.3 Storing frequently accessed dimension keys and attributesin the summary views

Long query processing time is required for joining large fact and dimension tables. However, when
the frequently accessed dimension keys and attributes are stored into summary views, the number of
joins and query processing time can be effectivdly reduced. The storage cost, benefit and storage
effectiveness associated with adding various frequently accessed dimension keys and attributes into
the fact table ‘INV’ are cdculated and listed in Table 5. The cost andysis here assumes that the
difference in maintenance cos is negligible. The query frequencies used for cdculeting the totd
query cost are liged in Table 3. The sat of dimension attributes (P_name, Co_name, R_no, Type no,
Cat_no, and Mfr_no) are chosen for storage in ‘CO-P-DAY’ ad various summary views to oeed up
query processes, since this set yields the greatest benefit (i.e, total query cost savings) and storage
effectiveness. Detaled caculaions of benefit and effectiveness in our case study will be given in

Section 3.1.4.
Fact table Table size| Extra storage Total Cost for Benefit Effectiveness
(in B) space evaluating 115 (in B) (in B)
(in B) queries (in B)
‘INV’ (Co_no, Inv_no, Inv_date, P_no, Qty, Amt) 114 126270.00
The following dimension keys and attributes are
added to the fact table ‘INV'
X ={R_no, Type_no, Cat_no, Mfr_no} 154 40 99754.60 26515.40 662.89
{P_name} E X 197 83 107858.36 18411.64 221.83
{Co_name} E X 197 83 63902.36 62367.64 751.42
{P_name, Co_name} E X 240 126 30087.12 96182.88 763.36
{Region, P_name, Co_name}E X 269 155 33478.40 92791.60 598.66
{Type, P_name, Co_name} E X 280 166 33779.22 92490.78 557.17
Category, P_name, Co_name} E X 280 166 34785.20 91484.80 551.11
{Manufacturer, P_name, Co_name} E X 280 138 34088.32 92181.68 667.98

Table5: The costsof adding variousdimension keysand attributesto thefact table*INV’. (X

represents a set of dimension keys{ R_no, Type_no, Cat_no, Mfr_no}.)
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2.4 System design and characteristics

In our case study, the data warehouse structurd design is based on a combination of star and
snowflake schemes.  Source data from the invoice database is integrated into the data warehousing
system to form its basedata. These base data are stored in fact and dimension tables in the form of a
star schema. The fact teble is horizontaly partitioned into many summary views. Furthermore,
frequently accessed dimension keys and attributes are stored in the summary views so that query
processing cogts can be reduced. The dimension tables are normdized according to various dimension
attributes in order to reduce the table sizes. The sizes of these normalized tables are listed in Table 6.
Figure 6 illustrates the hybrid schema of the data warehousing system for company ‘R’

Dimension Record | Attributesin dimension table Table size

tables number S(Vi) (in
B)

CO 760 Co_no, Co_name, R_no 12

COMPANY 760 Co_no, Co_name, Co_desc, R _no, Region 45

REGION 4 R no, Region 0.045

PRODUCT 190 P_no, P_name, P_desc, Power_rating, 102

Type _no, Type, Cat_no, Cat, Mfr_no, Mfr

PD 190 P_no, P_name, Mfr_no, Type no, Cat_no 6

PD_ MFR 14 Mfr_no, Mfr 0.2

PD TYPE 31 Type no, Type, Cat_no 0.47

FD CAT 6 Cat_no, Cat 0.08

P MFR 190 P_no, Mfr_no, Mfr 3

P TYPE 190 P_no, Type no, Type, Ca_no 3

P CAT 190 P_no, Cat_no, Cat 3

Table6: Sizesof different dimension tables

3. Materialized Views Selection

We now move on to address the related issue of data warehouse design for our case study, namely, the
sdlection of summary views to be stored/materidized in the data warehouse. Benefits of materidizing
summary views sdlectively have been articulated in the literature [5, 8].  For our case study, acost
modd is established to enable the evauation of query cost, maintenance cost, storage cost and benefit
asociated with materidizing eech summary view in the data warehouse. An adapted greedy
dgorithm using the cost andys's methodology for evauation is then presented for selecting an optimal
set of materidized views.

3.1 Cost model

The estimated query, maintenance and storage costs in the following descriptions will be caculated in
teems of data block size B. For smplicity, other factors such as computational cost and
communicetion cost are ignored in our estimation.
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Figure 6: The hybrid schema of the data warehousing system for company ‘R’

311 Query processing cost for sdection, aggregation and joining

The analysis assumes that there is no index or hash key in any of the summary views therefore linear
search and nested loop approach are used for the sdection and join operations, repectively. In the
worst case, the andysis estimates that dl the records in a summary view will be scanned once in order
to process one user's query which involves sdlection and aggregation. Thus, to access a summary view
V;, the estimated query processing cost in terms of block accessis equa to thesize of Vi, i.e.,

Cg(Vi) =

S(Vi)

The estimated query cost invalving the joining of n dimension tables [9] with the summary view V, is

Ci(Vay,Vaz..

, Van Vi) = (S(Va1) + S(Vai) * S(Vi) + (S(Vaz) ¥ S(Va2) * S(Vi)) +... +

(S(Van) +S(Van) * S(Vi))

10
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To process a user’s query g, which requires not only selection and aggregation of the summary view
V,, but also thejoining of V; with other dimension tables, the query cost C,(q) is:
Ca(qi) = Cg(Vi) * Ci(Vd,Vdz, .., Vd,Vi)

= S(Vi) +(S(Var) ¥ S(Va)* S(Vi)) + (S(Va2) ¥ S(Vaz)* S(Vi)) +.. +

(S(Van) +S(Va)* S(Vi))

Total (Ca) =@ fa* CA )

i=1

Thus, the total query cost Total (G,) for processing r users’ queries between every two updatesis:

3.1.2 Datawarehouse maintenance cost

As the source data set of the invoice system is subject to congtant changes, these changes are recorded
by a sat of auxiliay views and conveyed to the ‘INV’ fact table and dimension tables during the
maintenance window [10]. Based on the updated ‘INV’ fact table and dimension tables, dl the sdes
summary views within the data warehouse need to be re-computed. There are usudly many ancestor
views from which a sdes summay view can be evauated. However, the best choice is the smdlest
possible ancestor view that requires the least number of joining processes for the computation of its
descendant views. As illudrated in Figure 7, the summary view of product monthly sdes ‘P-sde-
Month' can be evauated by aggregating the summary view of either the regiona product monthly
sdes ‘RP-Month' or the product dally sdes ‘P-sde-Day’. However, aggregatiing ‘R-P-Month' will
result in the least query cost. The optimal query and maintenance paths for these summary views are
illugtrated in Figure 7.

Assume that recomputation of each summary view Vi requires sdection and aggregation from its
ancestor summary view Vai, and the joining of Va with n dimension tables Vi, Vi, . V. Thus, the
cost for recomputing summary view V; can be calculated by :
Cm(Vi) = Cy(Va) +Ci(Vas Vdz, .o, Vn, Vai)

= S(Va) +(S(Var) + S(Var) * S(Va)) +(S(Vaz) +S(Vaz2) * S(Va)) +... +

(S(Van) + S(Van) * S(Va))

If there are | summary views in the warehouse which are materialized, the total maintenance cost
Total (Cp) for these materidized views s then

S
Total (Cm) = A fu* Cm(Vi)

i=1
where f; is the update frequency of summary view Vi. In our case study, we assume that dl sdes
summary views are updated once within afixed timeintervad, thus f; =1forany1<i <.
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Figure 7: The optimal query and maintenance paths for sales summary views.

3.1.3 Storage cost

The analyss edtimates that the cost for storing materialized views depends on the availability of hard
disk space within the data warehousing system. The Storage factor U represents the estimated ratio of
the storage capacity required by the data warehouse to the availability of hard disk space:

U = (Total (Cyye) + (1+Q) * Y* §) / Total available storage capacity

where ‘(1+Q) * Y * S; edtimates the tota increase in storage capacity or accommodating new data
during the estimated life cycle of the data warehouse. Here, ‘Q denotes the estimated increase rate in
data volume per year within the data warehouse, ‘Y denotes the estimated life cycle of the data
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warehouse, and ‘S, denotes he storage space reguired to store yearly added new data and ther
summarized data.

The storage cost of summary view V, interms of datablock B is
Ciore (V) = U™ S(V)

In our case study, U = 1, meaning that storage space is reedily available for storing materidized views,
thus, Cewe (V) = S(V)).

3.14 The net benefit and storage effectiveness

In order to determine an optimd sat of materidized summary views, the net benefit Net(B) and the
storage effectiveness h; (i.e. the net benefit pa unit of storage space occupied by a materidized view)
associated with each summary view (cf. Figure 7) need to be caculated

i) The Net Benefit of materidizing view V; can be cdculated using the following formula:
Net Benefit = Benefit — Maintenance cost — Storage cost

wherebenefit measures the total query cost savings that a materialized summary view bringsto dl its
descendent views, i.e,

&
Bi=aA faVn)*[CuVn = Va) - Cu(Vu = Vi)

n=1

Here, Vi (1 < n<m)representsone of the descendent views of Vi, and m denotes thetotal
number of descendent views of V,. fy(V,) isthequery frequency of V. For simplicity, we useC,
(V= Vy) todenotethe cost of accessingV, fromV,, theancestor of V, in casethatV, hasnot
been materialized, and C(V.i—~ Vi) the cost of accessing Vi from Vi directly.

Therefore, we can calculate and get the net benefit for a materialized view V,, asfollows:

Net (Bi) = Bi = Cm(Vi) - Csore(Vi)

Z{é fq(Vni)* [Ct(Vni - Vaj) - Ct(Vni = Vi)]} - Cm(Vi)- Cstore(Vi)

n=1

The storage effectiveness of summary view V, can be obtained by the formula:
hi= Net (Bi)/S(V))

Table 7 ligs the storage effectiveness h;, net benefit Net (B), storage cost C,. (V;), maintenance cost
Gn(V), and query frequencies f; of summary view V.. These views are sorted in a descending order of
storage effectiveness. For easy explanation, we name an ordered sequence of viewsusng V. V; ..., Vi
without loss of generality. In other words, h;,, [0 h; forany i > 0.
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The G4, in Table 7 is the total cost in the presence of one or more materialized views. It includes the
total query cost for processing r number of users queries, totd maintenance cost and total storage cost

for dl the materidized views.

Let Total (Cy) denote the total cost for processing r number of users queries when no views are
materidized in the data warehouse. Initiadly, Cys = Total(Cu ). Each time, when a view Vi is
materiaized, we calculate and obtain anew vduefor Cy, , i.€.,
Coa = CGaa - Bi+ Gn(Vi) + Cyore(Vi).
Based oni), Net B) = B, - CiV)) + Cyre(V), Wehave Cpy = Cyy - Net(B).

Hence, after materializing a series of viewsV, V, ..., V, thetota cost will become

d
Ctoa = Total (Cqai) - @ Net (Bx)

x =1

Theminimum value of thetotal cost C,, obtained is underlined in Table 7. As shown, aslong asthe
Net (B) of view V, is greater than O, the total cost G, will continuoudy decreese after materidizing
summary view V.

Cost evaluation for one materialized view

Vi Summary View h B Net (Bi) Cstore( Vi) Gn (V) fai Total cost
Ciotal
Storage Benefit | Net Benefit| Storage [Maintenanc Query
Effectiveness Cost e Cost Frequency

1 CO-P-DAY 396.96 97694.88 | 95270.88 240 2184 2 30999.12
2 RTYPE-MTH 92.09 2540.40 2394.40 26 120 0.5 28604.72
3 R-SALE-MTH 76.91 93.00 84.60 11 7.3 2 28520.12
4 R-MFR-MTH 69.21 738.00 657.50 95 71 1 27862.62
5 R-CAT-MTH 55.00 436.95 401.49 7.3 28.16 05 27461.13
6 TOT -SALE-MTH 41.76 8.37 7.10 0.17 11 3 27454.03
7 CO-TYPE-DAY 32.33 5586.48 5076.21 157 353.27 1 22377.82
8 R-P-MTH 27.73 2310.00 2052.00 74 184 1 20325.82
9 MFR-SALE-MTH 17.14 60.30 48.00 2.8 95 3 20277.82
10 COMFR-DAY 15.14 2612.88 2180.68 144 288.2 0.5 18097.14
11 CAT SALE-MTH 14.47 33.60 24.60 17 7.3 2 18072.54
12 R-MFR-DAY 13.70 1194.10 972.58 71 150.525 1 17099.97
13 P-SALE-MTH 11.68 594.00 479.00 41 74 6 16620.97
14 P-SALE-YR 11.33 96.00 68.00 6 22 6 16552.97
15 R-SALE-DAY 8.05 279.00 178.80 22.2 78 2 16374.17
16 TOT -SALEQTR 791 0.68 0.45 0.057 0.17 3 16373.71
17 P-SALE-QTR 7.50 228.00 165.00 22 41 6 16208.71
18 CO-SALE-YR 6.76 230.00 142.00 21 67 5 16066.71
19 CO-SALE-DAY 6.53 880.00 640.00 98 142 5 15426.71
20 R-P-DAY 6.39 1611.38 1176.54 184 250.845 1 14250.18
21 R-TYPE-DAY 5.99 1002.92 718.81 120 164.11 0.5 13531.37
22 MFR-SALE-QTR 5.73 10.20 6.30 11 2.8 3 13525.07
23 R-SALE-QTR 4.17 2.96 1.50 0.36 11 2 13523.57
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24 CAT-SALE-QTR 4.11 4.56 2.30 0.56 1.7 2 13521.27
25 TOT-SALE-YR 3.97 0.13 0.06 0.0143 0.057 3 13521.21
26 MFR-SALE-YR 3.86 2.46 1.08 0.28 11 3 13520.13
27 TOT -SALEDAY 3.40 48.60 20.40 6 22.2 3 13499.73
28 TYPE-SALE-MTH 2.42 53.70 19.60 8.1 26 1 13480.13
29 CO-SALE-MTH 2.05 330.00 156.00 76 98 5 13324.13
30 R-CAT-DAY 1.46 321.20 113.52 78 129.68 0.5 13210.61
31 R-SALE-YR 1.00 0.54 0.09 0.09 0.36 2 13210.52
32 CAT-SALE-YR 1.00 0.84 0.14 0.14 0.56 2 13210.38
33 CO-CAT-DAY 0.70 410.56 98.92 142 169.64 1 13111.46
34 MFR-SALEDAY 0.18 111.00 6.00 34 71 3 13105.46
35 TYPE-SALE-QTR -0.30 10.20 -0.90 3 8.1 1 13106.36
36 P-SALE-DAY -0.43 264.00 -60.00 140 184 6 13166.36
37 R-MFR-QTR -0.74 10.60 -3.10 4.2 9.5 1 13169.46
38 CO-SALE-QTR -0.79 90.00 -53.00 67 76 5 13222.46
39 CAT SALEDAY -0.83 84.00 -30.00 36 78 2 13252.46
40 RP-QTR -1.36 58.00 -61.00 45 74 1 13313.46
41 COCAT-MTH -1.59 72.00 -188.00 118 142 1 13501.46
42 CO-TYPE-MTH -1.69 63.00 -230.00 136 157 1 13731.46
43 CO-P-MTH -1.70 93.00 -356.00 209 240 1 14087.46
44 COMFR-MTH -1.90 36.00 -228.00 120 144 0.5 14315.46
45 COCAT-QTR -1.92 18.00 -209.00 109 118 1 14524.46
46 CO-TYPE-QTR -1.93 18.00 245.00 127 136 1 14769.46
a7 CO-PQTR -1.93 26.00 -379.00 196 209 1 15148.46
48 RMFR-YR -2.00 3.06 -2.28 1.14 4.2 1 15150.74
49 R-CAT-QTR -2.00 4.40 -5.80 29 7.3 0.5 15156.54
50 CO-P-YR -2.00 132.00 -128.00 64 196 1 15284.54
51 RP-YR -2.00 32.00 -26.00 13 45 1 15310.54
52 COMFR-QTR -2.00 10.00 220.00 110 120 0.5 15530.54
53 CO-TYPE-YR -2.00 86.00 -82.00 41 127 1 15612.54
54 CO-CAT-YR -2.00 74.00 -70.00 35 109 1 15682.54
55 R-TYPE-QTR -2.00 14.90 -22.20 11.1 26 0.5 15704.74
56 TYPE-SALE-DAY -2.00 44.00 -152.00 76 120 1 15856.74
57 TYPE-SALE-YR -2.00 2.23 -1.54 0.77 3 1 15858.28
58 CO-MFR-YR -3.07 37.50 -107.50 35 110 0.5 15965.78
59 R-TYPE-YR -3.35 4.05 -10.05 3 11.1 0.5 15975.83
60 R-CAT-YR -3.38 1.07 -2.61 0.77 2.9 0.5 15978.44

Table7: Cost evaluation for selecting an optimal set of materialized views. The minimum value

of Cua (V) isunderlined.

3.2 Adapted greedy algorithm for materialized summary view selection

Let T be the st of al sdes summary views involved in users queries, and [T| be the number of sales
summary viewsin T. Based on the greedy agorithm of [5], we develop an adapted greedy agorithm
for determining an optimal set of materidized summary views L, a subset of T, such that the total cost
Coa 1S minimized. The agorithm is based on the cost model presented in Section 3.1.
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Materialized views selection algorithm:

1. Determine the optima query and maintenance paths for computing al summary views in the data
warehouse (as illusirated in Figure 7).

2. Cdculate the net benefit and storage effectivenessfor each summary view in T.
foreach V,inT do
Cdculate the Net (B;) and storage effectivenessh; of V; :

Net (Bi) = Bi- Cm(Vi)- Csore(Vi)

J
:{a fa(Vni) * [Ct(Vni 7 Va) - Ct(Vni 7 Vi)} - Cm(Vi) - Csore(Vi)

n=1

h = Net B) / V)

endfor.

3. Sort the summary views in T in a descending order of storage effectiveness such that those views
with the best storage effectiveness will be chosen first (as shown in Table 7). Without loss of
generdity, assume V. V; ..., Vi represents an ordered list of summary views.

4. Cdculate the totd cost G,, when a summary view is materidized, and ga Min(C,,) as the
optimal cost for materiaized views sdection.

Caa = Total (Cp); /* Initidly, no views are materiaized. */
for (i=21 i£]|T]; i++) do
if (Net(B)>0) then Gy = Gua —Net (B);
else bresk; f* The minimum C, has been found, exit for loop. */
Min(Gua) = Gian

5. Sdect the best maeridized view st L.
L=4A
Cioa = Total (Qm);
for (i=1 i£][T]; i++) do
select V; from the summary view set T—L with the highest storage effectiveness;
if (L) +S(Vi) < 9 and (Coa—Net (B) > Min(Ca)) then
L=LE{M}
else bresk;
endfor;
return L.

Figure 8 shows the set L of optimal materidized views (shadowed boxes) thus chosen.
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Figure 8: The set of optimum materialized summary views and their query paths

3.3 Cost analysis

The summary views to be materidized are sorted in a descending order according to the corresponding

storege effectiveness h;

listed in Table 7. The top thirty-four summary views listed in this table

condtitute the optimal set of materidized views L. The tota cost C,, and cost components versus
overd| sorage size of the materidized views are plotted in Figure 9.

We observe that the Cy, is dominated by the Total (C,) before reaching the optimum point. This
optimal point occurs a a cost of 13105.46B and is designated as the minimum total cost Min(G,).
The Total (G,) drops drestically after materidizing the first summary view ‘CO-P-DAY’, reducing by
more than 75% while utilizing only 15% of the tota Storage spece required by the st of optimal
maeridized views L. Therefore, materiadlizing summary view ‘CO-P-DAY’ is very cogt effective for
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improving the query performance of the data warehouse. After this first view has been chosen, there is
little reduction in the Total (C,) when more summary views are materiaized.

The sum of tota maintenance and storage costs, CqfVi)+Cyy(Vi), increases linearly as the number of
materialized summary views increases. However, its magnitude is relatively smal compared with the
Total (C,) before reaching the optimum point Min(Cya). After resching this optimal point, Cya iS
dominated by the sum Cm (M)+Cye(Vi). This is because materidizing additiond summary views
(i.e. summary views with negative net benefit Net (B)) beyond the optima point Min(C,,) cannot
reduce query cogt, but increases the storage and maintenance costs. Therefore, it is not cost effective
to materidize additiond views after reeching Min(Cga).

—4— Query cost'Cq'
140000.00
—=—Maintenance and storage cost ‘Cm+Cstore'
4 —*—Total cost
120000.00
100000.00

80000.00

60000.00

40000.00

Total cost in B (Block of data access)

20000.00 13105.46

000 1

NNNNNNNNNNNNNNNN
aaaaaaaaaaaa

Storage size in B (B=2K block size)

Figure 9: Total costs Ctotal, total query processing cost and the sum of maintenance and
storage costs vs. storage size of the materialized views.

If dl the summary views of the data warehouse are materidized, query performance can be optimized.
However, this method requires the highest maintenance and storage cost. For a data warehouse with
limited hard disk storage space and smal maintenance window, materidizing a few summary views
which have the greatest storage effectiveness h; (eg., ‘CO-P-DAY’ for this case study) can effectively
reduce query response time since they yield the greatest benefit yet require the least amount d storage
space and maintenance costs. In the situation of a data warehouse which can be taken off-line for view
maintenance and can have very large disk space available for the storage of materidized views, storing
the set of optima materidized views L can minimize query and maintenance cost while achieving
good query performance.

4. Implementation and Testing

As part of this study, we have implemented a prototype system based on the Windows NT 4.0 server
and Oracle Workgroup Server 7.3.4 [11], running on a Pentium PC. Data records were extracted from
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a Paradox database and a Peach Tree accounting database, and imported to the Oracle database
system. Various table spaces were created for storing the basedata and summary views of this data
warehouse. Due to the congdraints in data storage and computationa costs involved, a data sampling
method was adopted to estimate the size of each summary view [12]. A subset of saes records (i.e.
the yearly sadles records of 1996) was extracted from the existing database. Based on these sdes
records, the required summary views were generated and the sizes of these summary views are listed
in Table 7. In this section, we describe both analytical and empirica testing results obtained in our
case study.

4.1 Analytical Testing

The G, under five test conditions, composed of different query patterns and frequencies, was
evduated for three different view materidization drategies, i.e, all-virtual-views method, all-
materialized-viens method, and sdlected-materialized-views method. The results are summarized in
Table 8 and pictoridly plotted in Figure 10. Clearly, he Cyy of the all-virtual-views method is much
greater than those of the other two methods. This is because the latter two methods utilize the pre
caculated data in the materidized summary views, thus avoiding accessng and processing a large
quantity of base-data. On the other hand the total cost evaluated for the selected-materialized-views
method is the smalest under dl five test conditions (cf. Table 8).

The storage and maintenance costs and the query processng cost versus query frequency are
plotted in Figures 11 and 12 respectively for the all-materialized-viens and the selected-materialized-
viens methods. The maintenance cost C,(L) and storage cost Cyye(L) Of the selected-materialized-
views method in Figure 11 are less than that of the all-materialized- views method in al cases. Thisis
because the summary views which are not cost effective (i.e. summary views with negative benefit Net
(B)) will not be materidized in the data warehouse when the sdected-materialized-views method is
gpplied, hence resulting in asmaller vaue of Gy, than the all-materialized-views method.

As shown in Figure 12, the total query processing costs for both methods increase steadily as the query
frequency increases. However, the sdected-materialized-viens method requires a dightly higher
query processing cost than the all-materialized-views method. The reason is obvious, as the latter
stores al the materidized views in the data warehouse.

Query all-materialized-views All-virtual-views Selected-materialized-views
frequency f; Total Cost Cyy (in B) Total Cost Cyy (in B) Total Cost Gy (in B)
3 3030.00 4482.00 3018.00
31 7236.44 31479.00 6201.44
57.5 13251.28 63135.00 9510.60
115 15978.44 126270.00 13105.46
230 21432.75 252540.00 19516.51

Table8: Total cost for three different view materialization strategies
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4.2 Empirical Testing

Our second test results come from an experimental prototype we have developed for the case study.
The experiment was set up to simulate the view maintenance (i.e. recomputation of materidized
summary views) and query processng of the data warehouse. The program execution times of the
three view materiaization Srategies for computing 115 queries and completing maintenance processes
were recorded. We conducted each test on an Oracle PL/SQL work sheet [13] 4 times soasto obtain a
normalized result.

Figure 13 shows the average execution times under three view materidization methods. The shortest
total query and maintenance time was recorded by using the sdected-materialized-views method. The
difference in execution time between the all-materialized-viens method and the sdlected-materialized-
views method is about 25 seconds. Even though the all-materialized-viens method requires the
shortest query processing time, the maintenance time required for re-cdculaing al the summary
views is much longer than for the selected-materialized-viens method. Therefore, the sum of view
maintenance and query processing times for the all -materialized-viens method is longer compared
with that for the sdected-materialized-viens method. The all-virtual-viens method requires the
longest program execution time. This is because processing a large amount of basedata requires
longer query processing time.  In summary, the results obtained from this experiment is coincident
with the anaytical results discussed in the previous section.
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Figure 13: The average execution time of three view materialization strategies

Guiddinesfor warehouse schema design and materialized views selection

Our experiences gained from this case study can be summarized into the following guiddines for both
data warehouse design and materiaized view selection.
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On Data War ehouse Design

Vi

Use the smdlest sze of integer or numerica vaues for the key attributes in dimension tables to
minimize storage space and query processing time (cf. Section 2.1).

Normdize dimenson tables with large amount of records and hierarchy levels to achieve smaller
dimension tables. Thus, the Storage size and joining cost can be reduced substantidly (cf.
Section 2.1).

De-normdize dimension tables with releively few records and attributes to minimize the number
of joinsrequired (cf. Section 2.1).

. Horizontaly partition the fact table, which has a lot of records, into smaler summary views

according to its dimension key dtributes so as to improve query performance, and further enable
users to select various summary views for materidization based on the query access frequency
(cf. Section 2.1).

Store foreign keys of dimenson tables in the summary views, epecidly those dimension tables
that are frequently accessed to help improve the query performance. Furthermore, data in these
summary views can aso be easily used by other queries (cf. Section 2.3).

Store frequently accessed dimension attributes €.9. Co_name and P_name in our case sudy) in
the summary views, especidly for the dimension tables which have very many records, o as to
minimize the number of joins and query processing costs (cf. Section 2.3).

On M aterialized Views Selection

5.

Materialize summary views that are frequently accessed by users €f. Section 3.1 and Section
3.3).

Materidize those commonly shared views which are used for generating other summary views
(cf. Section 3.1 and Section 4.2).

Materidize those views whose sizes have been substantialy reduced from their ancestor’s views
(cf. Section 3.1).

When the storage factor is very smadl (i.e. large amount of disk storage is available), maeridizing
a st of optimal materidized views ‘L’ by the sdection method as illugtrated in Section 3 can
achieve the best combination of good query performance and low maintenance cost.

Conclusions

In this case study, methods for designing an efficient data warehousing sysem based on the
goplication requirements of an engineering company ‘R’ have been investigated. A hybrid schema
was designed for this data warehouse by applying dimensional modeling concepts. A cost model was
developed to caculate the costs and benefits associated with materidizing each data warehouse view.
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The total cost under five test conditions, composed of different query patterns and frequencies, were
evduated for three different view materidization drategies. 1) all-virtual-viens method, 2) all-
materialized-views method, and 3) sdected-materialized-views method. The tota cost evauated from
using the sdlectedmaterialized-views method was proved to be the smalest among the three drategies
in al cases. Further, an experiment was conducted to record different execution times of the three
srategies in the computation of a fixed number of queries and maintenance processes. Again, the
selected- materialized-views method requires the shortest total processing time.

An adapted greedy agorithm using the cogt analysis methodology for evauation was developed for
materidized views sdection.  This view sdection methodology was tested both andyticdly and
experimentaly and proved to be very cost effective for the optimization of the data warehouse.
Gengd guiddines for data warehouse design and materidized views sdlection based on this work are
presented and a prototype of the data warehouse system was implemented using a commercialy
available data warehousing software “Oracle-Discoverer” [14, 15].

We plan to apply the cogt evaduation methodology and views sdection dgorithm developed in this
case dudy to other data warehousing applications, such as inventory, production and purchasing
analyses, etc. In aldition, warehouse view sdlf-maintenance methods [10, 16] other than the view re
cdculation method adopted by this work will adso be investigated in order to further reduce system
maintenance cost and achieve data warehouse optimization.
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7.  Annotations

Data block sze (B =2K, one data block size of the Oracle database system
setup in our case study).

T . Thesat of dl sadlessummary views grouped by various dimension key attributes.

[Tl : Thenumber of sdles summary viewsinT.

V, . Asdessummary viewinT.

V, . Adimensontable (e.g., Co, Region, Pd, Pd Cat, Pd _Mfr in the data
warehouse).

Vi . Theancestor view of V..

\V~ . The descendent view of V..

S(Vy) . Thesizeof dimensontable V, interms of data block B.

S(V) . Thesdize of summary view V; in terms of data block B.

S(Va) . Theszeof V, in terms of data block B.

S(Va) . Thesdzeof V, in terms of data block B.

G (V) . The query processng cost which involves sdection and aggregation of
summary view V..

G (Vg M) . Theprocessing cost for joining dimension table V; with sales summary view V..

Cioe (V) . Thestorage cost for storing summary view V; in terms of data block B.

G, (V) : The maintenance cost for re-computing V.

CVi- V) . Thecost for evaluating the descendent view V,; from the materiaized view V.

Ct(Vi— Va) . Thecost for evaluating the descendent view V,; from V, the ancestor view of
V.

L . Anoptima set of materidized summary views (L1 T).

Cuoe (L) . Thetotd storage cost for storing al the materidized summary viewsinL.
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G (L)

Total C,)

Total (Cour)

j

Total (C,)
Total (C,)
Total (Coe)

S

Total (Coren)
U

Y
Q

The total maintenance cost for recomputing al the materialized summary views
inL.

The total cost (i.e. the sum of total qiery processing cost, nmeintenance cost, and
storage cost) in the presence of zero or more materiaized views.

The minimum tota cost C,, evauated in Table 7.

A user's query which involves sdection and aggregation of summary view V,,
and thejoining of V; with dimension tables.

The query processing cost for g

The query frequency of summary view V; between every two updates.

The query frequency of summary view V,,, the descendent view of V..

The update frequency of summary view V..

The average number of descendant views of amaterialized summary view.

The benefit of materidizing summary view V.,

The net benefit of maeridizing summary view V.

The storage effectiveness of view V, (i.e. net benefit per unit of occupied storage
space).

The total number of user’s queries between every two updates.

The total cost for processing r number of users queries between every two
updates.

The total cost for processing r number of users queries between each update
time intervad when dl the views are kept virtud (i.e. no summary views ae
materidized).

The number of materiaized summary views in the data warehouse.

The total maintenance cost for j numbers of materiaized summary views.

The totd maintenance cost for dl the summary viewsinT.

The total storage cost required to store both basedaa and al the materidized
summary views in the existing system.

System storage space condraint for the existing data.

The totd storage cost required to sore al the summary viewsin T.

Storage factor: U= (Total (Cyee) + Q* Y* G ) / Totd available storage space
(Inour case study, U = 1; thusCye(L) = U* L) =S(L).)

Estimated life cycle of the data warehouse (Y=10 years for our case study).
Edtimated increase rate in data volume per year within the data warehouse (for

our case study, Q=1.2).

Storage space required to store yearly increased new data and their summarized
data
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