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Lecture outline

< Basic index structures
= B-tree
= bitmap
*= join
= bitmap join (Oracle)
= clustered (DB2)
= multidimensional cluster (DB2)
» indexing dimensions
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B-tree

2 Foundation for other indexes (join, bitmap, bitmap
join, clustering, MDC)
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Star schema and queries

select sum(SalesPrice), ProdName, Country, Year
from Sales s, Products p, Customers c, Time t
where s.ProductID=p.ProductID

and s.CustomerID=c.CustomerID

and s.TimeKey=t.TimeKey

and p.Category in (’electronics’)

and t.Year in (2009, 2010)

group by ProdName, Country, Year;

dimension Customer

Customers

#CustomerID
Town
Country

. . dimension Time
dimension Product

Sales Time
M ProductID #TimeKey
#ProductID _< CustomerID >_ Day
ProdName TimeKey Month
Category SalesPrice Quarter
Discount [——  Year
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Join index

< Materialized join of 2 tables (typically fact and

dimension(s))
Products Sales
ROWID |productlD|prodName category ROWID |salesPrice |discount |productlD
BFF1 100|HP Pavillon electronics 0AAQ 5 100
BFF2 230|Dell Inspiron  |electronics 0AAL 15 230
BFF3 300|Acer Ferrari  |electronics 0AA2 5 100
0AA3 10 300
0AA4 10 300
0AAS 15 230
Products.ROWID [Sales.ROWID
BFF1 0AAD
BFF1 0AA2
BFF2 0AA1
BFF2 0AAS
BFF3 0AA3
BFF3 0AA4
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Join index

2 In order to make searching the join index faster, the
join index is physically ordered (clustered) by one of the

attributes

< Alternatively, the access to the join index can be
organized by means of a B-tree or a hash index
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DW queries

> DW queries typically are not selective
= select dozens % of rows in a fact table
< B-tree indexes are efficient up to 10% selectivity
of a query
< Other types of indexes are needed
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Bitmap index - definitions

< Attribute cardinality ® domain size CarSales

make color
= card(make)=4, card(color)=4 Subara ed
=] Bitmap = vector of bits Mercedes green
= a bit corresponds to a row in a table Mercedes blue
Subaru blue
e | BMW blue
1 BMW green
0 BMW red
0 Audi red
0 Audi black
2 BMW black
;_J Subaru red
1 Mercedes green
1]
0
1
0

R.Wrembel - Poznan University of Technology



Bitmap index - definitions

< Bitmap index

= collection of bitmaps

= one bitmap for one value from attribute domain
2 Organizing bitmaps

= 2-dimensional table

* B-tree index

. ... make color B:red |B:green| B: blue | B: black
Subaru red 1 0 0 0

Mercedes green Q 1 0 0

Mercedes blue s 0 1 0

Py Subaru blue 0 0 1 0

I |BMW blue 0 0 1 0

& BMwW green 0 1 0 0

BMW red 1 0 0 0

Audi red 1 0 0 0

Audi black 0 0 0 1

BMW black 0 0 0 1

Subaru red 1 0 0 0
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Bitmap index in queries

select count(*) from CarSales

where make in ('Audi', 'Mercedes', 'BMW')
and type = 'sport'

and color ='red';

B:Audi OR [B:Mercedes| OR |B: BMW AND B:sport AND B:red =

===l === == ==]
==l = = =
===l = = = = =R =0

=1 = = = = = = = T =)
olo|lr|o|lo|lr|r|k|lojla|lo|o
olo|lo|lo|r|~|lo|lo|lo|a|lo|a
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Mapping bits to ROWIDs

< Easy solution: fixed number of rows per DB block -

rpb
block 1 [1 [bitNol
pgNo =

: rpb
5

block 2 - slotNo = bitNo MOD rpb
:
10

block3 |11
12
13
14
15
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Mapping bits to ROWIDs

2 Real approach
» estimate the average length L of a row in a table
= compute the number of slots in a DB block: BSize/L
» allocate more slots than BSize/L

» real row length differs from L = some slots are
wasted = BI is larger than it could be
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Mapping bits to ROWIDs

B: red color B: red

red

green
blue
blue
blue

green

red

red
black
black

red

Q= |00k [O D00 O]

green

nb of bits allocated
per data block

== === = =1 =A== == =1 =1 =1
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Mapping bits to ROWIDs: Oracle

create table TEST BIl create table TEST BI2
(id number (7), (id number (7) not null,
no number (7), no number (7) not null,
txtl varchar2 (20), txtl varchar2 (20) not null,
txt2 varchar2 (20), txt2 varchar2 (20) not null,
txt3 varchar2 (20), txt3 varchar2 (20) not null,
txt4 varchar2 (20), txt4 varchar2 (20) not null,
txt5 varchar2 (20)) ; txt5 varchar2 (20) not null);

select o.name, o.obj#, t.sparel
from sys.obj$ o, sys.tab$ t
where o.obj#=t.obj# and o.name in ('TEST_BIl', 'TEST BI2')

NAME OBJ# SPARE1
TEST BIl 73450 736
TEST BI2 73452 506

max number of rows per data block
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Mapping bits to ROWIDs: Oracle

2 Populating table TEST_BI1 with 106 of rows of
lenght 113B

2 Computing column statistics

create bitmap index NO BI_ INDX on TEST BI1(NO) pctfree 0;

select index_name, leaf blocks
from dba_indexes

where index name = 'NO_BI_INDX';
INDEX NAME LEAF_BLOCKS
NO_BI_INDX 350
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Mapping bits to ROWIDs: Oracle

find the actual maximum number of rows
drop index NO _BI_ INDX; in a data block in TEST_BI1

Y

alter table TEST_BIl minimize records_per_block;

create bitmap index NO BI_ INDX on TEST BI1(NO) pctfree 0;

select index name, leaf blocks
from dba_indexes

where index name = 'NO BI_INDX';
INDEX NAME LEAF BLOCKS
NO_BI_INDX 150
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BI characteristics (1)

2 Reasonably small size for attributes of low

cardinality

2 Example
» #rows = 1 000 000
= card(A) =4

= ROWID = 10B (Oracle)
* bitmap index on attribute A

¢ 4 bitmaps: 4 x (1 000 000 / 8) = 4 x 125kB = 500kB
= B*-tree on attribute A

1000000 x 10B = 10MB
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BI characteristics (2)

2 Efficient processing of bitmaps
* |ogical operations AND, OR, NOT, COUNT
= 64 bits processed in one CPU clock cycle
2 Size
* small index = small #1/0
* processing in RAM
2 Not applicable to LIKE
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BI characteristics (3)

2 Large size for attributes of large cardinality
2 Example

#rows = 1 000 000
card(A) = 1024
ROWID = 10B (Oracle)

bitmap index on attribute A

¢ 1024 bitmaps: 1024 x (1 000 000 / 8) = 1024 x 125kB =
128MB

B+-tree on A
« 1000 000 x 10B = 10MB
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BI characteristics (3)

2 Index maintenance

inserting rows = increasing length of bitmaps
updating rows = updating 2 bitmaps
deleting rows =

o decreasing length of bitmaps

¢ OR bitmap of deleted rows
locking contiguous segments of bitmaps =
concurrency decreasing
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Experiment (1)

< Oraclellg
= data cache: 1.7GB, SGA: 3.4GB
= #rows: 250 000 000 (DB size: 10.8GB)

index sizes
4500
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Experiment (2

index creation times
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Experiment (3)

2 cardinality of indexed attribute: 1024

select count from ... where K1024<=n

| bitmap ©—— g9
500000 B-treg £ o
400000 S
300000 F S
o
ES :
200000 SU
100000 | B
0 L I L v ) L ‘*\A’
1 2 4 8 16 32 64 128 256 512 N
0.1% ——----=—========—————=== 3 > 12.5% 25% 50%
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Experiment (4)

WHERE K1024 <= 128

bitmap index

| Id | Operation | Name | Rows | Bytes | Cost (%CPU)| Time |
| 0 | SELECT STATEMENT | | 1 4 | 11315 (1) 00:02:16 |
| 1 | SORT AGGREGATE | | 1] 4 | | |
| 2| BITMAP CONVERSION COUNT | | 31M| 119M| 11315 (1) 00:02:16 |
[* 3] BITMAP INDEX RANGE SCAN| BMP_5K1024 | | | |
B*-tree index

| Id | Operation | Name | Rows | Bytes | Cost (%CPU)| Time |

| 0 | SELECT STATEMENT | | 11 4 | 65441 (1) | 00:13:06 |

| 1 SORT AGGREGATE | | 1 4 | | |

[* 2 INDEX RANGE SCAN| BMP_5K1024 | 31M| 119M| 65441 (1) 00:13:06 |
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Experiment (s)

select sum(...) from ... where K1024<=n
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Experiment (7) I

7e+006 bitmar d
s Bihee

WHERE K1024 <=4

bitmap index

SELECT STATEMENT

664006

564006

464006

#/0

364006

204006

164006

1

| 01 | |

| 11 SORT AGGREGATE | | 1] 10 |

| 2| TABLE ACCESS BY INDEX ROWID | BMTEST | 977K| 9543K|

| 3 BITMAP CONVERSION TO ROWIDS| | | |

|* 4 BITMAP INDEX RANGE SCAN | BMP_5K1024 | | |
* .

B*-tree index

| Id | Operation | Name | Rows | Bytes | Cost (%CPU)| Time |
| 0 | SELECT STATEMENT | | 11 10 | 387K  (2)] 01:17:26 |
| 1 | SORT AGGREGATE | | 1 10 | | |
[* 2] TABLE ACCESS FULL| BMTEST | 977K | 9543K| 387K  (2)] 01:17:26 |
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Ex pe ri m e nt (8) select sum(...) from ... where K1024<=n

7e+006 bitmar 4
e Rt

664006

WHERE K1024 <= 32

464006

#/0

364006

204006

164006

0

bitmap index

| Id | Operation

| 0 | SELECT STATEMENT | |

| 1 | SORT AGGREGATE | | 1| 10

| 2 | TABLE ACCESS BY INDEX ROWID | BMTEST | 7819K| 74M|
| 3 BITMAP CONVERSION TO ROWIDS| | | |
|* 4 BITMAP INDEX RANGE SCAN | BMP_5K1024 | | |

B*-tree index

| Id | Operation | Name | Rows | Bytes | Cost (%CPU)| Time |

| 0 | SELECT STATEMENT | | 1 10 | 387K (2)| 01:17:26

| 1 SORT AGGREGATE | | 1 10 | | |

[* 2| TABLE ACCESS FULL| BMTEST | 7819K| 74M| 387K  (2)| 01:17:26 |
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Experiment (s)

select sum(...) from ... where K1024<=n
7e+006 [ bimap © T
6e+008
WHERE K1024 <= 64
o4€+DDE
=
3e+006
2e+006
1+006 1B
. . ot -
bitmap index L
| Id | Operation | Name | Rows | Bytes | Cost (%CPU)| Time |
| 0 | SELECT STATEMENT | | 1 10 | 387K (2)] 01:17:26 |
| 1 SORT AGGREGATE | | 1| 10 | | |
[* 2| TABLE ACCESS FULL| BMTEST | 15M| 149M| 387K (2)] 01:17:26 |
* .
B*-tree index
| Id | Operation | Name | Rows | Bytes | Cost (%CPU)| Time |
| 0 | SELECT STATEMENT | | 1| 10 | 387K (2)] 01:17:26 |
| 1 | SORT AGGREGATE | | 1 10 | | |
[* 2] TABLE ACCESS FULL| BMTEST | 15M| 149M| 387K (2)] 01:17:26 |
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Decreasing size of BI

< Range-based bitmap index

< Encoding

< Compression
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Range-based BI (1)

29

< Domain of indexed attribute is divided into ranges
= e.g., temperature: <0, 20), <20, 40), <40, 60), <60, 80),

<80, 100)

indexed attribute

tempC
21
39.6
51.3
12
98.8
71
68.8
50.4
10

B4

B3

B2

B1

BO

(100, 80>

(80, 60>

(60, 40>

(40, 20>

(20, 0>

o|lolo|O|r|O|C(C|O

[t Rt Fry N P P N TN T

i li=Rislis=EisRi_Ni=Ele]

[=Ri=Ri=1i=Ri=Ri=Ri=A 0l

[=Ri=Ri=1l= =2 i=1=2l=]

bitmap No
bitmap range

2 query: count records for which 10<=temp<45
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Range-based BI (2)

< Bitmaps can represent also sets of values
* e.g., B1: {yellow, orange, red}, B2: {light blue, blue,
navy blue}
2 Characteristics

* the number of bitmaps depends less on the attribute
cardinality = depends on the range/set width

* border bitmaps may point to rows that do not fulfill
selection criteria @ additional row filtering after
fetching
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Encoding (1)

2 Replacing the value of an indexed attribute by
another value whose bitmap representation is
more compact

2 Example

» card(productName): 50000 = typical number of
products in a supermarket

= standard bitmap index = 50000 bitmaps

= 50000 distinct values can be encoded on 16 bits

o [log,50000] = 16

* a mapping data structure is required for mapping the

encoded values into their real values
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Encoding (2

2 query: select * from T where product = 'pecorino
d'Abruzzo’

< apply mask: -B15 ... -B4 B3 -B2 -B1 -B0

indexed attribute |product
queso Manchengo

queso de Burgos

queso Cerrato

queso Serrat

tupi

queso de Urbasa
ecoring baccellone

mapping table

1 pecorino d'Abruzzo
pecorino dei Berici
pecorino di Farindola
pecorino lucano
pecorino rosso
pecorino sardo
pecorino sense

olo|lo|o|o|o|ojofo|o|o|o|o|o|o

olo|lo|o|o|o|ojoflo|jo|o|o|o|o]|o

olo|lo|o|o|o|oloojo|o|o|o|o|o

e Ll Ll Ll Ll Ll el Ll k=R k=R (=R =R (=R =1 =]

= E = S S N ===

L =R=1 AR [=h=1 R =R =R IR =]

=1 =1 I =1 I =1 T =0 e =R I =R
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Compression (1)

2 Byte-aligned Bitmap Compression (BBC)
2 Word-Aligned Hybrid (WAH)

2 Run Length Huffman

< Based on the run-length encoding

= homogeneous vectors of bits are replaced with a bit
value (0 or 1) and the vector length

= 0000000 1111111111 000 = 07 110 03
2 A bitmap is divided into words

= BBC uses 8-bit words

= WAH uses 31-bit words

* RLH uses n-bit words (n - parameter)
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Compression (2)

> WAH-compressed bitmaps are larger than BBC-
compressed ones

< Operations on WAH-compressed bitmaps are faster
than on BBC-compressed ones

= Wu, K. and Otoo, E. J. and Shoshani, A.: Compressing Bitmap Indexes for
Faster Search Operations, SSBDM, 2002

= Wuy, K. and Otoo, E. J. and Shoshani, A.: On the performance of bitmap
indices for high cardinality attributes, 2004, VLDB

< Types of words in BBC and WAH

» fill word = represents a compressed segment of a
bitmap (composed either of all Os or all 1s)

* tail word = represents non-compressable segment of
a bitmap (composed of interchanged 0 and 1 bits)
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WAH 1)

> Example: 32-bit processor, bitmap composed of
5456 bits

» taken from Stockinger K., Wu K.: Bitmap Indices for Data
Warehouses. In Wrembel R. and Koncilia C. (eds.): Data Warehouses
and OLAP: Concepts, Architectures and Solutions. IGI Global, 2007

I
31 bits 5394 bits having value "0" 31 bits

‘1 00000....0000001110000111 OOOOOOOOOOODOOOOODOO‘...,A..,AOOOODOOOOOOﬁ)O T11111111111.....111101111 ‘ll

< Step 1: divide the bitmap into groups including 31

bits each
\ 31 bits | 31 bits [— \ 31 bits \
group 1 group 2 group 176
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WAH (2

2 Step 2: merge adjacent homogeneous groups
(having the same values of all bits, i.e., groups 2-
175)

‘1 00000....000000111000011 1|P0000000000000000000..........00000000000&)0 M111111111.....111101111 'll

31 bits 5394 bits having value "0" 31 bits
heterogeneous group heterogeneous group
l e N
31 bits | 174 * 31 bits 31 bits
group 1 group 2-175 group 176
\ J
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WAH 3)

2 Step 3: group encoding
* run: fill + tail
* run 1: tail
* run 2: fill + tail
* run 3: tail

the number of 31-bit groups

0 100000......0001110000111] [ 10|o0o..001010111q | 0 0011111111......1111011111]
L | 1 |
31 bits of the first group fill length 174 * 31 bits 31 bits of the last group

bit=0: tail word bit=0: fill value bit=0: tail word
bit=1: fill word
run 1 run 2
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WAH (9

2 Unsorted data

< For low cardinality attributes bitmaps are dense
* many homogeneous 31-bit words filled with 1

2 For high cardinality attributes bitmaps are sparse
* many homogeneous 31-bit words filled with 0

2 For medium cardinality attributes
* the number of homogeneous 31-bit words is lower
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RLH

2 RLH - the Run-Length Huffman Compression (M. Stabno
and R. Wrembel. Information Systems, 34(4-5), 2009)

< Based on
» the Huffman encoding
* a modified run-length encoding

R.Wrembel - Poznan University of Technology 40



Huffman Encoding (1)

< Concept

= original symbols from a compressed file are replaced
with bit strings

* the more frequently a given symbol appears in the
compressed file the shorter bit string for
representing the symbol

= encoded symbols and their corresponding bit strings
are represented as a Huffman tree

* the Huffman tree is used for both compressing and
decompressing
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Huffman Encoding (2)

2 Example: encoding text "this_is_a_test"

2 Step 1: frequencies of the symbols in the encoded
string

symbol -L S| __ 4_ L\ ‘Q \a_

—

frequency 21313121 ‘4‘4

() 0D (D@D @D (D DD
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Huffman Encoding (3)

< Step 2: building Huffman tree
» start with nodes of the lowest frequency

2 Step 3: getting the
Huffman codes of the
symbols from the
tree

[ s[-] 2__|¢

oo 01| 10 110] 1110[ 11110 44914
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Huffman Encoding (1)

2 Step 4: replacing original symbols with their
Huffman codes
= orignal text: 14B
= compressed text: 37b = 5B

00 |1110( 110 01 10 110 01 10 11111 10 00 11110 | 01 00
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RLH 1)

2 Madified run-length encoding
= encodes distances between bits of value 1

1 0O 3 0 3 00 1 0O0O
/—A—x—*—x—*—y A A A A A A S W
101110001100011101111

Clients bitmap index
1D T sex female | male
1 male 0 T
2 female 1 1]
3 female 1 1]
I I TN female: 100303001000
3 male 0 1
T male 0 1
B female 1 0
L TG I — male: 030020033
11 | male 0 1
12 male [ 1

13 | female

1
14 | female 1
15 [ Temale 1 0
16 | male 0
17 | female 1
18 | Temale 1 0
19 | Temale T

ity of Technology 45

RLH (2)

2 Huffman encoding

= stepl: computing frequencies of symbols (distances)
in encoded bitmaps

distance | frequency

female: 100303001000 0 12

male: 030020033 f 3
2 1
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RLH (3)

< Huffman encoding
= step2: building a Huffman tree

~
Orz—0 0~
distance | frequency — ~ istanc -od
- = € 3,[5]?:-.-._,_______9_ \/\ R
1 () o —
T 2 f1ﬁf‘ 0 \(/}= T 110
2 1 N~ 43 2 11
2oy 1 >~
N

= an encoded symbol is represented by a path from the
root to a leaf
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RLH (9

2 Huffman encoding
= step3: replacing distances with their Huffman codes
original bitmap gender='female’

0111000110001110111

distance| code

0 0

3 10

1 110

run-length encoded bitmap gender='fema|e' 7] T11
1 00 300 100

ii Hﬂﬁi%i

110 0 O 100 10 0 0 110 0 O

RLH-compressed bitmap gender='female'

R.Wrembel - Poznan University of Technology 48



RLH-N

< Dividing a bitmap into N-bit sections

= constructing one Huffman tree based on frequencies
of distances from all N-bit sections

00111010..... R P p— [ 01110000.....

1024 hits 1024 hits 1024 hits

2 Including in the HT all possible distances that may
appear in a N-bit section

= non-existing distances have assigned the frequency
of 1
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Experimental Evaluation

2 Comparing RLH, WAH, and uncompressed bitmaps
(UBI) with respect to
= bitmap sizes
* query response times
2 Implementation in Java
» data and bitmap indexes stored on disk in OS files
2 Experiments run on
= PC, AMD Athlon XP 2500+; 768 MB RAM; Windows XP
2 Data
= 100 000 000 indexed rows
* indexed attribute of type integer

« cardinality from 2 to 20 000
* randomly distributed values
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WAH and RLH: indeXx sizes

2 RLH, RLH-N, WAH, and UBI with respect to the size of a bitmap index (N =
{256, 512, 1024, 2048} for RLH-N)

1e+006 T T T T T T T T

100000 -

10000 -

index size [MB]

1000 -

100

1 O L 1 1 L L 1 1 L L 1 1 Al
2 5 10 20 50 100 200 500 1000 5000 1000020000
cardinality of indexed attribute
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WAH and RLH: response times

select ... from
S Query: yhere ind attribute in (vl, v2, ..., v100)
2 Randomly ordered rows wrt. the value of the indexed
attribute 10000 : — . T T
L
'g 1000 : ]
E
[}
£ o
2 e
2 100 | S 1
s S .
§ P ; eoa o -
= ) : * % P - S »®
2 1oL i S
m
-
1 L 1 L L 1 1 L L 1 L L L
2 5 10 20 50 100 200 500 1000 5000 1000020000
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Updating RLH Bitmaps

< Costly process

decompressing the whole bitmap
* modifying the bitmap

= compressing the bitmap

= changes frequencies of distances between 1 bits

» creates new distances between 1 bits
2 In a DW environment index structures

* are dropped before loading a DW

» are recreated after loading is finished
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BIs in Oracle

53

< Defined explicitly by DBA

2 Compressed automaticaly

2 Bitmap join index available

2 Used for optimizing star queries

Products
#ProductID __*444<E
ProdName
Category

Shops

#ShopID
Town
Country

o

Sales

ProductID
ShopID
TimeKey
SalesPrice
Discount

R.Wrembel - Poznan University of Technology
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Bitmap Join Index (1)

Products Sales
ProductlD |ProdName ProductlD |SalesPrice |...
100|queso Manchengo 200 45
200|gueso de Burgos 400 50
300 |queso Cerrato 100 40
400|queso de Urbasa 200 55
500 | pecorino baccellone 500 75
100 65
400 70 Fies
Sdes
#ShopID
Town
Country
create bitmap index Sales JBI
on Sales (Products.ProdName)
from Sales s, Products p e Sales
doteads) ProductID
where s.ProductID=p.ProductID; #ProductID < ShopIp
ProdName TimeKey
Category SalesPrice
—— Discount
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BII (2)

queso Manchengo
bitmap join index on queso de Burgos

Products.ProdName gueso Cerrato
queso de Urbasa

pecorino baccellone

Wduc‘tswmduc‘tm}
j Products

M\
[Key: | | Key, | | ol
1 0
0 1
0 1 *
0 0
1 0
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BJI (3)

< Star query optimization with the suport of BJI

select sum(sa.SalesPrice), p.ProdName, sh.ShopID
from Sales sa, Shops sh, Products p

where sh.country in ('Poland', 'Slovakia')

and p.Category='cheese'

and sa.ShopID=sh.ShopID

and sa.ProductID=p.ProductID

group by p.ProdName, sh.ShopID;

Shops |
2 BJIs defined on attributes #5hopID

= Shops.Country Country
®* Products.Category

Sales

m ProductID

| #ProductID < ShopID
ProdName TimeKey
Category SalesPrice

Discount
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BII (1)

TABLE ACCESS BY
ROWID (Sales)

BIT_TO_ROWID

N

(BM='Poland' OR BM="Slovakia) AND BM="'cheese' ]
A

FETCH FETCH FETCH

BM-='Poland’ BM-="Slovakia' BM-='cheese'

BJI(Shops.Country) BJI(Shops.Country) BJI(Products.Category)
ACCESS ACCESS ACCESS
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Produsts

#ProductID CustomerID

BJI (5)

The Oracle case

select sum(SalesPrice)
Customers from Sales, Products, Customers,

#Coztomerin
Town

Country

Time

where Sales.ProductID=Products.ProductID

and Sales.CustomerID=Customers.CustomerID

Time and Sales.TimeKey=Time.TimeKey

ATimeKey

e and ProdName in

Sales
ProductID

Discount Year

and Town=’London’
and Year=2009;

create bitmap index BI_Pr Sales
on Sales (Products.ProdName)
from Sales s, Products p

where s.ProductID=p.ProductID;

Quartar (" ThinkPad Edge’, ’Sony Vaio’,

on Sales (Time.Year)

create bitmap index BI_Cu Sales
on Sales (Customers.Town)

from Sales s, Customers c

where s.CustomerID=c.CustomerID;

from Sales s, Time t
where s.TimeKey=t.TimeKey;

R.Wrembel - Poznan University of Technology
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"Dell Vostro’)

create bitmap index BI_Ti Sales

|Id | Operation | Name |Rows |Bytes |Cost (%CPU)|Time

| 0 | SELECT STATEMENT | I 1] 58 | 13 (8)100:00:01]
| 1 | SORT AGGREGATE | | 1] 58 | | |
I 21 NESTED LDOPS | I 21| 1218 | 13 (8)100:00:01]
I 31 HASH JOIN | I 22| 1012 | 12 (9)100:00:01]
| 41 TABLE ACCESS FULL | PRODUCTS I 31 51 | 3 (0)100:00:01]
| 51 TABLE ACCESS BY INDEX ROWID |SALES | 1155]33495 | 8 (0)100:00:01]
| 61 BITMAP CONVERSION TO ROWIDS | I | | | |
| 7 | —> BITMAP AND I | | | | |
| 81 BITMAP INDEX SINGLE VALUE |BI_CU_SALES]| | | |

| 9 | —> BITMAP OR | | [ [ | |
|10 | BITMAP INDEX SINGLE VALUE|BI_PR_SALES| | | |

|11 | BITMAP INDEX SINGLE VALUE|BI_PR_SALES| | | |

112 | BITMAP INDEX SINGLE VALUE|BI_PR_SALES| | | |

113 | TABLE ACCESS BY INDEX ROWID | TIME I 1] 12 | 1 (0)[00:00:01]
|14 | INDEX UNIQUE SCAN |PK_TIME I 1] | 0 (0)100:00:01]
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BII 7)

create bitmap index BI_Pr Cu_Ti_Sales

on Sales (Products.ProdName, Customers.Town, Time.Year)
from Sales, Products, Customers, Time

where Sales.ProductID=Products.ProductID

and Sales.CustomerID=Customers.CustomerID

and Sales.TimeKey=Time.TimeKey;

|Id | Operation | Name |Rows |Bytes|Cost (%CPU) | Time |
| 0 | SELECT STATEMENT | | 1l 29| 7 (0)100:00:01 |
| 1 | SORT AGGREGATE | | 1] 29| | I
I 21 INLIST ITERATOR | | | | | I
| 31 TABLE ACCESS BY INDEX ROWID |SALES | 22| 638] 7 (0)100:00:01 |
| 41 BITMAP CONVERSION TO ROWIDS| | | | | I
| 51 BITMAP INDEX SINGLE VALUE |BI_PR_CU_TI_SALES| | | | I
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Bls in DB2 (1)

2 Created and managed implicitly by the system
2 Applied to join optimization
= Every dim table is independently semi-joined with a
fact table
* The semi-joins use B-trees on foreign keys

= ROWIDs of every semi-join result are transformed
into a separate bitmap

= Bitmaps B, are constructed by means of a hash .

function on ROWID #ShopID
Town
o the hash value points to a bit in B, Country
* Final bitmap is computed by AND-ing B;s
Sales
M ProductID
#Produc —< o
:rodNa.;iD :}'::mZII(Zy
Category SalesPrice
—— Discount
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Bls in DB2 ()

Shops.Counry IN

Shops R
#ShopID ('Poland', 'Slovakia')
Town 1
Country ROWID VA g — o
ROWID :> Q \ 0
ROWID 1
Sales . D v Q \ 1
(o lIGHS I ProductID \
#ProductID < ShopID 1
ProdName TimeKey 0
Category SalesPrice
— Discount ..
0
Products.Category="'cheese' ‘ 0
A 0
ROWID —> 1
ROWID VY /3 1 > AND =)
ROWID C
DA ]~ ©
v 1
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BIs in SQL Server (1)

< Created and managed implicitly by the system
2 Applied to join optimization
» join of a dim table with a fact table by means of hash
join
= table with a PK (dim table) = external table
= table with a FK (fact table) = internal table
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BIs in SQL Server (2

<2 Hashing PK values into a bitmap
= HashFunction(PK) - bit no of value 1
< Hashing FK values into a bitmap
= HashFunction(PK) - bit no of value 1
2 The rows from both tables that hash to the same bit =

join result
internal table
o | FK
external table 0 1
PK 0 1
1 A —> 1 — vAd 3
Bl @ sy @ Ll
L5 ~ Y D= 60
v 1 |e— UV 60
.. 60
— 11
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BIs in SybaselQ

< Defined explicitly by DBA
2 Low Fast = for attributes of low cardinalities
* max cardinality: 10 000
* the highest performance for cardinality up to 1000
< High Non Group = for attributes of high
cardinalities
» for aggregate queries with range predicates
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BIs in SAS

< SAS Scalable Performance Data (SPD) Server
= hybrid index
= table is divided into segments (e.g., 8192 rows)
= every segment is indexed independently by
¢ bitmap index or
e B-tree

* index type selected automatically by the system taking
into account the distribution of values in a segment

A= A
/IR /I |
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DB2: Clustering index (1)

2 Clustering index determines how rows are
physically ordered (clustered) on disk

2 After defining the index, rows are inserted in the
order determined by the index

2 Only one index can be a clustering index (one
physical order of rows on disk)

2 By default the first index created is the clustering
one (unless you explicitly define another index to be the
clustering index)
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DB2: Clustering index (2

CREATE INDEX cityID Indx ON Auctions(cityID) CLUSTER

[eityio]  datein[ quantity] .. [ cityio] datein| quantity] .|

POZ| 03-07-2013 10| GDA| 08-07-2013 17|

WRO|[ 03-07-2013 13 GDA| 08-07-2013 7
WAW| 03-07-2013 7 GDA| 10-07-2013 17,

WRO|[ 05-07-2013 8 GDA| 10-07-2013 11| ///\/\/ \L &\\I\A\x
POZ| 05-07-2013 9 POZ| 03-07-2013 10

WRO|[ 05-07-2013 21 POZ| 05-07-2013 9 .

WRO[ 07-07-2013 14| POZ( 08-07-2013 2 AUCtlons ‘
GDA| 08-07-2013 17| POZ| 08-07-2013 19

POZ| 08-07-2013 2 WAW| 03-07-2013 7|

GDA| 08-07-2013 7 WRO|[ 03-07-2013 13

POZ| 08-07-2013 19 WRO|[ 05-07-2013 8| .

GDA| 10-07-2013 17 WRO| 05-07-2013 21 indx on datelD,

WRO|[ 10-07-2013 22| WRO|[ 07-07-2013 14]

GDA| 10-07-2013 11| WRO|[ 10-07-2013 22|

WRO|[ 10-07-2013 4 WRO|[ 10-07-2013 4
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DB2: Clustering index (3)

2 Eliminates sorting
2 Operations that benefit from clustering indexes
include:
» grouping
» ordering
= comparisons other than equal
= distinct
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DB2: MDC )

< MultiDimensional Cluster - MDC

= groups data based on values of multiple dimension
attributes

* a physical region (block) is associated with each
unique combination of dimension attribute values

= a block stores records with the same values of
dimension attributes

< Block Map: a structure that stores information
about block states (in use, free, loaded, ...)
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DB2: MDC (2)

CREATE TABLE Auctions

(... cityID VARCHAR (4), dateID DATE, Mbc
quantity INT, ...) [Ccityin] dateld] quantity] ...
ORGANIZE BY (cityID, datelID); [ opa| os-07-2013] ]
| epa| os-07-2013] 7
[cityiD] dateld] quantity] .|
[ epa] 10-07-2013] 17]
POZ| 03-07-2013 10] | cpa| 10-07-2013] 1]
wro| 03-07-2013 13
waw| 03-07-2013 7 [ poz] o03-07-2013] 10]
wro| 05-07-2013 8
9 [ poz] o0s-07-2013] 9
2 [ poz| 0507203 s
+# [wro| 05-07-2013 2 poz| 03-07-2013 )
(_:v wro| 07-07-2013 14 data block I pozI na-o?-zmaI 1a|
‘& L_coa| os-07-2015 17
> [ waw] o03-07-2013] 7]
O [ ro7[ oso072013 7
GDA| 08-07-2013 7 [ wro| 03-07-2013] 13]
poz| 08-07-2013 19
Gba| 10-07-2013 17] [ wro| o0s-07-2013] g
[ wro| o0s5-07-2013] 2]
wro| 10-07-2013 2
GDA| 10-07-2013 11] [ wro| 07-07-2013] 14]
wro| 10-07-2013 4
wro[  10-07-2013] 22|
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DB2: MDC 3)

2 Block index: B-tree based, points to blocks

» created automatically for each of the dimensions in
MDC

block index on citylD

[ cpa] 0s-07-2013 17] [ cpa] 10-07-2013 17] [_Ppoz[ 03-07-2013 10) [ wro| 10-07-2013] 22
| cpa| os-07-2013 7] | cpa| 10-07-2013 11 | wro| 10-07-2013] 4]
S R
index on datelD
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DB2: MDC ()

2 Composite block index: includes all dimension key
columns

» used for insert, update, delete

block index on citylD

- ~

e T 7 I -

[7] e ~

- - P ~

© e i Y

L] [Ccoal_os-o7-2013] 17] [Goa] 10-07-2003] 1] [_poz] o3-07-2013] 10] wRO|_10-07-2013) )
- [coa| seor-2013] 3| Coonl ool ] 7 [wio| 1woraon] 4

i —
o P g

block index on datelD
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MDC in queries

SELECT SUM(quantity), cityID, dateID
FROM Auctions

WHERE cityID ='GDA' AND dateID='10-07-2013"'
group by cityID, datelID;

intersection of block IDs IXAND(16) 16 6794300079

block IDs from block

block IDs from block mscmuen.sumssszgj (nxscmao)s.oagggsmsv ’
index on datelD

index on citylD

SQLO60925143903000 WM?BUMSO

4

| Auctions | | Auctions |
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MDC in queries

SELECT SUM(quantity), cityID, datelID

FROM Auctions

WHERE cityID ='GDA' OR dateID='10-07-2013"'
group by cityID, dateID

2 {block IDs with cityID='GDA'} UNION {block IDs
with dateID="10-07-2013"}
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MDC

2 Candidates as dimensions in MDC
= attributes used in predicates: range, =, IN
» dimension foreign keys in fact table
= attributes used in GROUP BY
= attributes used in ORDER BY

2 Summary
= Data ordered on disk = less I/0

* Block index points to a data block = inserting,
updating, deleting may not affect the index structure
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MDC case study

< Source: IBM presentation
2 Mobile network operator in USA

< Characteristic
= 10 billion transactions daily
= 32 TB raw data
= thousands concurrent users
= up to 37000 queries daily
= DW loading: over 1 billion rows daily (max 1.6 billion)
= DB2 DWE, 16 x 8 CPU P5 pSeries
2 MDC
= deletion faster by 80% of time
= I/0 lower by 43%
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Clustered Based Table (Netezza)

2 Clustered Base Table (CBT) = data are organized
by 1 to 4 attributes (organizing keys)

< Data
= an

stored in extents (zones)
extent is the smallest unit of disk allocation =

3MB

2 Organizing keys are used to group records within
the table (store them in one or more nearby
extents)

< Netezza creates zone maps for the organizing keys

< Mate

rialized views cannot be build on CBTs

CREATE TABLE tab-name
(...)
[ORGANIZE ON (org-keyl, ...)]
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ORDER BY

cl, cz

Extent 1

Extent 2

Estent 3

HFC assures that similar values are located pp——
in nearby extents o e, @3
a
‘ Maps multidimensional data to a single dimension
5 : 6: 9 1 10
: : : Estent 1
4| il s |u ’
: : : 6
3 2 13 12 5 [<Exent 2
_____________________ g
0 114 15 10
<Exient 3
[ Extents are filled in order of the Hilbert Filling Curve algonthm J 14

© 2011 1BM Corporation

2 From IBM original teaching material
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Indexing dimensions

CREATE BITMAP INDEX bmi_a_years_countries g Products Auctions Days Months Years
ON auctions (yr.year, cr.countryName) # prodD 4 @en B— yamein B gy monti ] #yearD
FROM e prodName citylD dayName monthNe nbDaysOf
oetiens & categlD prodID monthID yearlD nbDays
’ user i
Days d, Months m, Years yr, Tty T N X
Cities ci, Regions r, Countries cr e : :
WHERE f Qt . . . .
a.cityid=ci.cityid AND e S . .
r.regionid=ci.regionid AND ’,‘ o Q2‘| '
r.countryid=cr.countryid AND ‘21;',?5,“ ” P ¥ '
a.dateid=d.dateid AND T vese. CoUTRY MAME. SLMPRICEL SLWCUANTITYL COSNTE] ragion|D 021: g " "
d.monthid=m.monthid AND \I/ N ' S i
" '
m.yearid=yr.yearid GROUP BY v, cownimmame ) ' W +
Regions ’ e S
LT 1. .
# ragon|D - . .
regionName| _ _ . = = - *
countrylD " Q3 ‘0
' ”
Y ' -
- Countries 03‘1-’ e :
IDX_B* 2 =<, MONTHS | [#courtyin | ==~ P
tryName|= = = = = = =
exec. plan of Q3 |:> coumylame
DAYS [,
T L
[ AUCTIONS
T T
~ Ry
el e
COUNTRIES, .
= o
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Indexing dimensions

2 Indexes do not reflect a hierarchical structure of

dimensions
< Time dimension is used in most of star queries = joins

S Time-HOBI (T. Morzy, R. Wrembel, J. Chmiel, A. Wojciechowski.

Information Systems, 37:(5), 2012)
= HOBI = Hierarchically Organized Bitmap Index

= TI © Time Index
= PA = Partial Aggregates

82
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HOBI

= HOBI is composed of bitmap indexes created for every level
of a dimension hierarchy

HOBI for dimension Product

PR e LA L st .
H bitmap: Ultrabook bitmap: Tablet .
H H H 1 0| b H
= BI are also organized in g 1 o| o :
H =h 1 0| » !
a hierarchy o 1 o| o :
3 1 0| bs H
= 1 0| bg H
1 1 0| by H
= 0 1| by 1
H 0 1] bg H
. H 0 1| b H
= The BI hierarchy reflects PR OR 0 5
H H H 1 Asus Dell  Toshiba  Sony iPad Samsung  Asus H
the dimension hierarchy, ook S  Foes VA o ey e
- - ' Due 7930-14T SVT1313S1E Note Tab H
such that a bitmap index s o s o o bl
' 1y
oy 1 1] 1] 0 0 0 0 by}
at an upper level - S 5 9
H ' 0 0 0 0 1 0 0 by !
=0 '
aggregates bitmap g o 7 9 0 I A
H -t 0 0 0 0 0 0 1 bg }
indexes from a lower level = [ [ § ¢ g g T
= 0 1 0 0 0 0 0 bg ,
H 0 0 0 0 1 0 ] bg |
V0 0 0 1 ] 0 0 byt
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Time Index
< Assumption: data ordered on disk by time
2 TI = encodes time in other dimensions
2 Shared by all dimensions
2 No joins with Time required
HOBI for dimension Product
: Time Index
: bitmap: Ultrabook bitmap: Tablet e
! 1 0] by ::b14—2547|=55,\
B 1 o &2 ey MAR
. iibg —
E: 1 0 bj by 44— 13 4 \
! 1 0| b, by #——— 14 4——— 2009
%: 1 0 b: bg ®———15 — APR
= 1 0 by b; ¢— 13 +—1o MAY
[0} o
= 0 1| by by € 25 4—
H 0 1 bg by ¢——— 14 4+—— JUN
. or % or b P e
Asus Dell Toshiba Sony iPad Samsung  Asus
+ Zenbook XPS Portege VAIO mini Galaxy Vivio
: Duo Z930-14T SVT1313S1E Note Tab
N 0 0 0 0 0 0 by
o 1 0 0 0 0 0 0 bo
S0 1 0 0 0 0 0 by
B 0 0 0 0 1 0 0 by
a 0 1 0 [ 0 0 0 bg
o 0 0 0 0 0 0 1 bg
q>,; ] 0 0 0 0 0 1 by
=0 1 1] 0 0 0 0 by
_—_—mmmm ) 0 0 0 0 1 0 0 bg
R.Wrembel - Poznan Unit 0 o 0 1 o o 0 byg



Partial Aggregates

2 PA are computed for:
= selected measures

= selected aggregation R Partial Aggregates Partial Aggregates
- + (price,sum Product, Categories, Ultrabook,2010)->1150 L H
funCtlonS : (price,sum Product, Categories Ultrabook, FEB-2010)->100 H

- - - . (price,sum,Product, Categories, Ultrabook,MAR-2010)->230
= agiven dimension L
: (price,sum,Product, Categories, Ultrabook,JUL-2010)->400

= 3 given dimension level ' (pricesum Product Categories Ultrabook, 25-FEB-2010)->100 L o J
= a given dimension Ievel Et‘;ince‘sumProduct.Categones‘Ullrabook.1?JUL—2010)—>4OO T
,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,, |

msFances_; i \ HOBI for dimension Product /

= agiven time interval S

-
\\ bitmap: Ultrabook bitmap: Tablet 7 d
~— -

saa00000QQ
o
o

PR
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Time-HOBI

< Eliminates joins of a fact table with the Time
dimension = Time Index

2 Eliminates joins of a fact table with other
dimensions = HOBI

2 Eliminates or reduces the costs of computing

aggregates of measures at various levels of a
dimension hierarchy = Partial Aggregates
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Experiments (1)

2 Auctions: 500 000 000, 30GB

2 Competitor: Oracle indexes
= concatenated BJI on year and countryName that joined
tables Years, Months, Days, Countries, Regions, Cities, and
Auctions

Categories Products Auctions Days Months ‘ Years
= BI on year - -
# categlD # prodiD «date|D #datelD # monthiD #yearlD
categhame prodName mv;[I)D dayName month Nr nﬁysm
thiD ntDays
= BI on countryName | - | | @=® o e yeard
I— price e T v
quantity s ' '
o ' '
l Qt . . ' '
s ' '
it ’ . . " "
Ottes S o X :
# citylD - [ ‘ J
cityName o " '
regioniD - f
- Q21 ’ g
Y . . K B
Regions S N : S
# regionlD - e S
ragionName| _ _ - = = - .
countrylD " Q3,’
. Y k ;
Countres | Q31 .t
# countrylD - __.-"
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Experiments (2)

0 Q2
184007 £ T T T T T 3 1e+007 g T T T T
Time-HOBI = E| E Time-HOBL
oracle indexes ®a-=m q E oracle indexes Sa=m
s F g il
— I« 1 - F I
£ s [ g %) [
= 1e+006 | [ f,(): 4 = 1es008 | Y Frd -
H ;THT . g b a
; 5 EIEY ¢ tp s i
£ 100000 | Iy ‘y(j I3 4 & 100000 | i 5 E
1 i 1 = < ] i
= o I = ” 9 I
o L I i = L I
4 P’-ﬂ ] I I |
i1 S ] I K9 e
b 3 ] < I» ¥
o] . » o] .
% % b I ]
10000 10000
s 10 o 75 5 30 75
query selectivity rows) query selectivity [% of rows]
Q3 Q31
12+007 g7 T T T T T 3 1e+007 g7 T T T T
Time-HOBI =—= E| E Time-HOBI =—=
oracle indexes oCITm q F oracle indexes Dc3c:o
EINEE i %
. i 5 L B
= 1es008 o 1% 4 = 1esoos | % E
v o] | E E |
E [ Ll 1 & F i1
5 ] i 1 3 r l:’1
a ] ] n ] <]
& 100000 d 5 = g 100000 | | st -
o o I E I
d o N SEN b
KL | Ed ] 54
w! =l 9 I
i < . .
_ 10000 ~d - & 10000 il JE—
o 78 50 75
R.Wwre [% of rows) query selectivity [% of rows] 88



gize [MB]

Experiments (3)

index sizes

index creation times

Time-HOBI C——
5000 r Cracle indexes WM g
b
4000
»‘-:r‘
2000 2
2000 5
%
i
000 F o
1000 H i
0 | & &
1 5 10 15 18 o
data volume [GE] :
E
-
s
- le+006
O
q
2
o
it
[
100000

1e+007 FOracle indexes mE==mm

"Time-HOBI =

1 5 10 15 18
data wolume [CB]
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Time-HOBI vs.

89

MV

<2 Time-HOBI takes advantage of materialized partial

aggregates = functionality of MV

2 Unlike MV, Time-HOBI may be used to optimize
queries that either do not compute aggregates or
compute aggregates that have not been
materialized in the index = more flexible structure

R.Wrembel - Poznan University of Technology
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Row storage (standard)

data blocks

BZWBK 2008 Mar 3 148,00, 147, UU 148,00/ 148,00} 000
BZWBK | 2006 | Mar | 31 | 14800[ 147.00] 148.00] 148,00 0,00 AR i -
BZWBK | 2006 | Mar | 30 | 14900 147,50] 15050 148.00]  0.34 am | e | 2 | veso sl e e
BZWBK | 2006 | Mar | 20 | 14850 146,50] 148.50] 14750] 1,01 T B T T

BZWBK 2006 Mar 28 150,00] 148,00] 150,00] 149,00 -0,67

%

BZWBK | 2006 | Mar | 27 | 147.50] 14750 15000 150.00] _ 2.74 200 M gl
BZWBK 2006 | Mar 24 148,00] 142,00] 150,00] 146,00 -1,02| [B2wBK [ 2006 | Mar 23 148,00 147.50] |5uuﬂ
BZWBK 2006 | Mar | 23 148.00] 14750 15000 147,50 0,00 2005 | Mor | 22 [ 1a700] 14550 15000 470l 034
BZWBK | 2006 | Mar | 22 | 147.00] 14550] 150,00 147.50] 024 .
BZWBK | 2006 | Mar | 21 14350] 147,00 160,00 147,00  2.00) .
BZWBK | 2006 | Mar | 20 | 148.50] 147.00 151,50 150,00  1.01 .
BZWBK | 2006 | Mar | 17 | 151,50 14800] 152,00 14850 -1.00 .
BZWBK | 2006 | Mar | 16 | 15000 14850] 15250 150.00] 067 .
BZWBK | 2006 | Mar | 15 | 151,50 149.00] 152,00 149.00] 067 .
BZWBK | 2006 | Mar | 14 | 14900] 14350] 151,50 150.00] 0,00 .
BZWBK | 2006 | Mar | 13 | 152.50] 14600] 152,50 150.00] 033 .
BZWBK | 2006 | Mar | 10 | 152.00] 14800] 15460 15050] 227 .
BZWBK | 2006 | Mar | 9 15450] 154.00] 15650 154,00 033 .
BZWBK | 2006 | Mar | 8 16450 153,50 16500] 15350 -6.97 N
BZWBK | 2006 | Mar | 7 172.50] 16500 17250] 16500] 462 N
BZWBK | 2006 | Mar | 6 170,00] 168,00] 173,00 17300 1.7 .
BZWBK | 2006 | Mar | & | 169,50 16350] 17150 170,00 00| [EZWE< [ 2006 [ war [ ]gww
BZWBK 2006 Mar 2 170,50| 168,00/ 171,50, 169,50 -0.88| [Bzwek | 2008 Mar 2 170,50 muu 169,50 0,88
BZWBK | 2006 | Mar | 1 166,000 16500 17350 171,00  427| [s2wsk | 2006 | wa | 1 | teeo0] sesoo| 17asol 17100 a27
< Rows identified by ROWIDs
R.Wrembel - Poznan University of Technology 3

Row storage (2)

< Database block header —>
«— tables catalog
<— rows catalog
} <—free space
block not in rows
T Free-Block- < <>
List
JL PCTUSED=40% T
PCTFREE=10%
block in L -
TFree-Block- 100-PCTFREE=90%
List . . ) .
T T T T
0% PCTUSED=40% 100%

R.Wrembel - Poznan University of Technology 4



Column storage (1)

(° relational data model * key:value data model
* SQL interface * no SQL interface
e every column stored and * columns are clustered =
accessed separately y column family
/Model 204 (projection index) * HBase
Sybase 1Q (Sybase, Inc.) e Hypertable
SADAS (Advanced Systems) e Cassandra
C-Store/Vertica * Bigtable
MonetDB O o
Infobrigh
R.Wrembel - Poznan University of Technology 5

Column storage (2)

] I 7t slot1
X 7, K 8, ,34
. 6, X 7 -1,01
X 3| X X -0,67]
i 7. . X 74
3, 12 X A .02
[ iss00] [ 147 00| [z, .00
| 147.00] | 14550 | 150.00| | 147.50 _E‘
7, . 7. -2.00
7, K 0,1 01
& 8, -1,00
2, 0,1 67|
.| 149, -0.67]
.. 150, .00
| 152 |14 | 152 150, -0.33
200 [ 1 E‘ T E‘ 150.50 227
4. A A ,33
64, X x -6.97]
72, ! X 62
70, 73, X ,745‘
69, 71, 70,1 .29
70, 71 69. -0.88
6 73} 71, .27

data blocks

14500 149.00] 14850] 15000] 147,50] 148,00 148,00[ 147,00] 14850]
14550] 15150] 150,00 15150[ 149,00] 15250 152,00] 15450] 164 50]
17250 17000] 169,50]  17050[  165,00]

2 Rows identified by
slot numbers (in a
block)

14700 14750] 14650] 14800] 147,50] 14200 14750[ 14550 147 ,00]
14700 14500] 14950] 14800] 14850] 14600 146,00] 154,00] 15350
16500 168,00] 163,50] 168,00[ 165,00]

7~

R.Wrembel - Poznan University of Technology 6



Column storage (3)

< Database block
= no free space
= better space utilization

<—— header

rows

R.Wrembel - Poznan University of Technology 7

Query processing (1)

select Open
from StockQuotes
where CompanyID='BZWBK'

and Year=2006 @LoL

and Month='Mar'
] list of positions (slot
numbers) of values
\ fulfilling the predicate

and Day=8;
P L P[_ PL pL represented as:

array or
* bit vector or
* setof position ranges

R.Wrembel - Poznan University of Technology 8



Query processing (2)

2 D.J.Abadj, S.R. Madden, N. Hachem: Column-stores vs. row-stores: how
different are they really?. SIGMOD, 2008

select sum(SalesPrice),
from Sales sa, Products pr,
where Category='cheese'
and Country in ('Poland',
and extract
and sa.ProductID=pr.ProductID
and sa.ShopID=sh.ShopID;

ProdName,
Shops sh

(year from TimeKey)

Country

'Slovakia')

2013

Products

#ProductID

ProdName
Category

Shops

#ShopID
Town
Country

—

Sales

SalesID
ProductID
ShopID
TimeKey
SalesPrice
Discount

R.Wrembel - Poznan University of Technology

Query processing (3)

2 Get Product.ProductIDs that satisfy:

= Category='cheese'

2 Get Shops.CountryIDs that satisfy: country in

* ('Poland’, 'Slovakia')

2 Get Sales.SalesIDs that satisfy:
= extract(year from TimeKey)=2013

R.Wrembel - Poznan University of Technology
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Query processing (4)

hash tables
. _S'“’"S oy | Poland or Slovakia
10| |Poznan Poland . 10
20| |Moscou Russia haShmg 30
30| |Bratislava | |Slovakia
40| |Lublana Slovenia
Products
[ProductD)] cheese 100
100| |gueso Manchengo cheese
500] |pecorino baccellone| [cheese hashing 500
200| |queso de Burgos cheese
700| |Rioja reserva wine 200
fSaesD | [FrocuiD SiegD_| [Sasice| 52
[TimeKey | 201
51 500 10| [30-Apr-2012 55 013
52 100 20| [20-Mar-2013 50 hashi S3
S3 700 10| [22-Mar-2013 30 ashing
54 200 30| [01-Apr-2013 75 54
55 200 40| [04-May-2013 45
S5
R.Wrembel - Poznan University of Technology 11

Query processing (s)

} hash table ShopID
< Hashing Sales rows
- ‘ hashing (ShoplID) 10
[SalesiD | [ProductD] [ShoplD | [TimeKey | [SalesPrice | 30
S1 500 10| [30-Apr-2012 55
52 100 20| [20-Mar2013 50
53 700 T0] [ Mar 2013 30 hash table ProductiD
54 200 30| [01-Apr-2013 75
55 200 40| |04-May-2013 45 100
‘ hashing (ProductID) 500
2 Matching Sales rows are represented by bitmaps 200

SalesID in (S2, S3,

AND

| shopID in (10,30) | I’ ProductID in (102,

500, 200) 54, S5)

AND

R.Wrembel - Poznan University of Technology 12



Query processing ()

2 Get ProductIDs using the final bitmap

< Join with Products to get 'prodName’ using the
ProductIDs

< Get ShopIDs using the final bitmap
2 Join with Shops to get 'Country' using the ShopIDs

R.Wrembel - Poznan University of Technology 13

ETL/ELT

DATA

> WAREHOUSE

/Model 204 (projection index)
Sybase 1Q (Sybase, Inc.)
SADAS (Advanced Systems)
C-Store/Vertica
MonetDB
Infobrigh
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CS - compression (1)

run-length encoding delta encoding
12/02/1999 12.000 12.000
12/02/1999 12.010 10
12/02/1999 12.030 20
12/02/1999 :> 12/02/1999 6 PYoa1 |
12/02/1999 JRi/19%9 3 12.032 :> 1
12/02/1999 12.100 68
13/03/1999 12.101 1
13/03/1999 12.102 1
R.Wrembel - Poznan University of Technology 15

CS - compression (2)

< Discrete domain encoding

Alma Old Brewery 01.2006 56 000 1| 01.2006 56 000
Alma Citi Park 01.2006 13 000 2| 01.2006 13 000
Alma Focus Park 01.2006 24 000 3| 01.2006 24 000
Alma Old Brewery 02.2006 52 000 1] 02.2006 52 000
Alma Citi Park 02.2006 18 600 2| 02.2006 18 600
Alma Focus Park 02.2006 21 100 3| 02.2006 21100
Alma Old Brewery 03.2006 43 200 1] 03.2006 43 200
Alma Citi Park 03.2006 25700 2| 03.2006 25700
Alma Focus Park 03.2006 14 700 3| 03.2006 14 700
Alma Old Brewery 04 2006 32 400 1| 04.2006 32 400
Alma Citi Park 04.2006 19 500 2| 04.2006 19 500
Alma Focus Park 04.2006 15 000 3| 04.2006 15000

mapping table

Alma Old Brewery 1
Alma Citi Park
Alma Focus Park 3

R.Wrembel - Poznan University of Technology 16



RS - compression (1)

< Oracle
>—> >—> Eterminty Calvin Klein
>—> > Polo Ralph Laurent
Eternity Calvin Klein 100 I——-. 100
Polo Ralph Laurent 230 @ 230
Polo Ralph Laurent 90 @ Q0
Polo Ralph Laurent 110 1) 110
Eternity Calvin Klein 210 1) 210
Eternity Calvin Klein 210 ) 210
Eternity Calvin Klein 210 QO 210
< Dictionary compression (DB2)
< Like discrete domain encoding
= dictionary stored in
¢ a dedicated table
¢ data block header
R.Wrembel - Poznan University of Technology 17
Performance comparison: CS-RS (1)
2 Source: Sybase talk (KKNTPD, 2005, Poland) traditional RS system

2.4-6TB

source data

Sybase 1Q
0.25-0.9TB

R.Wrembel - Poznan University of Technology



;/Performance comparison: CS-RS (2)

2 Source: presentation by Advanced Systems

Storage Space (Bytes)

25 000 000 000

20 000 000 000

7 index

15 000 000 000 .
® Indexes

10 000 000 000 —— Data

5000 000 000 —— — 1 —

Input row-based SADAS
DBMS

R.Wrembel - Poznan University of Technology 19

;/Performance comparison: CS-RS (3)

< Source: D.]. Abadi, S.R. Madden, N. Hachem: Column-stores vs.
row-stores: how different are they really?. SIGMOD, 2008

<2 Experimental setup:

= star schema benchmark = DW benchmark derived
from TPC-H (pure star schema)

= 13 queries divided into 4 categories

R.Wrembel - Poznan University of Technology 20



Performance comparison: CS-RS (4)

60

Z 40

2 20

ﬁ

\> 1|12 13 21 (222331 3233|3441 42|43 |AVG
ERS €27 [ 2.0 | 1.5 |43.8(44.1(46.0[43.0|42.8|31.2| 6.5 |44.4 | 14.1|12.2]25.7
BRS (MV) | 1OT402 |155|13.5]11.8]16.1] 69 | 6.4 | 3.0 [29.2]22.4| 6.4 | 10.2
mcs w04 |01 [ 01 57442 |39 [110[44 | 706068237 ]26] 40
DCS (RowMV) NOR| 9.1 | 84 [335[23.5 [ 3734485 |21.5|17.6| 17.4 | 48.6 | 384 | 321|259

RS with optimal set of row store
materialized views

CS implemented with

. . column store
RW materialized views

R.Wrembel - Poznan University of Technology 21

Performance comparison: CS-RS (s)

Average
2 RS with various data e
structures
= T: traditional RS 200.0
* T(B): traditional + bitmap
indexes
= MV: optimal set of mat. views 7 "]
= VP: vertical partitioning 3
(simulated - each column in E ool
its own table)
= AI: B+-tree on each column
50.0 4

ol

T(B) MV VP Al
\!A\'emge 257 64.0 102 799 | 221.2

R.Wrembel - Poznan University of Technology 22




Our experiments (1)

2 Intel Core 2 Duo P8400 2,27 GHz, 4GB RAM, disc
Hitachi Travelstar 5K250 HTS542525K9SA00

2 Oraclellg and SybaselIQ 15.4

2> DB size 3GB

2 Cache
= Sybase: 1024MB (main cache size)
* Oracle: 1024MB (data cache)

R.Wrembel - Poznan University of Technology

Our experiments (2)

23

< Indexes

= SybaselQ
» Fast Projection (default) = on all columns for
projection optimization
¢ High Group (default) = on UNIQUE, PRIMARY
KEY, FOREIGN KEY
= Oracle
o PRIMARY KEY (default)
e FOREIGN KEY

R.Wrembel - Poznan University of Technology
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Our experiments (3)

Ccategories v Days v
L 2 | Months ¥
Category1d INT Dateld INT
» Categorylzmea V ARCHAR( 30)  DayMame VARCHAR (3) Menthid INT
& Yearld INT
v & MonthId INT
— —— ¥ » ManthMr INT
FRIMARY » DayNr INT v
i ¥ PRIMARY
1 PRIMARY Fi_Months_Yesrs
1 F_Cays_ Months
o v
] Products v & |
Producld INT T Auctions v : }
ProduciName YARTHAR(30) 5 Price NUMERIC(10,2) | F
@ Categoryld INT H————— —j€ QUENIY INT B —— —— — | Tvears v
v @ Dateld INT Yearld INT
PRIMARY @ Cinyed INT 5 Yearlr INT
FK_Praclicts_Categaries r—— < Poductid NT B ————— q v
l % Userld INT } |PRIMARY |
| " 1
"] users v | )
UserTd INT ! Tl Gites v
& Userhiams VARCHAR(30) | Ciryid INT
> GoupTd INT [P > Cityilam e VARCHAR(30)
v 3 Regonld INT
|vu1Man >
FK_Users_Groups
¥ i
I 4
* T
- ] Regions v
Groups r
3 i Reglonid INT ] Countries v
Grouy
. DNa — >Regicrlane VARCHAR(D) Countryld INT
JeEne = & Couniryld INT —— % Countryiiame VARCHAR(I0)
v v
| PRIMARY |

R.Wrembel - P PRIM ARY |PRIMARY
Fr._Regions_Countries

Our experiments (1)

: GROUP BY (productName, regionName)
: GROUP BY (productName, regionName, monthNr)
: GROUP BY, 4 dimensions

SELECT sum(a.price), p.productName, r.regionName, m.monthNr, u.userId
FROM auctions a, products p, cities ¢, regions r,
days d, months m, users u
WHERE a.productId = p.productId 400
AND a.cityId = c.cityId 250 | WSybase
AND c.regionld = r.regionId B Oracle
AND a.dateId = d.dateId 300
AND d.monthId = m.monthId =
AND a.userlId = u.userld o 250
GROUP BY p.productName, 'E 200
r.regionName, E
m.monthNr, 2 150
u.userld; E
100
50
0 4
Q3

R.Wrembel - Poznan University of Technology 26



Our experiments (s)

2 Q4: GROUP BY (productName, regionName, monthNr)
< variable selectivity {5, 10, 20 30, 40, 50, 80%3} on City

and Date

160

140 4—

[
]
=]

M Sybase

M Oracle

g

elapsed time [s]

5%

10% 20% 30% 40% 50% 80%

selectivity

R.Wrembel - Poznan University of Technology

Our experiments (6)

27

2 Q5: GROUP BY ROLLUP (productName, regionName)
2 Q6: GROUP BY ROLLUP (productName, countryName,

monthNr)

450

M Sybase

400

M Oracle

elapsed time [s]

R.Wrembel - Poznan University of Technology
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Our experiments (7)

2 Q7: one table query

SELECT sum(a.price), a.productld, a.cityId, a.dateIld
FROM Auctions a
GROUP BY productId, cityId, dateId;

180

M Sybase

160 —
M Oracle

00
=1

elapsed time [s]

@
=]

IS
=]

[
=1

a7
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Materialization - SMA

> SMA - Small Materialized Aggregates (G. Moerkotte, VLDB, 1998)
= disk data are divided into buckets
= every bucket has associated SMA

BZwEK| 2006 | Mar | 31 | 14800 147,00/ 148,00
BZWBK| 2006 | Mar | 30 | 149.00] 147.50] 15050 ::m::cﬁ;amazooe
BZWEK| 2006 | Mar | 20 | 14850] 14650] 14350 fmeKey max: 31.03.

BZABK| 2006 | Mar | 28 | 150,00] 148,00] 150,00 TimeKey min: 27.03.2006

BZWEK | 2006 Mar 27 147,500 14750 150,00 count: 5
BZWEK | 2006 Mar 24 148.00) 14300 150,00 SMA bucket2
BZWEK | 2006 War 23 148,00 14750 150,00 TimeKey max: 24.03.2006

BZWEK | 2006 Mar 22 147.00) 14550 150,00
BZWEK | 2006 Mar 21 14850 14700 150,00

TimeKey min: 20.03.2006

EZWBK| 2006 | Mar | 20 | 14850 147,00] 15150 count: 5
BZWBK| 2006 | Mar | 17 | 15150 14800 152,00 SMA bucket3
BZWBK| 2006 | Mar | 16 | 150,00] 149,500 15250 TimeKey max: 17.03.2006

BZwBK| 2006 | Mar | 15 | 151,50] 149,00] 152,00 ) .
BIWBK| 2006 | Mar | 14 | 148.00] 14850 15150 TimeKey min: 13.03.2006
BAWBK| 2006 | Mar 13 152,50 146,00] 15250 count: 5
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SMA

2 SMA
» defined on an ordering attribute
» used for filtering buckets
* e.g. select ... from ... where TimeKey > '22-Mar-2006'

SMA bucketl

TimeKey max: 31.03.2006
TimeKey min: 27.03.2006
count: 5

SMA bucket2

TimeKey max: 24.03.2006
TimeKey min: 20.03.2006
count: 5

SMA bucket3

TimeKey max: 17.03.2006
TimeKey min: 13.03.2006
count: 5

R.Wrembel - Poznan University of Technology 31

Zone Map - IBM Netezza (1)

2 ZM - Zone Maps
= similar to SMA
= data stored in extents (zones)
« an extent is the smallest unit of disk allocation = 3MB

= created automatically, by default for columns of type
integer, date, and timestamp

* created automatically for columns used in the ORDER
BY clause of a materialized view

= for a given attribute store MIN and MAX value of the
attribute in an extent

= created for every extent
* maintained automatically by the system

R.Wrembel - Poznan University of Technology 32



Zone Map - IBM Netezza (2)

M

Index Date Open Close Index Date Open Close

extl [BZwsk [21-03-2006 [ 148,50] 147,00 Min [Max Min [Max Min _ [Max  [Min  [Max
BZWBK_| 20-03-2006 | 148.50| 147.00] BZWBK |BZWBK [16-03-2006 |21-03-2006 | 148,50] 151.50] 147,00] 149,50
BZWBK_| 17-03-2006 | 151,50] 148,00]
BZWBK | 16-03-2006 | 150,00] 149,50]

ext2 [BZwBK [ 15-03-2006 [ 151,50] 149,00] Index Date Open Close
BZWBK | 14-03-2006 | 149,00] 14850 Min [Max Min [Max Min_ [Max  |[Min  [Max
BZWBK_| 13-03-2006 | 152.50| 146,00 BZWBK |BZWBK [9-03-2006 |15-03-2006 | 149,00] 154.50] 146,00] 154,00
BZWBK_| 10-03-2006 | 152,00] 146,00]
BZWBK | 9-03-2006 | 154,50] 154,00

ext3 [BZwBK [ 6-03-2006 | 170,00] 168,00] Index Date: Open Close
BZWBK | 5-03-2006 | 169,50 163,50 Min [Max Min [Max Min_ [Max _ |[Min_ [Max
BZWBK | 2-03-2006 | 170,50] 168,00] BZWBK |[BZWBK [1-03-2006 [6-03-2006 | 166,00] 170,50] 163,50] 168,00
BZWBK | 1-03-2006 | 166.00] 165,00
R.Wrembel - Poznan University of Technology 33

Zone Filters )

2 Zone filters, Bit vector filters, Zone indexes (G. Graefe,
DAWAK, 2009)
< ZF - Zone Filter combines SMA i ZM
* ZF maintained for each zone and attribute
= ZF stores m consecutive MIN and MAX values
¢ if m=1 then ZF equivalent to ZM

¢ if m=1 then either MIN or MAX can be NULL (depending on
NULLS LAST/FIRST) = not useful for filtering zones

¢ if m=2 then in the presence of NULLs the second value of
MIN or MAX is NOT NULL

R.Wrembel - Poznan University of Technology 34



Zone Filters (2)

2 Example
= m=3
= MIN (TimeKey)={'01-Feb-2013', '04-Feb-2013', '07-Feb-
2013}
= query: WHERE TimeKey='02-Feb-2013' = the zone can be
skipped

R.Wrembel - Poznan University of Technology

Zone Filters (3)

35

2 BVF - Bit Vector Filter
= maintained for each zone and for each column
= provides a synopsis of the actual values
= the m MIN and MAX values are not represented in
the BVF
2 ZI - Zone Index
= supports searching within a zone
* a dedicated ZI maintained for a zone

R.Wrembel - Poznan University of Technology
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zone index

zone index

Materialization ()

— BBk 2006 | Mer | 31 148,00 7F1 7F1 A
BZWEK| 2006 | Mar | 30 148,00 Timekev || Ooen 5
BZWBK| 2006 | Mar | 29 143 50 Y || PP 5
< |BZWBK| 2006 | Mar | 28 | 150,00 23.03.06 || 147 S g .
BZWBK| 2006 | Mar | 27 | 14750 24.03.06 || 148 28
BZWEK| 2006 | Mar | 24 148,00 30.03.06 || 149 =
- [B2WBK| 2006 | Mar | 23 148,00 31.03.06 || 150 y
— [BZWBK] 2006 | Mar | 22 | 147,00 72 72 D
BZWBIK| 2006 | Mer | 21 148,50 ] =
ETWER| 2006 | Mer | 20 | 14850 TimeKey || Open b
14.03.06 || 147 o
~  [BZMBK] 2006 | Mar | 17 | 15150 > g L
BAWEBK| 2006 | Mar | 16 | 150,00 15.03.06 || 148 28
BZWBIK| 2006 | Mer | 15 151,50 21.03.06 | 150 S F
~ [BZWBK] 2006 | Mer | 14 | 149,00 22.03.06 || 151 y
2 Application in queries
= select zones by means of BVFs
» find rows within zones by means of ZIs
R.Wrembel - Poznan University of Technology 37

Materialized query

2 The result of a query persistently stored in a
database
= table (naive approach)

= materialized view (Oracle, IBM Netezza),
materialized query table/ summary table (DB2),
indexed view (SQL Server)
+ additional functionality
- refreshing

— query rewriting

R.Wrembel - Poznan University of Technology 38



MV - example Oracle (1)

Customers

#CustomerID
Town
Country

create materialized view SalesMV1
q q . Sales Time
build immediate Products ProductID #TimeKey
refresh force #ProductID L o CustomerID |5 pay
; . ProdName TimeKey Month
with rowid Category SalesPrice Quarter
g —— Discount Year

select ProdName, Category, Country, Month, Quarter,
sum(SalesPrice) as SumSales

from Sales s, Products p, Customers c, Time t

where s.ProductID=p.ProductID

and s.CustomerID=c.CustomerID

and s.TimeKey=t.TimeKey

group by ProdName, Category, Country, Month, Quarter;

alter materialized view SalesMV1l enable query rewrite;

R.Wrembel - Poznan University of Technology 39

MV - example Oracle (2

create materialized view SalesMVl

select ProdName, Category, Country, Month, Quarter, Year,
sum (SalesPrice) as SumSales

from Sales s, Products p, Customers c, Time t

where s.ProductID=p.ProductID

and s.CustomerID=c.CustomerID

and s.TimeKey=t.TimeKey

group by ProdName, Category, Country, Month, Quarter, Year;

select Category, Country, Quarter, sum(SalesPrice) as SumSales
from Sales s, Products p, Customers c, Time t

where s.ProductID=p.ProductID

and s.CustomerID=c.CustomerID

and s.TimeKey=t.TimeKey

group by Category, Country, Quarter;

select Category, Country, Quarter, sum(SumSales)
from salesMV1
group by Category, Country, Quarter;
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MV - example Oracle (3)

select Category, Country, Quarter, sum(SalesPrice) as SumSales
from Sales s, Products p, Customers c, Time t

where s.ProductID=p.ProductID

and s.CustomerID=c.CustomerID

and s.TimeKey=t.TimeKey

group by Category, Country, Quarter;

query rewriting

0 SELECT STATEMENT Optimizer=ALL ROWS (Cost=4 Card=170 Bytes=7 140)
10 HASH (GROUP BY) (Cost=4 Card=170 Bytes=7140)
21 MAT VIEW REWRITE ACCESS (FULL) OF 'SALESMV1' (MAT VIEW REWRITE)
(Cost=3 Card=170 Bytes=7140)
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MV - example Oracle (4)

create materialized view SalesMV2 —

select ProductID, Category, Country, Month, Quarter, Year,
sum(SalesPrice) as SumSales

from Sales s, Products p, Customers c, Time t

where s.ProductID=p.ProductID and s.CustomerID=c.CustomerID

and s.TimeKey=t.TimeKey

group by ProductID, Category, Country, Month, Quarter, Year;

select ProdName, Category, Country, Year, sum(SalesPrice) as SumSales
from Sales s, Products p, Customers c, Time t

where s.ProductID=p.ProductID and s.CustomerID=c.CustomerID

and s.TimeKey=t.TimeKey

group by Category, Country, Year;

query rewriting

ProductID > ProdName join-back

0 SELECT STATEMENT Optimizer=ALL ROWS (Cost=8 Card=175 Bytes=1 2425)

1 0 HASH (GROUP BY) (Cost=8 Card=175 Bytes=12425)

21 HASH JOIN (Cost=7 Card=175 Bytes =12425)

32 TABLE ACCESS (FULL) OF 'PRODUCTS' (TABLE) (Cost=3 Card=162 Bytes=4374)
4 2 MAT VIEW REWRITE ACCESS (FULL) OF 'SALESMV2' (MAT VIEW REWRITE)

(Cost=3 Card=175 Bytes=7700)



MV example DB2 (1)

2 Maintained by:
* user: maintained by user clause

» system (default): maintained by system clause

¢ either automatic or non-automatic refreshing mode is
available

¢ automatic mode (refresh immediate clause) = a MQT is
refreshed automatically as the result of changes in the
content of its base tables; this refreshing mode requires
that a unique key from each base table is included the
MQT

+ non-automatic (refresh deferred clause) = a MQT has
to be refreshed by explicit execution of:

refresh table TableName {incremental|not incremental}
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MV - example DB2 (2)

create table YearlySalesMV2

as

(select ProdID, ProdName, Year,
sum (salesPrice) as SumSales

from Sales s, Products p, Time t

where s.ProductID=p.ProductID

and s.TimeKey=t.TimeKey

and t.Year=2009

group by ProdID, ProdName, Year)

data initially immediate

refresh immediate

maintained by system

enable query optimization;
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MV - example DB2 (3)

< For incremental refreshing
= MV log = staging table

create table YearlySalesMV3 ST for YearlySalesMV3
propagate immediate

set integrity for YearlySalesMvV3

staging immediate unchecked
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MV - example Netezza (1)
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2 Used for query rewriting

< Stored as a table

< Divided into data slices that are co-located on the same
data slices as the corresponding base table data slices

CREATE MATERIALIZED VIEW v-name AS

SELECT ... FROM tab-name [ORDER BY ...

2 Some restrictions
= only one table in the FROM clause
= the WHERE clause cannot be used

= the columns in the projection list must be columns -
expressions (aggregates, mathematical operators, SQL
functions, DISTINCT, ...) are not allowed

= the columns in the optional ORDER BY clause must be one
or more columns in the projection list

R.Wrembel - Poznan University of Technology

46



MV - example Netezza (2

< Inserting rows into a base table
* new rows are appended to the MV = two areas in the MV:

¢ the sorted records generated when the view was created

o the unsorted records that have been inserted into the base
table after the MV was created

» resorting by manual refreshing

base table rows existing
during the MV creation I:> Mv

base table rows inserted
after the MV creation
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MV - example Netezza (3)

2 Suspending MV = making it inactive
2 Refreshing MV
* manually = the REFRESH option

» automatically = setting a refresh threshold

o the thresholds allows to refresh all the materialized
views associated with a base table

« the threshold specifies the percentage of unsorted data

in the materialized view, value from 1 to 99 (default
20)

ALTER VIEW MV-name MATERIALIZE {REFRESH | SUSPEND}

2 The system creates zone maps for all columns in a MV
that have data types integer, date, and timestamp
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MV example - SQL Server

2 MV is created by creating a unique clustered index
on a view (clustering data by the value of the
indexed column)

< The index causes that the view is materialized

: prevents from modifying base tables' schemas
create view YearlySalesMv2

with schemabinding —————— as long as the view exists

as

select ProdID, ProdName, Year, sum(salesPrice) as SumSales
from Sales s, Products p, Time t

where s.ProductID=p.ProductID

and s.TimeKey=t.TimeKey

and t.Year=2009

group by ProdID, ProdName, Year

create unique clustered index Indx_ ProdID
on YearlySalesMV (ProdID, ProdName, Year)
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MV - SQL Server

2 Query rewriting: MV must be explicitly referenced
in a query with noexpand

select Columnl, Column2,
from Table, IndexedView with (noexpand)
where ...

< Refreshing: immediate and incremental
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MV refreshing

2 Refreshing time
* immediate
» deferred
« automatic (with a defined frequency)
e manual
2 Refreshing mode (A. Gupta, LS. Mumick, MIT Press, 1999)
= full
* incremental
« detecting changes in source tables
* propagating the changes into a MV
2 Querying MVs during their refreshing = assuring
data consistency (zhuge et. al., SIGMOD, 2005)
» compensation algorithm
= versions of data
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MV design

2 Designing the optimal set of MVs
2 Typically = for a given query workload
2 Constraints

* minimizing response time for the largest number of
queries

* minimizing response time for the most expensive
queries

* minimizing costs of refreshing MVs
* minimizing disk space
2 Physical design advisors

R.Wrembel - Poznan University of Technology 52



Greedy algorithm

2 Harinarayan V., Rajaraman A., Ullman J.: Implementing Data Cubes
Efficiently. SIGMOD, 1996

2 Assumptions
= the data size of every query is known (estimated)
= a query execution cost is represented by the data
volume that is read by the query
° Goal

= minimize the data volume read by the queries with a
given nhumber of materialized views
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Execution )

2 Node = query

< Arc = the possibility of computing a
G H query based on a lower-level query

D E 2Runl

20 30 40
= B: 50x5=250
= C: 25x5=125

B e = D: 80x2=160
50\ = « E: 70x3=210
A = F: 60x2=120

100 = G:99x1

= H: 90x1
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Execution (2)

G H

1 10
D E
20 30

B C

50 \ 75
A

100

40

© Run?2

= C: 25x2=50 (CandF; H,E, G
computed from B)

= D: 30x2=60

= E: 20x3=60

= F: 60+10 (B-F)=70

= G: 49

= H: 40 (H computed from B)
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Execution (3)

G H

1 10
D E
20 30

B C

50 \ 75
A

100

2 Run3
= C: 25=25 (G;E, G

computed from B)
= D: 30x2=60|
= E: 20+20+10 (E-F)=50
= G: 49
= H: 30
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Partitioning (1)

< A mechanism of dividing a table or index into
smaller parts = partitions

< The most benefit from partitioning is achieved if
every partition is stored on a separate disc =
parallel disc scans
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g = -
Partitioning (2)
PK A1 A2 A A4
horizontal
PK A1 A2 A3 Ad rd
[PK A1 AZ A3 A4
mixed
PK Al A2 PK A3
vertical
PK A1l A2 PK A3 Ad
PK A1l A2 PK A3
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Partitioning (3)

2 Correctness criteria

> Completeness = when table T is partitioned into
P,, P, ..., P, then every row from T or its fragment
must be stored in one of these partitions
= guarantees that after partitioning no data will
disappear
< Disjointness = when table T is partitioned into P,
P, ..., P, then every row or its fragment from T
must be stored in exactly one partition
= guarantees that partitioning does not create data
redundancy
< Reconstruction = there must be a mechanism of
reconstructing original table T from its partitions
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Partitioning (4)

2 In horizontal partitioning rows are divided into
subsets based on the value of partitioning
attribute(s)

< Horizontal partitioning techniques

* hash

* range-based
» set-based

* round-robin
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Example Oracle 1)

2 Range partitioning

create table Sales Range_ TKey

(ProductID varchar2(8) not null references Products (ProductID),

TimeKey date not null references time (TimeKey),

CustomerID varchar2 (10) not null references Customers (CustomerID),

SalesPrice number (6,2))

PARTITION by RANGE (TimeKey)

(partition Sales_1Q 2009
values less than (TO_DATE (’01-04-2009’, ’'DD-MM-YYYY'))
tablespace Datall,

partition Sales 2Q 2009
values less than (TO_DATE (’01-07-2009’, ’'DD-MM-YYYY'))
tablespace Datal2,

partition Sales 3Q 2009
values less than (TO_DATE (’01-10-2009’, ’'DD-MM-YYYY'))
tablespace Datal3,

partition Sales 4Q 2009
values less than (TO_DATE (’01-01-2010’, ’'DD-MM-YYYY’))
tablespace Datal4,

partition Sales Others
values less than (MAXVALUE) tablespace Data05);

Example Oracle (2

2 List partitioning

create table Sales List PayType

(ProductID varchar2 (8) not null references Products (ProductID),
TimeKey date not null references time (TimeKey),

CustomerID varchar2(10) not null references Customers (CustomerID),
SalesPrice number (6,2), PaymentType varchar(2))

PARTITION by LIST (PaymentType)

(partition Sales Credit Debit values (’Cr’,’De’) tablespace Data(l,
partition Sales Cash values ('Ca’) tablespace Datal2,

partition Sales_ Others values (DEFAULT) tablespace Data05) ;

2 Hash partitioning

PARTITION by HASH (CustomerID)
(partition Custl tablespace DataOl,
partition Cust2 tablespace Data02));
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Example Oracle (3)

< Other types of partitioning

» virtual column = based on expression on partitioning
attribute(s)

» system = records placement in partitions controlled
by an application

» reference = partitioning FK tables according to a
partitioning schema of their PK table

= composite = partitions with subpartitions
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Example DB2

2 Range partitioning

create table Sales_Range_ TKey

(ProductID varchar2(8) , ...)

PARTITION BY RANGE (TimeKey)

(partition Sales_1Q 2009 starting "01-01-2009',

partition Sales 2Q 2009 starting ’01-04-2009’,

partition Sales 3Q 2009 starting ’01-07-2009’,

partition Sales 4Q 2009 starting ’01-10-2009’ ending ’31-12-2009")
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Example SQL Server

< Partition function = defines the number of partitions for
a table and ranges of values for every partition

< Partition scheme = defines storage locations for table
partitions

create PARTITION FUNCTION [Sales Range TKey] (datetime)
as RANGE right for values
(20090401’, ’20090701’, ’20091001’, ’20100101’) ;| date <2009-04-01

2009-04-01 <=late <2009-07-01F

2009-07-01 <= date <@009-10-01
create PARTITION SCHEME PS_Sales_Range TKey 2009-10-01 <= date <2010-01-01

as partition Sales Range TKey date >=2010-01-01
to (Data0l, Data02, Data03, DataO4, Data05);

create table Sales_Range_TKey

(ProductID varchar (8), filegroup
TimeKey datetime ...)

on PS Sales Range TKey (TimeKey)
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Part. tables in queries

CREATE TABLE Salesl
(oo0o0)
PARTITION by RANGE (TimeKey)
(partition Sales_Jan2009
values less than (TO_DATE('01-02-2009', 'DD-MM-YYYY')),
partition Sales_Feb2009
values less than (TO_DATE('01-03-2009', 'DD-MM-YYYY')),
partition Sales_Mar2009
values less than (TO_DATE('01-04-2009', 'DD-MM-YYYY')),
partition Sales_Apr2009
values less than (TO_DATE('01-05-2009', 'DD-MM-YYYY')));

select * from salesl
where TimeKey between to_date('01-01-2009', 'DD-MM-YYYY') and
to_date('31-01-2009', 'DD-MM-YYYY');

0 SELECT STATEMENT Optimizer=ALL ROWS (Cost=17 Card=7505 Bytes =562875)
1 0 PARTITION RANGE (SINGLE) (Cost=17 Card=7505 Bytes=562875)
21 TABLE ACCESS (FULL) OF 'SALES1' (TABLE) (Cost=17 Card=7505 Bytes=562875)
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Partition-wise join (1)

CREATE TABLE orders
(order id NUMBER(12)

NOT NULL PRIMARY KEY,

order date DATE NOT NULL, ...)

PARTITION BY RANGE (order_date)

(PARTITION p 2006_jan VALUES LESS THAN (TO_DATE ('0O1-FEB-2006",
PARTITION p 2006_feb VALUES LESS THAN (TO_DATE ('01-MAR-2006',
PARTITION p 2006 _mar VALUES LESS THAN (TO_DATE ('01-APR-2006',
PARTITION p 2006_apr VALUES LESS THAN (TO_DATE ('01-MAY-2006',
PARTITION p 2006_dec VALUES LESS THAN (TO_DATE ('01-JAN-2007"',

CREATE TABLE order_ items

(order_id NUMBER(12) NOT NULL, ...,

CONSTRAINT order_ items_orders fk FOREIGN KEY (order_id)

REFERENCE

S orders (order_id))

PARTITION BY REFERENCE (order_items_orders_fk)

'dd-MON-yyyy'
'dd-MON-yyyy'
'dd-MON-yyyy'
'dd-MON-yyyy'

))
))
))
)) oy

'dd-MON-yyyy')))
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Partition-wise join (2

67

orders (Jan-2006)

orders (Feb-2006)

orders (Mar-2006)

order_items
(Jan-2006)

order_items
(Feb-2006)

order_items
(Mar-2006)

SELECT o.order_da
FROM orders o , o
WHERE o.order id

te ,
rder items oi
= oi.order id

sum(oi.sales_amount)

sum_sales

AND o.order date BETWEEN TO_DATE ('01-FEB-2006"', 'DD-MON-YYYY')
AND TO_DATE ('31-MAR-2006", 'DD-MON-YYYY')

GROUP BY o.order_

id , o.order date

ORDER BY o.order_date;
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Country

MOLAP (1)

= Operations

Poland 10 32 13 . d "
ER LR 1V

Russia 5 16 9
—— | 4
| P4 EEERIIRI n

Slovakia 150 265 321 (2

A— — ¢S
Slovenia 13 4 21-01-2013 A
20-01-2013

©

puzzone di Moena
queso Manchengo
pecorino rosso

©
=
[=]
Q.
c
(o]
-

drill-down / roll-up
slice, dice

rotate (pivot)
drill-accross
drill-through
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MOLAP (2)
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<2 Implementations
= N-dim array
= Hash table (SQL Server)
= BLOB (Oracle)
* Quad-tree
= K-D-tree

2 Systems
= Cognos PowerPlay (IBM)
= Oracle OLAP DML
= Hyperion Essbase (Oracle)
= MicroStrategy
= MS Analysis Services (Microsoft)
= SAS OLAP Server
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MOLAP (3)
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3 3 3
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MOLAP (4)

2 Compression - store cells that contain NOT NULL
values

= compress when % of NULL cells reaches a given threshold
(e.g., 40%)

compression

‘ [1,4,C: value][4,4,D: value]

V4 SVEy
______________ | V-4
2 14 2 4 A
- -—/
--------- B B 1 B3 3
., A
1 2 3 4 2
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MOLAP (5)

< More efficient than ROLAP for aggregate
computing

2 Efficient when a cube contains a few dimension

2 Loading less efficient than ROLAP
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Our experiment (1)
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2 Oracle
> ROLAP
= TPC-H benchmark
* B-tree indexes on PKs and FKs
2 MOLAP
* 4 cubes
* Discounts(Parts, Orders, ShipTime)
* Discounts(Parts, Orders, ReceipTime)
» Quantitites(Parts, Orders, ShipTime)
* Prices(Parts, Orders, ShipTime)
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2 Load time [hh:mi:ss]

(00:01:00 48

(00:00:51 84

(00:00:43 20

(00:00:34 56

(00:00:25 92 ~

00:00:17 28 +---

(00:00:08 64 +---

SQL*Loader
(direc load path)

o _ROLAP->MOLAP___._____

(00:00:00,00 + T
1MB 10 MB 100 MB
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Our experiment (3)
2 MOLAP data size [MB] uncompressed
MOLAP

B Q0 reveereeeeeeores e

4500 -reeereeeeseeens e

4000 oo . compressed

MOLAP

1 R

3000 -

2500 -

2000 —-esseeeseeeseees e
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1000 -omeessmemersrenss e

L
0 e
1 MB 10 MB 100 MB source data size
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time [hh:mi:ss]
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00010942 oo e

00010048 e memmemmee e e
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1 MB MOLAP
=10 ME ROLAP

B | | | | I | R | 210 ME MOLAP
m 100 MB ROLAP

L R e || ) R 1 i | | | e | R - | =100 MB MOLAR|

00002582 deeeeeeeeeee e

000047 28 el

(UINI Y700 SR N ISR | SRS | SV (ISR | RSRSR | I— L ...............

00:00:00,00 + I— = J L

1 3 5 7 B 10 14 15 17 19 o1 TPC-H queries
Our experiment (s)
> Remarks

= MOLAP may not always be more efficient than ROLAP

= ROLAP may take advantage of

* bitmap indxs, bitmap join indxs, materialized views,
partitioning

« sophisticated query optimizer

* the presented results shuldn't be generalized = they

show the characteristics of MOLAP impementation in

a particular version of the system
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Other directions

2 Parallel and distributed DWs
» data (partitions, MVs, indexes) allocation in nodes
* load balancing and data redistribution
2 In-memory/main-memory DWs
= optimization of memory usage
* compression
> DWsin a cloud
» assuring scalability
load balancing and data redistribution
* high availability
building DWs functionalities on Hadoop/Map Reduce
= benchmarking
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