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CPU registers
Qu I 7 Primary storage
High speed cache

(volatile)

Central storage

‘ HDD or SSD

I/O Boundary

Secondary storage ‘

(persistent) Tape and/or optical media

Which of the following statements is correct?

1) Secondary storage devices are usually
faster than primary storage devices.

2) Data in a primary storage device may
be lost when switching of the power.

3) The CPU may operate directly on data
that is in a secondary storage device.

4) A piece of data (e.g., a record) may not be
held both in a primary storage device and in
a secondary storage device at the same time.
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Quiz

Which of the following statements on an HDD is not correct?

1) The platters containing magnetic particles are secured
on a spindle that rotates at a constant speed.

2) An HDD needs three-dimensional movements
In order to access all of its data.

3) All data on the same cylinder can be
read without moving the actuator.

4) The tracks represent concentric
circles of magnetic particles; each
track consists of individual sectors. ...,

track t «— spindle

sector s

platter

LD

rotation
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T1 Yl A2 A3 T2 NI A2 A3

Quiz alice 3 100 alice  NULL 41
bob 5 23 bob  NULL NULL

Assume we have two tables, T1 and T2, such that the rows in
T1 do cannot contain NULL values whereas rows in T2 may
contain several NULL values.

Each table should be stored in a separate physical file.

Which record organization technique should we choose for
these files if we want to minimize storage space efficiently?

1) Embedded identification for the file of T1
and relative location for the file of T2

2) Embedded identification for the file of T2
and relative location for the file of T1

3) Embedded identification for both files.
4) Relative location for both files.
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Quiz |

e Assume a file with R

— r= 2,000 records,

— R =100 bytes per record, and
— B =1,000 bytes per block, L

* How many blocks are
needed to store the file?

1) b=10 2) b=20 3) b=100 4) b=200
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Quiz |

* Assume a file with R
— r = 2,000 records, —
— R =100 bytes per record, and
— B =1,000 bytes per block, L

* How many blocks are
needed to store the file?

1) b=10 2) b=20 3) b=100 4) b=200

uia s

* Space wasted per block = B— bfr * R \

blocking factor

II |_|NKOP|NG Database Technology
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Spanned Records

... avoid wasting space

[ block i
Unspanned | _
block i+1
[ block i
Spanned
block i+1

record 1 record 2 wasted
record 3 record 4 wasted
record 1 record 2 rec.3 |p
v

rec.3 record 4 record 5
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Exercise: Heap File

e Assume a file with
— r = 2,000 records,

— R =100 bytes per record, and -

— B =1,000 bytes per block, y
Hence, b = 200 blocks needed to store the file

Assume we organize the file as a heap file

- l.e., new records are always
appended to the end of the file

How many blocks do we need to read?

Name

ID Salary

Andersson

Svensson

12| 2000
13| 4000 Block 1

> Block 2

> Block 3

LINKOPING Database Technology
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Exercise: Heap File

* Assume a file with
- r = 2,000 records,
— R =100 bytes per record, and
— B =1,000 bytes per block,

b

ID Salary

* Hence, b = 200 blocks needed to store the file _tare

* Assume we organize the file as a heap file

- l.e., new records are always
appended to the end of the file

200

1
100

UNIVERSITY Topic 8: Data Structures for Databases

How many blocks do we need to read?
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Andersson

Svensson

12| 2000
13| 4000 Block 1

> Block 2

> Block 3

H
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|
|
° ° |
Exercise: Heap File b

R \

* Assume a file with ‘
- r = 2,000 records, - o

— R =100 bytes per record, and n ‘

- B =1,000 bytes per block, A

* Hence, b = 200 blocks needed to store the file _Neme 1 saar

Andersson | 12| 2000
Svensson | 13| 4000 Block 1

* Assume we organize the file as a heap file

- l.e., new records are always .
appended to the end of the file -
* How many blocks do we need to read? j

> Block 3
" j

200 20— linear search

1 200 =" until last block
II.“ LINKOPING Database Tech:k’gy\ [2}
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Exercise: Sorted File (a.k.a. Sequential File)

Assume a file with

— r = 2,000 records,

— R =100 bytes per record, and

— B =1,000 bytes per block,

Hence, b = 200 blocks needed to store the file _Neme 10 saay

Andersson | 12| 2000
Svensson | 13| 4000 Block 1

Assume we organize the file as a sorted file
by using the ID field as the sorting field : .
- l.e., records inserted based on their ID value . , Block 2

How many blocks do we need to read?

B 1
> Block 3
" j

LINKOPING Database Technology
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Binary Search

key 15 11

oW mid hnih
key <350 * [1] ["] [3] [4] [5] I*] [7] [8]) [2][10] [10])[12]
list | 2 10 11 45 SO 59 60 66 69 70 79

low mid hi;rh

[0] [1] [* (3] [4] [5)
key >7 st 34 7 10 11 45

low mud high

LR
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Exercise: Sorted File (a.k.a. Sequential File)

Assume a file with

— r = 2,000 records,

— R =100 bytes per record, and

— B =1,000 bytes per block,

Hence, b = 200 blocks needed to store the file _Neme 10 saay

Andersson | 12| 2000
Svensson | 13| 4000 Block 1

Assume we organize the file as a sorted file
by using the ID field as the sorting field : .
- l.e., records inserted based on their ID value . , Block 2

How many blocks do we need to read?

B 1
> Block 3
" j

8 200

8 200 — log(128) =7
II. LINKOPING Database Technology 10g2(256) — 8 .
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Exercise: Hash File (a.k.a. Random File Orga.)

* Assume a file with
- r = 2,000 records,
— R =100 bytes per record, and
— B =1,000 bytes per block,

* Hence, b = 200 blocks needed to store the file _Neme 1 saar

« Assume we organize the file as a hash file S } Block
by using the ID field as the hash field and :
120 buckets with 2 blocks per bucket : - Block2

* How many blocks do we need to read?* ’

*assuming there
are no collisions

B 1
> Block 3
)

LINKOPING Database Technology
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Exercise: Hash File (a.k.a. Random File Orga.)

* Assume a file with
- r = 2,000 records,
— R =100 bytes per record, and
— B =1,000 bytes per block,

* Hence, b = 200 blocks needed to store the file _Neme 1 saar

« Assume we organize the file as a hash file SO I } Block 1
by using the ID field as the hash field and .
120 buckets with 2 blocks per bucket . Block2

* How many blocks do we need to read?* j
‘worst case '

i *assuming there
are no collisions
1.5

LINKOPING Database Technology
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Exercise: Hash File (a.k.a. Random File Orga.)

* Assume a file with
- r = 2,000 records,
— R =100 bytes per record, and
— B =1,000 bytes per block,

* Hence, b = 200 blocks needed to store the file

Assume we organize the file as a hash file
by using the ID field as the hash field and
120 buckets with 2 blocks per bucket

What if we want to retrieve all records with

an ID value and
9.2=18

‘worst case

bestcase 1
_ DO ccpenos
h.u

LINKOPING Database Technology
UNIVERSITY Topic 8: Data Structures for Databases

Name

ID Salary

Andersson

Svensson

12| 2000
13| 4000 Block 1

> Block 2

> Block 3

*assuming there
are no collisions

...and IDs cannot
be smaller than 1
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(Andersson, Anders) A
: > Block 1
P rl m a ry I n d eX (Andersson, Nils) )
(Andersson, Sven) i
r Block 2
(Andersaon, AMIGCTR) /' (Bengtsson, Anders)
(Andersson, Sven) | /] ’ 2
- - (Davidsson, Nils) ~——""(Davidsson, Nils)
Why is it faster to find : ' -+ Block 3
] (Nilsson, Johan) |
a random record via a (Svensson, Kar) ||~ (Lerssan. Anders) <
. . (Nilsson, Johan)
binary search in the  Block 4

Index rather than in (Petersson, Jorgen) J
the (sorted) data file? f '

sorted file with all the records
e sorted by name, and
* name is a key

iIndex file (sorted)
with one record per
block in the data file

LINKOPING Database Technology
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(Andersson, Anders)

Y

Primary Index

(Andersson, Nils)

(Andersson, Sven)
Andersson, Anders) / (Bengtsson, Anders)

"

(

o _ (And?rsson’ S.Ven) i,,———""’(Davidsson, Nils) |
Why is it faster to find e :
a random record via a (Svensson, Kar) || . Larsson, Anders <
binary search in the \(ansm, = ,
Index rather than in (Petersson, Jorgen) J

the (sorted) data file?

* Index file has significantly
fewer blocks because:

- number of index records << number of data records

- Index records smaller than data records (i.e., blocking
factor for the index file higher than for the data file)

II |_|NKOD|NG Database Technology
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Clustering Index

Dept: Name ID Salary

* Attention: after binary

search in the index file,

| (W=

multiple data file blocks

may need to be accessed
- see, for instance, Dept=2

1 Andersson | 12 2000
1 S 13| 4000
1 vensson Block 1
2
7,

/ - Block 2
3
4

N -
2 Block 3
5 ocC
5

A

sorted filé with all the records
e sorted by Dept
 Deptis not a key

iIndex file (sorted)
with one record per
possible Dept value

II LINKOP|NG Database Technology
® UNIVERSITY Topic 8: Data Structures for Databases

25



Clustering Index

Dept: Name ID Salary
1 Andersson | 12 2000
Svensson | 13| 4000

1
1
2

* Attention: after binary

search in the index file,

(W (M

| (W=

multiple data file blocks

7

may need to be accessed
- see, for instance, Dept=2

(R Re [ d) M|

* |ndex file also smaller, but not as

much as for a primary index
- number of index records < number of data records

- at least, index records smaller than data records (like in a

primary index)

Database Technology
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Dept: Name ID Salary
1 Andersson | 12| 2000

Exe rcise 1 Svensson | 13| 4000 } Slock 1
2
1 2
* Assume sorted file with g 1/ 2 } Block 2
r = 2,000 records, 4 | 4
R =100 bytes perrecord, L3 | s+——— 75
B = 1,000 bytes per block g } —__—
* Hence, b = 200 blocks needed to 5
store the file and, thus, 8 block reads - 1
for a binary search on the file \
* Assume bfr:lE b:[L}
r’ = 300 different Dept values log,b| K bir
R’ =10 bytes per index record log2(2) = 1, logy(4) = 2,
B = 1,000 bytes per index block log»(8) = 3, logx(16) = 4
« How many block reads for loga(32) =5, log.(64) = 6,
a binary search on the index? logx(128) =7,  logx(256) = 8

II “ LIN KODI NG Database Technology
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Secondary Indexes on Key Field

* Index on a non-ordering key field F
- Data file may be sorted or not

* Secondary index: additional sorted file
whose records contain two fields:

V - one of the values of F
P - pointer to the data file Data File

ID# SSN Dept. Salary

block that contains the T | 4945864 12| 2000
record with V for F 2 | 7000111 |13 4000 Block 1
3

Index Data File 4
3452626 ] 5 | 6487539 i
4945864 6 7299990 . Block 2
5012128 < 7 3452626
6487539 rd 8 9000013 ,f
meel 9 8232333 )
7299990 -
8232333 , 1 | 5012128 > Block 3
9000013 o

29




Quiz

* Assume we create such a secondary index
(on a non-ordering key field) over a data file

that has

- 2,000 records,

- a blocking factor of 10,
- and, thus, 200 blocks

* How many index records
would this index contain?

Index Data File

1) 20,000
3452626 -
2) 2 000 4945864
: 5012128 N
3) 1.000 6487539 7
’ 7000111
7299990
4) 200 8232333 A
9000013

ID# SSN Dept. Salary
1 4945864 |12| 2000
2 7000111 |13 | 4000
%

4

5] 6487539
6 7299990
s 3452626
8 9000013
9 8232333
10 -

11 5012128
12

Database Technology
Topic 8: Data Structures for Databases
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Data File

} Block 1

=

> Block 2

> Block 3
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Secondary Indexes on Non-Key

Option 1 .
¢ Index ona p ID# Name Dept. Salary HRlaE

. 2 Lancaster | 13| 4000 Block 1
non'key field 3 | Andersson
Index Data File 4 Andersson
: R
Andersson 5 Silver
6 Molin
Andersson . Block 2
Andersson N Il French
Daniels - 8 Daniels J
Daniels
9 Andersson p
French
10 Hagberg
Hagberg e 11 Yang > Block 3
Lancaster :
12 Miller J
Option 2 ID# Name Dept. Salary Ratafle Optlon 3 s
Rgpeating field i Dl V2] Ao } Level of indirection ‘DT [:::‘i:ls
with pointers i ::;:?:S'i; 13| 4000 Block 1 with record pointers 2 | Lancaster
Index Data File 4 Andetssory Index Data File 3 222:::2:
5 Silver 5 Silver
e L e } o i
French 3 Danics French ; ;:?;E
Hagberg B Hagberg [}
Lancaster 9 [ Andersson Lancaster °/_/_'j74\ 9 | Andersson
R } = s
2 Miller 12 Miller
II |_|NKOD|NG Database Technology
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Secondary Indexes on Non-Key

Option 2 .
° Index On a p ID# Name Dept. Salary Data File

non-ordering Repeating field Daniels [ 12| 2000

1
. with pointers 2 Lancaster | 13| 4000 Biock 1
Nnon- key field 3 | Andersson
Index Data File 4 Andersson
A\
5 Silver
Andersson 5 Moli
olin
Daniels - = = > Block 2
renc
French g :
8 Daniels J
Hagberg B
Lancaster 9 Andersson h
10 Hagberg
11 Yang > Block 3
12 Miller )
Option 1 o N b sal Data File 5
Dense Index 1 Dzz;s 195 zi);roy Option 3 ‘D#Data Fn:ame
2 Lencasters K IIE4000 Block 1 Level of indirection 1 Daniels
—y —==
Andersson 5 Silver Index Data File G| Al
Andersson 6 Molin } Block 2 Andersson 5 Silver
Andersson i French Daniels 6 Molin
Daniels 8 Daniels Erench 7 French
Daniels 5 e Hagberg _|o| 8 Daniels
Grench) 10 Hagberg Lancaster oy 9 | Andersson
Hagberg 1| Yang Blok3 °\‘_J—‘ 10| Hagberg
Lancaster 12 Miller il Yz.ang
II |_|NKOP|NG Database Technology
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Secondary Indexes on Non-Key

* |[ndex on a Option 3

Level of indirection

non-ordering

with record pointers

non-key field

Al b
/K/

 also called

Data File

|D#

Name

Daniels

Lancaster

Andersson

AW =

Andersson

inverted file

Daniels o1
French o1

=

Silver

Molin

French

Index Data File
Andersson |¢
Hagberg |e——

Lancaster o\
- D

Q| N |,

Daniels

Andersson

Hagberg

Option 1 .
Fi
1D# Name Dept. Salary Patakis Opt[on 2 - N o il Data File
t.
Dehse Index 1 Daniels | 12| 2000 oSSR s
2 | Lancaster | 13| 4000 Repeating field 1|l e i Ay
3 NG Block 1 with pointers i ::;cas!er 13 | 4000 Block 1
4 Andersson
Index Data Fil Index Data File 4 Andersson
Anderssor 5 Silver -
5 Silver
Andersson 6 Molin Andersson %\l =
Block2 Daniels = Bl Block 2
Andel i French 7 Eeneh
Daniell 8 Daniels French 3 Danics
Daniels Hagberg B
French 190 A:de:s"" Lancaster G |
agber
Hagberg gberg Block 3 10 Hagberg Block 3
11 Yang locl
Lancaster = il Yang
12 Miller 2 Miller

11

Yang

12

Miller

Database Technology
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Summary of Single-Level Indexes

Index field used Index field not used for
for sorting the data records sorting the data records

Index field is a key Primary index Secondary index (key)

Index field is not a key Clustering index Secondary index (non-key)

II L[NKOP|NG Database Technology
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Quiz

Index field used Index field not used for
for sorting the data records sorting the data records
Index field is a key Primary index Secondary index (key)
Index field is not a key Clustering index Secondary index (non-key)

Which of these four types of indexes has
the smallest number of index records?

1) Primary index

2) Clustering index

3) Secondary index on a key field

4) Secondary index on a non-key field

II L[NKOP|NG Database Technology
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Summary of Single-Level Indexes (cont’d)

Index field used Index field not used for
for sorting the data records sorting the data records

Index field is a key Primary index Secondary index (key)
Index field is not a key Clustering index Secondary index (non-key)
Type of index Number of
index entries
Primary Number of blocks
in data file
Clustering Number of distinct
index field values
Secondary Number of records
(key) in data file
Secondary Number of records
(non-key) or number of distinct

index field values

II LINKOP|NG Database Technology
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Multilevel Indexes

* Works for primary, clustering, and secondary
Indexes as long as the first-level index has

a distinct index value for every entry

15

fleldleQ

24

* How many levels?

35

— until the highest level -

39

44

elelple

glelol9

fits into a single block )

85

a1

9|14 ejeq

/’
\

55

Second Level

63

71

80

e Such a full multilevel index is a tree

85

Ll1[elp]|P9

- single block of highest level

First Level

IR

IS the root node In this tree

II LINKOP|NG Database Technology
® UNIVERSITY Topic 8: Data Structures for Databases
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Quiz

e Assume such a multilevel index that consists of
3 levels and that has a blocking factor of 10
for all iIndex levels ;

15
24

fleldleQ

* How many block accesses are
needed to retrieve a random -
record if the index has been )
created on the search key?

35
39
44

55
Second Level 63
1

1) 30 .
2) 10 :
3) 4
4) 3

elelple

glelol9

Ll1[elp]|P9

TN

First Level

II |_|NKOD|NG Database Technology
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Quiz

e Assume such a multilevel index that consists of
3 levels and that has a blocking factor of 10

for all iIndex levels

15

24

* Assume the first level

35

IS a primary index >

39

44

glelol9

- |.e., the data file is sorted on =

85

a1

9|14 ejeq

/
a key field and the index has \

55

63

been created on this key field ~ SecondLevel

71

80

* What is the maximum number of

85

Lle|p|plol|leIPIR|[RIQ[4E]Q

blocks that the data file can have?

First Level

IR

1) 3,000
2) 1,000
3) 300
4) 100

II |_|NKOD|NG Database Technology
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Example B*-Tree

Andersson

Hagberg

French

Silver

Daniels

2 |Young

Zhing

0O W|m|lWN|= (0o

Baker

10 30/ 50 ®» GO 7 0|le» 8o ®&» 90| 120
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Internal Nodes of a B*-Tree

i g-1 q

Pl K] e K;'_l 1)? K ceoe K P
|
|

X <K, K. <X<K K
* g<p (where pisthe order of the B*-tree)
 Every K;is an index value, every P; is a tree pointer
* Within each node: K; <K, <... <K,

 For every value X in the P, subtree: K_; < X £ K

* Each internal node (except the root) must be at least half full

- l.e., there must be at least | P | tree pointers
2

II “ LIN KODI NG Database Technology
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Leaf Nodes of a B*-Tree

K, Pr; |... Ki Pr; Kq Prq Prext

* g<p (where p is the order for leaf nodes of the B*-tree)

* Every K;Is an index value

 Every Pr;is a data pointer to the data file block
that contains the record with index value K;

* P, IS a pointer to the next leaf node
* Within each node: K; <K, <... <K,

* Every leaf node must be at least half full
p

2

- l.e., at least Index values in each leaf node

II |_|NKOD|NG Database Technology
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Retrieval of Records in a B*-Tree

* Very fast retrieval of a random record

* Number of block accesses: depth of tree + 1

Andersson

Hagberg

French

Silver

Daniels

2 |Young

Zhing

OO |W N | =010

Baker

/ IV

10 30/ 50 ®» GO 7 0|le» 8o ®&» 90| 120
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Depth of a B*-Tree

* Hence, In the worst case, d IS at most

* Best case:

log, N

[

® 5 K

10

30/ ¥ 50

log[

. . P
Given that internal nodes must have at least

b
2

2

For a depth of d, the number N of leaf nodes is at least

"

children,

d
P
2

Andersson

Hagberg

French

Silver

Daniels

2 |Young

Zhing

OO |W N | =010

Baker

6o

AN

80

®» 90| 120
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B*-Tree Insertion

Insert: 8

]

LINKOPING
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B*-Tree Insertion

Insert: 5

LINKOPING
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B*-Tree Insertion

Insert: 1

59| 8 |® I Overflow — create a new level

LINKOPING
UNIVERSITY
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B*-Tree Insertion

Insert: 7
II |_|NKOD|NG Database Technology
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B*-Tree Insertion

Overflow - Split

Insert: 3

II LINKOPING
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B*-Tree Insertion

Insert: 12

Overflow - Split
Propagates a new level

LINKOPING
UNIVERSITY

Database Technology
Topic 8: Data Structures for Databases

52



B*-Tree Insertion

Insert: 9

53
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B*-Tree Insertion

1| 5 |
i
_.»’//
/,f”

- J *\ 8

II H'\H '.

v 3! ' \
AN SO | T (NG ] 7'8' e [0 e

Overflow — Split, propagates
Insert: 6

Database Technology
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B*-Tree Insertion

.»-f'/a
,..--"/. -
.-)"-/.
| 3 1
| I\"'\,\
v - z
11° 3 |® > | 5 |e . 2.
Resulting B+-tree
55

Database Technology
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