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Physical DB Design

e Data Structures for Primary Indices
B Structures that determine the location of the records of a file

® A primary index is based on a key; the location of a record is
determined by its key value.

®  Most common structures: heaps, hashed files, indexed files
e The Heap Organization

®m Trivial organization: records are packed into blocks in no special
order and with no special organization of the blocks.

m |t is assumed that there exist pointers to every block of the file and
these pointers are stored in main memory (except in the case that
these pointers are too many to fit in main memory; then they are
also stored in blocks in secondary storage)
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e Basic Operations on Heaps:

m Lookup: given a key find the record(s) with that value in their key
fields.

® Insertion: add a record to a file. Assume we know the record does
not already exist (or we simply don’t care). If we want to avoid
duplicates, insertion must be preceded by a lookup.

m Deletion: delete a record from a file. Assume it is not known
whether the record exists in the file, 1.e., deletion includes lookup.

®m Modification: change the values in one or more fields of the record.
Modification also includes a lookup.

e The time to perform operations will be measured as the number of
blocks that must be retrieved. We assume that, initially, the entire file is
In secondary storage.
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e Efficiency of Heaps

m et n be the number of records we need to store and R 1s the number
of records that can fit in a block.

m (If records are pinned and deleted records cannot have their space
reused, n iIs the number of records that have ever existed. Otherwise,
n is the number of records currently in the file.)

m If records are of variable length, R is taken to be the average
number of records that can fit in one block.

B The minimum number of blocks needed to store these records is
n/R 1.
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Efficiency of Heaps

1.

Lookup: must retrieve n/2R blocks on average. If there is no
record with they key value, we must retrieve all n/R records.

Insertion: must retrieve the last record on the heap. If the current
block has no space, a new block must be used. In both cases, the
block must be written to secondary storage after the insertion.
Hence, insertion takes 2 block accesses.

Deletion: requires n/2R block accesses to find the record and 1
more to delete it on average. If the record does not exist, n/R
accesses are required. If records are pinned, deletion is performed
by setting the deleted bit.

Modification: requires n/2R block accesses to find the record and 1
more to write the new values.
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e Example: A file contains 1,000,000 records of 200 bytes each. Blocks
are 212=4096 bytes long. R=20.

m A successful lookup requires n/2R=25,000 accesses; an
unsuccessful one requires 50,000 accesses.

m  Assuming that the retrieval of a block from disk takes .01 sec, a
successful lookup takes more than 4 minutes.

m [nsertion only can be performed in fractions of a second.

m The directory of blocks is quite large as well: if a block address is
4 bytes long, 200,000 bytes (50 blocks) are needed for storing the
block addresses.
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e Hashed Files
B Records are divided into buckets according to the value of the key.

® A hash function h takes as argument a value for the key and
produces an integer in the range 0 to B-1, where B is the number of
buckets.

m Each bucket consists of a (usually small) number of blocks. The
blocks in each bucket are organized as a heap.

®m The bucket directory is an array of pointers indexed from 0 to B-1.
The entry for i in the directory Is a pointer to the first block of
bucket I, called the bucket header. The blocks in a bucket form a
linked list.
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e Hash Functions
B A hash function’s range should be the set {0,1,...,B-1}. Moreover,
It should take each value in the set with roughly equal probability.
® A simple hash function :
e Convert each key value into an integer and then take the
remainder of that integer modulo B.
m [f the key value v is an integer, then h(v) = v mod B

m If the key value Is a character string, convert it into an integer by
treating the bytes representing the characters as integers and taking

the sum of these integers.
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e Example: a file of numbers organized in a hashed file with 4 buckets.
The hash function is h(v) = v mod 4.

/'17 13/ 51|29 o

2 ®
2 /
/23 7135|1911
3

A 4

31 °

o All numbers stored are prime. Hence, no number appears in bucket 0 and
only number 2 appears in bucket 2.
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e QOperations on Hashed Files

1.

Lookup a record with key value v:

compute h(v) and find the bucket header with that value; examine
the list of blocks in the bucket, as if the bucket were a heap; if the
desired record is not found there, there is no point in searching
other buckets.

Insert a record with key value v:

compute h(v) and find the bucket header with that value; locate the
last block of the bucket (either by traversing the list of blocks or by
following a pointer to the last block); if there is space on the last
block, the record is placed there; otherwise a new block is linked ot
the end.
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e QOperations on Hashed Files

3.

Delete a record with key value v:

locate the record to be deleted as in the lookup operation; if the
records are pinned, set the deleted bit in the record; if they are
unpinned, records may be compacted.

Modify a record with key value v:

locate the record to be deleted as in the lookup operation; change
the field(s) in the record; if the record is of variable length, it may
have to be moved among the blocks in the bucket
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e Example: delete record with key value 35

////’17 13/5 1|29 o

2 )
2 /////
////123 7 135|]19|11
3

17 13| 5 |29 .

0 °

A 4

31 °

23 |7 |31]19|11) «

SN

HY 360 - Lecture 18 12




Maveroriuo Kpritng, Turua Emorriung YrnoAoyiotwv AnpnTpng MAggouoakng

Physical DB Design

e Efficiency of Hashing

® A hashed file with B buckets behaves as if it were a heap

approximately B times shorter. Thus, we can speed-up operations
by a factor of B.

m For afile of n records, of which R fit in a block, and for a hashed
organization with B buckets (whose headers are kept in main
memory) we require on average:

e | n/2BR | for a successful lookup, deletion or modification of an
existing record

e | n/BR | for an unsuccessful lookup
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e Example: A file contains 1,000,000 records of 200 bytes each. Blocks
are 212=4096 bytes long. R=20.

m |f B=1000, then the average bucket holds n/B=1000 records.
These are distributed over n/BR=50 blocks.

m If each block address requires 4 bytes, the bucket directory
requires 4000 bytes.

®  An unsuccessful lookup takes 50 block accesses.
m A successful lookup requires 26 block accesses on the average.
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e [Indexed Sequential Access Method (ISAM)

®m File records are assumed to have unique keys.

®m File records must be kept sorted according to their key values.
e Sorting Keys

®m Independently of their domains, keys can be compared

® Numerical order is used to compare integers or reals
m |exicographic order is used for character strings
]

To sort keys containing more than one field, an order must be
Imposed on the keys; then records are sorted according to the value
of the first field, forming sequences of clusters.

B Each cluster consists of records with the same value in the first
field; clusters are sorted by the value of the second field, etc.
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e Example: assume record keys consist of two integer-valued fields.
Sorting the list of key values (2,3), (1,2), (2,2), (3,1), (1,3) results in
the list (1,2),(1,3),(2,2),(2,3),(3,1).

e Accessing Sorted Files

m The knowledge of the order of records in a sorted file can be
exploited for providing efficient access to the file records.

m A file called a sparse index is created for a sorted file. The index
contains pairs of the form: (<key value>,<block address>).

m For every block b of the file, there is a record (v,b) in the index; v
IS a key value that is at least as low as any key value on b, but
higher than any key value on any block preceding b. If b is the first
block, v=-o0 is used.
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e Accessing Sorted Files

m The key for the index file is the first field of (v,b) and it is kept
sorted according to this field.

®m Index files differ from general files in that index file records are
not pinned by pointers from elsewhere.

®m Index files must be organized so that queries of the following sort
can be answered efficiently:

Given a key value v1 for the file being indexed, find that record
(v2,b) in the index such that v2 <=v1 and either (v2,b) is the last

record in the index, or the next record (v3,b”) Iin the index has
v1<v3. Value v2 is said to cover v1.

®m The result of the query is the block b that contains the record
with key value v1, since the index is sorted at all times.
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e Note: certain file organizations cannot provide such functionality. E.g.,
hashed files cannot be used, since the entire file must be searched In

order to find the required values.
e Searching Index Files:

1. Linear Search: scan the index from the beginning, examining each
record until the one that covers the one searched for is found

B |nefficient for large indices: half the index blocks will have to
be examined on average in a successful lookup

B Linear search of the index is preferable over linear search of the
file: If R records are on a block, the main file has R times as
many records as the index file.

B Index records are usually shorter than file records.

HY 360 - Lecture 18
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e Searching Index Files:

2. Binary Search: assume B,, B, ..., B,, are the blocks of the index
file and v,,v,, ...,v, are the keys of the first records in the
respective blocks. To locate record with key v:

B Retrieve index block Br,1and let w be the value of its key: if
v<w, repeat the search for the blocks B, B, ..., Bn211 ; If
v>=w, repeat the search for the blocks Bjn21 ... B, ; when only
one block remains, use linear search to find the record.

B Roughly log, n block accesses are needed.

HY 360 - Lecture 18 19




Maveroriuio Kpritng, Turua Emorriung YnoAoyiotwv AnpnTpng MAggouoakng

Physical DB Design

e Example: A file contains 1,000,000 records of 200 bytes each. Blocks
are 212=4096 bytes long. The length of the key fields is 20 bytes.

B R=20, hence the main file uses 50,000 blocks. The same number of
records IS needed for the index file.

®  An index record used 24 bytes: 20 bytes for the key, 4 for a pointer
to a block. 170 index records can fit in one block if no additional
bits are used. Then 50,000/170=294 blocks are needed for the

Index file.

m Linear search would require about 147 block accesses on average
for a successful lookup.

® Binary search requires about log, 294 = 9 block accesses.
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e Example(cont’d):
m Hashed organization would only require 3 accesses: (1 to read the
bucket directory, and 2 to read/write the block)

m However, binary search iIs preferable to hashed organization for
answering range queries, 1.€., queries of the form “retrieve all
records with keys in the range (a,b)”. A hashed organization would
require examining practically all buckets.
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e (Operations on Sorted Files with Unpinned Records

®m The operations insertion, deletion and modification require
Insertions, deletions and modifications to the index file.

m  Assumptions:

e The original sorted file is kept on the sequence of blocks B4, By,
...Bk.

e The records in each block are kept in sorted order.
e The records of block B; precede those of block Bi.,

e Used/unused information is kept in a known area in the
beginning of the file.
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o Initialization:

1. The initial file of records must be sorted and distributed among
blocks.

2. Create the index file by examining the first record in each block of
the main file. Form the records of the index file by combining the
key values of the file records with the block addresses.

3. Distribute the index file records among blocks.
2. Create a directory containing the addresses of the index blocks.

HY 360 - Lecture 18 23




Maveroriuio Kpritng, Turua Emorriung YnoAoyiotwv AnpnTpng MAggouoakng

Physical DB Design

m  Operations:
1. Lookup: find the record with key value v1

examine the index to find the record with a value v2 that covers v1.
The index record containing v2 also contains a pointer to a block
of the main file. If the record with key value v1 exists, it will be on
that block.

2. Modification: modify the record with key value v1

use the lookup procedure to find the record. If the modification
changes the key, treat the operation as a deletion followed by an
Insertion. If not, make the modification and rewrite the record.
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m  Operations:

1.

Insertion: insert a record with key value v1

use the lookup procedure to find the block Bi of the main file, on
which a record with key value v1 would be found. Place the new
record in Bi keeping the records sorted. If Bi does not have space
for the new record, a new block must be created. One option is to
use the next block (if it has space). Then the new record must
become the block’s first record.

Deletion: delete the record with key value v1

use the lookup procedure to find the record. Shift the records that
are located to the right of the deleted record one position to the left.
If the block becomes empty after the deletion, the record for the
block must be deleted from the index.
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e Example: sorted list of numbers: 2,4,5,16,25,37,54,68,79,80,88

2 4|56

25
(25 37[54[56
68

g8 |79/80/88

After insertion of numbers
19,58,31:
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e B-Trees

®m Index files can become quite large for large main files

®m Indices on index files are possible

\

3rd-level index

2nd-level index

1st-level index

Main file

HY 360 - Lecture 18
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m  The 18t-level index consists of pairs (v,b), where b is a pointer to a
block B of the main file and v is the key of the first record in the block.
The index Is also sorted by key values.

m  The 2"d-level index consists of pairs (v,b) where b points to a block of
the 1%:-level index whose first key is v, and so on.

m  Multilevel indexing can be considerably more efficient than a single
level of indexing.

m A multilevel index structure can have many forms. These are
collectively referred to as balanced trees (B-trees).

m  The main file is part of the B-tree and it is assumed that the file
contains unpinned records.
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m  Although the insertion / deletion procedures of single-level index
structures can be used, they do not result in the optimum organization
of the B-tree: nodes can have between one and the maximum possible
number of records.

m B-trees use a particular insertion / deletion strategy that ensures that no
node, except possibly the root, is less than half full.

m A B-tree is characterized by two parameters d,e:

®m dand e are integers such that, the number of index records a block
can hold is 2*d-1 and the number of records of the main file a
block can hold is 2*e-1.

m  Convention: the key value in the first record is omitted. It is assumed
that all values that are less than the key value of the second record are
covered by the missing value.
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e Operations on B-trees:

1. Lookup: to search for a record with key value v, find a path from
the root of the B-tree to some leaf node where the desired record
will be found If it exists

m Paths in B-trees: every search path begins at the root. When a
block B is reached during the search, if B is a leaf node, then B has
to be examined for a record with key value v. If B is not a leaf,
then it is an index record. The key value that covers v has to be
found and the associated pointer must be followed, leading to
another index block or main file block.

m Property: the key value in record i of block B is the lowest key
value of any leaf descending from the i-th child of B.
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m This property and the fact that the main file is sorted, guarantee
that, if a record exists in a leaf node, then it can only be found by
following the pointers as described above.

2. Modification:

m If a key field is to be modified, then modification is performed by a
deletion followed by an insertion.

m Otherwise, modification is a lookup followed by the rewriting of
the record involved.
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e Example: d=e=2, I.e., 3 records in blocks of the index and main files.

B1
25| /|144
B2 B3 B4
9|, 64| [100 196 < |
B5 / B6 /57 \ B8 \ B9 B10 B11
1| 4 9|16 25| 36| 49| (64|81 10d121 144 168 196 225 | 256
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3. Insertion: to insert a record with key value v

m  Apply the lookup procedure to find the block B in which this
record belongs

m |f there are fewer than 2e-1 records in B, insert the new record In
sorted order

m |[f there are already 2e-1 records in B, create a new block B1 and
divide the records of B and the inserted record in two groups of e
records each. The first e go to block B and the remaining e to block
Bl.

m A record for B1 needs to be inserted in the parent record of B. The
Insertion procedure is applied recursively (with d in place of e) for
Inserting a record for B1 to the right of the record for B.
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3. Insertion: to insert a record with key value v

® If many ancestors of B have the maximum 2d-1 records, the effects
of Inserting a record may ripple up the tree. It is only ancestors of
B that are affected.

m If the insertion ripples up to the root, then the root node is split and
a new node with two children is created.

m Example: assume we want to insert the record with key value 32 in
the B-tree of the previous example

Record 32 belongs to B7, but B7 is full. A new block (B12) is
created and a record for B12 must be inserted in B3.

B3 is also full, so a new block (B13) is created.
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e Example: d=e=2, I.e., 3 records in blocks of the index and main files.

B1
25| /|144
B2 B3 B4
9|, 64| [100 196 < |
B5 / B6 /57 | BS\ B9 B10 B11
1| 4 9|16 25| 36| 49| (64|81 10d121 144 168 196 225 | 256

Record 32 belongs to B7, but B7 is full; a new block (B12) must be created and a record
must be inserted in B3. But B3 is also full.

HY 360 - Lecture 18
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B15

64

B14
144
B4
196 ~_
BO B10 B11
100121 144 16 196 225 | 256
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4. Deletion: to delete a record with key value v

m  Apply the lookup procedure to find the block B in which this
record belongs

B [f after the deletion, B still has e or more records, we’re done.

If the deleted record was the first in B, the value of the parent
record must be changed to contain the value of the new first key of
B.

m If B is the first child of its parent node, the parent has no key value
for B, so the parent’s parent must be changed. The process
continues until an ancestor Al of B is found that is not the first
child of its parent A2. Then, the new lowest value of B goes in the
record of A2 that points to Al.
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4. Deletion: to delete a record with key value v

m |f after deletion block B has e-1 records, we examine the block B1
that has the same parent as B and that is immediately next to B, If
B1 has more than e records, we distribute the records of B and B1
as evenly as possible, keeping them sorted.

m The key values in the parents of B and B1 may need to be
modified.

m If B1 has only e records, then combine the records of B and B1.
This requires that a record be deleted from the parent node.

e Example: delete the record with key value 64 in the B-tree of the
previous example.
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B15

64

B14
144
B4
196 ~_
BO B10 B11
100121 144 16 196 225 | 256

HY 360 - Lecture 18

39




TMavernorruio Kpritng, Turua EmoTriung YnoAoyiorwy

Physical DB Design

AnpnTpng NAeEouoakng

B-tree after the deletion of record 64

B14
25 /181
B13
100 196
B2 B3 =
9/, 36|,
B5 /86 /57/,/ B8
1] 4 9] 16 2532 /| |81/10d121
/ B12
3649
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e (Cost of Operations on B-trees:

m Assume that a file of n records is organized as a B-tree with
parameters d and e. Then the tree will have at most n/e leaf nodes
and n/de parent nodes of leaf nodes, n/d%e parents of parents of leaf
nodes, etc.

m [ookup: if there exist 1 nodes on a path from the root to a leaf node
where a particular record Is located, then i block accesses are
needed.

m For insertion, deletion and modification, 2 + logy (n/e) accesses are
required on average

m  We will assume that all operations take 2 + logg (n/e) block
accesses on average.
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e Example: A file contains 1,000,000 records of 200 bytes each. Blocks
are 212=4096 bytes long. The length of the key fields is 20 bytes.
Pointers take 4 bytes.

m e=10 (up to 20 records can fit in a block)

m 171 index records can fit in a block (171*20 + 171*4 = 4084).
Thus, d=86.

®m The expected number of block accessed per operation is
2 +1logq (n/e) = 2 + loggs (1000000 / 10) < 5
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«EkTTaideuon kai Ala Biou MaBnon» kail cuyxpnuarodoTeital atrd Tnv Eupwtraikn
‘Evwon (EupwTraiké Koivwviké Tapegio) kar atrd €éBvikoug TTépouc.

EMIXEIPHEIAKO NMPOrPAMMA
EKI'IAIAEYZH KAI AIA BIOY MAGHZH EZI-IA
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YNOYPTEIO NMAIAEIALX KAl BPHIKEYMATAQON

Me tn ouyxpnuatrodotnon tng EAAadag kat tng Evpwmnaikrg Evwong




2NUEIWHAT



2NMEIWHO 0OEI000TNONG

*To TTapov UAIKO diaTiBeTal e Toug 6poug TNG adelag xpriong Creative Commons Ava@opd
Anuioupyou - Mn EuTtropikr) Xprjon - I'Iapépom( Alavopr'] 4.0 Aigbveg [1] r'] METAYEVEOTEPN,
Aigbvnc EK500‘I’] E&oupouvml TQ GUTOTE)\I’] Epya Tplva .X. PWTOYPAPIEC, 6|aypappam
K.A.TT., T OTTOIQ EPTTEPIEXOVTAI O€ AUTO KAl T OTToia ava@EpovTal Hadi U Toug OPOUG XPrnong
TOUG OTO «2nueiwpa Xprnong Epywv Tpitwwv».
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[1] http://creativecommons.org/licenses/by-nc-sa/4.0/

*()0¢ Mn EpTtropikn opileTal n xpron:
—rmou &gV MePNAUBAVEL AUETO 1] EUECO OLKOVOULKO ODEAOC QO TNV XPrON TOU £pYOU, YLa TO SLAVOUEX TOU £pYOU
Kat adelodoxo

—rmou &ev MepNAUBAVEL OLKOVOLLKT) cuVaAAayr w¢ tpolmoBeon yla Tt xprion rn npocBaocn oto €pyo

—1tou Sev npooTmopilel 0To SLavopEa Tou €pyou Kol adelodOX0 ELLUETO OLKOVOULKO 0deAOG (m.x. Stadnuioelg) amo
TNV npoPoAn tou €pyou o€ SLaSIKTUOKO TOTIO

*O dIKAIOUXOC UTTOPEI va TTAPEXEI OTOV AOEIOOOXO CEXWPIOTH AdEIQ VA XPNOIUOTTOIEI TO £pYO
yia EUTTOPIKA XPron, Epooov autd Tou (NTNOE.



2NUEIWNO Ava@opag

Copyright MNavemoTtApio KpAtng, AnunTteng MNMAe¢oucdkng. «Apxeia kol Baoeig
Aedopévwyv. AIdAegn 18n: Puoikn xediaon Baceswv Agdopévwyvy. ‘Ekdoon:
1.0. HpdkAcio/P€Bupvo 2014. AiaB€oipo atrd tn dikTuakr) dieubuvon:
http://www.csd.uoc.gr/~hy360/



