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.H? Multiple-Key Access

® Use multiple indices for certain types of queries.

® Example:
select account_number 0}, N (r)
from account
where branch_name = “Perryridge” and balance = 1000
® Possible strategies for processing query using indices on single
attributes:

1. Use index on branch_name to find accounts with balances of $1000;
test branch_name = “Perryridge”.

2. Use index on balance to find accounts with balances of $1000; test
branch _name = “Perryridge”.

3. Use branch _name index to find pointers to all records pertaining to
the Perryridge branch. Similarly use index on balance. Take
intersection of both sets of pointers obtained.

i
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:ﬁ? Example (Cont.)

hash prefix
3 A-217 [Brighton | 750
] A-222 |Redwood | 700
' 2
] A-101 [Downtown| 500
il A-110 |Downtown| 600
3
1 A-215 [Mianus 700
1 A-305 |Round Hill| 350
ucket address table 3 3
A-102|Perryridge | 400 A-218 [Perryridge( 700
A-201 |Perryridge | 900
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jg.ztendable Hashing vs. Other Schemes

® Benefits of extendable hashing:
* Hash performance does not degrade with growth of file
* Minimal space overhead

® Disadvantages of extendable hashing
* Extra level of indirection to find desired record

* Bucket address table may itself become very big (larger than
memory)

= Need a tree structure to locate desired record in the structure!
* Changing size of bucket address table is an expensive operation

® Linear hashing is an alternative mechanism which avoids these
disadvantages at the possible cost of more bucket overflows
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'S

® Cost of periodic re-organization
® Relative frequency of insertions and deletions

® |s it desirable to optimize average access time at the expense of
worst-case access time?
® Expected type of queries:

* Hashing is generally better at retrieving records having a specified
value of the key.

* |f range queries are common, ordered indices are to be preferred
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5}4? Bitmap Indices

® Bitmap indices are a special type of index designed for efficient
querying on multiple keys
® Records in a relation are assumed to be numbered sequentially
from, say, O
* Given a number n it must be easy to retrieve record n
= Particularly easy if records are of fixed size
® Applicable on attributes that take on a relatively small number of
distinct values
* E_g. gender, country, state, ...
* E.g. income-level (income broken up into a small number of levels
such as 0-9999, 10000-19999, 20000-50000, 50000- infinity)

® A bitmap is simply an array of bits
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.H? Bitmap Indices (Cont.)

® |n its simplest form a bitmap index on an attribute has a bitmap
for each value of the attribute

* Bitmap has as many bits as records

* |n a bitmap for value v, the bit for a record is 1 if the record has the
value v for the attribute, and is 0 otherwise

record income Bitmaps for gender ~ Bitmaps for
number | name |gender | address level m 10010 incone_level
0 John m | Perryridge | L1 ~ L1 |[10100
S £ l01101)
1 | Diana| f |Brooklyn | L2 pM \K¢ L2 [01000
2 Mary | f Jonestown L1 L3 [000 (1 ]
3 Peter m Brooklyn L4 L4 00010
= Kathy| f Perryridge | L3 L5 [ 00000
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6} } Bitmap Indices (Cont.)

® Bitmap indices are useful for queries on multiple attributes
* not particularly useful for single attribute queries

® (Queries are answered using bitmap operations
* |ntersection (and)
% Union (or)
* Complementation (not)

® Each operation takes two bitmaps of the same size and applies
the operation on corresponding bits to get the result bitmap
* E.g. 100110 AND 110011 = 100010

100110 OR 110011 =110111
NOT 100110 =011001

* Males with income level L1: 10010 AND 10100 = 10000
= Can then retrieve required tuples.
= Counting number of matching tuples is even faster
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6} } Bitmap Indices (Cont.)

® Bitmap indices generally very small compared with relation size

* E.g. if record is 100 bytes, space for a single bitmap is 1/800 of space
used by relation.

= If number of distinct attribute values is 8, bitmap is only 1% of relation size
® Deletion needs to be handled properly
* Existence bitmap to note if there is a valid record at a record location
* Needed for complementation
= not(A=v): (NOT bitmap-A-v) AND ExistenceBitmap
® Should keep bitmaps for all values, even null value

* To correctly handle SQL null semantics for NOT(A=v):
= intersect above result with (NOT bitmap-A-Null)
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ﬁ.};cient Implementation of Bitmap Operations

® Bitmaps are packed into words; a single word and (a basic CPU
instruction) computes and of 32 or 64 bits at once

* E_.g. 1-million-bit maps can be anded with just 31,250 instruction
® Counting number of 1s can be done fast by a trick:

* Use each byte to index into a precomputed array of 256 elements
each storing the count of 1s in the binary representation

= Can use pairs of bytes to speed up further at a higher memory cost
* Add up the retrieved counts
® Bitmaps can be used instead of Tuple-ID lists at leaf levels of
B*-trees, for values that have a large number of matching records
* \Worthwhile if > 1/64 of the records have that value, assuming a tuple-
id is 64 bits

¥ Above technique merges benefits of bitmap and B*-tree indices
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.»4? Index Definition in SQL

® (Create an index

create index <index-name> on <relation-name>
(<attribute-list>)

E.g.: create index b-index on branch(branch_name)

® Use create unique index to indirectly specify and enforce the

condition that the search key is a candidate key is a candidate
key.

* Not really required if SQL unique integrity constraint is supported

® To drop an index
drop index <index-name>
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5} } Grid Files

® Structure used to speed the processing of general multiple
search-key queries involving one or more comparison
operators.

The grid file has a single grid array and one linear scale for
each search-key attribute. The grid array has number of
dimensions equal to number of search-key attributes.

Multiple cells of grid array can point to same bucket

® To find the bucket for a search-key value, locate the row and
column of its cell using the linear scales and follow pointer

TS
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.H? Example Grid File for account

-
Bi
LT T ) //’}/
4 | Townsend i i ! i : /:/
3 | Perryridge | 4 i i I i e /:/
Mianus i T LS A U R /
1 | Central i I Ww .
2 i e T
Linear scale for ! i : i i ,,/’T'
branch_name 1! N e T ]
e e R . i /:/
0 VO T AT
Grid Array 0 1 2 3 4 5 6
[ @K [ 1K 2K 5K | 10K | 50K | 100K Buckets
0 1 2 3 4 5 6

Linear scale for balance
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5}4? Queries on a Grid File

® A grid file on two attributes A and B can handle queries of all
following forms with reasonable efficiency

* (a,<A<a,)
* (b,<B<b,)
#* (a,<A<a, 0 b,<B<b,).,.
® E.g.,toanswer(a,<A<a, U b, <B<b,), use linear scales to

find corresponding candidate grid array cells, and look up all the
buckets pointed to from those cells.
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5}4? Grid Files (Cont.)

® During insertion, if a bucket becomes full, new bucket can be
created if more than one cell points to it.

* |dea similar to extendable hashing, but on multiple dimensions

* |f only one cell points to it, either an overflow bucket must be
created or the grid size must be increased

® Linear scales must be chosen to uniformly distribute records
across cells.

* Otherwise there will be too many overflow buckets.

® Periodic re-organization to increase grid size will help.
* But reorganization can be very expensive.

® Space overhead of grid array can be high.
® R-trees (Chapter 23) are an alternative
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Chapter 13: Query Processing

Overview

Measures of Query Cost
Selection Operation
Sorting

Join Operation

Other Operations
Evaluation of Expressions
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.H? Basic Steps in Query Processing

1. Parsing and translation
2. Optimization
3. E A

relational algebra
expression

Q>

execution plan

parser and
translator

query

evaluation engine
output

data statistics
about datz
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7’Basic Steps in Query Processing
(Cont.)

® Parsing and translation

* translate the query into its internal form. This is then translated into
relational algebra.

* Parser checks syntax, verifies relations
® Evaluation

¥* The query-execution engine takes a query-evaluation plan, executes
that plan, and returns the answers to the query.

3
;
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& } Basic Steps in Query Processing :
¢ ¥ Optimization

® A relational algebra expression may have many equivalent
expressions

* E.9., O, .nce<2500(l (account)) is equivalent to

|_|balance(O-balance<2500(accountD

® Each relational algebra operation can
several different algorithms

* Correspondingly, a relational-algebra expression can be evaluated in

many ways.

® Annotated expression specifying detailed evaluation strategy is

called an evaluation-plan.

* E.g., can use an index on balance to find accounts with balance < 2500,

* or can perform complete relation scan and discard accounts with
balance = 2500

evaluated using one of
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.H? Basic Steps: Optimization (Cont.)

® Query Optimization: Amongst all equivalent evaluation plans
choose the one with lowest cost.

* Cost is estimated using statistical information from the
database catalog

= e.g. number of tuples in each relation, size of tuples, etc.
® |n this chapter we study
* How to measure query costs
* Algorithms for evaluating relational algebra operations

* How to combine algorithms for individual operations in order to
evaluate a complete expression

® |n Chapter 14

* \We study how to optimize queries, that is, how to find an evaluation
plan with lowest estimated cost
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.H? Measures of Query Cost

® (Costis generally measured as total elapsed time for
answering query

¥* Many factors contribute to time cost
= disk accesses, CPU, or even network communication

® Typically disk access is the predominant cost, and is also
relatively easy to estimate. Measured by taking into
account

%* Number of seeks * average-seek-cost
¥ Number of blocks read * average-block-read-cost

* Number of blocks written * average-block-write-cost

= Cost to write a block is greater than cost to read a block

@ data is read back after being written to ensure that the write was
successful
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& } Measures of Query Cost (Cont.)

® For simplicity we just use the number of block transfers from disk
and the number of seeks as the cost measures

* {.— time to transfer one block
* ., — time for one seek

* Cost for b block transfers plus S seeks
b*t:+S *t
® \We ignore CPU costs for simplicity
* Real systems do take CPU cost into account
We do not include cost to writing output to disk in our cost formulae

Several algorithms can reduce disk IO by using extra buffer space

* Amount of real memory available to buffer depends on other concurrent
queries and OS processes, known only during execution

= We often use worst case estimates, assuming only the minimum amount of
memory needed for the operation is available

® Required data may be buffer resident already, avoiding disk 1/0O
* But hard to take into account for cost estimation
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.H? Selection Operation

® File scan — search algorithms that locate and retrieve records
that fulfill a selection condition.
® Algorithm A1 (linear search). Scan each file block and test all
records to see whether they satisfy the selection condition.
% Cost estimate = b, block transfers + 1 seek
= b, denotes number of blocks containing records from relation r
* |f selection is on a key attribute, can stop on finding record
= cost = (b,/2) block transfers + 1 seek
* Linear search can be applied regardless of
= selection condition or

= ordering of records in the file, or
= availability of indices
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:ﬁ? Selection Operation (Cont.)

® A2 (binary search). Applicable if selection is an equality
comparison on the attribute on which file is ordered.

* Assume that the blocks of a relation are stored contiguously

* Cost estimate (number of disk blocks to be scanned):
= cost of locating the first tuple by a binary search on the blocks
@ Uog,(b)U" (t; + t5)
= If there are multiple records satisfying selection

€ Add transfer cost of the number of blocks containing records that satisfy
selection condition

€ Will see how to estimate this cost in Chapter 14
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Index scan — search algorithms that use an index
* selection condition must be on search-key of index.
® A3 (primary index on candidate key, equality). Retrieve a single
record that satisfies the corresponding equality condition
* Cost=(h.+1)*(t +t,)
® A4 (primary index on nonkey, equality) Retrieve multiple
records.

* Records will be on consecutive blocks
= Let b = number of blocks containing matching records

* Cost=h *(t;+t;)+t,+t.*b
® A5 (equality on search-key of secondary index).

* Retrieve a single record if the search-key is a candidate key
= Cost = (h,+ 1) * (t, + t,)

* Retrieve multiple records if search-key is not a candidate key
= each of n matching records may be on a different block
= Cost= (h.+n) *(t; + )

€ Can be very expensive!
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Y Selections Involving Comparisons
®

Can implement selections of the form o, (r) or 0, ,(r) by using

* 3 linear file scan or binary search,
¥ or by using indices in the following ways:

® AG (primary index, comparison). (Relation is sorted on A)
= For g, . (r) use index to find first tuple = v and scan relation sequentially
from there
= For g, (r) just scan relation sequentially till first tuple > v; do not use index

® A7 (secondary index, comparison).
= For g, . ,(r) use index to find first index entry > v and scan index sequentially
from there, to find pointers to records.
= For g, (r) just scan leaf pages of index finding pointers to records, till first
entry > v
= |n either case, retrieve records that are pointed to

@ requires an 1/O for each record
€ Linear file scan may be cheaper
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jigplementation of Complex Selections

® Conjunction: o, .. .(r)

® A8 (conjunctive selection using one index).
#* Select a combination of 8, and algorithms A1 through A7 that
results in the least cost for g, (r).
* Test other conditions on tuple after fetching it into memory buffer.

® A9 (conjunctive selection using multiple-key index).
* Use appropriate composite (multiple-key) index if available.

® A10 (conjunctive selection by intersection of identifiers).
* Requires indices with record pointers.

* Use corresponding index for each condition, and take intersection
of all the obtained sets of record pointers.

%* Then fetch records from file

* |f some conditions do not have appropriate indices, apply test in
memory.
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:g:Algorithms for Complex Selections

® Disjunction:o, U, L. .. . (n).

® A11 (disjunctive selection by union of identifiers).

* Applicable if all conditions have available indices.
= QOtherwise use linear scan.

* Use corresponding index for each condition, and take union of all the
obtained sets of record pointers.

% Then fetch records from file
® Negation: o_g(r)
% Use linear scan on file

* |f very few records satisfy =6, and an index is applicable to 6
= Find satisfying records using index and fetch from file
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5}4? Sorting

® \We may build an index on the relation, and then use the index to
read the relation in sorted order. May lead to one disk block
access for each tuple.

® For relations that fit in memory, techniques like quicksort can be
used. For relations that don't fit in memory, external
sort-merge is a good choice.
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Let M denote memory size (in pages).
B Create sorted runs. Let/be 0 initially.

Repeatedly do the following till the end of the relation:
(a) Read M blocks of relation into memory
(b) Sort the in-memory blocks

(c) Write sorted data to run R;; increment /.

Let the final value of ibe N
B Merge the runs (next slide).....
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.H? External Sort-Merge (Cont.)

B Merge the runs (N-way merge). We assume (for now)
that N < M.

m Use N blocks of memory to buffer input runs, and 1 block to
buffer output. Read the first block of each run into its buffer

page
B repeat
B Select the first record (in sort order) among all buffer pages

m  Write the record to the output buffer. If the output buffer is full
write it to disk.

m Delete the record from its input buffer page.
If the buffer page becomes empty then
read the next block (if any) of the run into the buffer.

® until all input buffer pages are empty:
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.H? External Sort-Merge (Cont.)

® |[f N> M, several merge passes are required.
* |n each pass, contiguous groups of M - 1 runs are merged.

* A pass reduces the number of runs by a factor of M -1, and
creates runs longer by the same factor.

= E.g. If M=11, and there are 90 runs, one pass reduces the
number of runs to 9, each 10 times the size of the initial runs

* Repeated passes are performed till all runs have been
merged into one.
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é

a |19 2119
g |24 d 31 b1 14 a|l4
Z 19 g |24 33 all9
31
S 1031 b |14
c |33 c |33
c 133 e |16
b |14 d| 7
e |16 g |24
16 d| 21
r |16 d 121 7 d | 31
d 21 3 Z - e |16
_ d| 21
pl|2 > m| 3
d| 7 a |14 f m 3 p| 2
a (14 d| 7 p| 2 r |16
. r |16
L p| 2
initial sorted
relation runs runs output
create merge merge
runs pass—1
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:ﬁ? External Merge Sort (Cont.)

® Cost analysis:
#* Total number of merge passes required: (log,, ,(b/M)U]

* Block transfers for initial run creation as well as in each pass
IS 2b,
= for final pass, we don’t count write cost

@ we ignore final write cost for all operations since the output of an
operation may be sent to the parent operation without being written to
disk

= Thus total number of block transfers for external sorting:
b, ( 2 tog,,,(b,/ M)T+ 1)

* Seeks: next slide
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® Cost of seeks
* During run generation: one seek to read each run and one seek to
write each run
= 2 [b,/MO
* During the merge phase
= Buffer size: b, (read/write b, blocks at a time)
= Need 2 [b,/ b,[Iseeks for each merge pass

@ except the final one which does not require a write

= Total number of seeks:
2 b,/ MO+ [b,/ b,[(2 og,, ,(b,/ M)C-1)
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5}4? Join Operation

® Several different algorithms to implement joins
* Nested-loop join
* Block nested-loop join
* |ndexed nested-loop join
* Merge-join
%* Hash-join
® Choice based on cost estimate
® Examples use the following information
¥ Number of records of customer. 10,000 depositor. 5000
* Number of blocks of customer: 400 depositor: 100
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5}4? Nested-Loop Join

® To compute the theta join Ny oS
for each tuple t_in r do begin
for each tuple f, in s do begin
test pair (,t,) to see if they satisfy the join condition 6

if they do, add ¢, - {, to the result.

end
end

® r is called the outer relation and s the inner relation of the join.

® Requires no indices and can be used with any kind of join
condition.

® Expensive since it examines every pair of tuples in the two
relations.
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:ﬁj Nested-Loop Join (Cont.)

® In the worst case, if there is enough memory only to hold one block of
each relation, the estimated cost is
n Ub, + b,
block transfers, plus
n +b,
seeks
® |f the smaller relation fits entirely in memory, use that as the inner

relation.
#* Reduces cost to b, + b, block transfers and 2 seeks

® Assuming worst case memory availability cost estimate is

* with depositor as outer relation:
= 5000 (0400 + 100 = 2,000,100 block transfers,
= 5000 + 100 = 5100 seeks

* with customer as the outer relation
= 10000 0100 + 400 = 1,000,400 block transfers and 10,400 seeks
® |f smaller relation (depositor) fits entirely in memory, the cost estimatepss
will be 500 block transfers. i
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.H? Block Nested-Loop Join

® Variant of nested-loop join in which every block of inner
relation is paired with every block of outer relation.

for each block B, of r do begin
for each block B, of s do begin
for each tuple ¢ in B, do begin
for each tuple ¢, in B, do begin
Check if (t,t,) satisfy the join condition
if they do, add t. t, to the result.

end
end
end
end
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} Block Nested-Loop Join (Cont.)

3
;

® Worst case estimate: b, Llb, + b, block transfers + 2 * b, seeks

¥ Each block in the inner relation s is read once for each block in the
outer relation (instead of once for each tuple in the outer relation

® Best case: b, + b, block transfers + 2 seeks.

® |mprovements to nested loop and block nested loop
algorithms:

* |n block nested-loop, use M — 2 disk blocks as blocking unit for
outer relations, where M = memory size in blocks; use remaining
two blocks to buffer inner relation and output

= Cost= [b,/(M-2)U0b, + b, block transfers +
2 [b, / (M-2)Useeks
* |f equi-join attribute forms a key or inner relation, stop inner loop
on first match

* Scan inner loop forward and backward alternately, to make use of
the blocks remaining in buffer (with LRU replacement)

* Use index on inner relation if available (next slide)
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& } Indexed Nested-Loop Join

® |ndex lookups can replace file scans if
¥ join is an equi-join or natural join and
* an index is available on the inner relation’s join attribute
= Can construct an index just to compute a join.

® For each tuple t in the outer relation r, use the index to look up
tuples in s that satisfy the join condition with tuple t..

® \Worst case: buffer has space for only one page of r, and, for each
tuple in r, we perform an index lookup on s.

® Cost of the join: b, (t,+t5) + n Uc

* \Where c is the cost of traversing index and fetching all matching s
tuples for one tuple or r

* ¢ can be estimated as cost of a single selection on s using the join
condition.

® |f indices are available on join attributes of both rand s,
use the relation with fewer tuples as the outer relation.
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ES\:g?iixample of Nested-Loop Join Costs

X

® Compute depositor customer, with depositor as the outer
relation.

® [ et customer have a primary B*-tree index on the join attribute
customer-name, which contains 20 entries in each index node.

® Since customer has 10,000 tuples, the height of the tree is 4, and
one more access is needed to find the actual data

® depositor has 5000 tuples

® Cost of block nested loops join

* 400*100 + 100 = 40,100 block transfers + 2 * 100 = 200 seeks
= assuming worst case memory
= may be significantly less with more memory

® (Cost of indexed nested loops join
* 100 + 5000 * 5 = 25,100 block transfers and seeks.
¥* CPU cost likely to be less than that for block nested loops join
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5}4? Merge-Join

1. Sort both relations on their join attribute (if not already sorted on the
join attributes).
2. Merge the sorted relations to join them
1. Join step is similar to the merge stage of the sort-merge algorithm.

2. Main difference is handling of duplicate values in join attribute — every
pair with same value on join attribute must be matched

3. Detailed algorithm in book

al a2 al a3
pr ps
——>Jla | 3 —»f{a | A
b| 1 b |G
d| 8 GoilirlE
d |13 d|N
f m| B
m
q

CIS 560: Database System Concepts W ednesday, 02 Apr 2008 Computing & Information Sc'iencclas
Kansas State University



