DBM S Intemals
H ow does itallwork?

M ay 31d, 2004

W hatShould aDBM SDo?

¢ Store large am ounts of data

e Process queries efficiently

¢ A Tow multple users to access the database
concunently and safely.

¢ Provide durability of the data.

e How willwe do allthis??

Agenda

e Comm ents on phase 2 of the profect
e HW 3 isout.
¢ Today:DBM S mtemalspartl —
- Indexing
— Query execution
® N extw eek: query optin ization.

‘ Q uery com pikroptin m‘

Q uery execution
pkn

M amn Pomtsto Take Aw ay

® IO m odelof com putation
- W e only countaccesses to disk.
e Tndexing:
- Basic techniques: B +-tree, hash Indexes
- Secondary indexes.
¢ E fficient operator in plem entations: join
e Optim ization: from whatto how .

TheM em ory H ferarchy

ManM emory Disk Tape
& olatile *5-10MBAS *15M B/ tensferme
olin ited address ?ﬂmﬁ:lrates ©280 GB typical
*Giso e i
paces . -a\zxage t'mmgtn oc():afa el ;
® expensive 1y sequentialaccess
eaverage acoess accessa block: oN ot foroperational
tine: 10—15msecs.v daa
10-100 nanoseconds *Nexd© oonsﬂer
seek, rotation,
transfertin es.

Cache:
access tin e 10 nano’s

e K eep records “close”

o each other.




M ainM em ory

e Fastest, m ostexpensive
e Today:512M B-2GB are common on PCs
e M any databases could fit In m em ory
- New industry trend:M ainM em ory D atgbase
-EgTinesTen
e M ain issue isvolatlity

Secondary Storage

e Disks

e Slow er, cheaperthan m ain m em ory
® DPergistent !!!

® Used w ith am ain m em ory buffer

BufferM anagementinaDBM S

Page Requests from Higher Levels

BUFFER POOL I

disk page

free frame

MAIN MEMORY

— |~

DISK —————) choice of frame dictated
m by replacement policy
—

e Datmmustbe nRAM forDBM S to operate on it!
e Tabk of< frame#, pageid> pairs ismantained.
e LRU isnotalwaysgood.

BufferM anager
M anagesbufferpool: the poolprovides space fora lim ited
num berof pages from disk.

N eeds to decide on page replacem entpolicy .

Enables the higher levels of the DBM S to assum e that the
needed data isinmainmemory.

W hy notuse the O perating System forthe task??
-DBM S m ay be able to anticipate access pattems

-Hence, may also be able to perform prefetching
-DBM S needs the ability to force pages to disk..

Tertary Storage

e Tapes oroptical disks
e Extrem ely slow : used for Iong term
archiving only

TheM echanicsof D isk

M echanical characteristics:

e Rotation speed (5400RPM )
e Numberofplhtters (1-30)

e Num berof ttacks (<=10000)
e Num berofbytestrack 10°)
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D ik A ccess Characteristcs

D ik ltency = tin e betw een when comm and is issued and
when data is hm en ory
e Isnotfollow ingM core’sLaw !

e D isk htency = seek tin e + otational latency
— Seek tim e = tin e forthe head to reach cylinder
® 10ms-40ms
- Rotational Jatency = tin e forthe sectorto wtate
® Rotationtine = 10ms
* Average latency = 10m s/2
Transfertn e = typically 10M B &
D isks read Av rite one block ata tin e (typically 4kB)

The IO M odelof C om putation

e Tnhm ain mem ory algorithm sw e care about
CPU time

¢ Th databases tim e isdom nated by IO cost

e A ssum ption : cost isgiven only by 10

e Consequence: need to redesign certain
algorithm s

e W ill iMustate here w ith sorting

Sorting

¢ TTistrates the difference n algorithm design
when yourdata isnot nm ainm em ory:
— Problem : sort1Gb of daa w ith 1M b of RAM .
e Arises in m any places in database system s:
- Data requested In sorted oxder ORDER BY)
- N eeded forgrouping operations
- Firststep I sortm erge join algorithm
- Duplicate rem oval
- Buk loading of B +-tree Indexes.

2W ayM erge-sort:

Requires 3 Buffers
® Pass1:Read apage, sort it, w rite it.
- only one bufferpage isused
® Pass2,3,.. ,etc.:
- three bufferpagesused.
INPUT 1
D
INPUT 2
Disk l’;”j_if';r:‘emory Disk

TwoW ay ExtemalM erge Sort

Each passw e read + w rite each
page In file.

PASS 2

So total cost is: :

=[bg,N]+1

o [ e fw fy

. PASS 3
Tn provem ent: sartw ith largerming

Sort1GB with 1M B memory n 10
passes

2N [1og, ¥ ]+1)

PASS 0
(4 26l [sg) [1d [ 2] [2] M 3vageruns
N pages in the file => the number PASS1
Of #pagemns

4-page runs

8-page mn

CanW eDoBetter?

® W ehavem oremain m em ory
e Should use itto in prove perform ance




CostM odel forO urA nalysis

e B: Block size

e M :Size ofmamnmemory

e N : Num berof records in the file
® R : Size of cne record

ExtemalM emge-Sort

e Phaseone: load M bytes In m em ory, sort

- Result:mnsof lengthM R records

M R recordds

Disk

M bytes of main memory

Ty

Disk

Phase Two

e MemeM B -1 mnsnwanew mn
® Result:mmshavenow M R M B - 1) records

> | .| Tputl
e ﬂ —
e

Disk M bytes of main memory Disk

Phase Three

e MemeM B -1 mnshtoanew mn

e Result: mnshavenow M R M B - 1)? records

> | .| Tputl

T

|| TputM B

M bytes of main memory

Disk

Disk

Costof ExternalM erge Sort

® Num berof passes: 1+ X9, 5 NR M ]
e Think differently
-GivenB =4KB, M =64MB,R = 01KB
- Passl: mnsof lengthM R = 640000
e Havenow sorted mns of 640000 records
- Pass2: nms hcrease by a factorof M B - 1 = 16000
e Havenow sorted minsof10,240,000,000 = 10'° records
- Pass3: nmns increase by a factorofM B - 1 = 16000
e Havenow sorted nnsof 10 records
® N cbody has somuch data !

e Can sorteverything in 2 or3 passes !

N um berof Passes of Extemal

N B=3
100 7
1,000 10
10,000 13
100,000 17

1,000,000 20
10,000,000 23
100,000,000 @ 26
1,000,000,000 30

B :num berof fram es n the bufferpoo]; N : num berof pages n relation .

B=5 B=9 B=17 B=129 B=257

Sort
4 3
5 4
7 5
9 6
0 7
12 8
14 9
15 10
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D ata Storage and Indexing

Representing D ata E Jem ents

e Relational database elem ents:

CREATE TABLE Product (

pdINT PRMARY KEY,

nam e CHAR (20),

description VARCHAR (200),

makerCHAR (10) REFEREN CES Com pany (am e)
)

e A tuple is represented as a record

Reocord Fom ats: Fixed Length

F1l F2 F3 F4
<—Ll‘-< L2 L3 ‘ L4 ‘

Base address (B) Address = B+L1+L2

e Tnfom ation about field types sam e forall
records n a file; stored In system catalogs.

e Finding i'th field requires scan of record.

e Note the in portance of schem a inform ation !

Record H eader
To schem a
‘ Tbngth F1l F2 F3 F4
| ‘ ‘}-—Ll% L2 H L3 ‘L4 ‘
header,
tm estam p
N eed the headerbecause:
oThe schem am ay change

foraw hile new +old m ay coexist
R ecords from differentrelationsm ay coexist

V ariable Length R ecords
O therheader infom ation
header F1l F2 F3 F4
‘ ‘ <—Ll*-< L2 L3 ‘ L4 ‘
| E— y

Ength

Place the fixed fields first: F1,F2

Then the variablke kngth fields: F3, F4
Nullvalies ake 2 bytes only

Som etin es they take 0 bytes when atthe end)

RecordsW ith Repeating Fields

O therheader inform ation

'TMFLT# j \H\m
i———— ][]

Needed eg. n ObectR eltional system s,
or fancy representations of m any-m any relationships




Storing Records in B Jocks

e B Iockshave fixed size (yypically 4k)

BLOCK

mR4 -

Storage and Indexing

e How do w e store efficiently large am ounts
of da@?

e The sppropriate storage depends on w hat
kind of accesses w e expect to have to the
data.

® W e consider:

- prin ary storage of the data
— additional Indexes (very very in portant) .

CostM odel forO urA nalysis

* A sagood approxin ation, w e ignore CPU
costs:
- B : Thenumberof data pages
— R : Num berof records perpage
-D: @Average) tim e to read orw rite disk page
- M easuring num berof page I0 ‘s ignores gains of
pre-fetching blocks of pages; thus, even IO cost

File O ganizations and
A ssum ptions
® Hegp Files:
— Equality selection on key; exactly cnem atch.
— Insertalw aysatend of file.
e Sorted Files:
— Files com pacted afterdeletions.
- Selkectionson sortfield (s) .
e Hached Files:
— No overflow buckets, 80% page occupancy .
Single record nsertand delete.

is only approxin ated.
- Average-case analysis; based on several
sim plistic assum ptions.
Costof O perations
Heap Sorted Hashed
File File File
Scan all recs

Equality Search
Range Search
Insert

Delete

Indexes

o An ndexon a fike gpeedsup selections on the search key

fields forthe index.
— Any subsetof the fieldsof a relation can be the search key foran
- Search key isnotthe sam e askey fn inin al setof fields that
uniquely dentify a record 1 a wlation).

¢ An ndex contains a collection of data entries, and

supports efficient retrieval of all data entries w ith a given
key valiek.




Thdex C Jassification Prim ary Index

e Prin ary/secondary e File is sorted on the Index attribute

¢ C ustered Anclustered e D ense ndex: sequence of key pointey) pairs
o Dence/gparse =

= o ]

e B+ ttree /Hash Ebke /... =1 of

= [ ]

- of

[0 ]

ol

lof

, Prin Ihdex w ith D uplicate
Prim ary Index oy P
Keys
¢ Sparse Index ¢ Dense ndex:
R — s I £ —
1
O — T
B
- E
I
ol ]
Prim ary Tndex w ith D uplicate Prim ary Index w ith D uplicate
Keys Keys
® Sparse Index : pointerto low est search key e Better: polnterto lowestnew search key in

i each block: b each block:
-  —
.
_ o Serch for20 I E—
_ = - I
. = i 0] 4
-
20 =
20 -

from here

e Search for20

® Search for15?357?




Secondary Tndexes

e To Index otherattributes than prim ary key
e Alwaysdense Why ?)

C usterad U nclusterad

e Prim ary Indexes = usually clustered
e Secondary indexes = usually unclistered

C lustered vs. U nclustered Thdex

Data entries .
.-1-1-

ex Fik SR~ X
V‘ <X

N
HE
DataRecords Data Records
CLUSTERED UNCLUSTERED

Secondary Tndexes

e A pplications:
— Index other attributes than prin ary key
- Index unsorted files (hesp files)
- ndex clustered data

A pplications of Secondary ndexes

e Clustered data
Com pany fham e, city) , Productid, m aker)

Sekectcity Sekectpid
From Com pany, Product] From Com pany, Product]
W here nam e=m aker W here nam e=m aker

and pid="p045” and city="Seattle”
Products of com pany 1 Productsofcompany 2 Products of com pany 3
— — —A

Company 1 Com pany 2 Com pany 3

Com posite Search K eys

e Composite Search Keys: Search Examples of composite key

on a com bination of fields. indexes using lexicographic order.

— Equality query: Every field . "
value isequalto a constant =
value.E g.wrt<salage> nam eage sal N
md@{: bob 1. 10 13

® age=20 and sal=75 <age,sab cal 11 80 <age>

- Range query: Som e field Fe 1220

. 1012 1 15 10
value isnota consent.E g.: e
Data records 20
® age =20;0rage=20 and sorted by name
sal> 10 80
<sal age> <sab
Data entries in index Data entries
sorted by <sal,age> sorted by <sal>




B+ Trees

® Search trees
¢ JeammB Tiees:

- make 1 node = 1 block
® THea M B+ Trees:

- M ake leaves Into a Iinked list (@nge queries are
easier)

B+ TreesBasics

® Param eterd = the degree

e Each node has >= d and <= 2d keys (exceptroot)
EINEENE

—
Keysk < 30
Keys30<=k<120 Keys120<=k<240

e Each leafhas >=d and <= 2d keys:

[s0 [so] oo ]
ENNRENEE Nextaf

Keys240<=k

B+ Tree Exam ple

d=2

L Ll [ T]

Find the key 40

100 | 120 | 140

20340¢ 60 S
=

|10‘1s‘1e‘ | 20‘30‘40‘50”50‘55‘ | B‘Bs‘go‘ |

L L INE \I [T

o b hmgt

B+ TreeDesign

e How larged ?
e Example:
- Key size = 4 bytes
- Pontersize = 8 bytes
- Block size = 4096 byes
e 2dx4 + d+1)x8 <= 4096
e d=170

SearchingaB+ Tree

e Exactkey valies:

Selectnam e
- Startatthe root From peopk
- Procead down, to the leaf W hereage = 25
® Range queries: Sekectnam e
- A sabove From people
W here 20 <= age
- Then sequential traversal and age <= 30

B+ Trees In Practce

e Typicalorer:100. Typical fill-factor: 67% .
- average fanout= 133
e Typicalcapacites:
- Height4:133* = 312,900,700 records
- Heiht3:133*= 22352637 records
e Can often hold top Jevels n bufferpool:
- Levell = lpage = 8Kbytes
- Level2=  133pages= 1Mbye
— Level3 = 17,689 pages = 133 M Bytes




Hash Tables

e Secondary storage hash tables are m uch like
m ain m em ory ocnes
e Recallbasics:
— There aren buckets
- A hash fimction fk) mapsakey ko {0,1,.. ,n-1}
- Store n bucket f k) a ponterto record w ith key k
® Secondary storage: bucket = block, use
overflow blocksw hen needed

Hash Table Example

e A ssum e 1 bucket plock) stores 2 keys +
ponters

e hE)=0 0

* ho)=h (=1 B

e hg)=2

e hi@)=h(c)=3

e

©

Tnsertion in Hash Table

e Place in rightbucket, if space
e Eg.hd)=2

e

\S)
Qo e |m o

Searching maHash Table
e Search fora:
e Computeh@)=3
e Read bucket3 0
e 1 disk access 1 kf’
2 g
3 a
Theertion In Hach Table

e Create overflow block, ifno space
e Eg.hk)=1

N
Qe | jQ |m o

H ash Table Perform ance

o Excellent, if no overflow blocks

e D egrades considerably w hen num berof
keys exceeds the num berof buckets (Ie.
m any overflow blocks).

e Typically, we assum e thata hash-loockup
takes12 IO s.
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W here arewe?

e File organizations: sorted, hashed, heaps.
e Thdexes: hash ndex, B +-tree

e Thdexes can be clustered ornot.

e D ata can be stored In the Index ornot.

® Hence, when we access a relation, w e can
eitherscan orgo through an index:
- Called an accesspath.

Cunent Issues n Indexing

e M ulb-din ensional indexing:
— how do w e Index regions in space?
— D ocum ent collections?
- M uld-din ensional sales data
- How do w e supportnearestneighbor queries?

e Tdexing is stilla hotand unsolved
problem !

M ulddin ensional Tdexes

e A pplications: geographical databases, data cubes.
e Typesof queries:

— partialm atcth @ive only a subsetof the din ensions)

— 1ange queries

— nearestneighbor

— Wheream I? OB ornotDB?)
e Conventional ndexes don’tw ork w ellhere.

Thdexing Techniques

e Hach lke suctures:

- Grd files

— Partitioned indexing functions
o Tree like shuctures:

- M ultple key indexes

— kd-trees

- Quad trees

- R4rees

500K eEach region In the
* . % conesponds o a
250K * bucket.
oW orkswelleven if
200K w e only have partial
90K m atches
Sahry . e ® Som e bucketsm ay
beempty.
R ecrganization requires|
10K m oving grid Ines.
) 15730 3B 102 -anberofbudclets
Age grow s exponentially
w ith the din ensions.

Partitoned H ash Functons

e A hash function produces k bits dentifying the
bucket.
e The bits are partitioned am ong the different
attrbutes.
e Example:
— Age produces the first 3 bits of the bucketnum ber.
— Salary produces the Jast 3 bits.
e Supports partalm atches, but isuseless for range
queries.

11



Tree Based Indexing Techniques

*

P\ daptation to secondary storage: KD TI%S

oA Tow muliw ay branches
atthenodes, or

*G roup Interbrnodes
Into blocks.

50,275
Salary, 300 60,260
85,140 ‘
‘ 4 50,100
IAge, 3
50,120 30,260 25,400
25,60 | [45,60 45,350
50,75
R Trees
¢ Tnteriornodes contain sets
of regions.
® R egions can overlap and not
coverall parent’s region.
e Typicalquery:

*W heream I?
e Can be used to store regions
asw ellas data points
e Tnserting anew region may
Involve extending one of the
existing regions fn inin ally).
¢ Splitting leaves isalso tricky .

M ultple K ey Tndexes
— eEach kvelasan index forcne
of the attrbutes.
E oW oksw ell forpartialm atches
if them atch Includes the first
— attrbutes.
Thdex on
first Thdex on
attrbute second
attrbute
Quad Trees

OEachanﬁornodeconegxmds4OOK

o a square region (ork-din en) .
oW hen there are too m any points * * *

I the region to fit nto ablock,

*

plititn 4. *
® A ceess algorithm s sim flarto those * *

of KD -trees. *x

Salary * *
0 Age 100
ey 2 UESTY Execution

Q uery execution
pkn

Page
comm ands

12



Query Execution Plans

SELECT S.sname Myer
FROM Purchase P, Person Q
WHERE P.buyer=Q.name AND s
Q.city="seattle’ AND City=seattie/\ phone>'5430000"
Q.phone > ‘5430000

=

Query Plan: Buyername (S inple Nested Loops)
¢ logical tree
° j[n p]sn erlm.tk)n Purchase Person

. (fable scan) (hdex scan)
choice atevery
node Som e opemtors are fiom ehtbnal
e scheduling of abebm, and others € g., scan, gmoup)
operations ame not.

The Leaves of the Plan : Scans

e Table scan: iemte through the records of
the relation.

e Tdex scan:go to the ndex, from there get
the records In the file when would thisbe
better?)

e Sorted scan : produce the relation in order.
In plem entation depends on relation size.

How do w e com bine O perations?

e The itewatorm odel. Each operation is in plem ented by 3
fimctions:
— Open:setsup the data stuctures and perform s nitializations
- GetlVext: retums the the next tuple of the result.
- Close:ends the operations. C Jeans up the data somctures.

e Enabkespipelining!

e Contmastw ith data-driven m aterialize m odel.

e Sometines it'sthe same (eg., sorted scan).

In plem enting R elational
O perations

e W ew illconsiderhow to in plem ent:
- Selection (S ) Selectsasubsetof row s from relation.
- Prokction (p) Delktesunw anted columns fiom
rlation.
—-Joln (> ) Albwsusto combie two relations.
- Setdifference Tuples n reln.1,butnotin reh.2.
- Unin Tuplksihreh.land hreh.2.
- Aggregation (SUM ,M I, etc.) and GROUP BY

Schem a forExam ples
Purchase (buyer:string, seller: string, product: integer),
Person (name:string, city:string, phone: integer)

e Purchase:
- Each tuple is40 bytes Iong, 100 tuplesperpage, 1000

pages (ie., 100,000 tuples, 4M B forthe entire relation) .

® Person:

- Each tuple is 50 bytes long, 80 tuplesperpage, 500
pages (ie,40,000 tuples, 2M B forthe entire relation) .

SELECT *
Sinple Selections FROM Person R
WHERE R.phone < ‘543%’
e O fthe fom s (R)

R .atr Op value

e W ihno index, unsorted: M ustessentially scan the w hoke relation;;
costisM fpagesR).

e W ih an dex on selection attribute: U se ndex to find qualifying
data entries, then retrieve comesponding data records.  H ash index
usefiilonly forequality selections.)

e Resultsize estin ation:

(Size ofR) * reduction factor.
M ore on this Jter.

13



U sing an ndex for Selections
e Costdepends on #qualifying tuples, and clustering.

— Costof finding qualifying data entries (typically sm all) plus cost
of retrieving records.

— Tn exam plk, assum Ing uniform distribution of phones, about54%
of tuples qualify (500 pages, 50000 tuplks). W ith a clustered
Index, cost is little m ore than 500 I0 s; funclustered, up to 50000
0Os!

e Tmportantrefinem ent forunclistered ndexes:
1.Find sortthe rid’s of the qualifying data entries.

2 .Fetrh rids In order. This ensures thateach data page is Iooked at
Justonce (though # of such pages lkely to be higherthan w ith
clustering) .

Tw o Approaches to G eneral

Selections
e Fivstapproach : Find the m ost selective access path,
retreve tuples using it, and apply any rem aining
term s thatdon'tm atch the index:
— M ost selective accesspath: An index or file scan that
w e estim ate w ill require the few estpage I0 s.
- Considercity= “seattle AND phone< “543% " :
e A hash index on city can beused; then,
phone< “543% ” m ustbe checked foreach retrieved
wple.
e Sin ilarly, a b-tree iIndex on phone could be used;
city= “seattle” mustthen be checked.

Intersecton of R ds

® Second approach
- Geteets of rids of data records using each m atching
Index.

— Then intersect these sets of rids.
- Retreve the records and apply any ram aining temm s.

In plem enting Projection
SELECT DISTINCT
R.name,
R.phone
® Tw o parts: FROM Person R

(1) r=m ove unw anted attributes,
) r=m ove duplicates from the result.
e Refinem ents to duplicate rem oval:
- Ifan index on a relation contains allw anted
attributes, then w e can do an ndex-only scan.
— If the index contains a subsetof the w anted
attrbutes, you can rem ove duplicates locally.

Equality JoinsW ih One Join Column

SELECT *
FROM Person R, Purchase S
WHERE R.name=S.buyer
e R >< S isacomm on operation. The cross product is too Jarge. Hence,
perform ing R * S and then a selection is too efficient.
e Assume:M pagesnR,p; tuplkesperpage,N pages In S, p, tuplesper
page.
— Thourexamples,R isPerson and S is Purchase.
e Costmetric: #0ofI0s. W ew ill gnore ocutputcosts.

D iscussion

e How would you Inplem ent oin?

14



Sinple N ested Loops Join

For each tuple r in R do
for each tuple sin S do
if ri==sj then add <r, s> to result

e Foreach tupk I the outer relation R , w e scan the entire mer
wehtion S.

- Cost:M + o, *M)*N = 1000 + 100%¥1000*500 IDs: 140 hours!

e Page-oriented N ested Loops Joln: Foreach page ofR , geteach page
of S, and w rite cutm atching pairsof tples <r, s>, whererisih R -
page and S is In S-page.

- Cost: M +M *N = 1000 + 1000*500 (1 4 hours)

Thdex N ested Loops Join

foreach tuple r in R do
foreach tuple s in S where ri =='s; do
add <r, s> to result

e Ifthere isan ndex on the Join colmn of one rhtion (say S), can
m ake itthe inner.

- Cost: M + (M *p;) * costof finding m atching S tuples)

e ForeachR tupk, costof probing S ndex isaboutl 2 forhash
ndex, 2-4 forB+ tree. Costof then finding S tuples depends on
clustering.

- Clustered index: 1 IO (ypical), unclustered:up to 1 IO perm atching S
wplke.

Exam ples of Thdex N ested Loops

e Hash-ndex on name of Person (@s inner) :
— Scan Purchase: 1000 page I0 s, 100*1000 tuplks.
— Foreach Person tupk: 12 I0 s to getdat entry n Index, plus1
I0 o get (the exactly one) m atching Person tupke. Total:
220,000 IO s. 36 m nutes)
e Hash-ndex on buyerof Purchase (@s imer):
— Scan Person: 500 page IO s, 80*500 tupks.
— Foreach Person tupk: 12 I0 s to find Index page w ith data
entries, plus costof retrieving m atching Purchase tuples.
A ssum Ing uniform distrbution, 2 5 purchases perbuyer (100,000
/40,000). Costof retrieving them is1 or2 5 IO sdepending on
clusering.

B lock N ested Loops Join

e U == one page as an Inputbuffer forscanning the
InnerS, one page as the outputbuffer, and use all
rem aining pages t hold ~block’’ of outerR .

- Foreach m atching tuple rin R -block, s in S-page, add
<1, s> to result. Then read nextR block, scan S, etc.

Join Result

Hash table for block of R
(k < B-1 pages)

Tputbuffer forS O utputbuffer|

SortM e:geJoin R 35 S)

e SortR and S on the join colum n, then scan them t©
doa “merge’’ on the jpin column.

— Advance scan of R untilcurrentR -tuple >= currentS
tuple, then advance scan of S untlcunent S-tuple >=
cunentR tuple; do thisuntilcunentR tuple = cunrentS
tuple.

- Atthispomt, allR tuplesw ith sam e value and allS
tuplesw ith sam e valuematch; output<r, s> forallpairs
of such tuples.

— Then resum e scanning R and S.

Costof SortM erge Jom

e R isscanned once; each S group is scanned once
perm atching R tuple.

e Cost: M logM +N logN + M +N)
— The costof scanning, M +N ,couldbeM *N unlkely!)

e W ith 35, 100 or300 bufferpages, both Person and
Purchase can be sorted 1n 2 passes; total: 7500. (75
seconds) .

15



O rignal

Hash-Join

e Partition both ®lationsusing
hashfmh: R tuplesn

Relation

WNPUT

|~ [] sin

OUTPUT Partitions

partition iw llonlym atch S
tuples In partition i. h
Disk B m ainm em ory buffers
Partitions
ofR & S JoinResult
. as sh table for partition
v Read in a partition hach Hakio“aff;g@
of R, hash it using oo 2l OOg - O O
h2 (<> hi). Scan o0 o
matching partition éhz O
of S, search for 00 mputbuffer  Output 0
for Si buffer
matches. - -
Disk B mainmem ory buffers Disk

CostofH ash-dJomn

e Tn partitoning phase, read+w rite both relations; 2 M +N ).
Thm atching phase, read both relations; M +N IO s.

e T ourmnning exam ple, this isa totwlof 4500 IO s. @5
seconds!)

e SortM erge Join vs.Hash Join:

- Givenam nimum amountofm em ory both have a cost
of3M +N) IO s. Hash Join superioron this count if
relation sizes differgreatly. A Iso, Hash Join shown to
be highly parallelizable.

— SortM erge less sensitive to data skew ; result is sorted.

D ouble Pipelined Join (Tukw i)

_ A=

=

| —
Hash Join D ouble Pipelined H ash Join
8 Partially pipelined :no output
until nerread
8 Asymmetric (lnervs.outer) — 4 Outputsdata inm ediately
tin ization requires source . .
&amrmhdge 4 Symmetric— requires less

source know ledge to optin ize

D iscussion

e How would you build a query optim izer?
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