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B+ trees

m Leaf nodes form a dense index — linked list of leaves, each one block
leaf node
[[Brandt [][ Califieri [ [ Crick [}———— Pointer to next leaf node
10101 | Srinivasan | Comp. Sci. | 65000
12121 [ Wu Finance 90000
15151 [ Mozart Music 40000
22222 | Einstein Physics 95000
32343 | El Said History 80000
33456 | Gold Physics 87000
45565 [ Katz Comp. Sci. | 75000
58583 | Califieri History 60000
76543 | Singh Finance 80000
76766 | Crick Biology 72000
83821 | Brandt Comp. Sci. | 92000
98345 [ Kim Elec. Eng. 80000

instructor file
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B+ trees

m Leaf nodes form a dense index — linked list of leaves

m Non-Leaf nodes form a sparse index

Root node

[[Mozar [T T[]

Internal nodes

[TEmen] [ [T T[]

Leaf nodes -

] Brandt ] [ Califieri [ [Crick [{>] [ Einstein ] [El said] [,] Gold ] Katz [] Kim [4>] [Mozart] ] Sineh [] [P{ [ srinivasan [T Wu T]
10101 Srinivasan [ Comp. Sci. 65000
12121 Wu Finance 90000
15151 Mozart Music 40000
22222 | Einstein Physics 95000
32343 | ElSaid History 80000
33456 | Gold Physics 87000
45565 Katz Comp. Sci. 75000
58583 Califieri History 60000
76543 [ Singh Finance 80000
76766 | Crick Biology 72000
83821 Brandt Comp. Sci. 92000
98345 Kim Elec. Eng. 80000
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m Leaf nodes form a dense index — linked list of leaves
m Non-leaf nodes form a sparse index

m Constraints — assume n keys and pointers can fit in a block n “'YS
m Each leaf has at least [(n — 1)/2] key values

m Each non-leaf has at least [n/2] pointers n -'l l‘{/1$

m Height of the tree is proportional to Iogn/2(M
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B+ trees — insertion

> Fﬂ-‘ (-0 +1
m Insert Adams - —2:

- "~ .._n
Z Z
[jl Mozart [[ [ = Root node
= \

||I Srinivasan ||| | | I |

‘. Internal nodes

/ YN N TS
mBrandI [ Catferi], Cik [~ FEinsteinlllEl Said] | H"|.| Gold [,| Katz |.| Kim H-»uMozanl!l Singh [ | H->|I|Srinivasan |‘| wa[[ ]

Menslfmet] TP )frc | P
s

Leaf nodes
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B+ trees — insertion

m Insert Adams

[ Comer] [Emen] o] [ [T 1]

[[Adams [T Brandt [ | [ [ Catifieri | [ Criek [ | [[ [Einstein [ [E1said] [ [d{ [ Gotd] [ Katz] [Kim [}>] [Mozart [ [singn [T [3{ [ Srinivasan [Jwu] | T]
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B+ trees — insertion

m Insert Adams

Gom"l [[srnvasan [ TT 7] é "‘j e

T
| IAdams | |Brandl| | |-|->| |Ca|1ﬁen| |Cr1ck| I H->| |l;mste|n| |E1 S:udl | H>| |Goldl |Katz| i!’imJ_-l-»l IMozanl |Singh| | H->| ISrinivasan | IWu| | | |

m Insert Lamport & lM‘b
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B+ trees — insertion

= Insert Adams / \ P/;‘ r*"‘

[ Comer] [Emen] o] [ [T 1]

[[Adams [T Brandt [ | [ [ Catifieri | [ Criek [ | [[ [Einstein [ [E1said] [ [d{ [ Gotd] [ Katz] [Kim [}>] [Mozart [ [singn [T [3{ [ Srinivasan [Jwu] | T]

m Insert Lamport
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B+ trees — insertion

m Insert Adams

m Insert Lamport

(oo [T [T 1]

N N P s O Y 2 B B

[[Adams [ [ Branat [T T4 [ catifieri [ Jeriek [T | [ Einstein [[ersaiad [T ] [Gotd [ [Kae [T [ [Kim [ ] Lamport [T [ [ Mozart [ T singh [T T4>{ [ Seinivasan [Twu[] T]
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B+ trees — deletion

m Delete Srinivasan

[ Comer] e

[[Adams [[Brandt [T [3[ [ catifieri [ [ criek ] |

L
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B+ trees — deletion

m Delete Srinivasan

‘/ll N |R
||| Califieri ||| Einstein ||| | | ||| Mozart ||| | | | |
[TAdams [[Branat [T T{ [catifieri [ [ crick [[  [{>] [ Einstein [ [Etsaia[ [ [} [Gold | | Katz [ [Kim[>{ [ Mozart [ [ singn [ [ wu ]
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B+ trees — deletion

m Delete Srinivasan

(Lo [T [T TI

[ [ caifieri | [Einstein [ [ ]

\

|
[[Adams [ [Branac [T [3+{ [catifieri [ [criek [T [3>{ [Einstein [ [Ersaia] [ [}[ [Gola [ [ Katz ‘:IEH- Mozart Sir_?lm

Mozart

m Delete Singh and M
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B+ trees — deletion

m Delete Srinivasan

m Delete Singh and Wu

([eoa [ T TI

L[ xim N

Al
[3-{ [ catitieri [ [crick [T [ [Einstein [ [Ersaia] | [F+{ ] Gota] [Kate[ | |-|->| [ Kim [ [Mozart [ ]|

I l Adams | | Brandt I |
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Query processing

m Translate the query from SQL into relational algebra

m Evaluate the relational algebra expression
Qulmu‘—) A“al;fh\m
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Query processing

m Translate the query from SQL into relational algebra
m Evaluate the relational algebra expression

m Challenges
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Query processing

m Translate the query from SQL into relational algebra
m Evaluate the relational algebra expression

m Challenges
m Many equivalent relational algebra expressions

O'sa/ary<75000(7753/2ry(/nStrUCtOF)) Vs 71—sa/ary(O—salary<75000(ir75trucm)r))
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Query processing

m Translate the query from SQL into relational algebra SQL Qu.uj
m Evaluate the relational algebra expression i
m Challenges Ed. 4 )
m Many equivalent relational algebra expressions !: i
O'sa/ary<75000(7753/2ry(inStrUCtOF)) Vs 71—sa/ary(O—salary<75000(inStrUCifor)) A’
m Many ways to evaluate a given expression

Wit irn,
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Query processing

m Translate the query from SQL into relational algebra

Evaluate the relational algebra expression

Challenges
m Many equivalent relational algebra expressions
O'sa/ary<75000(7753/2ry(/nStrUCtOF)) Vs 71—sa/ary(O—salary<75000(ir75trucm)r))

m Many ways to evaluate a given expression

Query plan
m Annotate the expression with a detailed evaluation strategy leysseluas
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Query processing

m Translate the query from SQL into relational algebra % Bt tre

Evaluate the relational algebra expression

Challenges
m Many equivalent relational algebra expressions < %100

O'sa/ary<75000(7753/2ry(/nStrUCtOF)) Vs 71—salary(O—salary<75000(inStrUCt()r D— 'E

m Many ways to evaluate a given expression T -

Query plan
m Annotate the expression with a detailed evaluation strategy keyswimes

B Use index on salary to find instructors with salary < 75000
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Query processing

m Translate the query from SQL into relational algebra

Evaluate the relational algebra expression

Challenges
m Many equivalent relational algebra expressions
O—sa/ary<75000(7rsa/ary(insrrucror)) Vs 71—sa/ary(O—salary<75000(""751?”/6’150’())

m Many ways to evaluate a given expression

Query plan
m Annotate the expression with a detailed evaluation strategy key values
B Use index on salary to find instructors with salary < 75000

m Or, scan entire relation, discard rows with salary > 75000
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Query optimization

m Choose plan with lowest cost w kw M The “1“(.& L"‘"— "‘Q
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Query optimization

m Choose plan with lowest cost

m Maintain database catalogue — number of tuples in each relationn, size of tuples,

Madhavan Mukund Database Management Systems DBMS, Lecture 16, 20 Oct 2023 6/9



Query optimization

m Choose plan with lowest cost

m Maintain database catalogue — number of tuples in each relationn, size of tuples,

0> o™ 53D<

m Assess cost in terms of disk access and transfer, CPU time, ... b

- lﬁm lop
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Query optimization

m Choose plan with lowest cost

m Maintain database catalogue — number of tuples in each relationn, size of tuples,

m Assess cost in terms of disk access and transfer, CPU time, ...

m For simplicity, ignore in-memory costs (CPU time), restrict to disk access
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Query optimization

m Choose plan with lowest cost

m Maintain database catalogue — number of tuples in each relationn, size of tuples,

m Assess cost in terms of disk access and transfer, CPU time, ...
m For simplicity, ignore in-memory costs (CPU time), restrict to disk access

m Disk accesses
m Relation r occupies b, blocks

m Disk seeks — time ts per seek

m Block transfers — time tr per transfer M (/4 (N’f\"b
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Query optimization

m Choose plan with lowest cost

m Maintain database catalogue — number of tuples in each relationn, size of tuples,

m Assess cost in terms of disk access and transfer, CPU time, ...

For simplicity, ignore in-memory costs (CPU time), restrict to disk access

Disk accesses NW Llodeo I h“f m
m Relation r occupies b, blocks 9]
m Disk seeks — time ts per seek W :
m Block transfers — time tr per transfer

m Other factors — buffer management etc
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(A1) Linear E:j\ b " q-é (,Y7

DBMS, Lecture 16, 20 Oct 2023 7/9



Selection

(A1) Linear search /Sl'bl"’ valre

(A2) Clustering index, equality o index height h; —# JL indar 1m—-
hi wder losps  Eo ¥ b Y rade ol
W W bg d l?r Musd,

@1"‘/ HB | O%*’ k‘l’) ()

(b
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(A1) Linear search
(A2) Clustering index, equality on key — index height h;

(A3) Clustering index, equality on nonkey

Lm.h,w soquhel wl® ““a'

‘ft\,\'/ IKL)“@"A/?’: @*k‘r
b bledes Wi bl reedo 4 b +blr

@ ﬂ,.d“ﬁs 1’171-) +be + bbr
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(A1) Linear search

(A2) glustering index, equality on key — index height h;

(A3) Clustering index, equality on nonkey

(A4) Secondary index (key, non-key) M !««1
L o

7 L o
c\,c Cbs-l' B-r—) + | blede l"”w

() (b +67) | o0 line
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A1) Linear search

(A1)

(A2) Clustering index, equality on key — index height h;
(A3) Clustering index, equality on nonkey
(A4)

A4) Secondary index (key, non-key)

\ammmmwl«?

Wi v W o difposnt Hrde
“e\.t Lts-}' L’—r) + N (lfg 1'%—() g

isdqsmw'v

Madhavan Mukund Database Management Systems DBMS, Lecture 16, 20 Oct 2023 7/9



(A1) Linear search

(A2) Clustering index, equality on key — index height h;

(A3) Clustering index, equality on nonkey T

(A4) Secondary index (key, non-key) % < W
(A5) Clustering index, comparison — sorted on A

b, (&4t Q,a/ f< sy <

* (v v¥) T e b ke
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Selection

Al) Linear search

A2) Clustering index, equality on key — index height h;

A€) Secondary index (key, non-key

A5) Clustering index, comparison — sorted on A

(
(
(A3) Clustering index, equality on nonkey
(
(
(

A6) Clustering index, comparison — not sorted on A LWUW g“/"\

<4

\ \\ n -(554— lr-r)
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Complex selections
()
and

\' or
v@d\. 91,(\ -~ Ag'u,(,‘:) _'9 W

t

Indir T, () = chuske Bnsyn- A%

Conjunctions, disjunctions and negations

(A7) Conjunctive selection using one index TO"\OZ
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Complex selections

Conjunctions, disjunctions and negations

(A7) Conjunctive selection using one index

(A8) Conjunctive selection using composite index
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Complex selections

Conjunctions, disjunctions and negations

(A7) Conjunctive selection using one index
(A8) Conjunctive selection using composite index

(A9) Conjunctive selection using intersection of pointers

T, a9, 0, 7

b by b
!
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Complex selections

Conjunctions, disjunctions and negations

(A7) Conjunctive selection using one index

(

A8) Conjunctive selection using composite index
(A9) Conjunctive selection using intersection of pointers

(A10) Disjunctive selection by union of pointers

Lluuw b Tg’ VB, Vs O\
he W

Madhavan Mukund Database Management Systems DBMS, Lecture 16, 20 Oct 2023 8/9



Complex selections

Conjunctions, disjunctions and negations
(A7) Conjunctive selection using one index r
(A8) Conjunctive selection using composite index ‘/‘I

(A9) Conjunctive selection using intersection of pointers

(A10) Disjunctive selection by union of pointers :r
O\

)
)
)
)
Llu.m Sen TO @ X rz)

(Neg) Negation
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Sorting
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