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Running Example (TPC-H Database)
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Running Example (Query)

Sample query: Obtain information about certain ordered
lineitems that are filtered by suppliers and parts.

SELECT | _orderkey, | _linenumber, o_orderstatus
FROM lineitem JOIN orders ON | _orderkey = 0_orderkey

WHERE | suppkey < 2000 AND | _partkey < 2000

b

- Clustered Index 3can
[tpchlyg])l.[dbo].[oxders]. [PE | cfders..

28
Merge Join

[Inner Join)
Cost: 5 %

4

y<200@ |

Nested Loops 3 Hash Match i Index Seek
[Inner Join) [Inner Join) [tpchlg].[dbo]. [lineiten]
Cost: 0O %

Cost: 13 %

Cost: 1 3
¥ Cost: 0 %

_orderkey=0_orderkey -ﬁ
13

////////\\\\\\\\ Index Seeck
[tpchlg].[dbo]. [lineiten]
Cost: 4 %

| i neitem orders
Lj%}
— Clustered Index 3Seek
[tpchlg]. [dbo].[lineiten].[1_pk]
Stanford Talk Comt: 40 %
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SQL Server Query Optimizer

Based on Cascades Framework
ATransformationbased, topdown approach

AOptimization = Tasks + Memo
( Programs = Algorithms Data Structures )

Fully costbased

Flexible and Extensible
ASearch space easy to change
ANew operators and rules easy to add

Normalization
Parsing »| (predicate unfolding, | Cost-based Execution
Validation join collapsing, view Optimization Plan
substitution, etc.)
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Operators and Operator Trees

Logical: Specify data
transformations without

Physical: Algorithms

algorithms.

Project (
Select
Join
Get ( lineitem )
Get (orders)
Const (true)
Logical (and)

lineitem.|_orderkey ) een)

Comp (=)
Identifier ( |_orderkey )
Identifier ( o_orderkey )
Comp (<)
Identifier ( |_suppkey )
Const (2000)
Comp (<)
Identifier ( |_partkey )

Const (2000)
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that implement relational
gueries.

MergeJoin
Range (orders_0) ASC
Sort ( |_orderkey )
Apply lookup (lineitem_0)
HashJoin
Range (lineitem_2)
Comp (<)
Identifier (
Const (2000)
Range ( lineitem )
Comp (<)
Identifier (
Const (2000)
Range (lineitem_1)
Comp (=)
Identifier (
Identifier (

Optimization |_partkey )

|_suppkey )

| orderkey )

| orderkey )

Comp (=)
Identifier (
Identifier (

o_orderkey )
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Groups —
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The Memo

Search Space Memory
A Compactly stores all explored alternatives (ANOR graph)
A Groups together equivalent operator trees and their plans

A Providesmemoization, duplicate detection, property and cost
management, etc.

/N <
Oa<io Opszo| 1) SELECT (a<10, §—

R s |3

| I 2) JOIN(X/)/,,)\

Expressions

1) SELECT (a<1o/-)

1) SELECT (b>20, »)

R | 1) GET(R)

1) GET(S)
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Memo and Properties

————————————————————————————————————————————————————————————————————————————————————————

Group 11: 0) Comp (=) 9
Group 10: 0) Identifier (I :
Group 9: 0) Identifier (o_
Group 8: 0) Get (orders).
Group 7: Select56 |
Group 6: i
Group 5:
Group 4: 0) Comp (<) 3
Group 3: 0) Identifier (I_j
Group 2: 0) Comp (<) 0!
Group 1: 0) Const (2000
Group 0: 0) Identifier (I_

4 HashJoin 7.5 8.3 11.0 [Cost=70.75]
3 MergeJoin 8.1 7.3 11.0 [Cost=68.12]
2 MergeJoin 7.3 8.1 11.0 [Cost=72.14]
1Join8711
0Join 7811

Root Group 12: 5 Apply(lineitem_0) 8 47
Root Group 12: 0)-deirr811 >

Group 7: 7 Filter 5.3 6

6 Filter 44 2

5 Apply (lineitem_0) 32.1 41.1 [Cost=45.43]
4 Apply (lineitem_0) 32.3 41.2 [Cost=50.33]
3 Sort (I_orderkey) 7.5 [Cost=46.22]

; 2 Filter 5.1 6.0 [Cost=94.71]
1 Filter 15.1 6.0 [Cost=94.71]
0 Select5 6

Physical Properties
Valid for specific expression

E.g.: sort columns, halloween
protection, cursors

Flow in both directions (derived
vS. required)

Logical Properties
A Valid for whole group

A E.g.: cardinality, output columns,
column equivalences, distinctness

A Flow bottom-up
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Optimization Tasks

Optimize Inputs
Obtain optimization context
Optimize children groups
Calculate costs, pick best

Optimize Group
Explore Group
Obtain enforcers and
implementation rules for all
expressions
Apply Rules by Promise

y

Explore Group
For each expression
-Get Guidance
-Explore Expression

Apply Rule
Pruning checks
Generate bindings, substitutes
Restrict rule set
optimizing?Opt Inputs:Explore

y
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Explore Expression
Apply-always rules
Explore Inputs
Rest of Apply-always Rules
Other Rules by Promise




Example (1/5)

Root Group 12: 0) Join 7 8 11
Group 11: 0) Comp (=) 9 10
Group 10: 0) Identifier ( | _orderkey )
Group 9: 0) Identifier ( o_orderkey )
Group 8: 0) Get (orders)
Group 7: 0) Select56
Group 6: 0) Logical (and) 2 4

Group 5: 0) Get ( lineitem )

Group 4: 0) Comp (<)31

Group 3: 0) Identifier ( |_partkey )
Group 2: 0)Comp (<)01

Group 1: 0) Const (2000)

Group 0: 0) Identifier ( |_suppkey )

OptimizeGroup  12: ExploreGroup 12, OptimizeGroup 12
ExploreGroup  12: ExploreExpr 12.0
ExploreExpr  12.0 : ExploreGroup 7-8, applyRule [ CommAssoc, ViewMatch , é]
ExploreGroup  7: ExploreExpr 7.0
ExploreExpr 7.0 ExploreGroup 5, applyRule [Sel2 ->Sel, Sel->LASJ, é
ExploreGroup 5. ExploreExpr 5.0
ExploreExpr  5.0: applyRule [ ViewMatch , €]
ExploreGroup  8: ExploreExpr 8.0
ExploreExpr  8.0: applyRule [ ViewMatch , é ]
ApplyRule  [Join - Commutativity ]
Rule Result -> Group 12.1 and ( ExploreExpr  12.1)
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Example (2/5)

Root Group 12: 0) Join 7 811
1) Join 87 11

Group 11: 0) Comp (=) 9 10
Group 10: 0) Identifier (I_orderkey)
Group 9: 0) Identifier (o_orderkey)
Group 8: 0) Get (orders)
Group 7: 0) Select56
Group 6: 0) Logical (and) 2 4
Group 5: 0) Get (lineitem)
Group 4: 0) Comp (<)31
Group 3: 0) Identifier (I_partkey)
Group2: 0)Comp ()01
Group 1: 0) Const (2000)
Group 0: 0) Identifier (I_suppkey)

OptimizeGroup  12: applyRule [JN->INL,|] JN->S M, é ]
ApplyRule  (IN - >INL)
Rule Result ->12.2 and ( pptinputs 12.2)
INL (<7>, Selectldx (

Getldx orders CL
o_orderkey =l _orderkey )

)
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Example (3/5)

Group 14: 0) Selectldx 1311
Group 13: 0) Getldx orders O
Root Group 12: 0) Join 7 8 11
1) Join 8711
2) INLJoin 714
Group 11: 0) Comp (=) 9 10
Group 10: 0) Identifier ( |_orderkey )
Group 9: 0) Identifier ( o_orderkey )
Group 8: 0) Get (orders)
Group 7: 0) Select56
Group 6: 0) Logical (and) 2 4
Group 5: 0) Get ( lineitem )
Group 4: 0) Comp (<)31

Optlnputs  12.2: OptGroup 14, OptGroup 7
OptGroup 14: ExploreGroup 14, OptGroup 14
ExploreGroup  14: ExploreExpr 14.0
ExploreExpr  14.0: ExploreGroup 13, no rules pushed

OptGroup 14: applyRule [ Selldx ->Rng]
ApplyRule  Selldx ->Rng:
Rule Result ->141and (  optinputs 14)

OptGroup 7: applyRule [ Sel - >Filter, Sel->1 DX, é]
ApplyRule  (Sel -> IndexExpression )
Rule Result ->7.1and (  Optlnputs  7.1)
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Example (4/5)

Group 15: 0) Getldx lineitem

1) Range lineitem 1 (c ost =89.43 )
Group 14: 0) Selectldx 1311

1) Range orders_1 11.0 (cost=30.98)
Group 13: 0) Getldx orders_0

Root Group 12: 0) Join 7 8 11

1) Join 8711

2) INLJoin 714
Group 11: 0) Comp (=) 910
Group 10: 0) Identifier ( |_orderkey )
Group 9: 0) Identifier ( o_orderkey )
Group 8: 0) Get (orders)
Group 7: 0) Select56

1) Filt er 15.1 6.0 (cost=94.71)
Group 6: 0) Logical (and) 2 4
Group 5: 0) Get ( lineitem )

5/25/2011

ApplyRule  Jn->SM (fourth implementation rule to root group 12)
Rule Result 12.3 and (Optinputs 12.3)
Optimizelnputs 12.3

OptGroup 7  (with sort required for column o_orderkey)

ApplyRule  (enforceSort) result 7.2
Opt_Inputs 7.2
OptGroup 7 (without sort requirement)

Stanford Talk

13



Example (5/5)

Group 13: 0) Getldx orders_0O
Root Group 12: 0) Join 7 8 11

1) Join 8711

2) INLJoin 714

3) Mergedoin 7.3 8.111.0 (cost=74.33)
Group 11: 0) Comp (=) 9 10
Group 10: 0) Identifier ( |_orderkey )
Group 9: 0) Identifier ( o_orderkey )
Group 8: 0) Get (orders)

1) Range orders_1 (cost=18.425)
Group 7: 0) Select56

1) Filt er 15.1 6.0 (cost=94.71)

2) Sort 7.5 (cost=46.22)

5) Apply 32.1 41.1 (cost=45.25)
Group 6: 0) Logical (and) 2 4
Group 5: 0) Get ( lineitem )

ApplyRule  Jn->SM (fourth implementation rule to root group 12)
Rule Result 12.3 and (Optinputs 12.3)
Optimizelnputs 12.3
OptGroup 7  (with sort required for column o_orderkey)

ApplyRule  (enforceSort) result 7.2
Opt_Inputs 7.2
OptGroup 7 (without sort requirement)
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Cost Estimation

Operators derive own |I/O and CPU costs

A Based on inputcardinalities, constraints, runtime parameters, etc.

A Combination of topdown (own cost for pruning) and bottomup
(tree cost)

Cardinality Estimation

A Uses variation oMaxDiff histograms, MCDs, constraints, and magic
numbers

MCDs used for group by, MC joins, etc.
A Histograms are propagated througliplan
A Small number ofistogram buckets (~200)

5/25/2011 Stanford Talk 15



Cardinality and Resulting Plans

SELECT | tax, o_totalprice
FROM lineitem JOIN orders ON | _orderkey = 0_orderkey

WHERE | suppkey < 2000 AND |_partkey < 2000
2y kS

= Clustered Index Scan

— Merge Join
(Inner Join) [tpchlg].[dbo].[orders]. [FE_ orders.
Caost: § % Cost: 27 %
i .I 23 4:
=
I}fﬂ C 3 5T ]
Gort s Nested Loops +— Hash Match Index Seck
Cost: 1 % ({Inner Join) (Inner Join) [tpchlg].[dbo]. [lineiten]
) Cost: O % Cost: 13 % Cost: 0 %
#
Index Heek

[tpchlg].[dbo]. [lineiten]
Cost: 4 %

35y
Clustered Index Zeek
[tpchlg]l. [dbo].[lineiten].[1_pk]
Cost: 49 %

SELECT | tax, o_totalprice
FROM lineitem JOIN orders ON | _orderkey = 0_orderkey

WHERE | suppkey < 20000 AND | partkey < 20000
ElS ki

Clustered Index Scan
[tpchlgl. [dbo] . [orders] . [PE_orders.
Cost: 16 %

it

Clustered Index Scan
[tpohly] . [dbe]. [lineitem] . [1_plk]
Cost: 76 %

= Merge Join
I Inter Joim)
Cost: 9 %

5/25/2011 Stanford Talk
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Filtered Statistics

CREATE STATISTICS on Column where <predicate:

Filtered statistics provide opportunity to reduce two
sources of errors In cardinality estimation

A Independence assumption

E.g., Salary | (Age <30) vs. Salary | (Age > 50)
A Interpolation within a histogram bucket

Can be important for very large tables

Workloads are complex

A DBAs need help in deciding which filtered statistics are
Important
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SQL Server Optimizer: Flexibility

Trinaal Plan Oplimizer

¥
A - Yes
“Found - "
v . pan? - h;'
Simplification and e
Statistics Loading
+ __f’fﬁﬁ"ﬁk.
Cost Based Optirmizer : _.____.-"" SMP and . Yes .
Phase 1— ’{” greater than '“‘} Full Optimization for
Hlﬂr!iillﬂll'l'll'l Processing - parallefism - Parallel Execution
Aﬂh T threshold? 7
Yes T e S
I:T — Found a — e
Wa “—__cheap plan?__—— No
1

e —
Thlu l

Cost Based Optimizer:
Phase 2 . QuickPlan

Full Qyptimization for
Serial Executinm

x

_-'_-- = T,
H ]
" Founda . N0 | T ONE 1
" cheapplan? _—— phase
HH“'“‘H,_ ______J_,--"' remains
b 4
; Yes s “‘x
1) | Outpud Plan ]
e iy
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Extensibility: Nested Subqueries

select *
from customer
where 100,000 <
(select sumQ_totalprice)
from orders
where 0_custkey= c custkey)

Subqueries are expensive to execute

Represented as relational operator trees

A Not SQI-Block- focused
A Apply OperatorAbstraction

19



The Apply operator

RApply E()
AFor each row r of R, execute function E onr
AReturn union: {} X E(Y) U {r} X E(sQ 5 8

N 4 o N\ Ve ~ o 4

Al AOOOAADOO OA& O AAAEiovocAtiborh O A

Subgueryremoval: Transform tree to remove
relational operators from under scalaoperators

A The crux of efficient processing

A QJnnestingd hDedorrelationd

A Get joins,outerjoins, semijoins8 A O A OAOOI O
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Example: Apply Removal

select* from customer where
100,000 <
(selectsum(o_totalprice) from orders where o _custkey=c_custke})

SELECT(1000000<X)

APPLY (bind:C_CUSTKEY)

/N

CUSTOMER SGHX=SUM(O_TOTALPRICE))

SELECT(O_CUSTKEY=C_CUSTKEY)

ORDERS

21



Example: Apply Removal

SELECT(1000000<X)

Gb[C_CUSTKEY] X = SUM(O_TOTALPRICE)

LEFT OUTER JOIN (O_CUSTKEY=C_CUSTKBY

/N

CUSTOMER ORDERS
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SQL Server Optimizer: Summary

Transformationbased, topdown approach
No need for bottom-up interesting orders

Fully Costbased

No separation into phases (heuristics + cost)
Flexible and Extensible

New operators, rules, and strategies are simple to add
Adaptive

A Automatic statistics create and refresh

A Automatic optimizationlevels

5/25/2011 Stanford Talk
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Outline

SQL Serveoptimizer

Critigue of modern optimizers

A Limitations of Cardinality Estimation
A Limitations of Search Space Exploration
A Limitations of Cost Estimation

Empirical analysis of optimizers

5/25/2011 Stanford Talk
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Limitations of Cardinality Estimation

Single table expressions

A Single column histograms are reasonable

A No easy answers to modeling correlations
Multi-dimensional histograms (does not scale with #dimensions)
Sampling (need to execute queries over sample)

Join expressions

AlIndependence, containment assumptions lead to serious error
propagation

A Sampling over results of expression requires pa®mputing join

Is execution feedback the answer?

A Not really, at least not yet

5/25/2011 Stanford Talk 25



Query Execution Feedback

Leverage accurate cardinalities obtained from query
execution
A SeltTuning Histograms, LEO project , Dynamic-Bgtimization

. Query —> Query g
> ':> Execution .15M
Engine
AN

Database
Server Filter Filter

\. 1.5M 6M
Scan Scan
(Orders) (Lineitem)
Exp1l, cardl
Exp2, card
== .

Feedback
Cache
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Example 1

SELECT SUM(Amount) FROM Orders WHERE State= 6 WADO®
and Year> 0 2d&nh0 Segment= O HOME®G

#1 2% j 30A0A ¢
C O(/-%6 Al A

© Qv

FILTER CARD( Segment =
OHOMEOG and
CARD 020070)
(Orders) F

TABLE SCAN
(Orders)

QU

RID CARD (Year >
INTERSECT, ATPPO
INDEX SCA INDEX SCA
(Segment) (Year)

Cruclal cardinalities not available via execution feedback

5/25/2011 Stanford Talk 27




Example 2

Customer

D
Orders
Table Scan Index Seek
(Customer) (Lineitem)

Table Scan Table Scan Table Scan Table Scan
(Orders) (Lineitem) (Customer) (Orders)

Collecting cardinalities only at the output of operators
can be restrictive

A# AT AA OOOOAEO6 xEOE A PIiT O bl AI

Using execution feedback information can incur nen
trivial overheads during query optimization
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Limitations of Search Algorithms

Several aehoc elements in search algorithm of all modern
optimizers

A Introduced for pragmatics (think 56way join!)

A Unpredictable plan quality

Tradeoff between optimization time and plan quality not
exposed

Optimizer makes unnecessarily (?) firmgained choices
A Plan Diagrams

SUPPLIER

LINEITEM
5/25/2011 Stanford Talk 29



Limitations of Cost Estimation

Knowledge of current system state not exploited

A E.g. Buffer pool contents not considered in estimating 1/O cost
A Can be particularly serious for akdoc queries

Modeling all important parameters is hard

AE.g. Two tables R, S on same disk
Y In Merge Join (R, S), sequential I/O not so sequential!

Even parameters that are modeled may be
Inaccurate as H/W changes
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Outline

SQL Serveoptimizer

A Enumeration architecture
A Search space: flexibility/extensibility
A Cost and statistics

Critigue of modern optimizers
Empirical analysis of optimizers
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Effectiveness of query optimizers poorly
understood

A Which transformation rules are important?

A How important are accurate cardinalities for plan quality?

A How does timeouts and optimizer levels impact plan quality?
A8

Better (empirical) understanding of limitations can
help drive next generation query optimizers

A Rule Profiling
A Exact Cardinality Query Optimization
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