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Accela¥Efe+F

WRTFiE>R
H#EGERE | #(U{LE8 1 #Cascades 1 #%FfiE 1 #SQL

B LS (Query Optimizer) EHIEEMNHTRFTHRAR, LEETHEHE. ROEMNHSY (UMRELLIE
(541) | EREUZE NESQLINFTIE E A 2x~100x14] (1IN vsZE S|, JoinSLELAETE) . b4,

e MARHFEEAEE XFEFmiBsQLR?, HEMEXEZHN, THRRNUB[BEEXRLERE, flaOiHkA
Python/lavaiZE =, HEIZiEFSpark. Hadoop, HEHIELIEEZ (Pipeline/Dataflow)

° BUREX ARHIE. OLAP . RMWEMAIF, Xf(Continuous) Stream. Graph. #laf2IJHEE, A
B RR T RFTRI B

HiREZSN, BEMUENRITTREIZEZEZTE, Bl

o NG CSV BN (EFIREFR ASQLEE, MAAXSQLEE#ITHERZRZ. EFEFENITASIAEF
EMEO, EEVWEHIESE (Domain Specific Language. DSL) , =4 EEABITFMALMULATR.

o RMMEE (Cost Model) AJIRITIEl IAMEITFEREARCPU. 10, METFE TRABTELRGHNERE
B, mamiiiFeE.

s RREXREAZEMNITE, HlwWsaLiffTitll. EEZMNEMEHEMRMELSZY RIRIT.

BHx

ERERFRR
EARZE
o HTRMMMLILsE (Cost-based Optimizer) . E TN ILEE (Rule-based
Optimizer ) . Heuristic-based optimizer
® Selectivity. Cardinality
e Z#it¥kl (Logical Plan) . #IEit%l (Physical Plan)
® QOperator. Logical Operator. Physical Operator
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Volcano#lCascades

o BEAME - = KAH

o EAHEA - Operator

o EARMES - Pattern/Rule

o EAMEE - Memo

o EAME - E5IBE

e Volcano5Cascadesfy[X 3l
#Z&it% =08 (Plan Enumeration)

* FHEBERAL[ER

e X JFPropertyFEnforcer

o BRMER

e HREEEHR

e B4 (Pruning)

o BWRBHKMN

® Join Order Enumeration
BREXNFAF

* Columbiahy ¥4 %I+

* MemoM BT
RS (Cost Model)

e HEHfCost Variable

° EEHRMRMERE

o RIMREM DAL
Zit{E 2 (Statistics)

e #IRE (Histogram)

® Statistics Derivation
BN 1T (Query Execution)

o U1

e NUMAZE#y

e 7 Operator

=R

o=

B!
BABIEFEMBL—, ASHUCINTRETEETE, SEEHETHEEHRE.
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SQUI AW EIE A% RAH (Relation Algebra) FARXE, BWRUBBAABFNRARIHRM. 2
48 (Logical) fiLryBLEVGIFRZHloinfyIlFE, W T3RIL0P2] 40 ST

Number of Number of Number of Number of

Relations Groups Logical Expressions Query Trees

N pa N2 1) +N (2N-2)! /(N =1)!

2 3 4 2

3 7 15 12

4 15 54 120

5 31 185 1680

6 63 605 30240

7 127 1939 665280

8 255 6058 17297280

9 511 18669 518918400

10 1023 57012 17643225600

11 2047 173063 670442572800

12 4095 523262 2R 158588057600

13 8191 1577953 1295295050649600

14 16383 4750216 64764752532480000

15 32767 14283387 3497296636753920000

16 65535 43915666 202843204931727360000
17 131071 128878037 12576278705767096254464
18 262143 386896220 8300343945806283150458588

Table 1. Complexity of Join of n Relations [Bil97]

H—%, YWIEBHNAEEZFIoInSTIME L, WNested-loop Join, Hash Join, Index Join. Sort-merge Join; &
ZRE. PHREIEELRFTEFIoInEIEFSEN KRS, MBroadcast, Shuffle, HEZEFMEAITrack Join[22l,
(JoinAEtNtk 2%, KREBDILILEEZE R RLeft-deep Tree, MAREEBuUshy Tree)

Frloindh, #EZH Tt OperatorBEHEEM (L, WiB1E T (Predict Pushdown) , 5N, M EZBELESR
FREFIEISERY, BNIENsQLE AT 8, BTEAFITESMRTITIARN, EFEHPRNERNSE
TEE, LHEARERXNEIR R RGN,

EAR#1E

ETRNALILEE (Cost-based Optimizer) . ETHMMAL1LEE (Rule-based Optimizer ) . Heuris-

tic-based optimizer

AN EFET AT RN TTE,
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EFANBHEEBREEEN. BEE2FSHHN, REWMNMTIHRIES . 51402 Selectivity/NF0.01 A
FARS, B EFRAME. Heuristic-based optimizer—fi§ SR FH N AL LR E X, Heuristicis A T8

HAN (BRI .

ETRMOE BT ELE N TIHRIBCPU. 105/ (RIMER) | RBLLRER. EMHR,

&

FRNOMLISENERS, hEMESR., WAL (BF U Volcano/Cascades HJREY) Fn4> v 4% £4E

Fe (Oracle, sQLServer¥) , ER&FEETHRNHMLIUER.

(L 9h, Rule-based. Cost-basedf B th F 3k X 4 2 16111 %138 71 77 5 (141, 5] 4nRule-based FB & & £ NI # 2

JoinJli, MCost-basedBEHEEMSMIIER. )

KhrE, ETRNOUMUFEESESETAMNMMA. ERMETAUBNMIL, BIMALDZEMNER
(Transform) | RENAFENBOETRMER. HlaCockroachDBfE HE T RM M LILaR, EREH

T A90ptgendidd 15 = 371E X T ¥ SNk .

Selectivity. Cardinality

Selectivity}SE RS MEFIRE L AL BB EIE . Bla1FRFE 100097 (Tuple) , Select where column < 10iR

[B11077, #PASelectivityi21%., LiSelectivitylk S, £FXRAEMBELLRIBZHES.

Cardinality () E A& X ZF A uniquefT£134], FE i\ 1T & #50perator T Z 4R H11727(38), HIIR FRAVFTEL
£ M35 S OperatorF 4B Cardinality, Operatorf§# it (fFlanloin) TTEE XM FEK, ©XE_LiHOpera-

tor (T— N 1F4bIEAYOperator) fYCardinality, Operatordy 4 & N\ BY L5 ZSelectivity,

B, Cardinalityff® (Cardinality Estimation) £ AT RIITE RN A ZLL4],

#1EiTX) (Logical Plan) . #E3tXl (Physical Plan)

B2 ERISKIE R aYJoin g, Z#oingINFETEEMM, STNZBEITH . HloinfRFF ANested-loop

Join, HashlJoinZ, BT#IEML, INIEITX.

SQLIE R HWRIE AR RREFKEAWE, TUFH OperatorBIMITHEEINF, X EEIT. HFO0p-

erator@ R R EBUZEFF, FRfELogical Operator, MUBHFRAEAREFMNNREAAN, BREBBE =

B, MEZEMLIL. BERAHCEFIFETHANNEEE (Transform) | L5 K Logical Operatordt i

Physical Operator, REIHERN.

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf4 78f4b&chksm=ec787b24dbO0ff...

4/44



5/6/2021 FECKILO: BUREEIESLAESTIR
—“MLogical Operatori B E o[ S F ZFYIELIME %, BNPhysical Operator, 1L 385 & & # Logical Opera-
tor R 7 A Physical Operator, RIFARMIREIXFEMLSE . WRFREDELIL . RERERXRK TS HPhysical
Operatorf B, A —FW (FREAXW) , THMTSIZBHEENT, HREDEITR, BERTITR.

BT MY IR B T AL,

N\
b
NestLoop w

Scan: A Scan: B / \
CIRCD (5can A) (Scan DNCHICD,

—
‘ SeqScan: A ’ ‘lndexSc:nA j“'

/

(B FRMBIs 24HVolcanoit X, BEM AP EBRMAD T NE. BEkKCascadesit X, 2
BRATMMEBRAEEZA—, NBERZALINNZEIT=E,. BSBE ZET S UETR RiED
BERE, )
Operator. Logical Operator. Physical Operator
B, MERTITHBEREAWAER, 5% = hO0perator, OperatorIE—SQLIEE, FlZJoin,
Filter (Select Predict) ; B%& I X/ Logical Operator, 4#FESCI & £ X & Physical Operator; 38 511 % Xt
R Logical Operator, #1321t %%t Physical Operator,
Operatorfl TR, PUFilterafil, —EIm AFR#EFZ T, —EH L FHEFilteriBlANTT. ELH,

o T AHEREPollFINELIL, K OperatorifAnext|{{fFOperatoriR[E| N —Z R,

e T APush77\ LI, FOperatorEFreER G LIS X Operator,

o T HE =M (Vectorized) 77T SLIL, Operator—XALIE L 4T (Vector) MAREFT,
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o T FHCompiled Query[29l % ZOperatord H XZE%1E (Loop Fusion. Loop Pipelining) [MIRIE,

Volcano#Cascades

VolcanolZI#MCascadesBIE BT AR X, EME2ARETRMOMARHNEME. ST REVREIEE

MIFBREFHIEENTHAMLLFIMIXAEAHEZEY (TiDBR2!L, CockroachDBIEl | Greenplum (Orcall2l) |

Apache Calcitel1l) |

® The Volcano Optimizer Generator: Extensibility and Efficient Search

® The Cascades Framework for Query Optimization

Volcano 4k 7% B & £ fYSystem-R. Exodus. Starburst, CascadesFtZkVolcanofi{ T &, —FEHBEE

—{£3# (Goetz GraefeZ) , 1R %L X #AIlVolcano/CascadesZ a8 FH,

Volcano/CascadesfI Bl 2 S E T AR EELXANE N[ ERYE T HENHMRIESR, ERBEBRATLHK

HZR KL EMEHNET |

S5HE#E T FVolcano/Cascades iy, FAM BRG] BAY FB E A .

BEARE - = RAH

ERIOTE, EABSHERAEHMA, Wil 0 TELeS)

o HIN: SQLXAHE LB EMA4r (Parse) HAST (Abstract Syntax Tree) | A5 ¥ ¥ il Logical Opera-
torfd (RXRREBKIER, WHEMNEEITK) |, EARACSHNBA. BSQUBERABRE, XTHELK

ZIHE, TRABNFEIURSIE,

o Myl RN AIPhysical Operatorttf, BI#IRiTR), ZEHITSIEHRIT, HRIFME. LBER. #
TaIZ a9 I 71k Operator, AN HNIFE. WAERENL, KEXE, EREZIEHLILETEE

o

o HE: BEFIMBRSEHBIEEREZR (Catalog) | REFXKRMANGIHEL . THIEProvider

EEO PURAHLIRM, UFRERBEAG.
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Query Result
in DML Output
user level
system level P £ executing
Query Tree OPTIMIZER Optimal Plan _ Execution
(logical algebra) _ _ (physical algebra)| | Engine
logical & physical
transformations T

I Database

Catalog Contents

Figure 1. Query Processing

it EdR, HUSFTEREZRMLEE. DEITY, SERGEEMTARY, BT RUBHRIETREA
=X¥BH. (EXELE, SMEE—TIHRAR. )

o HFEitKI=iE (Plan Enumeration) : Volcano/CascadesXX 7S %l (Dynamic Programming) , %k
& EEsystem-R;, HEETME T, BXEELEEETRNIRNEFEETAEBE. WEITY, FiEERMN.

o RIMMIEBE: T A—MWIEITRI (Physical Operatorf) FAERM, 21T AEF - Physical Operator#fE
K. Logical OperatorfE B FF A Physical Operator/g 4 BEH E R AT, (BREIRRIAE ELF.

o Grit{s 2 (Statistics) | RNEEFESZITEEEAMAN, fHlISelectivity, Cardinality, %13 O0pera-
torm B FEHI R, FlloinE R, WEESH G158 (Statistics Derivation) , A T—H1TER
9o
HAHEA - Operator

Operator. Logical Operator. Physical OperatorB ZE“E A&7 — P iftid, FAEEOAR,

Volcano/Cascadesd, Ef 1R TSQALNERZEEETT, BEORARWAIT-HET. FHESIZRAFRBIE
O 32IXPhysical Operator, BIEJ# 712 A9% E A9 71T X (Operatordy) .

Volcano/Cascadesi@idOperatorfJER, %0 TSN EESIZHAR, ity BEEEE,
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EAMHEA: — Pattern/Rule

HERLSERNNME TR, AEERZFNHOperatorty (BRI, WIEITR)  VyRER=E, FHEx
o, e A HBESTBEENMEMA? Volcano/Cascadesfy & = EPatternFRule

e Pattern: ¥ Operatortif Y ENFHERF S ECPatternfy, o IUX H Y FARule kBRI, B T E

[10P62]

e Rule: ZNfa[%t#0Operatortiy, BIRGHILE AT 2B (Substitute) AFES. MMERFTH. FH
fJOperatorff,

Pattern: (L(1) join L(2)) join L(3)

Substitute: L(1) join (L(2) join L(3))

BB Y IR ERTE BT FPattern/Rule, AEZBEMILH R

e Transformation Rule: B3 L1k FPattern/Rule & i #T A Operatortiy (BEEITXI) IMEERZE, Bl
RIFERuleE A Eoin)FHZ N ZEEITR] . LB AYRuleFR{ETransformation Rule (X Implementa-

tion Rule)

® Normalization: BHEMLAFHELELZZEMNER, HlERATH. XEAFTEMNSelectFE (Crop-
ping) . IXLEELH (Transform) FFEMMT B EINTT, o] HPattern/Rule® X . CockroachDB
FRE A Normalization(],

IR ER

® Implementation Rule: J%Llogical Operatoris# AXF NV Y (L F) Physical OperatorfJRuleFR{EImple-
mentation Rule, ZiTREAENEHN (£Z4) Operatortt, FHHiL, A EMTE HPhysical Operator
AR AT R

2y, AR ERIBRERR AR EPattern A5 FRule i, ER=EREIABF, NHARMERE
o FEEZERFARIMFAPatternFIRuleBI T BALILAT (WYRRIME K. RMOptgen37I3TfF)
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E A2 - Memo

EXBE RIS RBIHR HPattern/Rule; TEXERF—KFMHFTEHR, B2 FM". WEAKEER?
Volcano/Cascades{# F{Group Expression

® Expression: XRNREFIELRN, XX Operatorffh— N s, HUEFIE RExpression B REFEMN
N, EFERNEML

e Group Expression: —“Operatorfg % ffiLogical Operator. Physical Operator{fi%3%, E©{1EEZEN,
BH—4E, FRYEGroup Expression (E ZFR{EExpression GroupE ZIEfR) . Group Expressionth I] &
fE—“ Expression; Operatorfifd, T3 mSLFRiEEIAYZGroup Expression, XK OJIEMEFMEE R
EERHT .

AERNERT, TEAPELEHREN . RPENIZE T Group Expressionfi5 e, Volcano/Cascades 1
FE HMemo

e Memod{aiC XK AR EMITXIZE? MemoH & Group$gGroup Expression, {R1F 21/t BYExpression,
o] |} 2 Logical 3 Physical Operator, Group 02 RIAX WA ZE, X Expressionf] FigEtism fF 4L

Group Expression, MGroup O&fi8 A B) o] 35 %11 %I = 8] .

e Memo a1 K # & P H)Z 1B/ W IEIT &7 ‘ExpressionE’ﬂ??‘é‘%ﬂEl’cﬂE:ﬁSExpressionEﬂEI, A=
Group Expression, FMAER T UM FI IR, FLTHERLEN, REBHEER,

Memofg| F1[21
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-

| @
3
|

I

I

SELECT *
FROM A B
WHERE A.id =B.id AND A.value > 10;

Memof3[£2[1]
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6 o Join Join [ Join NestedLoop
rou o
P (74 /0// 72 00713 00 78 OO
 Join 1 [ Join NestedLoop | [ HashJoin Sort

6.6 (6

- J

Grou
PO |, @0 2 0O 63 00| u 00

Join Join NestedLoop | [ Hash

Grou 4
" |5, @00 :2 00 |53 00 54 OO 00
Scan C, TableScan
G
roup o '/4‘1/ 4.2 -
e o Join Join HashdJoin
rou /7
g (3.1 /6// 32 00 33 00
[ Scan B |  TableScan )
Group @ 21 22 ( )f/) Logical Operator
» - ~ Physical Operator
- o Sc/ary TableScan Sort O. y p
u /
PO i / 12 | 14 (1]

EAHE - E5EE

RAUBERIEAREERABHSHAY, NEABEEITNZTI R, B2 ZAER’ BF =
% (Task/Job) EFEIEZ,

P

WAE

TERBColumbiallOPLlff{h 88, FSENTHREFTSCEFRES, EARKRT, HTSMNEP REMHMET
ST, BIER. F5BELMEE, tn4i{kGroup Expression, & FRuleftia . iTE RN,

optimize

| P 0 Optimize()
[ start optimization with top group
PTasks.push { new O_GROUP ( TopGroup ) ):

/1 main loop of optimization 0O_GROUP O_INPUTS
/1 while there are tasks undone, do one
while (! PTasks.empty ())

{

Y

TASK * NexiTask = PTasks_pop (): /I get the next task
NexiTask -> perform (); {I perform it O_EXPR APPLY_RULE

k
J

/I optimization completed, copy out the best plan Y
| Ssp.CopyOu() ; E_GROUP
Figure 16. Main Loop of Optimization in Columbia Figure 17. Relationship between Tasks
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TEXBOrcal2iffifbss, EFNAEMAH, BEERTTRESZEMNEBIARE. BTFE—Stackkx R
BWEEFHERNEXRRAKRIEL. BESKRBISKEE, HATask Pipeline ARNEZZHITIEIT.

Opt(g,, reqp)

optimize group
expressions in g,

Imp(g,) Optlg,.gexpr, reqg)

optimize children
of g,-gexpr

Exp(g,) Opt(g,, req,)

opltimize group

Im
p(g,) expressions in g,

Opt(g,.gexpr, req,)
A~

implement group
expressions in g,

Imp(g,.gexpr)

Exp(g,.gexpr) | .. explore group

l | | | Xform(g,.gexpr, t)

e exploration rules implementation
explore children of g,.gexpr rules of g,.gexpr
of g,.gexpr

Xform(g,.gexpr, t')

Figure 8: Optimization jobs dependency graph

Volcano5 CascadesfI X il
Cascadesf[E] —{E& #Z Volcano/512 H, #EXfVolcanotb B < EHIBUHAF
e Cascades&FH 7T BB WIEML AL, Volcano 7> A B BN ERF MBI ER, BB
BEFFEEEITY, BEHAVASTLE, RETHERAR. MUILEHE, Cascadesth AFH (&) KXo
Logical Operator#1Physical Operator, Transform RuleFIImplementation Rule

o CascadesiZ T Memo#{IE4EH, ¥ E3X. Memollb G = X AL, ARSI bz —.
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#ZitKIZsE (Plan Enumeration)

EXEEARHBRERIRE, TERMNEIRAN, FHEHVolcano/Cascadesfy AIMLHEE: Interesting

Order. Promise . Logical Property. Physical Property. (Property) Enforcer,

FEB &AL e &

SN ERBEEFHRASHEIERL (BREFESL) , EXTERRACXZEAERN. fl@, F&
X HHash lointh iF Bk, BERLTRF, XFEHMINEF, Sort-merge JoinE (8, BEREFF, WEHLHE

L%

B MMEAREAXMERE?

® Physical Property: OperatoriREIMNERFTEMNEN, HHENGFEHFSSE, THANEREESE

itH8Hash;, ZREBRSH L ERDBELZRS = (FEFIPGatherMerge)

M5 B C X EMIPhysical Property, AFiLFRMRILF B ER

ARET, REOMER TR SMARHPhysical Property#BIR B — M RMAITR], HIXTREEF. KPR

® |Interesting Order: (tiFNInteresting PropertyE &i&, B A L #Interestingf & EHEFEM ., ) H

R EELEFTH A, BEXHEIREHZE S EPhysical Property (&Lt

o B —EE9%R BF “Interesting Order” & X Y £ Join Order, 7 Z X B Joinif, FHJoinlliF (Join
Order) HIFIAEHEE A, ANHEZRFLFmEEMLE, KT RFEFEELIoin Order 7 # #

—44E & (Join Enumeration) . E11 7 “Interesting Order”,

B, SHEANEHRLEDBASFBR. B EEEZRARE-IETRALER. TR URERE T6E

L ERRLABMRILTIAREE, ARREBMERR.

% FPropertyFlEnforcer

f# %% 7 Physical Property, 3B Logical Property @ f+47

* Logical Property: EE U HVolcanoit X, E2MEEMUMBRNAXRARGREAATRERNEN, £

E B fOperatorf Nt f9Schema (IHFWRLES)) | FEHFSITELR.
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4 2 Property Enforcerlg? Operatorf /1, ¥ s EKHIPhysical Property o] B 78 B4RBIF P = E2H 5k

By . fl 40 X Operator Z 3K & R HE ¢,
property”

® Property Enforcer:

(b #REnforcer) L,

{8 FOperator A X T F B E R . It Bf & Z “Enforce the missing

Property Enforcerx % X F i R EIFRA—DET AT =

Sort Operator, {FZERHALF. BI#h &5k AIPhysical Property,

EE G290 TE ., (b)ZE K% Physical Property {Singleton,<Tl.a>}, BIZRAM T HERS=H, AXT1
FKMaFEHEF. (c)FProperty Enforcerfh | 7 &t 5k fyPhysical Property, ZRZEF L Z X RNINHFEF<T1.a>,

A EEFE L Z AR MERR SRS Singleton,

{Singleton, <T1.a>}

v
Inner Hash Join [1,2]

-
-
-

—
-
-
-

{Hashed(T1.a), Any} {Hashed(T2.b), Any}
] 1

(a) Passing requests to child groups

GatherMerge(T1.a)

Sort(T1.a)

Inner Hash Join

__"'"".—F.'.'.-_
Scan(T1) Redistribute(T2.b)

Scan(T2)

{Singleton, <T1.a>}

¥
Inner Hash Join

-7 N
- ™

-

;_____‘__....r:_l F_-:“"ﬂ.-_-_-_-l
IL_Scan(T1) | M Redistribute(T2.b)
| —— | :
! I
: Scan(T2) :

e o o o e o o o o =

(b) Combining child groups best plans

Sort(T1l.a)

Gather

|
Inner Hash Join

—="'"—_
Scan(T1) Redistribute(T2.b)

Scan(T2)

(c) Enforcing missing properties to satisfy {Singleton, <T1.a>} request

Figure 7: Generating InnerHashJoin plan alternatives

BRIULTR

MUBREREEFR, MOXRE, FA—E8k

M WNFEREER BLXERFHNIZ. 01T

FRIEX—IHER? Volcano/Cascades 5 H FR1A A Promise
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e Promise: BIXATIN, AW —1MER" DX TN —RulefiEH# ., FRuleXISMEH— 1 Promisefg

(EB%) A HsSRTFZAXERIREIRHITY, RRESEESRSLLIERE.

FREBILIREPromisefs, TSI SMLURRETIRME KT8, MPromise h T MEE, Mok

Rulef&in17.

PromiseBEITEREZBARMN (BETHNA) |, GAlal2g it FE Dloink 4 & Inner Join, MUMEBEE L

JoinZ M RMNERRMEERE.

BRPromise%p, Orcall2liR SCIR 7 Multi-Stage Optimization, Rule#f 4 N A[EStage, LT R IBEEFE D

By, &BStageBLEARFRRE FH,

BEEEER

MERMR, B—PREXNTEREEHLIAFRER, HEAREXTEWARMRuleiZHM . MAEE

e?

e Duplicate Expression Detection: i % X FiHash 77354 [10P48] Ry K o] i+ & H H 3 & B9Hash{E, KA

2RZEGFF. FENREZETJUAE (Build-in) F|MemoH,

&R, EESIANTRERER. SQUIRIMMEREBHEESF, Operatorf I T M EEHE T . WHRE

EWFERBEFFAES.

BT#% (Pruning)

HNEHMUNEREETUNA L TR, FEADBENERS, ERNAB[EAFN. IREZRRT

—EEEITR, BARNLENES IR IXBkZ

e Branch-And-Bound Pruning: 2 &5 IR TT & A9 R & /NME L J Cost Upper Bound, % #THY$E

ROXMRNETER, FRELILE. ¥iACost Upper Bound J AL AR IRIE B Z X MNEE .

b4, Columbiaif SLI] 7 5 L 5147 [10P8315 5 4NGlobal Epsilon Pruning,

BREH&ZH
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®E, SRV RENIZATRHIE? AAL2FEE

o WEBH&M 1) MTIRKNAOMIEIT IR, 52) BH, =H3) WRTEFETE.

Join Order Enumeration

MEXTTMEY, BRREED, XKPARFRBETHERRHNAEIoin Order, LHIOLAPEIERE, Joing 5

REEBERSE, tJiktloin OrderHFIAHE LA EE K., fMHow Good Optimizersi® X [24135H, . Join Or-
derfE & MmSQLIN TR FILEER K A,

Join OrderFF ¥ BB AEATE, FIW A MPostgreSQLl3Ipr

o US55 0inIREENVT LR (EESEH) , BEMEHIEEG. &N, ETEARNMNEF L
Join Order, BIZNBENLARL. tboh, A UFF FExplicits® 1% E L 28 X FI#9Join Order,

Oracle[®31 ¥ 4E FE A% 1T 7 201 FH B & AN BN FE AL AYJoin Order
o MRFXFE/N, XoinKMHERS|, FABNTELD, BAXNRETEHHAESIZE]Join OrderFEHY
MemSQL[1315+¥FOLAPE £ R (Snowflake Schema) |, &It T KB B E RN LIoin Order

e KEFTHRMEXR (FERMER) . XpSatelliteP = (BE MFactk, BibFilter£ ) |, #
SeedT & (B E ADimensionFk) . 8% Join Order| i Bushy Join, FF{EIS1E T,

BEREXRNTFEHGF
Columbiafyi¥ 461

XANE XK B 5ColumbiallOip 3, FMPFIR T Cascadesti b 2RISR (AR EH) . TRIARESY
o, URIAR. gIEXR

® O _GROUP: fft4tk—Group Expression

® E_GROUP: BF (Expand) — Group Expression, it HFHNFRIELR

® O_EXPR: fLft—"RiAT
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e APPLY_RULES: PLEZ (Bind) Pattern3f FRule&#t, #FRIANEMNT SRS

e O_INPUTS: ITEFRIERMRMN, FHFEREHK

Optimize()
O_GROUP [g O_INPUTS
0 _EXPR [€ APPLY RULE
E_GROUP

Figure 17. Relationship between Tasks

TUER, ARNEEENEBEIPABES %
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optimize()

{

// start optimization with top group
PTasks.push ( new O_GROUP ( TopGroup ) );

// main loop of optimization

/! while there are tasks undone, do one
while (! PTasks.empty ())

{

TASK * NextTask = PTasks.pop (); /I get the next task
NextTask -> perform (); /[ perform it

)

// optimization completed, copy out the best plan
Ssp.CopyOut() ;

Figure 16. Main Loop of Optimization in Columbia

L ¥1950peratoriy, &8 —O_GROUPHIENEE 1%,

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==8&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf478f4b&chksm=ec787b24dbO0...
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//find the best plan for a group with certain context
O_GROUP::perform( context )
{
If ( lower bound of the group greater than upper bound in the context)
return; // impossible goal
[f ( there is a winner for the context )
Return; // done, no further optimization needed
// else, more search needed
/l optimize all the logical mexprs with the same context
For ( each logical log_mexpr in the group )
PTasks.push (new O_EXPR( log_mexpr, context ) ):
/I cost all the physical mexprs with the same context
For ( each physical phys_mexpr in the group )
PTasks.push ( new O_INPUTS( phys_mexpr , context ) ) ;
}
Note: Since the tasks are pushed into a stack, O_INPUTS tasks are actually scheduled earlier than
O_EXPR tasks. It is desired because a winner may be produced earlier.

Figure 18, Algorithm for O_GROUP

E_GROUP&E FFGroup Expression

// derive all logical multi-expression for matching a pattern
E_GROUP::perform(context)
{
If ( the group has been explored before)
Return;
// else, the group has not yet been explored
for ( each log_mexpr in the group )
PTasks.push (new O_EXPR( log_mexpr, context, exploring ) ):
Mark the group explored;
)

Figure 19. Algorithm for E_GROUP

O_EXPRYL1LFE E BExpression, Logical Operatort It 3813 ¥ FHImplementation Rule, % %% 3 i Physical Op-

erator,
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// optimize or explore a multi-expression, firing all appropriate rules.
O_EXPR::perform( mexpr, context , exploring )
{
/I Identify valid and promising rules
For (each rule in the rule set)
{
/I check rule bit in mexpr
if ( rule has been fired for mexpr ) continue;
// only fire transformation rules for exploring
if (exploring && rule is implementation rule ) continue;
/I check top operator and promise
if (top_match(rule, mexpr) && promise(rule,context) >0 )
store the rule with the promise:
J
sort the rules in order of promises;
/ fire the rules in order
for ( each rule in order of promise)
{
/Il apply the rule
PTasks.push ( new APPLY_RULE ( rule, mexpr, context, exploring ) );
/I explore the input group if necessary
for (each input of the rule pattern )
{
if ( arity of input = 0 )
PTasks.push ( new E_GROUP( input grp_no, context) );
)
J
)

Figure 20. Algorithm for O_EXPR

Columbia i finPatternL Bk Ml 7 —Let b, FlanE LMK Pattern IR P R 2 LHE, FUBkT.
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/I apply a transformation or implementation rule
APPLY_RULE::perform( mexpr, rule, context, exploring )

{

/I check rule bit in mexpr
if ( rule has been fired for mexpr ) return;

for (each binding for the mexpr and rule)
{ before = binding->extract_expr(); /I get the binding expression
if { rule->condition(before) not satisfied ) continue; // check condition
after = rule->next_substitute(expr ); /I get the substitute from the rule
new_mexpr = Ssp->Copyln(after); // include the substitute into SSP
// further transformations to optimize new expr
if ( new_mexpr is logical )
PTasks.push (new O_EXPR (new_mexpr, context, exploring)):
/l calculate the cost of the new physical mexpr

if ( new_mexpr is physical )
PTasks.push (new O_INPUTS (new_mexpr, context));

)

mexpr->set_rule_bit(rule); /! mark the rule has been fired

Figure 21. Algorithm for APPLY_RULE

O_INPUTREBCEE#EIH £, BHEAN, NERITEEMET AR

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==8&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf478f4b&chksm=ec787b24dbO0...

//On the first (and no other) execution, the code initializes O_INPUTS member InputCost.
For each input group IG

If (Starburst case) InputCost is zero;

Determine property required of search in 1G;

If (no such property) terminate this task.;

Get Winner for IG with that property;

If (the Winner from IG is a Full winner) InputCost[IG] = cost of that winner;

else if (!CuCardPruning) InputCost[IG] =0 //Group Pruning case

else if (no Winner) InputCost[IG] = GLB //remainder is Lower Bound Pruning case
else // Winner has a null plan, find a lower bound for IG
InputCost[IG] = max(cost of winner, IG Lower Bound)

EndFor // initialize InputCost

/IThe rest of the code should be executed on every execution of this method.
If (Pruning && CostSoFar >= upper bound) terminate this task. // Notel: group pruning applied
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/[Calculate cost of remaining inputs
For each remaining (from InputNo to arity) input group 1G;
Probe IG to see if there is a winner;
If (there is a Full Winner in 1G)
store its cost in InputCost;
if (Pruning && CostSoFar exceeds G's context's upper bound) terminate this task;
else If (we did not just return from O_GROUP on IG)
/loptimize this input; seek a winner for it
push this task;
push O_GROUP for 1G;
return;
else // we just returned from O_GROUP on IG, this is an impossible plan
if(There is a winner in IG with a null plan)
If appropriate, update null-plan winner in IG;
terminate this task;
else // There is no winner in IG
Create a new null-plan winner in IG;
terminate this task;
EndFor //calculate the cost of remaining inputs

//Now all inputs have been optimized
if (arity==0 and required property can not be satisfied) terminate this task;

if (CostSoFar >= than G's context's upper bound) terminate this task;

//Now we know current expression satisfies current context

if (GlobepsPruning && CostSoFar <= GLOBAL_EPS) // Note2: global epsilon pruning applied

Make current expression a winner for G;
mark the current context as done;
terminate this task;

if (either there is no winner in G or CostSoFar is cheaper than the cost of the winner in G)
//so the expression being optimized is a new winner
Make the expression being optimized a new winner
update the upperbound of the current context
return;

Figure 22 Pseudo-code of O_INPUTS::perform()

Memo ¥ 4H41 T

Orcal2Zlip X IMemo Bl E EH A, FEARDHRABBRMNAL. BPEFEDHRE

® Group Hash Table: Orcaf B E S FR{ERequest, iC3% T Group Hash Tabled, RequestFX &F BT
Hash & % » M Group Hash Table 2 1 A F & 4> 5l & Request ID, Request#y H B9 N & F1 H Physical
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e Memo: FIXFriA, —NGroupF LB THH AREE, {EPhysical Property fEIMNFRIEN ., BTk
XN T 155135 @ Group Hash Table® fJRequest ID,

e Extracted Final Plan: #R#EE 1 Group Hash TablefIMemoF$E5t X &R, TIAMEBEE KN RNHMILHND

Eitu
Groups Hash Tables Memo Extracted final plan
GROUP O -
P Opt. Reauest Teest GExpr 11 2: Inner HLIl:nn [2,1] " 3: Inner MLoin [1,2] | 4 |nner Hashloin [1,2] | 5: Inner Hashloin [2,1] rl GatherMerge(T1.a)
| 1 | Singleton, <Tl.a» | - | - .. B4 #? #10 -—p-_i—|
2 | Simghitan, Any 7 Sm‘l[tl.a]
I-ﬂ Advy, Ay | 4 21
it | Opt. Request | Best GExpr | GRDUP 1 -
5 | . Any * EI m
[ | Replicated, Amy | 3 | Scal
7 | Hazhed(T1.a), Any | 1 b " ]
8| Any, <Tlax 2 A
GROUP 2
¢ |Opt.Request | Best GExpr | N
(a3 | Any Any I r 1: Scan(72)) | m . Redistribute({T2.b)
10 | Hashed(T2.b), Any | 3 _.l 9 | w | =] [#10 [¥9
I 11 | Replicated, Any | 2 ]L J - o

Figure 6: Processing optimization requests in the Memo

—THRBEERYRNS, THIRMEERRXR, W T&DO AL HExtracted Final Plan

1. Rk E LB AR ERequest#l, EREWKR TLjoin T2by Tla==T2.b", ERMUTHENRSESE, Bi%
Tl.afEF

2. Request#1fyBest GExpriS[iMemo i #48: GatherMerge(T1.a), [F&fEERequest3,

3. Request#3{n#& H Tl join T2 by Tl.a==T2.b', BERERERMNTFENREE,; XZEE HHRGather-
Merge, L BR4E R |

4. Request#3fyBest GExprig[g)6: Sort(T1l.a), /5EIE[ERequestHs
5. Request#4{n# ' T1 join T2 by Tl.a==T2.b", BEARERHF, XEFA B ERSort T4
6. Request#4fyBest GExprig[g4: Inner Hashloin, J§&IEERequest#7HIRequest#10

7. Request#7fiFGROUP 1, ©H@TL, FfH HTl.aitEHash, EHIBest GExprig[a1: Scan(T1)
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8. Request#10fI FGROUP 2, MIEE X A T IUE T H & % Scan(T2), %A /SRedistributed(T2.b), Redis-
tribute3§1Z BBT2.bfJHash BN B IR EI XN N R E#8 £, BT RloinFTl.a,

HEEBTRI, MemoEMERERITERERTF (Memory Compact) , NERZEFHREZHFRIALII
IR,

KRHMHEE! (Cost Model)

B EEME, RNMEEEOperator LI 3E O P A GetCost3F £, REHFERTRNSIK, AW ITE
(38], BxJ5Operatorfxim [ KA EASQLFRIL XK.

¢ IndexMergeType = 1
IO Cost = (totalRowCount + mergedRowCount) * scanFactor

Network Cost = (totalRowCount + mergedRowCount) * networkFactor
Cpu Memory Cost = totalRowCount * cpuFactor + totalRowCount * memoryFactor

HEalliCost Variable

RINMZEMEEBFERECPU., RFE. WE/HEBIOFHE, EREDMPCKMBETED ., XENE
— B BARN — A BRERRENER., EELAEANNEEREXHFIEE (0 TETIDBALL,
Columbiall0P110] = postgreSQLI42]) : PostgreSQLFRE {14 Cost Variables[42],

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==8&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf478f4b&chksm=ec787b24db0... 24/44



5/6/2021 FECKIIA: $EFEEAMAERTIR
ff tidb_opt_cpu_factor is the CPU cost of processing one expression for one row.
TiDBOptCPUFactor = "tidb_opt_cpu_factor”
f/ tidb_opt_copcpu_factor is the CPU cost of processing one expression for one row in coprocessor.
TiDBOptCopCPUFactor = "tidb_opt_copcpu_factor”
ff tidb_opt_tiflash_concurrency factor is concurrency number of tiflash computation.
TiDBOptTiFlashConcurrencyFactor = “tidb_opt_tiflash_concurrency_factor”
[/ tidb_opt_network_factor is the network cost of transferring 1 byte data.
TiDBOptNetworkFactor = “tidb_opt_network_factor®
ff tidb_opt_scan_factor is the IO cost of scanning 1 byte data on TikKV.
TiDBOptScanFactor = "tidb_opt_scan_factor”
[/ tidb_opt_desc_factor is the IO cost of scanning 1 byte data on TikV in desc order.
TiDBOptDescScanFactor = "tidb_opt_desc_factor”
f// tidb_opt_seek factor is the I0 cost of seeking the start value in a range on TiKV or TiFlash.
TiDBOptSeekFactor = “tidb_opt_seek_factor”
ff tidb_opt_memory factor is the memory cost of storing one tuple.
TiDBOptMemoryFactor = “tidb_opt_memory_factor”
S/ tidb_opt_disk_factor is the IO cost of reading/writing one byte to temporary disk.
TiDBOptDiskFactor = "tidb opt _disk_factor”
f/ tidb_opt_concurrency_factor is the CPU cost of additional one goroutine.

TiDBOptConcurrencyFactor = "tidb_opt_concurrency factor”

(xf, —TIREMEEBEBT UNREBLEREXH, SHE O LR ADriversti ...)

Note

Unfortunately, there is no well-defined method for determining ideal values for the cost
variables. They are best treated as averages over the entire mix of queries that a
particular installation will receive. This means that changing them on the basis of just a
few experiments is very risky.

S5Z& 4% (Sampling) . BBt IS A Quasarifi fF 2824

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==8&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf478f4b&chksm=ec787b24db0... 25/44



5/6/2021 FECKILO: BUREEIESLAESTIR

calibration offline calibrated
queries profiling cost units

ZaN

7

v
query time —
i bradictor 4{pred|ctlnn)
DB Server +
final que D;;Ze EDTocle
Ign Y samplin ez ellie
P Piing estimation

ESRRMRE

BESXLHRMIER £ HEEE L Cost Variable, 7 (Row-oriented) 5% = (Column-oriented) % /5
(Layout) . ATFS#EEIEE. OLTPE50LAP, B SHH, RESHEARAFEMME, Fla0

* THR/N (FmHaiEA/N)

® Cache Miss

* EE5E (FmWMEREE)

o ZRE (ResultSet) BHEE

s PHHAR (—XREHMKRSZIEN)

* CPUIELIM/KZ (Pipeline) BYFIFZR (IPC)

oA R IBIHIRE® RN EIMIIETSS) (Data Movement) | Shuffle, HashingfX{f
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540 Access Path Selectionlélip XA T

Workload q number of queries
Si selectivity of query i
Stor total selectivity of the workload
Dataset N data size (tuples per column)

ts tuple size (bytes per tuple)

Hardware Cy L1 cache access (sec)

Cym LLC miss: memory access (sec)

BWs | scanning bandwidth (GB/s)

BWg | result writing bandwidth (GB/s)

BW; | leaf traversal bandwidth (GB/s)
p The inverse of CPU frequency
fp Factor accounting for pipelining

Scan rw result width (bytes per output tuple)
& b tree fanout
Index aw attribute width (bytes of the indexed column)

oW offset width (bytes of the index column offset)

Table 1: Parameters and notation used to model access methods
and to perform access path selection.

I L #Cost Variable &4, o IMMERNFERABEBARO . oJ L& I Selectivity ;2 Bk Cost Variable

SNYKREE.

Data Movement for Scan  Result Writing

N-ts N-rw
T'Dp =

TDg =
BWs BWjy

Predicate Evaluation
PE =2.- fp -p-N

SingleQueryCost = max (TDg,PE) + s; - TDpg
SharedScan = max(TDg,q - PE) + Sior - TDg

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf478f4b&chksm=ec787b24dbO0. .
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A—FERE, TMEEB+HREABERNAN . REB+REEERITNM, BEWBLE HCache Miss; Selectivity

S, KFREDRHEN, BEAEREEEEAE. siaXt, FESIRMNITI.

Tree Traversal

b-C b-f,-p
T = (14 THagy (W) + 5+ 220 )
Leaves Traversal
N .
s;-TL, where, TL = #

Data Traversal for Secondary Indexes

N - (aw+ ow)

s;-TDy, where, TD; =

BW;
Result Writing Sorting the Result Set
RW =s;i-N- g SC; = si-N-logy (si-N)-Cy

@

SingleIndexProbe =TT +s;- (TL+TDy)+ RW + 5C;

ConcIndex =q - TT + S;o¢ - (TL+TDy)
+ St - TDg + SF -CA, where

SF = S';”; -N - !’f}gz {S}ﬁf ' N)

DREEELLATFAALPEEXKRKNMERNHE KBNS ITE S ( User-Defined
Statistics/Selectivity/Cost46]) . X828 FVolcano/CascadesiELE T B M, HHBAERMUBERND
BAREX®EE (UDF) . ARETRHENFRIYSZEFEXNEESHELS, BUEE—MIZHsQL ANALYZE

weEMPEFEKE.

—¥ R, Apache Calcite LI R F FMEIEF & MBEHFNEABAEBNRNRE, THEED.
F, BE—salEZWTKEREEHER.
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KRMIBR A FILEIE

How Good Optimizersi® S I TR ZIFR I TT A, B, SQALEHMNRELRNEZERTHE, HRMNE
AMBNES EXHTRETTELEHEXYE, o NALEREER.
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PostgreSQL estimates true cardinalities
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Figure 8: Predicted cost vs. runtime for different cost models
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FEH(a). (b)fFEAPostgreSQLRMTAERS (c). (d)BYPostgreSQLEASM XA T Cost Variable, Ti(e). ()IfFAR
FRERTHNERRNEE, £ 3£ APostgreSQUEE 4115 B Cardinality, £ F B SK AR AYCar-
dinality, of A& I %21 14]
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Figure 9: Cost distributions for 5 queries and different index
configurations. The vertical green lines represent the cost of
the optimal plan

I E, X—J7ET AR TRIEE @M=, 5IM0rca TAQOLZ]
o AUSEERBH EIR RIS/ Plan Space, WA D BIEFMHAITITRIG?

® Join Order Enumeration, Promise. Interesting OrderfE 54518 Z T 25| H @ Plan SpaceiX {F Y ER 4 7
(BE#85GDE1))

® FPlan Spaced, RMFEALITHRNERELHITHE, BEFARER: KEEMH, ERREMNTIHT
%, RORBEBTHRAF? EERE D BB T7 )

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==8&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf478f4b&chksm=ec787b24db0... 32/44



5/6/2021 FECKILO: BUREEIESLAESTIR

e FHPlan Space T U#IMtF (FINSERBNEZE) , dHfBenchmarkf, HAMIREER PRMLKL

A% 89 B 2 A gt — B e
RAX X Z—NAEBIMZ B S 3R R B &

it {= 5 (Statistics)

HIEERFENRITE S EOperatorfg NI H 19178, MNERVIMEKRE L DF7, | H(a]& HOperator, HliSe-
lectivityF1Cardinality (Selectivityth o] [ J3%E A Cardinality) , How Good Optimizersit 3 [1413E 4, A # A Car-

dinalityiz bk RIMRRIEE,

A X FE X FCardinality, IL9MAF Count-Min Sketch(i2l, {F K {\Bloom FilterfJ /7%, REFE—E

HIARE, (LAY Sketching”i £ Zone map(4Zl, WITIC K& EIBEMMiIn/Maxii R, FEHE A HRE

BkiT, ) Synopses for Massive Data[26l55 & % Sketch 77 3%,

FHIRE (Histogram)

HEE BRI AREIL RE -5 Cardinality, MY TESURAMERZER (PDF) , $XFFETRE. 5

BESEES# 21 (Bucket) , BEFEREE (Equi-Depth Histograms) B EFAINR. FAREFEIE,

HHEIHTRAHEFHRENTT (Tuple) , MARKIELEESS (FHENE) .

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf478f4b&chksm=ec787b24dbO0. .

33/44


http://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==&mid=2247483809&idx=1&sn=f20d4b2c4e1febea0f34fe42e20300e1&chksm=ec787b72db0ff264e2212f3271d7e8ffcc05b6d38571662ca2bfc85e53634213c233cf731f21&scene=21#wechat_redirect

5/6/2021 FECKILO: BUREEIESLAESTIR

3.0 -

2.3 -

2.0 -

1.5 -

1.0 -

0.5 -

0.0 -
1.75 200 225 250 2795 300 325 3.50

T RIFEEER, ENETMNEEETNTER. AFRLCEFABEENNH, KNBPNTH. ¥ T
AEEBENE, WRREBESNLLOIZMERE, BliPostgreslLF44],

Statistics Derivation

B EXT XA, BIa9KRE/Cardinalityi A B HANMEREH . RMNEFE

o BB FIfYCardinalitytf E £ 54 & & 16 A9%5 R Cardinality

o BiTE I Cardinality¥ Eloink Y Cardinality

Bl TEL2, ERERMAGITESREERR LES (Derive) HESEMN. BAEZAANGRITES.

https://mp.weixin.qq.com/s?__biz=MzI5Mjk3NDUyNA==8&mid=2247483895&idx=1&sn=05b687a465f5e705dbebfdccaf478f4b&chksm=ec787b24db0... 34/44



5/6/2021 FECKILO: BUREEIESLAESTIR

() (b b )

v Hist(T1.a) Hist(T2.b)
Inner Join(a=b) [1,2] :
N Inner Join(a=b) [1,2]
kf‘, \\\-l _.,..-"" ““‘t-.._‘
{T1.a} {T2.b} [lﬂ] [I{D
Y Y Hist(T1.a))  (Hist(T2.b)
[ GROUP 1 ] [ GROUP 2 ] 0 0
[ GROUP 1 ] [ GROUP 2 ]
(a) Top-down statistics requests (c) Bottom-up statistics derivation
) GROUP 1
< [Iﬂ] [ 0: Get(T1) [] ] GROUP 0
Hist(T1.a) _
- 0: Inner Join [1,2
,. GROUP 2 ih (b 0.2
) [I:[[l [ ] Hist(T1.a) Hist(T2.b) 1: Inner Join [2,1]
| Hist(T2.b) 0: Get(T1) [l
(b) Computed statistics are (d) Combined statistics are
attached to child groups attached to parent group

Figure 5: Statistics derivation mechanism
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e uniformity: all values, except for the most-frequent ones, are
assumed to have the same number of tuples

e independence: predicates on attributes (in the same table or
from joined tables) are independent

e principle of inclusion: the domains of the join keys overlap
such that the keys from the smaller domain have matches in
the larger domain

ik, ZIHEEEENCardinalityt] H&FIHEFSE], MloingE RECardinalitys] Bl T I4ITEGEE

T4 |72
max(dom(x), dom(y))

r

Ty DMe=y To| =

ES Ik, How Good Optimizerst 1435 H | #IRECardinality(EEMLFRIBFEREBILNHERNERE, B
Em (&) K

PostgreSL DEMS A DBMS C HyPar
L B S S— L : T

;

;

s smm ome el e

;

z

+ underastimation [log scak] owverastimation —

186 4

T T 1 =T
o 1 2 3 4 5 & 0 1 2 3 4 5 6

numbar of joing

Figure 3: Quality of cardinality estimates for multi-join queries in comparison with the true cardinalities. Each boxplot summarizes
the error distribution of all subexpressions with a particular size (over all queries in the workload)
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