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=> SELECTnhow();
now

2023 03 06 14:00:08.008545+03
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yoR 4V ) Ot GE&_ PostgreSQL1L4 4 .1 wO a o, Kx MOO 1, a
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=> SHOW server_version;
server_version
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Yo Ot AeA ot~ T al Y T enAd Ot O &vi 'h

Ua &0s o Q a. YN, E0b® v PGDATAA " a Y457 00w 7 a.

C> reta ntT EAN ke, % 06 £s>Lis ns A PostgreSQly
-Q Q%If &/ N'Ll,'"' YRV , A abstraction layers || Fre® SEA\PO-#:" 3,
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Y 0 o, PGDAPA + b h t btA 7 oa
. templateOX k & A4 bh 0] & yU, v aodh t 0t x U
Adb4 ] ~a. wux dE"A @VOo°
, templatelx [T b Y 450"Ebh t ot x Ji v “ a.
. postgresv T HI I a v b t T a
PostgreSQOL instance
Iy
?"\C_/fb
9
=— - < — ————— 3
| | | | database
— | CREATE DATABASE = ’ cluster
postgres template0 templatel newdb
_— - — I — —_— - g

° postgresql.org/docs/14/managing - databases.html

6 postgresql.org/docs/14/app - initdb.html
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"E. Ned . 1 "E4aANO YXod(XK " )0sal'H Y b
oid| 32e a1 7 a.

oidAE _V ANe 7 mwe HAE QRO A® & *%"F 1 xA yo. "1t F'
HAE PostgreSQY ~ he k=~ Awo.+' HAf N F1Ik,° A= /A
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. publicx JT X 17" "QEalw 1, x T 6 a

. pg_catalogv "E. No ~ i 6° a.
information_schemas SQL 4 b v 'E,. d PO n v |Ji
- a.

. pg_toasts TOAST3 OOAOK 0~ i 67 a.

. pg_temg No Qtvh Jt 6" a.dY Ji b pg_temp NOv »"Ead "
oY IS No, o & QP pg_tempr . T JX 4 7 7 a.

R* Qv h "4 6&6Heth f XK ovooQ4” " oa.

K 4 7 x' Qb NE 6 VN PostgreSQK y o AE4 bb A

QU & " a.4y o A'Ev search pathOk "' XX4 . Q "Hn~ N\ "Epg_catalog 0

! postgresql.org/docs/14/catalogs.html
8 backend/catalog/catalog.c, GetNewOidWithindex function

9 postgresql.org/docs/14/ddl - schemas.html
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K X Ne v JYh t YIRSV AN | a,Ph t v Y Ne
1 h 0 a3 "7 a. v k® ” h L »"ELQ
0 ~ a.
@t h t v o1 Ne* ‘0b o m T Y9 a0 o
t h Tt K v Ne* ‘4 ek h t Y Yo R
E, K | d Ne' ‘A 0 a.
pg_global
po_default M || L
1 ] )
pg_catalog public plugh pg_catalog public
- N AN AN AN J
T —_— \Q_:_:f___t _—;____f____:;"
postgres templatel
Y® 0 x,P Kk Ne' b 9t 0
pg_default v $PGDATHase U & &4 - Ne' ISR yu AD
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B

"E. K 0 a.
It ¢ Ne' ‘0 9k Xx,e v UE & 2 "7 a.PostgreSQIK
46 1 &©Q 0 $PGDAT#y_tblspc US& &4 o9& ~ a.” ‘"EPostgreSQL i v @t A
"Ev $PGDATgese Ud @O0, NE«d NE B80Ebr—0 <« 4vald’ E
h a "7 oa.
. @4 U h t 0 Ne* ‘b D 64 "7 a.. @4
postgres h t ' v xyzzyld | i Ne' ""E ]I o, templatel h t v
pg_default & Ji o “a.av h t K v Ne‘ AR o 47
- ..
w& d
h t 4 b 0 X NeO | " v »"Eald & o L N b
@ T a.®E NEdEEA av T a. NoX N QO kKt XB Oft 4]
MM b E 067 a.B Oftv |1 XKOalbft Av Ne 4 © 0 a
- a.
al @O K tl KX "ESAN "~ a.dAdtAn,” v | « Q v Ne "H
éﬁmaterializedviewsU d MOB It NQ“ET 2 ~ - @l& b 6 \
Q, NOOVDO® | & 0B P17 a.
PostgreSQU »v Y &t K 0 'Gda ate™™ Ggs 9 ACE T a.
E Fedk VY qgrieroFHEAIE ctlewE | F& FW ' Fs5/ A sy
E

ref,"E oA O fsAyo.4. ABMRAIE
1 'TAD X + G WD +(:1 MichaelStonebraker_"_ e +,D
WO ., T O™ md%/ AlE '50OY

s 'rteFHL e
PostgreSQL Tt 1 v & H_°
oo 1 LeptHyTr Ouie, Fintiei
rpf+HEA K WL g 4, 1 A" EMi/ 1 agHE Fw/

g/ 4 AYO.

Aa 4 T, +w/ '* p£"HEA IE of € Ln pg_relaton 1T Ts Apo.
ad 17En § A pgclassT Fo+ &Y" Ayo.Ft t3l€F Fo/
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10 postgresgl.org/docs/14/storage  -file -layout.html
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t., b, A 9GS5 4V a.t. A T _ U Y Saod4 bLO a.
1GB ) X 45 diy . @ Qv OO L4 T e b6
47" a.PostgreSQL ¥t X . " A 2 "7 a(Jconfigure --with-segsize” a, |
T J).
the main fork
Z2FHL5
VAR AN S i
e t W
: P S A 4 r
s 7 77 i d
//////]Zféff///// free space map
y A S S 4 r
/ ]jfff.f_-/f;'/)’%.y/////
/ Z2FAE Sy S visibility map
ZAFHE 1777
Ur, ©& AXU° 4JYKk "EU U1 86" a. | “b4v X Ne Ol ©
A4 WO t K L 1 & a.
Ne Ud &v(pg_global 1) b t | T UsE @0
e T a.KKN Ne* ‘7 h t N S N K X Usd o4 @
a 7 a. 0 Ua o4 x ™ QN ) Q v AdbL NOE
a’A 4 7 a.
45 JYb ° ot "7 oa.
v Ne U | O KX h OV t7 oa. v 20 T ot ®& a
45 JT 67 a®4v b bt A v 77 a).
t N M UE Y N "H KN pg_class Ne relfilenode >KA 0
- a.
pg_default Ne' 4 QL A Ne AEO DO 5  a.



=> CREATE UNLOGGED TABLE t(
a integer,

b numeric,

C text,

d json

);

=> INSERT INTO t VALUES (1, 2.0, 'foo’, '{}");
=> SELECT pg_relation_filepath('t’);

pg_relation_filepath

xxxxxxxxxxxxxxxxxxxxxx

base/16384/16385

@ )

1 Ua v pg_default Ne' 0 0 H, MU4 v T U8 &b h t 4

lio a na4sdab v . .2 "7 a.

=> SELECT oid FROM pg_database WHERE datname = 'internals’;

oid

16384

@ )

=> SELECT relfilenode FROM pg_class WHEREeIname ='t’;

relfilenode

16385

(G

=> SELECT size

FROM pg_stat_file('/usr/local/pgsgl/data/base/16384/16385");

size

8192

@ )

) Y5 E 6 YN N{UNLOGGELE » £ 0)0 . N | 4Qffo6 a V
K tXx QK " K Q.t46 ot Ax ]| 4, ETCTE 4 yT7 a0 X
R4 Y AX0VDD010 Q 1bQe @ ©0h 0] & 24"~ a., Unr PostgreSQL
X] O 45 YK ot OpB 9, . E OHAVQHED

1 postgresql.org/docs/14/storage - init.html
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sE 7 a.

t NeX "E, 6§ Y X «
Y. b QS 4 _init

=> SELECT size

Eot &4 xp4
o b8 a.

FROM pg_stat_file('/usr/local/pgsqgl/data/base/16384/16385 init");

size
0
@ )

4 |/| R qfreespacemap lZN o II L3 |/| n.. - a. G ) s <’ TH;
Y 0Bl — 9" x™Qa AU a.i NpaXo'Ea 6vh 02
v 0tr61 vh Jio a

1 MpadeAdot XN _fsm 0 Job “a. , 4v Y t otd6 Voo,

xQQtA “a Y b NI4v oK Ng, t "™ vy ~ a
=>VACUUM t;
=> SELECT size
FROM pg_stat_file('/usr/local/pgsql/data/base/16384/16385 fsm');
size
24576
@ )

yo ol 0 o« 4 MpaN & EQtA T a bk L 0

y ef v Ne T a

1 Mpaw NeO | P4 1067 a. Q | X 4 bda

(A0t AN, B OV A 0 ATs4wO “a).. Urn PostgreSQX | ©

I a vy 4 Q, T a.

Lk C( visibilitymapl3N b _l_ U “E frozen f) 6 1 U | a I

0 PR No QaPk e 0 N ~ a.

_ e v — 0 u 49 07 a.t AN Y OxXxE
of 47" a.A , U a \ VIS X bk YN,
Lot I 2 " a

12 postgresgl.org/docs/14/storage - fsm.html
backend/storage/freespace/README

13 postgresgl.org/docs/14/storage - vm.html
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v EO — 1 u 1v 6 a. ao, E M™®yg &

=> SELECT size
FRONbg_stat_file(‘/usr/local/pgsgl/data/base/16384/16385 vm');

size
8192
@ )
NeA©® b EGX N6 Q |46 b EaNx WNé VY™~ a
ot N A(/O), N1 T k®d NE Pages(As NJE)’Eo 67 a. v yU
72 v = h M, U t7 a. Un PostgreSQL ON©° a Mo & X WA
64 "7 a
vi 8kb h, L3 A d 3%h ), %t S p4Qe a "7 a
(/configure -- with-blocksize ). da o AD Yw Y NH O _ %t e
e ) Qf a2 "7 a.»'Eabd 0 & v Ne' 0Q
tU ‘HNQI:;3 - a.
A h 17 t, 0t Xb—4 by n NE ©07 a vA — CE
n J T"Et A 91 632 o, 0 xU' E Y 0 a.
TOAST
P N U 1t1b+ Ho, oa, ey h AYUBY “NATT @
5 PostgreSQl& TOASl-f-(’I _I é" E 1 The Oversized Attributes Storage Technique )O,U
m ‘,__“ IT - @
TOAST a U, “a.. " £ )X N TOASE, J"l re’ NeE4" 2
" a.Aald “KX 4t A2 | E. XK\ vy Toa.Avok A N
4 o Jon> v ] "7 a
Ned . * & . b3t a®, . Y Et, "] TOAST Ne ®EQt A -~
a. A0t A, v ° A u Ned bu, N . X, Y M| TOAST
Ne 90~ a
I ° AD, TOAST XV 370 N "™H., " &, "1 NNE h> U uN a

14 postgresgl.org/docs/14/storage - toast.html
include/access/heaptoast.h
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Yy T a. v | .0
U 14wOa"y a).

1 N'ETOASTUNA h
psql4 » \d+®€& , ° v

R ) a.

=> SELECT attname, atttypid::
CASE attstorage
WHEN 'p' THEN 'plain’
WHEN 'e' THEN ‘external’
WHEN 'm' THEN 'main’
WHEN 'x' THEN 'extended'
END AS storage
FROM pg_attribute

£

WHERE attrelid = 't"::regclass AND atthum > 0;

attname | atttypid | storage
a | integer | plain
b | numeric | main
c | text | extended
d | json | extended
(4 s)

PostgreSQX a, OKX U,

plainx TOAST |i

0" a.A0tA, a
extendedv ~ £ \
externalx . ~ £\
manX , ©~ £ A

a.

Q NEMa®d Na, OK
vAESA4" " a.. Us )
( &v 1), a XK TOASH
<« 9% O I

1. A b . " kta
extendedd ® £ X\
® @& ETOAST
v o U 7 a.

9, |~ a v 0 a(C o X
4 WwOM 6" a i 6 vy vL pB “ X
" a ORI E. 0 J& H MOO1v
regtype,
L
4+ T oa
Yoy, 0 H v "E' a'Osa M'A B A
° 4 d 7 a.
a, 0 AD ™| TOAST Ne/ a | T a.
Y\ X « "E" | TOAST Ned " a.
v a,\ o) Y. XxQ"1 TOAST NE n -~
A~ a.'® PostgreSQIX 4 4K t b1 E
b 1/4( ) AD N 20006 ) o. AD
- i 4 " a.vU4vp00 wO, R -
- a:
J external O extended U, Ji v &, T a.
8'HM3 X(@0™ &£, a'A YaLQ N'B 1/4.,
NCE no6” a.external ~ £ KX "~ NE ©®6 QV B

15 backend/access/heap/heaptoast.c
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2. V| 4i VN, external O extended U, [Ji v

B UM TOAST NeE n~ 7 a.
3. &1 1IN & YN@man U, I v £,V J Ne 1.
r~ a.
4, J v YV a® man &£, TOAST NE n° 7 a.
OXN 2,000byte  "Q, toast_tuple_target 0k " ad i NeB™ "E XK,
a7 oa.
LHN a N ] U, Govw | N 83 ~~ a.A0t A, N h b\
favw, OOMe a@A:A JPEG O O v AD),, N4 d external U,
a "~ a. 0 s 0O V 10 a "~ a. U"Axa, OK a

=> ALTER TABLE tALTER COLUMN d SET STORAGE external;

0Q wa, OKXMOL " 6 a:

attname | atttypid | storage

a | integer | plain

b | numeric | main

c | text | extended

d | json | external

(4 s)
TOAST Nexf 1y N"H™ | pg_toast Q4 @ ~ 7 a. v TOAST
4y o AEA 6 Y. xn " a. Ne AD4v pg temp RKX ~ N'E

pg_toast_temp_ N Qb i 6”7 a.

Mod °an , 0 7 7 atdy  Nelv, "k 61 . 2

Ur 4 €« v TOAST Ne AN ~a.a, X, A" a:

=> SELECT relnamespace::regnamespace, relname
FROM pg_class

WHERE oid = (

SELECT reltoastrelid

FROM pg_class WHERE relname ='t'

);

relnamespace | relname

xxxxxxxxxxxxxxxxxxxxxxxx

pg_toast | pg_toast 16385
@ )

=>\d+ pg_toast.pg_toast 16385
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TOAST table "pg_toast.pg_toast 16385"
Column | Type | Storage
chunk_id |oid | plain

chunk_seq | integer | plain

chunk_data | bytea | plain
Owning table: "public.t"
Indexes:
"pg_toast_16385 index" PRIMARY KEY, btree (chunk_id, chunk_seq)
Access method: heap

Md TOASE &0 v plain W, T v ® ~ aP_ BZAE TOAST
L
TOAST Ne 4 Qv O PostgreSQIX n Q4 d v LTl ek T oa. 1
<«TOAST 4 = vhp Jio a |° YXMO4 6 Qa., OKKX 0~
J al 77 oa:

B

=> SELECT indexrelid::regclass FROM pg_index
WHERE indrelid = (
SELECT oid
FROM pg_class WHERE relname = 'pg_toast 16385’
);

indexrelid

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

pg_toast.pg_toast 16385 _index
)

=>\d pg_toast.pg_toast 16385 index
Unlogged index "pg_toast.pg_toast 16385 index"
Column | Type | Key? | Definition
e b
chunk_id| oid | yes | chunk_id
chunk_seq | integer | yes | chunk_seq
primary key, btree, for table "pg_toast.pg_toast 16385"

. YD 'E TOAST Nox N [t v = 20 d8k'EVQ a. NN 3K

TOAST Nox 3k , TOAST | ' v 2k 5 ° a.

N cv extended U, Ji O0E dXxV 8w 7 a:

=> UPDATE t SET c = repeat('A',5000);
=> SELECT * FROM pg_toast.pg_toast_16385;

chunk_id | chunk_seq | chunk_data
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xxxxxxxxxxxxxxxxxxxxxxxxxxxxx

TOAST Nexed "~~~ a. v Q v, blzMad Vo8 ALK Ne y

i1 6, xn a.

~ -

X, " T, Edt T a7 a
=> UPDATE t SET c = (

SELECT string_agg( chr(trunc(65+random()*26)::integer), ")
FROM generate_series(1,5000)

)
RETURNING left(c,10) || ..." || right(c,10);

?column?

xxxxxxxxxxxxxxxxxxxxxxxxx

YEYNNDTSZR...JPKYUGMLDX

t )
UPDATE 1

ey 21 4NO0'ETOAST Nedt Ap~ a:

=> SELECT chunk_id,
chunk_seq,
length(chunk_data),
left(encode(chunk_data,'escape’)::text, 10) || ..." ||
right(encode(chunk_data,'escape’)::text, 10)
FROM pg_toast.pg_toast 16385;

chunk_id | chunk_seq | length | ?column?

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

16390 |0 | 1996 | YEYNNDTSZR...TXLNDZOXMY

16390 |1 | 1996 | EWEACUJGZD...GDBWMUWTJY

16390 |2 | 1008 | GSGDYSWTKF...JPKYUGMLDX

B 9
not EU L oy o - v TOAST Ne 4 4K t A
ra |1 Evy 614 77 a. XN g A4 wOd— Qa<pva’y a.

" £4 7 x,PostgreSQ 0 nAN"E: U XNElTe J O A 4Q T~ a. O
X T E. U4l ® | 0" a.0Q+ . " & 4 8 Vv aw TOAST
Nox V77 a. u via4s” MO T v ow, N v F u
a.

O A b, X _ U A D, PostgreSQIX O N AT a X
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~YYnh 0\ 3 "EUS v AN «d a0 O0E "HaU X 1+ vyl

0 b " a.. Ub PostgreSQU b 0 vyX X “ M T a. v h

b Q I Ji6™H U QaE (d:° O En») i} I\ XAD4&0 ., 677 a.8 U

X dJvyXh 0 T4 a,h t "4 d YQ vy Toa..

yu Ad,h et h t C i a47 7 a.

1.2 "Et° n wow

PostgreSQLh — * v JY Et ' b <« T "HALEEA T a.

h—b > 6xb A v "Et ' v postgres h, v \ "EpostmasterO's a Y

a Et v Ot ad Et Oek "W~ ' BN " 4 ' . e |

Jekt " a) t. ©®0 “a.0iAh ELt b’ o, postmasters  d "Et " 0a’
T a.. @a QN MN° h 1* €« b3k aw, h—0 " a.

PostgreSQl/ Al Ln S TEG ° @F G ., v/ ,GdoiT & i/
m “A\IJO.

S w e uu O 4 “ehoryes siard K T AV
owh eaqT .0 was KK€1FT"®2 yo.0o Q = x L K1+t ,
="En, € £9 w T "EQ / AT I Ayo.dpiln O IE
1TEY® OFnr ,»>,25 V£ E,e L' 2 Y/ "oy 4 ust+ g
Gonnn mwi wg din ve | UL eOm¥b — bT ~k€O0eF
1" ¢tE wyo."i «Cn/ +' ' n " WMij 4,17 Y Hn QAyo.
b— AN OO0t "EL A * NE2 0" a. 0 Et 't xa, OK 7 a:
. startup: 1 Qe -~ 1 b v A, dd T a
. autovacuum NeO | “ 465400h 0 y v A, 7~ a
, wal writer :WAL Q, U° 4, "E v ] _ 7 a
. checkpointer : 0" v A, dd T a.
. writer :" AO ouU" 4 Y v T a.
. stats collector : * ° [t ~&0a v A, dd T a
, walsender: WAL Q. T 1 4 _ vl 7 a

wal receiver :7 | 4 s WAL Q, Qv A~

Y "Et C Ot av AN +ib6w i6™ avAE » Ot 4s b68,A
v i a "7 a

‘ TEQKE s m nw/ 1 ' >He,3v3T Wi , 78, 0w/ 1 was{yo.
AKD deaqT £8 N3 OS Cu ' £ " % wo. Ut A4, &€a/’
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Meadb"n o E47>/ xav >Lg Ew Y+ HO yo.+ /€
oy ¢ v 0 eqT 1 & sl ED wa - yo.
Et 'p <« T, b3 ,postmasterr ot Et* 4 T 2 v N OO
0 d " a
U HDD, %8 SSD "Q b ) RAMa Q ' ®, x 1 4, PostgreSQ I 7 a.
n° RAM v "~ 4 X 0° A~NBA A, t Jy_ 0 xU 1t
a0 a "~ a."Adbh v QEbMT O ‘p 4U° 4m 07 a.
— v N° Ao® dao a,h—bU" 1t  0b" ) Ii vad—
] 64 "7 a
0 A 41 b v h,PostgreSQKX 0 A i 0 Yoy /100
IT 0°E ~ Q9 ~ a
PostgreSQL
postmaster Instance
T
_’,/1\\ ———
J,/J_ \x‘r Hl.f -
client | | |
- backend background processes
application | Il
I
shared memory
buffer cache ][ ][ JLJLJ[ILJUOILL
operating
[ e ] system
UujdA mUA, Y X <« Qe ® RAM Oh (— p JO -
a.y’ 4 o t "E'p PPRald"Eh et bLe" a 77 a.
0 M PostgreSQIX Write - Ahead LogWwAW i~ a. WAK PostgreSQLY A 4 A&
CE6™H 6 AD Y & A, WAL I & 2 77 a.
1.3 O A O A -»— 'E
o) Bt vt AdvAM, Qv l | T a.0oB0 O A b Q



v 4t CEL0QtA T a Ya, O AN v 4t7AM, 64 taQ,
) a. taAx O A bLAM, DPyYu,AM PA x. £ b a.

—v O A Qa" | 4t 09k 4 vh, vOX O A b °_ 1 o b
6a "~ a
P "Et " v “E. Ne edn , p MOU, ° .~ RAM 0
Ta.wOrAM Qv aEfed JTyl b 7 oa.
NM 3 Nus Ab( O A b KX 0 - aNM, Pv Ad)Hv A M
v ef,o "Bt  eotef,s 0 E ~ et U v 2 77 a.
. "Et° bOM 2"E. Q'E, v h gv

p vAUTH AXDD a
0" a.. MO, O A abL b 2A'Ets LQe a2 "7 a.

R v AM "Q M a2 " aidM OxeEdv 4t a0 vt T g,
PostgreSQIx © OAM "Q 3 4NOD'E1 & ar—40°o O QU VYial
(PgBouncel’, Odyssey’ U)0 | <+ ~ a. “«. |t ors— 4tbnA” N'Ead
O A O a, & a "7 a. YU SN tad: U a4QeE 4, |
T 1 "E1 O ak Q4 . b 7 oa.

O N " b—p s <« 1.7 n e L, Ty " a®d E

libpg & * Y®O0, QN E 1 i b 4 I o2 T oa.
pB a o, "E X O N bsr—4NM aSQL O - a1 7 oa.
N MN h T [t od "Hy 67 a.h»—v h t Y 0 4
1O a4t b t " Qa"l AM, ¥ N T a. BAEA
auientication T 4~ a0t oeY_ OfAT at ). 4t "Bt v i T,
o, d i b~ Oh T AAM e v 4] " oa
SsQL v [ A "E 4t "EL° 4 BO  a. "Et ' v © 0o W o 0

a,. MOO O A 40Q ~ a.

16 backend/tcop/postgres.d?ostgresMain function
1 pgbouncer.org
18 github.com/yandex/odyssey

19 postgresgl.org/docs/14/protocol.html
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2 H 00 Isolation

21 OF Consistency

©& h T T 3NXh ©t, h £ ° v 3 A T a.
h t 2 4 » NOTNULLY UNIQUEKX " Mt N x. ¥ a "7 a.h T
XY A X < | "B NTE b TME, T Toa.
ot 0 i x h t ‘a2 45 62 awh et 7 6w " a. Y
U a XNXI bdY Nod T t6dyVY,h T " Abe a Qhih °E
v & IxAl "7 a
wO b, h OENXN" MET aAH ki Qb Tt " XN eE T
Va4~ " a.i1 & a4 OEN. O MEX® ba@h R
0 “ 477 a..U0Uwh o416 . X1 O a4 ne N H,
I £64 A4 7 a.
Yh1 & a </ ®01 n awh t " NXAhJd , v om, 0°?
v T5b x x "Eh ot N"E Ewa xn "~ a v | ud
<
£ p : OAEt AT n~ " a. 6 Nx'° v A Qv £ 1, " n°
ru N Oa'E a "7 a. 7 . SQUsTME 4 xNEy v AETT a
3 .. 0 7 1 ® aa 4 +nw a,h S IR YA B
as b 5 a. AXNPBAE 114 " a £ 46l, -vuwO,. 1. ad £ A
dvw “a. _ BAEADH et . o,P_ BAE4AH] A0 a.
Q1 _ BAEY EN QP_ BALAh ° E’ ®h Ot . T a. Y «
XN T6 v Q1 & aa 4 0B 8 ® ., v AEg” a. Q h T
e PBAD U U a\"e ° a® n vh t " M a2
- a.
. Yhd, s&>t A b T a. U aAxk"™ NEv:+ ' I n Q- AE" 8
Xt bQe 2 "~ a. v ,Eald U 4 n vy a2 . xR " a.h t
) U a otn ,Losga, U ANE,Apa® YR v Q9 V., ow
" a Q &l £dE’ wE3 00tA w T oa.

AtT €A i HKE 1 HEd 0t TEAt Y&, tof Eavw
WngEfn “A A& /Ar "% ywo. N, ,  kEesknA L+ gL
ANIPIE € AK/ 1, & oyo.+' O Lo~ £ | — 37 F1 A
i 'Fa~ S'. 1w yo.
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At o4 § v U, a ~Qn (20, L~) Mmook 4anomalies' O,e a Y a.

At A1 D axh t 45 60h 04, 7 M 6 Yy xalb U
a " 07 Yv44 “a.. 86 YN a2 U a 81" CEv yuh
t <« 01 2 16 a. 0'¢ otI™eEhGs Y a.8] <« @l -
O a, n" 4 x,h t v, MObL T ’ MO™ KI 61 "EY N T
a. , U dt, »'EH® h ot ° N T a

Ot HbOE XN O NEBES A, A, D a T a.dao
455N Hoda , I J 4 <« ax DOt <« sy~ a..
Us h et _° SYNT ® atl a 0" a.wOsn Ah HOA
Ii e, 2 474,71 HY A, f yv . e tb d A4sAAl d
"En I a2 v MM+ T oa.
2.2 SQL Ho 2 W |
SQL XH®Ma _ Fb "Edoe H’ v A 4 &6y U A45Qe 2 v AT
«t . . NE 0" a.. UrH®A 4186 0" Xv YAl <« a VMBS
- .

X "E & ., x4 OA AOvad *N"Ea 0 2 a.wOnd, b
@t Avdaob 4« <« U ©°90E D a N4 T a.x £ U a4 e
A v Oom ~ w H X AT v @ N T a
A7 b t ° ENX OGvadbl Q ~~ a v 16 4 "E k Qb
48, "b D L ABRUYM3, xn T a.

A —0) o Lost Update

N — 2 « <« OP U 4 KX Ne . @, ¢ a . a 41,a0
O a _ U a @ "A}] .7 eKx , 2 X Qo ~a.A0tA,
i3 1, 100BY 46v P U @ asab 15777 a _ 0 ax 1
(1,000BY), o,P _ U al KxX, ~~ a. _ O ax 1, b > 1,100
BY Eh t 4 E " a.. YhP_  al b "E 1, b 1100BY'E
"E " a.MO NEaK 100BYOD | 6” a. Y N—®2a ANt HOa 4

NCET 8 A a.

2 postgresql.org/docs/14/transaction -iso.html
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Dirty Reads and Read Uncommitted

§ of <4 <X O a ao U a v 6 Yy x"A] . 18xQe ~
a. A0t A, _ U axas £ 4100BYO o "A| v 5 YN «
“a..Yhal U a £ <« 0 At “a. £ X 02 X614 O
X6 Y1 " a.. MO,e K |. . 2a | 6  a..YYU _ U a B6A4" A
| GmMA oL Xa 4 <« b0 a. VIR 6 YN a3 4 Y & O
t « T o "7 a
s h O Non-Repeatable Reads and Read Committed
. 4 aX O a n . P_ vvnvy,ad U a d ., 2
a. "A|] . X Qe “a. 4 wO _ O axpP _ |
4 MOLBO " a.
ADtA,X £ 45 14 _abd VIE v’ aab s a. _ U
an £ 1. 100BY Ae T a. 1(1,000B Y), 9, A b3 aes B
“a..Yhao U a n 4 dAE 40t ° 1, a., "A] . T a.
46 _ U a 1, a’ ®OB YD |l 8w ~a..Yh 01,
"E x4, AN O L Qe 7 a.
4 pv 6 VX w “0 a2 4Q a4v « { o 77 a.
) QT Phantom Reads and Repeatable Read
) < <X U a X 4 a v . Q von 0P _
v AN,ab U a x4ivoEd , b o, "A] . s p | 41Q9
“a.. MO, _ U axp _ 45al . QO Ql 0 a.
ADtA, 89K tk <« £ . b vy, v aab s a. _ Vg
AXNO'ED £ , kv MAa ~a. Us oK b &£ ad a9, A b3 a
@ B T a(dot A, Pk A& aob “a).Yh x,P_ U a Kx
aK4d o EOE , kv o, "A] . Ta. _ O a a> £ ad
ot k £ Il 8w ~a..Yh 0o & kv A 0E o KX Md#
kK &£ _ b 106 a.
VY 8 YN , o} ,Q Hoa 45 ot < i e 7
a.
< y ) ~A T:: 3 No Anomalies and Serializable
X A 2 o NH a2 4svAZ <« <« 16 Vv T a v AN—
wa e L, adv T KNVA <« < ° vy oAb, WA
I <« « |° 16” a. | . 45N vul a 1ON <« <«
H, . av M MA v A477 a.
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A ob4,, 0 “a. U a k" N'E 8 x
hoo4 v U daAxh et.  E® V77 a
Kt, O , 45 N v VA N T 7" ad, 4% O L X6

e o », < ~

lost  dirty non-repeatable  phantom other

update read read refd anomalies
Read Uncommitted - yes yes yes yes
Read Committed - - yes yes yes
Repeatable Read - - - yes yes
Serializable — - - — -
& Y <4 <« Q9 0?

45 & <« <«Q AN H 4] &OE Y <« <t 4 RN W
1477 a. 0, 1 8 x “l1e Q StA 16 , a A ® a
al <« <t 1 a "7 a
A ,H® 2 ° QNE A av b A7 a.v OV v ° two -phase locking
"E @PODx U 4 ° bdvANAN Qv . a8, U a Ltugp ", 4
“a.pB a », U @ T v ° v 2Ead U ANEa €0 HOE 1
YAD A £3 do, U At n 4" dvd> KX 4 Tood,
< 41y 107 a.

u Hoda p L "ER 2 & 4 0 " ka2a4wOM OaseePR T a.
04 2 t M, A4d »Q ° WA 8, . A4d vy 7 da@, v
"6 I N Hoa 0 “a. 2 4bnu M "6 YNXb 0 a 1 0 a
a t TV, GP4d T WA aw, v 6 . a 0 ~a 2
468 M 8 YXbh 0 v uX'~ & QKN 0 JY _ ®alb X Q Q

a "7 a(Qr a4 ).
ot A4d . 02 H a®, v Q a 0 ~a. Abd,Q

v v <4KXNMODQ T~ a

Q A a2 45vhR be’ T a.v yv 4d mav 4~ a. A
w Qo <« Qo J bo T a. U ax X 4 a v o "ED b

1 o, o'Ed Xa MO 4 6a 7 a
.YDE Q QN Ev 4 HOO § a4 " a. 0 M, »v e

X (1 Mg Pedeaesyy Ay T a. YiAda CN19763 0 R kQ&x . |
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=> CREATE TABLEccounts(
id integer
client text,
amount numeric

it

=> INSERT INTOaccounts VALUES

(1, 'alice’, 1000.00), (2, 'bob’, 100.00), (3, 'bob’, 900.00);

39

PRIMARY KEY GENERATED BY DEFAULT AS IDENTITY

6 Q" Ef a v AU PK 1A4ab mhoa v L pn B x 4
A" a. bM, Ev1 Aa « U IdEAD " 41l b O X177 a.
2.3 PostgreSQL H® 2
N R O d) b UJ aeim4 e ° ) ol = Nt N H'(I)Snapshot Isolation (S|) “E 'Eg
6477 a. kt+ xR U @ ) h St XA I Gav w 7 a.
CUNdE Ot . y Oht " Ao f 0~ a.
t XN Hov 0 a0 - “a.” E v Adbsvs a4, 1 xd
“a.. 1 @t A4y A n 4 6a T a. M, A 0 ~ O0b4NTH
A aldwu o1 477 a.
PostgreSQLN ot N H,(:O “E a _ 6 IT a.a — Ak A Multiversion
coneurrency control h T JY— _ ©d a2 | 80 E PostgreSQLN
AU0b0h 0 NAv ¥ a4, B wvd° — . tUNA a "7 oa.
PostgreSQL “ t X . QH®Y 15 S]] Ovay a.© "ENpé&AH -
& o, NE T YT a. 5 VX a Qv Q. n XN
o} T KNODE 2 N" ] EAC Iy n" " a.Q v Q a4v ” 0
i V77 al( Hovt &6 Y " a)..YY 00 a 4se " A .
..
lost dirty  non-repeatable  phantom other
updates  reads reads reads anomalies
Read Committed yes - yes yes yes
Repeatable Read - - - - yes
Serializable - - - - -
PR HO®A °oaf - .0 7, 4, ]t e 4% PH®2 A O 7T oa
07 bv E No, Qt A4 ~a.4@ " B Gvp |]& PP100BYOL o
9, Pk £ ., b o aab 5 a:



=> BEGIN
=> SHOW transaction_isolation;
transaction_isolation

read committed

t )

| & ®, 1 2 Xa, OKXt X

=> SHOW default_transaction_isolation;
default_transaction_isolation

read committed

t )

U a4s50KAE 465 al, -0
a.. YU < ° "Aeixt a 7 oa:

6 Vv
Ov H® 2
v 67H

>

=> UPDATE accounts SETamount = amount- 200 WHEREd = 1;

=> SELECT* FROM accounts WHERE client = 'alice’;

id |[client |amount

L c o 0B v ov oo oo e T oo oo oo
1 |alice | 800.00

@ )

ta4 s 0O . a NTEA

I
Q)
CA
c
(@]

=> BEGIN

=> SELECT FROM accounts WHEREclient = 'alice’;
id | client | amount

1 |alice  ]1000.00
1 )

40
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8

00 A <«dEP _ U a4 sv M 8 YN"AoT_ 1 247" a.é
i6 v 7 a
Q 24w 4 O tn a _ O a4 5" Ao i (")
n- 7 a.. P _ U a4 v KN 0a ~’ T oa:
=> COMMIT
=> SELECT* FROM accounts WHERE client = 'alice’;
id |client |amount
v oo e e e e CLeowowoooo
1 |alice | 800.00
@ )
=> COMMIT;
v h — . QI dvh, v 0 ,a 4 T6vQ a1
< T d 7 a
~ A 0 o4 A A h 0, QNEM , © @2 4
o, ] 40t " a2  xpnp " aa,x T EEU td4s Qe
v 9 N N Ep A v A 7 oa:
IF (SELECTamount FROM accounts WHEREid = 1) >= 1000 THEN
UPDATE accounts SETamount = amount- 1000 WHEREd = 1,
END IF;
X Oh a | pndad U at A& <« 0 Al A
R4 Y x X 0b417 7 a Om,~ ,ald U a At
a At | AMAaga™® agepr a2 "7 a.ddte,a, OK &
a:
IF (SELECT amount FROM accounts WHERE id = 13= 1000 THEN
UPDATE accounts SET amount = amount 200 WHERE id = 1;
COMMIT;
UPDATE accounts SET amount = amount 1000 WHERE id = 1;
END IF;
0 N @bl bQe v v A6 VYavwu, @& +t0. d'E
41 {., WNEe R ot b.b3 Ot vt Qe a "7 a. VU4

"

a.

L Qo

<



| 02 a
t 02 v “4uva OKXNJY®L “ T oa:
tOaN t EQU] £t 0.A0t A, IFR, CHECKA XxN'E®s 2
.
ALTER TABLE accounts
ADD CHECK amount >= 0;
t4s"1 4 b 64110 a.®E, ~ a "ME N x
v AT Q & wo  a.
, ot Tt
145 U a doh et ‘<4623 " a.B
Yn O a "7 oa
PostgreSQLX | A, B 1 v 3. N 7 oa. , INSERT
UPDATBELETE ONCONFLICT § v N °“(CTE. W1 ~ a.
ON CONFLIQTE v ' 1 N® A Nwa " OvE . 4 T a.
.0 NTE T 0w t 0.
MM ONE O ot 4d L T . "~ a(SELECT FOR
UPDAJE A Neid »l b3 ~ a(LOCKTABLE “X <« n Q
MVCC @t .16 a.n>4° A v 5 A EdE" 6w ~ a.
| § BReadskew Ot <« &1 BT vy " a.PostgreSQLds X NE6
Y Xal VA I X <« <« [ “aAdtn, _ U a PAE p41l.,
aab 57 a:
- ¢ a, J1, T

=> BEGIN;
=> UPDATE accounts SET amount mamount- 100 WHERE id = 2;

n>4,pP U a V:SVI'EN N 1 Ta. ox  _ K 1
T oa( <4 0TI 0 a)

=> BEGIN;

=> SELECT amount FROM accounts WHERE id = 2;

amount
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ssssssss

X O a £ NEti 0 a:

=> UPDATE accounts SET amount = amount + 100 WHERE id = 3;
=> COMMIT;

. Qe P U axp_ £ < 0 “a( 0a OX t a -

=> SELECT amount FROM accounts WHERE id = 3;
amount

1000.00

T )
=> COMMIT;

a1 do,P U ax QO0h 0 A $1,000 Ov TQOMODU 11

69 « v X" 6?2 " O a o |t
“a.A0t wa, OK 0 £ a2 "7 a
SELECT sum(amount) FROM accounts WHERE client = 'bob';
. & u ,h b Il 1+Qopa2 as "~ a.. VYh
0 ?2 QA LAUgoaAt, 02 Y <« 455 ad « h 0t a

0 f° ,pg.slep 20
QP _ X2 AV, aA+d " a:

=> SELECT amount, pg_sleep(2) -- two seconds
FROM accounts WHERE client = 'bob’;

OEAL” dvnav,ad U aq, NN - T nT T oa:

=> BEGIN;

=> UPDATE accounts SET amount = amount + 100 WHERE id = 2;
=> UPDATE accounts SET amount = amount 100 WHERE id = 3;
=> COMMIT;
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MO, N

amount | pg_sleep
+

0.00 |

1000.00 |

2 s)

MOt <« a1 BT vy 7 a. 4 VOLATILE+4 A O ab 64 o,
VI ap, O 4rfvh uv{ MO” V. 2 T

a, OKx 20 i Bob £ 1. 5 a:

=> CREATE FUNCTION get_amount(id integer) RETURNS numeric
AS $$

SELECT amount FROM accounts a WHERE a.id = get_amount.id;
$$ VOLATILE LANGUAGE sql;

=> SELECT get_amount(id), pg_sleep(2)
FROM accounts WHERE client = 'bob’;

x, NO L° évnaNda ., £ p fn a

=> BEGIN;
=> UPDATE accounts SET amount = amount + 100 WHERE id = 2;
=> UPDATE accounts SET amount = amount 100 WHERE id = 3;

=> COMMIT;

YAb A4 Ot 4vp 041 6~ a. ,%$100 * 647" a

get_amount | pg_sleep

+

100.00 |

800.00 |

2 s
J. s Q 4 ux Y < "0  H®2 450Qe "H 2ab VOLATILE# A 4
. XQbL3 av “a.n v PostgreSQL , 1 NE H®da O"nk O T av
w " a. U»s Y X xA v 861 av | . N 7 a.
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A

n

N—ha d° |, ad <« Ne™ a GO <«xa

Us O s oa. NPk &£ 41 $1000, b o

=> SELECT * FROM accounts WHERE client = 'bob’;

id | client | amount
+ +
2 | bob | 200.00
3 | bob | 800.00
2 s)
1 v ¥ aq 5 a
=> BEGIN;

=> UPDATE accounts SET amount = amount 100 WHERE id = 3;

“4ad U ax 1 $1,000 <« @t a KA 46

=> UPDATE accounts SET amount amount * 1.01
WHERE client IN (

SELECT client

FROM accounts

GROUP BY client

HAVING sum(amount) >= 1000

45

Q "NTEQe 2 T a.Pk U a na |

Ji
AN | PBEE T4 ~aA , N6 x4wOa
a "6 YA, xp4P_ U ax, MOOGT a4 A
“a.. Us E v x. Q "Ha A+ i 6w 1 $10
BAE4 v a OPR 1 0 a.P_ U axid=3
Ta. _ U a d ., 2 @ . xnf °~ a.
v a "Al| . wa, OKXMOO 1™~ a:
=> COMMIT;
=> SELECT * FROM accounts WHERE client = 'bob";
id | client | amount
+ +
2 | bob | 202.0000
3 | bob . | 707.0000
2 s

b

NOo 4 b A «
X A h
- a:
a. _ U
N \
- a.
'XD“EJ@’A{



a AN O a a "ALl .7 QA Q "O0"A) . N—doV

6 wa AX A2 . a> “Tal . ). . MO, X $9004  Q

$9 0Ql 6" a.. Yh QX . 1 $900 O®, , a . K v MO 4 6

yM4 "7 a
Md, U ax QO6hn 0°Q “a.»"Eal t X4 b »Eal -V
N—®a d>4Q9 68 <« 7 a.

N —¢a lostwdaes g yu g w * Nh bad SQL A4 " A8 A
0 A—®ha vh4v I N & Y77 a

01 A°b "7 a1 @ axd e £ 1. o (b t “fTadb), "E " a

=> BEGIN;

=> SELECT amount FROM accounts WHERE id = 1;

amount

800.00

@ )

“hn> 4,20 U Al KX A, 2 T a:

=> BEGIN;

=> SELECT amount FROM accounts WHERE id = 1;

amount

800.00

@ )

_ O ax 4, "E X, $100 < & "A] . ° " a

=> UPDATE accounts SET amount = 800.00 + 100 WHERE id = 1
RETURNING amount;
amount

900.00
1 )

UPDATE 1
=> COMMIT;
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P U al Kx A, 2 T a:

=> UPDATE accounts SET amount 800.00 + 100 WHERE id = 1
RETURNING amount;
amount
900.00
@ )
UPDATE 1
=> COMMIT;
0 1,40 v $100, A—& "~ ah t X "EO$800 X Ah °NE
t accounts.amouni A M3 A av w_ Q 0E A—®a <, 14177 a.
"0 . H®dA 4 tv Q0w ~ a.
QT ) Repeatable Read
Q7 g phamomreads o 2Zpgya X, Y4sMA o ou LQ 0§ N
T a. 0 8, £ 1 Qo y v s> a. 0 £ 0 <
"Edmda, ®O o £ Dk v U a, P nT T oa
=> BEGIN;

=> UPDATE accounts SEamount = 200.00 WHERE id = 2;
=> UPDATE accounts SET amount = 800.00 WHERE id = 3;
=> INSERT INTO accounts VALUES

(4, ‘charlie’, 100.00);

=> SELECT * FROM accounts ORDER BY id;

id | client | amount
+ +

1 | alice | 900.00

2 | bob | 200.00

3 | bob | 800.00

4 | charlie | 100.00

(4 s
P_ +td4svQ | a v a, fn~ " a xBEGINEA4LH®MA | @
* NCE AT a( _ U a a x © V77 a):

= postgresgl.org/docs/14/transactioiso.htmi#XACREPEATABEEAD

47



=> BEGIN ISOLATION LEVEL REPEATABLE READ;
=> SELECT * FROM accounts ORDER BY id;
id | client | amount
+ +
1 | alice | 900.00
2 | bob | 202.0000
3 | bob | 707.0000
B s
_ U a4s" A} . © e8,P_ O a4 sn 0a’”’ 57 a:
=> COMMIT;
=> SELECT * FROM accounts ORDER BY id;
id | client | amount
+ +
1 | alice . | 900.00
2 | bob | 202.0000
3 | bob | 707.0000
3 9)
=> COMMIT;
P _ U axd h 0 a a.o "Eb u a |7
T a. HOa pd" b Ay, X 0b41 "7 a
N—@a d A Serilization A b u o, o) a 4P U 4 KN
Rl ®, GO <« Q9 bL3E "7 a.d, an y v a>  NA
0°EEad t Oex d <« 0abvb 45t 2 77 a
? <X ‘QT ’ H m 3 4 b i 6 y "( TH O Q ° (;.) U, ax 75\ -, serialization
failure B62104417 " a. Y <« Qo AD 5 a:

=> SELECT * FROM accounts WHERE client = 'bob";

id | client | amount
+ +
2 | bob | 200.00
3| bob | 800.00
2 9
=> BEGIN;

=> UPDATE accounts SET amount = amount 100.00 WHERE id = 3;

=> BEGIN ISOLATION LEVEL REPEATABLE READ;
=> UPDATHRccounts SET amount = amount * 1.01
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WHERE client IN (

SELECT client

FROM accounts

GROUP BY client

HAVING sum(amount) >= 1000

);
=> COMMIT;

ERROR: could not serialize access due to concurrent update
=> ROLLBACK;

[

N ot ° T a:

=> SELECT * FROM accounts WHERE client = 'bob’;
id | client | amount

2 | bob | 200.00
3 |bob | 700.00
2 s
abANA AN , ©vAa> 2 Ol n A0b Qe 7 a.
A 1 OX4, Q 4 1. 2 Av S 11 n AT00 Qe

=> BEGIN ISOLATION LEVEL REPEATABLE READ;
=> SELECT amount FROM accounts WHERE id = 1;
amount

900.00
1 )

=> BEGIN ISOLATION LEVEL REPEATABLE READ;
=> SELECT amount FROM accounts WHERE id = 1;
amount

900.00
)

=> UPDATE accounts SET amount = 900.00 + 100.00 WHERE id = 1
RETURNING amount;
amount
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1000.00

T )
UPDATE 1
=> COMMIT;

=> UPDATE accounts SET amount = 900.00 + 100.00 WHERE id = 1
RETURNING amount;
ERROR: could not serialize access due to concurrent update

=> ROLLBACK;
t ANE T EEU M, O a4QQ . Hoa , T v ADd, A
"E ti 60 U a, | ebé614 “a. . T U a Ad YMOv Qe
L
VMV, 6§85 Ov <« <468 v 1"~ aAs u ,PostgreSQL Q ., H®Aa
1rvd Ot <« <« sh Ar O T a.YUQtbs <« <
v yNM. T a.Ah XA1QUTOX <« <« v o ovvMT] 7 I Ma4TT oa.
N b X tXNHObAhal <« <« Q9 §O0IPHL <« <0OX
Q avu T oa.
_ <« <«XV, &8 " a.a, OKN 6L 5 aio K [ a v
1 .32 A Q, 1N <, 2AbM” A+ " a. _ U ax /£

a:

=> BEGIN ISOLATION LEVEL REPEATABLE READ;
=> SELECT sum(amount) FROM accounts WHERE client = 'bob’;
sum

900.00
T )

P U daln /D T oa:
=> BEGIN ISOLATION LEVEL REPEATABLE READ;
=> SELECT sum(amount) FROM accounts WHERE client = 'bob';

sum

900.00
)

o

O ax Y A& 4 $600.00, L3 ae B 7 a:

=> UPDATE accounts SET amount = amount 600.00 WHERE id = 2;
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[

U dl KXME4] B

5 o -

Jad £ 4

a:

=> UPDATE accounts SET amount = amount 600.00 WHERE id = 3;

=> COMMIT;

=> COMMIT;

=> SELECT * FROM accounts WHERE client = 'bob’;

id | client
+

2 | bob

3 | bob

2 s)

1N

| amount
+
| 400.00
| 100.00
AL 647 a.
<« < i
T oa. «,

s PO a k"

U a «xq
NGt K

i a.

'\"{ !\Er

Hoa 45V =1
U a, a N 7 a.

=> UPDATE accounts SET amount = 900.00 WHERE id = 2;
=> SELECT * FROM accounts WHERE client = 'bob";

id | client
+
3 | bob
2 | bob
2 9

U ax

| amount
+

| 100.00
| 900.00

=> BEGINISOLATION LEVEL REPEATABLE READ;
=> UPDATE accounts SET amount = amount + (
SELECT sum(amount) FROM accounts WHERE client = ‘bob'

) *0.01
WHERE id = 2;

=> BEGIN ISOLATION LEVEL REPEATABLE READ;
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=> UPDATE accounts SET amount = amount 100.00 WHERE id = 3;
| = commiT;

4 5

_ U a 0w <« <4AXQ9 \ a. _ ¢ a p_
U ar aA "84, xn T a( QQd AdbveQ V7T a- _ U axp
O ad4 a b 1A 41id=3 & < 0 "7 a).
. Yh 45 _ TP U a4Aa Q Vv £ 0 Av i U a
) aab 57 a:
=> BEGIN ISOLATION LEVEL REPEATABLE READ;
=> SELECT * FROM accounts WHERE client = 'alice’;
id | client | amount
+ +
1| alice | 1000.00
@ )
o _ U a 07 a:
=> COMMIT;
t _ U axAh « 07, 06?2 O , © opP U a "A] xt a
0, U a "A] xv "6 VANOH Q w T a. QA b
u ,P_ U ax _ U a O 4° 6444 ~a.wlOhs, bt _ ¥
a it a vsAh« | © 4, 4w ~a. uw ®E i 0 a «  a:
=> SELECT * FROM accounts WHERE client = 'bob’;
id | client | amount
+ +
2 | bob | 900.00
3| bob | 0.00
(2 s
=> COMMIT;
’jA\ Serializable
A ®Hoa Xh T 456 AH H®2 ~“a. 2 455Qt b3 <«
<, H v | < tXHO 4 64 T a. A HO®A 45659 Q ob3
, 8 T B TKN <4 <« Q9 Y77 a. t <«Xbh Ok a N
D'EQl 2 v | H®da 45l 0 a. A H®2 4sv A VU, 68O i
U a « OvPb L <« < b 9 Ta. Y <4 <4 Qe

s postgresgl.org/docs/14/transacticiso.htmi#XACBERIALIZABLE
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X U a B a A~ Ov J00Qe> “a vad U A n4KNXh

1 Ao X Qe H 0 h o, ° | 6 a.wOr A HOMdA N
h 1 SR IS S Hoa Q 4wOn t B ot3 6a °
wor1 & a b O3, aA U Hoa , o i 7 a.

<« <41, .M, 8854 v M A "ELU| 67 a

=> BEGIN ISOLATION LEVEL SERIALIZABLE
=> SELECT sum(amount) FROM accounts WHEIREt = 'bob'
sum

ssssssssss

910.0000
T )

=> BEGIN ISOLATION LEVEL SERIALIZABLE
=> SELECT sum(amount) FROM accounts WHERIEt = 'bob’
sum

xxxxxxxxxx

910.0000
t )

=> UPDATE accounts SE@mount = amount - 600.00 WHERE =2

=> UPDATE accounts SEamount=amount - 600.00 WHERK =3
=> COMMIT
COMMIT

=> COMMIT

ERROR: could not serialize access due to read/write dependencies
among transactions

DETAIL: Reason code: Canceled on identification as a pivot, during
commit attempt.

HINT: The transaction might succeed if retried.

The scenario with the  read- only transaction anomaly will lead to the same error.

i U a <« b 4 I n ATOE A 7 a.

. T U a AN.PostgreSQL4 v U0 a <« <«
Y X ., AT v M T a. v h et °
a. Ad, a 'E SELECH Bv® AbbL o a.
I 0 a « <« AAl n v T ,pB A 0 Q1 T g
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=> UPDATE accounts SE&mount=900.00 WHEREd =2
=> UPDATE accounts SE&mount= 100.00 WHEREd = 3
=> SELECT * FROM accounts WHE&iEnt = 'bob' ORDER BY id

id | client | amount
2 | bob | 900.00
3| bob | 100.00
2 s)

=> BEGIN ISOLATION LEVEL SERIALIZABLE

=> UPDATE accounts SE@mount = amount + (

SELECT sum(amount) FROM accounts WHEIREBt = 'bob’
) *0.01

WHERHE =2

=> BEGIN ISOLATION LEVEL SERIALIZABLE

=> UPDATE accounts SEdmount=amount - 100.00 WHERK =3
=> COMMIT

READ ONLY DEFERRABLE

=> BEGIN ISOLATION LEVEL SERIALIZABLE READ ONLY DEFERRABLE
=> SELECT * FROM accounts WHE&iENt = 'alice'

0 Aa o d U a B  a.. 8 YNpo <« <« Q9
®s  _ U a 6wt _ U ax A a2 "7 a
=> COMMIT;

id | client | amount

xxxxxxxxxxxxxxxxx

@ )
=> SELECT * FROM accounts WHERE client = 'bob’;
id | client | amount
Lo Lo
3| bob |0.00
(2 s)
=> COMMIT;
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v & b 0 " a. v Q b3 A 4l KI Té™H v o, T U a4d

A H®2 X E. U TV M <« <« . U 4 3 i "E
a bwol 6" a. ., T U a, «A x @ NEREADONLY, i & VYa
0 a " a..Yu b X BO U 4 e 17Qu v Ta. eY .2
"E 1 4 v U ad ab Qv T a.PostgreSQL ~ E 6 Yv U 4aq B
a,h m, N vu O¢p, 81V <« XM 2 77 a. Q v PR A
v U OX 4, @® | 60Esb la bQe 10 a.
b X QOVE MOO f ~ a. ,PostgreSQIX BT 0M* 44 b\ U a
B> a "~ a. 0k [ Ja, Jt 2 v 7 VvUyUJdJYd 4wO

BO O0E°” n x| 44 -

A a2, T vAd1 B a ot U a4 0 a 4 “a.adbHda O
M ® A M4 Q a v T oq I n “a.wOs A 2 i
"E A0, default_transaction_isolation Ok " XK, | 2 vy "7 oa.
o®Ma A a2 41° b CH R S a4~ a. A, | ¢-
R4 HOa [t xHOA a " a. Yy Al t.eA U1 D a o
1 b Hoa . o vy 0 7 a.

24740 Hoa ji + uvi»2
PostgreSQL4 »+ ~ O b, 1 H®a NEv 84 NHOX1 & a4 a

flio-a “O6 ,2 4y U @ 40 U a BS&H vh O,

° wh A~ E U a 10X yMl 62 77 a.

a B NbLS3 <« <« Qavwu h, 4d <« 9vpd4~ "  akQ v <« 0
fP4Pa t0 & J Y <« Q9 Y1 E 4 ~a.B SQUINE 0 Ot

A bob3 AbD G . 4 T ab AAbaoNb et 0O
© A0 400 o Néav a. Y A0v A Aday a4v " NE
U U Ea | OO A€ a

Qe4Q . HO®a X 2 ©tn 0 M TQotn 0 M vy 7T a.wOs
A 4 bu <« <« 9A 8 0 O a2 v t % 0 "H A~ E

O a “IleA {4 7 a. M a x . { U a4d “O0 ., a O i
6 "H1 fobh EULA°T 7 a.

M ON'E A H®da Xh et416 X . J HKkQ 41 t &, &b np
Il QtA ~a. a 4y A~ E U a 10 ® a v3A §db
Q, 'E a b QY 4N a3 NHT 1465 a6 Vvvav OadHmda O
M Atav _, APAPAA T a. YRHOM2 KX, B .bLb o "~ a
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3 - Pages and Tuples

3.1 el
v O NEa, OKNaoNEAtO 2 o, dt, b o ~°

¢
s v N
. 4 WNp
v «( —)
. aWp
¢
v b !N 4 & o NH., [ ve 64 77 a.
» O Pao .U, 41670 a P b 6n -
pageinspectO's 3.t ey T 0 NI a3 "7 a®A0t
_ ( _ v 0a ~ )07 8~ apageinspect I |

=> CREATE EXTENSION pageinspect;
=> SELECT lower, upper, special, pagesize
FROM page_header(get_raw_page(‘accounts',0));

lower | upper | special | pagesize
I ) I I

xxxxxxxxxxxxxxxxxxx

152 | 6904 | 8192 |8192

@ )

0
header

24

an array of item pointers
lower
free space

upper
items

special

special space
pagesize

24 postgresgl.org/docs/14/storagpagelayout.html
include/storage/bufpage.h

» postgresgl.org/docs/14/pageinspect.html
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Qd L, b [N 4 v Mp, aAaNp Osa’Y a. AMNpX a

| " 4bab 70 vh 1067 a..YVUQt | U Ne 4% Wp 16

vy xnMT H T yv AD  Wp v 0 " a

| Uk N o1 wGo | °” a o, of X "E d | M

wOM 07 a E U Lo 4l v ad a2 "7 a.A0tA,B O

l“v "™ & O0b 1§ h ( 0) Q Ne Tl 4 0%

Q 0 s T a

X h t 4% E  dvh a4 b 10 s " a. Y X 2

Mp @EA 4° Il 07 a.

Ned b BT ' ' Ovkt+fav' — ' Ovkt, ail &6 a. v PostgreSQLA b

a — n> £ A |t . xn b, “N U L JdJY— NE®® T a.Qo,

1"y a — n e n i Y N"Hd® Ot b3 — 10 0 b

°a A,b &£ AwWO — 4 | 67 a.
+wp K& dkrmd ¢ BT ' Fale ofT MwYyo.F ot

+5/ A Tny 177 ,PostgreSQLy v & H, Leg

\

16 N X o4 T 0be vl o, H & ®Ea, 4

| 6~ a

1 QX N v h,PostgreSQL4 v 0 6® T " (TID)

o i "~ arp U _ . ° — . b® 106"

a.

"E N'E X ) N "Ea A h. 8a 77 a. N al dw
o4 n A4l 64, B TKxfp 0 U a " a. Yn oM
PostgreSQLX p DU -0 R | _ 0 a,
u A h. Ta. &l o4t n &0l

s K ° 06'H 0 Qa2 WO~ a

= u 46 E

. \ "Ea A h

s 4 U v JY e

s 7 a.
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1 Np

v 7 | 19 Mp, b 2 NH vaVpads 067 a., YU
PostgreSQLA 5 B v Qe YV a2 vt 4 Mpx o« U =0
‘E A6AOend” a® &l NE Y np i Oh eMdl L3 | T a

32 — d

R — v & h b 64 "~ a. @aoNa, OKNJY 1t EdtoO™ a:
xmin,xmax (' QIDO U ©°'HK KX »"Eald — , do vh JT 0 a

infomask — ~ & _ v f e n - a.

ctid n a, 12 00— _ bd v " a.

null e &M NULDK, a v A,  ve " N " oa

wohr & . v ad H, Ma * 23® L 0 “a. 2 v NULe aOh
A, 0 y Paddng 5y L .1l T a. X™ Ned 55 Y av
h b "E Oh oNI O a "7 oa

0] < bh & v fOOe b O+ H RN XNAZ
" d E— E ~“a. xn4h XNalO U pA 6 v a”
Y E R b oo NG® YT, 4UVNE - 5 40t A, x86d v D 4
uv, |t e, z/Architecture v %4 uUN, T 'HARM & THO W a "7 oa
Aald v [t AEA4 WD b A T aOxd 45 v o2 b  oad
O0tA,32e x86~ " 4% 2 R 4d )b 4G >t A Ab a,& Ne
@ an*a . (8 ) 4 2 t A4 A0~ a.Q 64e VY
ENe O an* 2 ' L8O 21t AEAI Ad” a.

h AN Ne t Tr4w0O  bBO | QU a. O Q NTETC
N O aAd4v b «d L a2 " a.a, XA T a:

=> CREATE TABLlgadding(

bl boolean,

i1 integer,

b2 boolean,

i2 integer

)i

=> INSERT INTO padding VALUES (true,1,false,?2);

=> SELECT Ip_len FROM heap_page_items(get_raw_page('padding’, 0));
Ip_len

% backend/storage/page/bufpage.c, PageRepairFragmentation function

2 include/access/htup_details.h
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ssssssss

@ )
pageinspect . 3 heap_page_items ” 4 © ata 10
P 177 a.
PostgreSQL/ A Fwl "™PLac c Soyo.F ot g0 i’ ee
yos 3 OFf/ tb sy TOEFEI LA +,qtT Fwkas onm

Q sxqT ' =Yyo. Frak iK™ 1+ / @
e.F€ 0y FMIFIEebHIE W yo.

O"|€'|'|'¢T + @

L 406 a X 4 0 Hs OA
NXPP1® b i 6 QAN 4D
A, T 6®

No b " a. vuvh o 0

N Nnp XN " T oa

=> DROP TABLE padding

=> CREATE TABLE padding(
i1 integer,

i2 integer,

b1 boolean,

b2 boolean

)

=> INSERT INTO padding VALUES (1,2,true,false)
=> SELECT Ip_len FROM heap_page_items(get_raw_pageédding' , 0))

Ip_len

34

@ )

£3 albs “ U s NULDK, yuvao ° N E No ° Uy
Ta. Al oo °o4% 4 h, S 2 A, Y AN4E " & 9% N'E6 2
““a. ,h 0101 Mea A BT lb 62 "~ a.®

3.3 41 © At

PostgreSQLA b v 1 »bEald — , dio ., P — 4 xmind xmadv PbL X,
ad a. Xt N P - © ) pvaliditytime:u 5 h IT R Q- ~ n M- O b

3 backend/access/common/heaptuple.c, heap_deform_tuple function
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6x, d Xmin)XX . . e & INSERT O a IDEv 06 a. Qo4
XU, —  xmax¥ DELETE U a IDEv 06 a.
< 2 457 @, UPDATE v PBA AN'E 823 ~~ a:DELETEINSERT a.
_ BEA Y, —  xmaxX¥ UPDATE 0 a U AIDEy 6 a..  Ga P
BA4 vy, d o "Eb0 — sk bda, o —  xminXx — xmaxKO K| %

0~ a.
16 ad A a3 ta ] 48 wMi g7 a®

oL AM™y 1 b et OP K ANEdt O Ne © a.

=> CREATHABLE t(
id integer GENERATED ALWAYS AS IDENTITY,
S text

);
=> CREATE INDEX ON t(s);

Insert
U a, 9 . A t 0:

=> BEGIN;
=> INSERT INTO t(s) VALUES ('FOO";

U axa, OK™ ™ a:

= -- v.13 txid_current()
SELECTPg_current_xact_id();
pg_current_xact_id

PostgreSQL/ Al xacta € Ckn 1 »"HL + 21 o7 O« yo.$CXIE
FoF+t (g 0it/ Ay YOP o BApo., nA 1 »"HL xact,txn” €’ GO

X T OBAyo.+1 -ftekobed ATE v/ $d T H

2 backend/access/transam/README
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heap_page items 2 0 ot 0 f 04, 2
A vhApAAN . 2 77 a.
=> SELECT *

(D¢

FROM heap_page_items(get_raw_page( ,0)) \gx
.[RECORD 1]

Ip | 1
Ip_off | 8160
Ip_flags |1
Ip_len | 32
t_xmin | 776
t_xmax |0
t_field3 |0
t_ctid | (0,1)

t_infomask2 | 2
t_infomask | 2050

t_hoff | 24
t_bits |
t_oid |
t_data | \x0100000009464f4f
NTQt, T s a4 T OV o, O
=> SELECT(O,'||Ip||")’ AS ctid,
CASEIp_flags

WHEN 0 THEN 'unused'

WHEN 1 THEN 'normal’

WHEN 2 THEN 'redirect to '||Ip_off
WHEN 3 THEN 'dead'

END AS state,
t_xmin as xmin,
t_xmax as xmax,

(t_infomask & 256) >0 AS xmin_committed,
(t_infomask & 512) >0 AS xmin_aborted,
(t_infomask & 1024) >0 AS xmax_committed,
(t_infomask & 2048) >0 AS xmax_aborted

FROM heap_page_items(get_raw_page('t,0)) \ gx

ctid | (0,1)

63

xxxxxxxxxxxxxxxxxx

x4



=> CREATE FUNCTI®&ap_page(relname text, pageno integer)

RETURNS TABLE

(

ctid tid,

64

State | normal
Xxmin | 776
xmax |0
xmin_committed | f
xmin_aborted | f
xmax_committed | f
xmax_aborted |t
a, OKNx2 rA 7T a
Ip’ u ( _ _ )YE" 8477 a.
. 'Inflags' « v «t | "~ 8477 ad, b, QXNEv Oux’ E b
w 9 . . 0 ~ a.
. ot e 46,0 v . Px Q. W'E A" 7 a.'xmin_committed
'xmin_aborted' e v xmin U Q "4y MT @ B&Av 00U o'H
'xmax_committetl 'xmax_abortede v xmax U a4e ° | 0 M T oa.
pageinspect » _ % ko6 20O x 01 &[] I€ heap_tuple_infomask flags "
£ N, ~ % 80 L¢ aqTcu 1L €1+
YL
. & 1T n"7 a. INSERTE N 41_ 0 s h, v o |
U _ . b® T oa.
xmin t v U AIDEv 8614 "7 a. U ax 0 E
xmin_committedey xmin_abortede v M ¢ § Y1477 a.
xmax t 40 tA "7 a. v Vi, ., Qe — .Y ow
&0 a. U ax * 07 w "~ a,&dv @xmax_ abortede L v &4 | X
n ~ a
®i e¥Y mQLE 1w b XCy 1+HLt 2Kx " £sHlK1k
+0 - OMoBEAyo., 1T, =>Ex’ 1/ AO3 F 1 *"He O/ I
N#£" ' Ayo.XCY 1 HELT a3, NQ v/, 00 F~- n Qi
17 "0 P owBEAyO
oJy_ i 4 0E 2A'EQt u n" " an 4, T e A,T1, 6 08 U
a « MO > ° NE A, &€pM I Qta "7 a.



state text,
xmin text,
Xmax text
) AS $$
SELECT (pageno, Ip)::text::tid AS ctid, CASE Ip_flags

WHEN 0 THEN ‘unused'

WHEN 1 THEN ‘normal’

WHEN 2 THEN 'redirect to ' || Ip_off
WHEN 3 THEN 'dead'

END AS state,
t xmin || CASE
WHEN (t_infomask & 256) >0 THEN ' ¢’
WHEN (t_infomask & 512) >0 THEN ' a'
ELSE "
END AS xmin,
t xmax || CASE
WHEN (t_infomask & 1024) >0 THEN ' c'
WHEN (t_infomask & 2048) >0 THEN ' &'
ELSE "
END AS xmax

FROM heap_page_items(get_raw_page(relname, pageno))
ORDER BY Ip;

$$

LANGUAGE sql;

=> SELECT* FROM heap_page('t',0);

ctid | state| xmin| Xxmax
R U t.ooo X000
(0,1)] normal| 776| Oa
)
Ne 4 b xminO xmax [ A, NTE e’ et | bNpt A

=> SELECT xmin, xmax, * FROM t
xmin | xmax |id|s

Booos sBosook

776 |0 | 1]FOO

(1

)
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Commit

U a £tV NEidw, d U a « 012 * NCEt N Ta. U a
"64av .. E 4 vh, 0 PostgreSQx " CLOG " "E. )d O Ji -
a® a4 v E Ne VM~ O $PGHOME/PGDATA/pg Kait 6 4 “E
0 a.
Fa/ € F Mo 4+ $PGHOME/PGDATA/pg_clogYE =/ —A " A, ,

G , oG 7 10Ka/ A+ VYE =g Fof+n, 4" Ayo? & a1/
+od nQbuwd | Fa 206kt ™ %mrEiqT ¥ 44 VA,

L6, — F£VE 0ok K,1" u Ayo.
cLoG £ 7 JY "Eo 6'H tNb— N OO0 B” "E
= :;1.32
&8 K ,CLOG&] U adQa " O« BO« 0UY ovpPk e b "~ a.
U a "6®CLoe “Oe "E "6 a.
ad U a 41t xva_, Pb AR4D 4 7 a:
. xmin U @ 0 i 649562
M- Op,+£ 0 X Yy M4 7 a.PostgreSQIx U a E <
o ‘ n° o4 v Aadd ProcArrayd T~ a. o
1v @t & "EL° Q'E 6'"HP "EL" 4d d v E U
a 0" a
. ta o, 84y M7 @ BoAv 2
Bd4acw d 107 Yy M4 “a. 0 7 cos b H
2 v yX0_ef Q U a, A ~ CLOG t Hod— 4
64 &80l a
. U 0« tM 6w d <« v ¢4 "E0O” a.d \ "Ev xmin_committed
® xmin_aborted | e e 4, "EO” a. e ULe 84 aow,
xmn U <« v 0MA <« "Ep "Hya, U QaNCLOG ProcArray4 1t
0b4"~ " a.
. A v U d Y e 0w yo v o d> 45 U A E£EWN NTEr
6 M Ma4, xn " a.A 4 5Ah u L" A Av vy X
vbelf ™ tv A 82 "~ a. v U a ox A4A 0 v AD, O
vyN «d ef ta "7 a.gbd , a ve <« 44,32 NO'E
e 0OpB 2 T a’ v uN 107 P 18 a2 T oa.
30

include/access/clog.h
backend/access/transam/clog.c
3 commitfest.postgresgl.org/13/750

2
3 backend/access/transam/clog.c
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Y el B Qd 4v,4h U Qq(

\"{ ».-H, “E _ * .é YZ dirtied
% ,INSERRNES O U a, ~ ¢
=> COMMIT

48T Y " b4 AT al( YV DG

a 7 a.)

=> SELECT * FROM heap_page('t',0);

ctid | state | xmin | xmax
(0,1) | normal | 776 |0 a
@a )
" standard n D |\< “E y . s
xmn U a <« 0 M ) e 02 ~

=> SELECT * FROM t;

id|s
. ELL
1| FOO
@ )
=> SELECT * FROM heap_page('t',0);
ctid | state | Xmin | xmax
(0,2) | normal | 776 c | 0 a
@ )
Delete
d _
xmax_abortede v 0 a.

+ 1:HE EC FeOxmax> ko,

SELEC®H & i e Lv a

el 62 av a.
"E ”"’_ a
0 U Q<4 LCLOG, ES4avu, M
U Q(pageinspectd |1 Yo U)X
- Al
0 2 U AIDEv &67H

T ° L yo.om ]."H++ L

ws «~t ot mz,xmax 1 *"HEF JBH VI AL, - yo.
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=> BEGIN
=> DELETE FROM t
=> SELECTpg_current_xact_id()

pg_current_xact_id

xxxxxxxxxxxxxxxxxxxx

O aibr oOxmax t 4, "E64 Q 7 e

=> SELECT FROM heap_page('t',0);
Xmin | xmax

ctid | state |
S I

(0,1) | normal | 776 c | 777

(C
Abort
U a, B i ~ X s 4O | Hod 1061 Av
d’ BOe Ow “a. n Nf PO Ga L,
" a. BO U a+4 h 452 Ot " A X
=> ROLLBACK;
=> SELECT * FROM heap_page('t',0);
ctid | state | Xmin | xmax
+ + +

(0,2) | normal | 776 c | 777

@ )
x, U a« b R X xmax_aborted
u 4e 9 Q v g <4, uwd4d A,
=> SELECT * FROM t

id|s

1| FOO
@ )

=> SELECT * FROM heap_page('t',0);

ctid | state |  Xmin | xmax
+

B 5 o s SBooac

(0,1) | normal | 776 ¢ | 777 a

1 )
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Update

1 N @ Ow Y O6H. 4 o "Eb A 0v " N'E 0
=> BEGIN;
=> UPDATE t SET s = 'BAR’;
=> SELECT pg_current_xact_id();
pg_current_xact_id
778
@ )
( )
=> SELECT * FROM t
id|s
1| BAR
(C
yu s p — GBS " a
=> SELECT * FROM heap_page(,0) ;
ctid | state | xmin | xmax
(0,1) | normal | 776 c | 778
(0,2) | normal | 778 |0a
2 s
xmax t 4 v U aibs 61 77 a. XX ¥
) x4 X, HA A~ a.xmax_abortede v U a « LM VA
n4 0 a
’ b l U da T1E n” " a
=> COMMIT
34 | °
1"y — eab |t YNH v ] 04 4641 n T a.P X
E 6 H | & 49 xminO xmax t b 8 Y 7 a. I QN
Ne ot — . b® “aAh — 7 w© A U ax Ned °
a( © bbb £"PWag U Uy xAD).

69
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0 , 4 vt 1 Q. pageinspectd I v pB 20 9

£t 7 1E n” " a.(B ® | v 0 & E T oal)
=> CREATE FUNCTION index_page(relname text, pageno integer)
RETURNS TABLE(itemoffset smallint, htid tid)
AS $$
SELECT itemoffset,
htid -- ctid before v.13
FROM bt_page_items(relname,pagenq)
$$ LANGUAGE sql
d u ” P k . QP T a.
=> SELECT * FROM index_page('t_s_idx',1);
itemoffset | htid
11(0,2)
21(0.1)
(2 s
BAR< FOO ,
‘ TOAST
3.5
Nex | « Q Ne "Hi \NCE — Be®ia
“a.. YUY Ne X2 & Vo "NE ®O6O0E. t —
eMs \p * a.
h " A . X Qa Ned v o "ED o Ta.. YU 14 O. X4 A
yuv o2 Abd,o"ED X K, Ta.. X a 6v Ab4Q
PostgreSQLX Ned o "ED OoEl * 0 9t 7 a.
Vi I ‘
36 «"™ U a
PostgreSQIXx U aIbb N | ° 3., MW T a. U a T A
0, d U ax L EAMT YA D {77 a.wls Y U a4v _ 4b
<«XIDb 2 JO” a.b «XIDP 4t EL' ID T _ 'EdE O a.bL «XIDb d v
uwNab "Et'p n, 0 OE YNOEOUD 1012 67 a. ~ 4% U Ak

M 7~ IDb 477 a.

=> BEGIN
=> -- txid_current_if _assigned() before v.13

8 backend/access/transam/xact.c
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SELECT pg_current_xact_id_if _assigned() ;
pg_current_xact_id_if assigned

ssssssssssssssssssssssssssssssss

@ )
ad> 45" 4v 0 T Ob «XIDb 8a "7 oa. vy < < 7 a.
L <« XIDP RAMA 5 Q H d 0 ad £ <« nav4AT b a.b «XID h

4, "E6 VY NTHU® 4 8 V7 a.

{a

U a n 02 o0 ®»  Ea° IDb aJ0O” a.

=> UPDATE accounts

SET amount = amount- 1.00;

=> SELECT pg_current_xact_id_if assigned();
pg_current_xact_id_if assigned

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

=> COMMIT;

- - Subtransactions
3.7 U d

Savepoints
SQIN L2 J U dod4n a4 A, U a, B Yo * a |E
Ta., YU Y AT Abe® 0 Y77 a. U a <« vt AA
T 6™HR ® h n Xa & VY 7 a.
Y 3.4 7, s aAxJYk U0 a*N'E, 61PRP
<« 0" E®@O® 2 7 a.
U axg U a I a o DL » """ a. U a « v Q
*N"ECLOG, E6” a.. YV "0 7 U ax "0« BO« 0n 4b 2
"7 oa. M Xf U ad <« 4wOBO “a.f U @ BOAL,pt =~ U
ax BOuN"Ep 07 a.
U a4e i v $PGHOME/PGDATA/pg_subttdris & 4 07 a. "N
N foed’ CLOG- ~ n b 0b — O ©wo~ a.®

34 backend/access/transam/subtrans.c

35
backend/access/transam/slru.c
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— 1 *H == 1 2HY™ L e RQKIFNB Yo. — 1 "H K€
C> o= 1+*HETT HAgTTw AT t+ N QAyo. p PostgreSQLE - =

1 HLRL nQue,F1 E@xg " » " kg ®Wyiiyo.o= 1 Hka:
1/ % mr,omu+ | F4& Ad /AFo"® 03 3 oF TeHT ok

|'/'|U

» Errors and Atomicit
A0 a4 E Y

ORI T 4 40bQe apnAl §, 062

=> BEGIN
=> SELECT * FROM t
id|s
3 8860 &
2| FOO
4| BAR
2 s
=> UPDATE t SETs =repeat( X', 1/(id -4))
ERROR: division by zero

=> SELECT * FROM t;
ERROR: current transaction is aborted, commands ignored until end
of transaction block

1 &O0l,PostgreSQIX U a R OuWN'EMA T a.

=> COMMIT;
ROLLBACK

U a, £ vy &° 6v e° Vb? 0 O Atxng 6 V., x
n440Qe 4 T4 "AJ 4 ° 2 106 a. vAf s £, OoawOhs

O a « &£, E®I 0 a.

ADtA" <« 45,04 v 10Qe 4P 1 4£W asePR 5 a.

=> SELECT * FROM heap_page(,0)
ctid | state |  xmin | xmax
(0,2) | normal | 782 c | 785
(0,2) | normal | 783 a |0 a
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(0,3) | normal | 784 c |0 a

(0,4) | normal | 785 |0a

(4 s
8o MN,psglx " @tO WM J10LQe AR R Ow Y7 | sl A0Qe A
| v a, & a | T a.

=>\set ON_ERROR_ROLLBACK on

=> BEGIN
=> UPDATE tSET s = repeat('X', 1/(id -4));
ERROR: division by zero

=> SELECT * FROM t
id|s

2 | FOO

4| BAR
2 s

=> COMMIT
COMMIT

P> a’ |, psql ot 457 8 xv POEAANALND . b a. oy’ )
R 8T a wtb. 1 NEfES ve 7w, L0k vwo (0 CER

- -

" V8Ol )«4d A — t0+, | xn a.
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‘ Snapshots
4 toN P

n
-

U 41vn JY — a QP U ax, d Vv —
Q7 I 07 a Yab Pov — t QJTtN, QI 6T a.  tNX d° 4
o} h 0 0E 16 e0h PACIDI va v O 0t)0
n - a
Hok, | Tos,P U ax " "tx, T " a v sEadl U a »'E
ad p4 AO tN, T 2 ., 0 Q. Yhlh et ° b a
o Hda 458 PR 8dx™Qa" " tN ANba, tNN dn o

Qw, qQ A a2 4y U d _ N 6 x ' tN R t NN
O a +i8x ° 0 a
snapshotl snapshot2 snapshot
| | |
| | |
| | |
| | |
| | |
| statementl | statement? | statementl statement2
- - e - — o
| | | | | |
| | | | | |
| | I | I |
! - — xid : — xid
Read Committed Repeatable Read,
Serializable
42 — b £
t XX 0 t ao 1| v, T ad ,JY* tE QA \NCH L&
X 4 wOM 07 a
L EN ¢ xminO xmax t ( , A ® b 2 v ¥ a Ib) 4 6Ad
e 0~ a.xminO xmaxp H | Yy, xA4,P X"t X4 — NTEQ
U 2~ a

L E Nad U4 AT <« , aA |, xA4 «d T a®odpyu I v
0, X D "HM 6 Y1, x “tX4sf 16 a. ‘'t edvxmin U Q
"A] X 6 Qxmax U a "A|] x 6 Y77 a.

Ad4Q t x40t

o
C
(@]
X
¢
e
AN
O

b E U a "A|] x

% backend/access/heap/heapam_visibility.c
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3 " a.dil NE U ax ot "6 yx"A] .12 a. QN U
Ad, d"A ] XAh ' tXx4b]1 a

pB A0 O 5 a. . O4breoX U 4, VU °oHC " pa TR, ),
P U a "Al| CENA BT J T a:
snapshot
|
|
|
[ *—90
| .
|
*—o !
. |
. |
. —®
. | :
| . .
| | . | xid
1 2 3
J s b ok O a4 106 a
. O a2s "t XNk A 64N0E d" A | b T a
. U aix "t XNt p4 £ 64 4, xfn4 d"A ] xb° V7T
a.
) O d3X "t X ek 4° 64, x4 d"A] I b v 77 a(
U a +id64v v 46477 a).
43t Xd
YU 1, _ @ONPostgreSQL © E 0O - v " Ov A 177 a’¥qp
CH O a A "84y MaA4av “a. U a > O XVA
" a( v U aip4 0" a). YU+ i O XAUAIl , "EBA LI

a D A’ E track_commit_timestampa , n®? E T Q14 o En. % p>:

off ) FIKE" AEC O/ IE® M+ N QAyo.( 1T QS 6L THH & | —
OmCQ'"T U vl 4+ s T (i)g'A\IJO)

", & . epa"7 k 0apDd sh AL 2 wALe/ v N ,F 20k

7AJ é Point-In-Time Recovery/ r O o l_’ \IJ 0.

bdbVMAa v wNd U a <« 4 " a fobs— N OO 6 A
“a.ProcArray s 4v ot £ +Aa0O .t U aQ'E 614 " a. U a4 i
dw d U a “txek> 4 £ 84 4v OMMeva41 67 a.wOs "t X,

37 include/utils/snapshot.h
backend/utils/time/snapmgr.c

8 backend/access/transam/commit_ts.c
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ok o, A0 _ UE ®vwQ U d° 45 ot U a « 02 u
W 0 a.. 6 YN@U 4A4n CEUNA BT JN Y

A h T 6n1A
v 0 M NeET T a
t N A0 o) 4> 4t 2 v 700 s a(ocsx £ U Q
yNXoae Xt O U a, v t7oa)
L4
o °
0 .
| | — xid | | > xid
1 2 3 1 2 3
at snapshot creation... ...and some time later
b 5> a." tN AO> 4 o a v a,t _ U a v
6 Vv1av | M Q aseP 5 a.. Y _ Tt _ U axp _ V]
ad b B 4w H t. "Q vy ob3 7w T oa.
Y ° "E PostgreSQLX Oy 44h 60« 07 J v ' tx o 2
" a.” E®t b 4 a 80l a ~ awlOr o (b
HX  p yu 0" O’Gled)”)f)dJ VyuNsb3 T oa.

Cv u,¥1 , ®xE Ln PostgreSQL ¢ X t.qg MdS

nt Tt " &y T4+ HaA+, abwt | +4 AG /A
£E- H" Ayo ¥

Um 'A\PO .

WOb,  t NN ok~ OJY XNEdit 6 a:®

xmin *© t X 'Ht AUO & U 4 DL “a. Ta XIDOb ot U
ax o “64yY BEANODE d"A | X't yu”™ o5 a.
xmax " t XN <« H " U 4 IDDal X b T a. <4« X'UN ANO»
“a.xmax <« IDOL GOt U aAxv y U YNOE d " A
I x> v 77 a.

xip_listh « U a, T ot £ U ad IDQE ~ a.b<4« U AXL E£4A _ D
L

CEXNA4Y Hb aldok"al &8 O _ed4rv ey 7" a

3 Joseph M. Hellerstein, Looking Back at Postgres. https://arxiv.org/pdf/1901.01973.pdf
40 backend/storage/ipc/procarray.c, GetSnapshotData function
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U N'E @t NN Xmina  xmax U a, v P NEUOO¢ 2

xip_list
. e -
Xmin Xxmax
| |
r R
®
o) i
k. _./
l | : > xid
1 2 3
Ot N4 Lk NAI 6v ~ 7, accounts Ned 5 A0
noooa.
=> TRUNCATE TABLE accounts;
_ U ax Ned  _ . A o J NA T oa:
=> BEGIN;
=> INSERT INTO accounts VALUES (1, ‘alice', 1000.00);
=> SELECT pg_current_xact_id();
pg_current_xact _id
790
@ )
_ O axp _ . A 8 "A]}). 7 7 oa
=> BEGIN;
=> INSERT INTO accounts VALUES (2, 'bob’, 100.00);
=> SELECT pg_current_xact_id();
pg_current_xact_id
791
@ )
=> COMMIT;
45a0tA4 0Bt N, o T " a. 0~ BT VI a
t N > ) "‘ m 10 Ii ﬂNd
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=> BEGIN ISOLATION LEVEL REPEATABLE READ;

=> -- txid_current_snapshot() before v.13

SELECT pg_current_snapshot();
pg_current_snapshot

xxxxxxxxxxxxxxxxxxxxx

790:792:790

av  "ECQ)NEdio Oa, ‘'t edik 07 0

a Q'E Ab v U QNEdit 0~ a).
tX, A - v a, noTa
=> COMMIT;
t_ U ANt X 9E 47 07 a U axp _
£ 07 a:
=> BEGIN
=> UPDATE accounts SE&mount=amount + 100 WHERK =2
=> SELECT pg_current_xact_id()
pg_current_xact_id
792
@ )
=> COMMIT
DO " tNNI u 1t a 77 a.

=> SELECT ctid, * FROM accounts
ctid | id | client | amount

(0,2) | 2| bob | 100.00
@ )
0 Ned v + K "7 oa.
=> SELECT * FROM heap_page(‘accounts',0);
ctid | state | Xxmin | xmax
+ + +
(0,2) | normal | 790c|0a
0,2) | normal | 791c|792c
(0,3) | normal | 792c|0a
B s)
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PostgreSQLX A Al — _ & JrJd o, 06?27 7 4awO,"A ] Na., . . v

~O U a4 QT N4 0 a:

xid<xmin: Ad"A | x" x7 J a.A 0t A,accounts No, 9 & ¥

a Adbt 41 d ~ a.
xmin  xid<xmax: A0 d U aIbb xip_list 4 4 v A5 4Q" A | N
T a. (0, 1)N xip_list 4V Uws F ad L64, xn47 y 7

" a.e'E O ax‘  tx* " 4 5 "Qa

P _ b — ©O3)XN d U amb - tx <« ., O . xp47 y a.
YU P _ _ — (02v7 T a.dv o A N UN"T o4 3 xip_list
4U U yu U ad a 64, xn ~awOs bLLT T a) QoA v !
tN <« ., O v U at iAo x4 vy V77 a.
I => COMMIT;
44 U 0 "A] b

O a "A41O bE vy NAp & “a. a Ab4v d"A
| aQf U4 T a.Abt A, 4 AG s HOA O6 & 4 Qe "
Al .7 Yd+4 7 oa.

Y <« ., M ° gv U do 4 b A T h_

1 tv cmnwcecmaxs «AE 07 a.cminAX b

u N4 6" ap, N 7 KNP K "™ i
4 0~ a.PostgreSQLN n _ O doe 4 b
L 0OV, YADDL Qo PostgreSQLX t4 2
cminw cmaxXKX  Ad4v At 4 07 a.*
AE U a, > 3 Ned . b 777 a

=> BEGIN;

=> INSERT INTO accounts VALUES (3, ‘charlie’, 100.00);
=> SELECT pg_current_xact_id();
pg_current_xact_id

ssssssssssssssssssss

Ne A0 Q u 0’ T hONAT 0~ 7 a

=> DECLARE ¢ CURSOR FOR SELECT count(*) FROM accounts;

“ backend/utils/time/combocid.c
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u & . b T LD:
=> INSERT INTO accounts VALUES (4, ‘charlie’, 200.00);

A, a0 N'E JOo U a4 A O t ocminX, =~ Ttd@0d t

4d v 0b477 a)

=> SELECT xmin, CASE WHEN xmin = 793 THEN cmin END cmin, *

FROM accounts;

Xmin | cmin | id | client | amount

790 | | 1] alice | 1000.00

792 | | 2] bob | 200.00

793 | 0| 3]charlie]| 100.00

793 | 1| 4|charlie|200.00

(4 s

b vtk MM b "7 a »b OANAA . x bO NXcmn<l x., Q
YV, xfq4 -t N 85 V77 a:

=> FETCH c;

count

3

@ )
d A cmin® |t XA 6 A QAhsQaB, i JI av 477 a
45 U a4 -
AbaNtEu " tKN . XX xmin Os da, v “tNXN MtA xb AUO &
O a IDOY t~ a. xminXx ' tx. T v ¢ a * 0™ v o0 O O
£ - al
N U a £t O"tXN d1apAd0tAd O . HoOAa 45 02 v AD, .
U a * v ,J0xa° IDDEM 067 a.
Qo xmnX a Xt U dxid<xmin)x Qt ° “d4ast a2 "~ a. v U
a Yt T 0 g — Q. 1t a2 avwu, 0 7 a.

T e OF3FF oflevc OV P ATX/ AsSLE Ayo.
PostgreSQLX ’ ot EL° T 0 @ ~ 7~ a. U AN pg_stat activity

No. 70 a “a.MUv A T oa:
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=> BEGIN;
=> SELECT backend_xmin FROM pg_stat_activity
WHERE pid = pg_backend_pid();

backend_xmin

xxxxxxxxxxxxxx

793
@ )
L« U ax° "By IDOK ¥ O Q U a Y tx, T 4 1 """ 0w
T a. Ot N £t 6 YIXbLb<« U a Ab4v 7 Ov kit 0 V77 a.
Y U ax’ txO0b &4d 0 Ay w1 p T al & Q
pg_stat activity.backend_xmin 4 5 v J C N xmindK 8a " a.
A .h T T (6 e’ “NEY 6" a. 07 n t Ot U
a '~ o a,., b AU0UO6"7 0t O a, e “a. b A 0O xmin2
NE T 0o Ne, 400 X h t ° Ah U a4lf Y106 a.
Y N T VACUM v I ®»éa ~ " oa. al T kit a f wvwu @&
0 0° NEM A | &7 a.
database
horizon
I
|
outdated tuples |
that can be vacuumed I
- — Y :
|
: o
' Q
|
| ( N ®
'S N g
| @)
|
| [ ] S
¢ \ v
® \: S
] I
. I
|
| .
| | | | | | | | : : xid
1 2 3 4 5 6 7 8 9 10
» T n" 7 a
., Ay A H®a 457 b6v U a( U a,b <« U QAdio 4 )

42 backend/storage/ipc/procarray.c, ComputeXidHorizons function
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AUV Ad, d U axh t T 0° a, 4 wOTt
A A6 A2 a
O . Hoa 4+ dv - U dal,"idleintransacton " < 4 & Ol
b t 0 707 T a.
. Qo "0  H®a 45° b6v b4 U ANNE v ANA4Q T 0°
- a.
T 4vB kK T Q “a.wlOs U a 707 v AN,
d U a h 4 V14801, *7 o 0t ANE & aA
0" a. Y SE U a T emvoud 0 T oa.
Ag 4 T, na& &V Fwkoo wg | F4/ sA006 1 ~HL @
Yy adkL—n "n° BAyo. nt JA Fwk, " %" Avo.|A Fwk
- TE4G/ AR X+ 1w, 41 Lldgaeg, Qrom 1 H b ¢
“u %" ' ApO.
NEMM LT T a _  td £ U axd h t cT0°
s ““a. 0 U a b O b° a 77 oa:
=> SELECT pg_current_xact_id();
pg_current_xact_id
794
@ )
=> SELECT backend_xmin FROM pg_stat_activity
WHERE pid = pg_backend_pid();
backend_xmin
793
@ )
Y O a +idédw' BANE n aAU00 t 63 "7 a
=> COMMIT;
=> SELECT backend_xmin FROM pg_stat_activity
WHERE pid = pg_backend_pid();
backend_xmin
795
@ )
< <« 4wy, p° bv U aOa_ A (0B — , 9k vuw)
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vy i T a..a YN NO | " ba A9 151 6 a.

46" ° ‘E, T OUN

) E.v Q NCEct 6 A
o b3 T a t NN "n |

ag, U ax NeA AUO 0

a.

=> BEGIN TRANSACTION ISOLATION LEVEL REPEATABLE READ;

=> SELECT 1;--

=>ALTER TABLE accounts
ALTER amount SET NOT NULL;

=> INSERT INTO accounts(client, amount)
VALUES (alice', NULL);
ERROR: null value in column "amount" of relation "accounts"
violates not , null constraint
DETAIL: Failing contains (1, alice, null).

=> ROLLBACK;

Tt ek O 4 10" Mt + x NINSERTE a 477 a. VYn
Hok,  Q vw Y7 2 Q, Q4 INSERT 2 v U a ALTERTABLEE, © &,
4 0 accounts Ned ~ a@ALTERTABWEE X d U 4 +idx, ., aé_ u
- .

Q NEb—v R “E. Lb° 6xQa"l “tx e£Ouw Y¥Yn T a.
YV XN fTa M H3, tN, 9t U UNES3 4, A .0 2
T aA ox "E. Kt "60E aol @A 4 T a.

47 t NOof o
a €« 4 JY U a a4 8xQt KNTUN, T Jd T a.A0tA

pg.dump & b~ AQtE A x,®t Et°b 60 A, ek 7 b t
<« 07 J4 7 a.

YU, U Q@ ‘'n’ ogsmuEneonsis B a s b KNCtUN, b uw OaB av 477 a.

®t U0 an b 07,7 suitxofo f 7 b 7 a

. backend/utils/time/snapmgr.c, GetCatalogSnapshot function
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—_—C

pg_export_snapshot av "t X DO Q v h, IDv h t a
a4 B8a ~~ a. &l NE n CtXN. N v U at ek 6 a

=> BEGIN ISOLATION LEVEL REPEATABLE READ
=> SELECT count(*) FROM accounts
count

sssssss

=> SELECT pg_export_snapshot()
pg_export_snapshot

xxxxxxxxxxxxxxxxxxxxx

000000040000006F1

@ )

_ QE. 7 . 4,al0 U 4t XSET TRANSACTION SNAPSHQT
L 42 "Ta. x U 4 H®a XQt > Q . Av A Ev 61+
e a NEA b ex, P xn T oa

=> DELETE FROM accounts;
=> BEGINISOLATION LEVEL REPEATABLE READ;
=> SET TRANSACTION SNAPSHOT '0000ImmBoO06EL";

U ax U a “tx, I e,wOh 0k d° 4k

count

4
@ )
A d"E P _ O ax“tx ofo1 0 _ O a a AL .12
177 a.Qd Adl Q b Ta v Q h Lk J T 6, »
o7 o t N ) v t N o0f ouv O a «+6 “n “a

l => COMMIT;

=> COMMIT;
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5 mv HO-I-Heap-OnIy Tuple 3

5.1 W
PostgreSQL a4
. UPDATE
s fillfactor ( : 100)
INSERTmad%o E fillflactor hT7=00 ¢~ Ava #n/, Ut La" o BAyo.
ten" ' kE UPDATE%l — OFYyo. paqriEFI ' F¢-Hn QAyo0
GPUMYy & A Kt XA BLT A4 ( ,h t T 0 e ).
" a. ANXB 0”AV Y MQubd1r1061a 6 a. &0 10
v d"EeM NH 0 abd L4 6a " a.
n SEb td VYdMpaxm 6 Vv T  a.wOs 1 OMpNX a MT a2 )
P o’ a
L . 4 ®a . xA4,1h SELECH | a ., N a2 T7a. v
e Ne T 41 AadAd ~ a.
b~ CEAAI an v O Ta° " aPk ANELLO Nob o o PR A4
d 0 £ w ~ a

=> CREATE TABLE hot(id integer, s char(2000)) WITH (fillfactor = 75);
=> CREATE INDEX hot_id ON hot(id);
=> CREATE INDEX hot_s ON hot(s);

sh O n q a P X 2,004 & 9 0L H 8v 24k -
a . fillfactor OKk"2Av 75%Ey 64 "~ a. v 415 K 410 o
°* Nnp QOO £ kQa a "7 oa.

a, OK o"Ed . a adY_2a fn" 7 a:

=> INSERT INTO hot VALUES (1, 'A";
=> UPDATE hot SET s = 'B';
=> UPDATE hot SET s ='C};
=> UPDATE hot SET s ='D’;

a4 backend/access/heap/pruneheap.c, heap_page_prune_opt function
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41vf K 6N a.

=> SELECT * FROM heap_page(‘hot',0);
ctid | state | Xmin | xmax
35 B8 8 8 5 fG8Boogse B B o
(0,1) | normal | 801 c | 802 ¢
(0,2) | normal | 802 c | 803 ¢
(0,3) | normal | 803 c | 804

(0,4) |normal |804 . |Oa

(4 9
A 4d "E D &v fillfactor AKX, O 77 a.
Ta. KN 3 6,144 & 75%7 a -~

=> SELECT upper, pagesize FROM page_header(get_raw_page(‘hot',0));

upper | pagesize
+
64 | 8192

@ )

x

a. Oba 6146t 00
(0,5) Lo~ a.

=> UPDATE hot SET s = 'E’;
=> SELECT * FROM heap_page(‘hot',0);
ctid | state | xmin | xmax
(0,1) | dead | |
(0,2) | dead | |
(0,3) | dead | |
(0,4) | normal | 804 c | 805
(0,5) | normal | 805 |0a
G 9

eV v Nfj®d NEb LN "E ndA ot 4 Np
4% 4 Nnp

“a.A I 4il12a o0 a. 'E

[aYe) 410 CIRY y 24"~ a. v

PostgreSQLX Y <« O O™y gptE" A
h 4v0 L i o

00 7”7 a@

=> SELECT * FROM index_page('hot_s',1);
itemoffset | htid
+

87

<

4 5 d

a
OMp4 o'ED
o) "E 0O
L1477 a



11(0,1)
21(0,2)
31(0,3)
41(04)
5](0,5)
CI

ad | " 4sln <« .1t 2 77 a.

=> SELECT * FROM index_page('hot_id',1);
itemoffset | htid

1](0,1)
21(0,2)
3| (0,3)
41(0,4)
5 (0,5)
G s
1" X(0,1),(0,2), . ®s (0,3)0 KN
. NAs  x, L&D «
6dA1A 0 "~ a. A r—Q
« 02 " a®
| 0 ° v ad J,

Léod Jav

=> DROP FUNCTION index_page(text, integer);

=> CREATE FUNCTION index_page(relname text, pageno integer)
RETURNS TABLE(itemoffset smallint, htid tid, dead boolean)

AS $$
SELECTtemoffset,

htid,

dead -- starting from v.13
FROM bt_page_items(relname,pageno)
$$ LANGUAGE sql

=> SELECT * FROM index_page('hot_id',1);

itemoffset | htid | dead
1101 f
21(0,2)|f
31(0,3) | f

® backend/access/index/indexam.c, index_fetch_heap function
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41(0,4)|f

51(0,5) | f
G s
-4 dngpoo 4ok CE eV 3
* 70 " n.Yvo.
=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM hot WHERE id = 1;
QUERY PLAN
Index Scan using hot_id on hot (actual s=1 loops=1)
Index Cond: (id = 1)
2 s)
=> SELECT * FROM index_page('hot_id',1);
itemoffset | htid | dead
11(0,1) |t
21(0,2) |t
31(03) [t
4104 |t
5105)|f
(CIE)
Fo_ Lb& v XM w6 YM <4<« Ee M "7 a. Q 0 h T
O A~ " a. x4 d v | " 4580E Tvuw T oa
5.2HOT 2
ot 16 0 | 4500 vuNOLde 9 “ 7 a. , P2
AN Net o Ot | 02 N . xn ~ a.o'ED sHY o, . 16
vt |4 A4 “a. va O tb |4 8 v1e80l d " a
p o, 1 v 106 1] “Mbvuh, tl W04 WO o b
A4 7 a
Q ON'E Ned | " 0&Q o o YR txegbd " a
Yu,a 6 AN Ah | 41" Yy va@n X, b oED I Q Qtwv
WXs 0O “a Y 1. .~ PostgreSQLX HeapOnly Tuple 2 Ov L 3.

e backend/access/heap/README.HOT

89



Hom , i & |° v R A4d A K QQ, |l 07 a. QN d
A 0 a.. ®o KX 4 v @t — X & ctid

0w ., — b | 07 B

0 nmo |I° 0 7 a

L4 6 Yv — NXHOBR 'E " 6A1,HOT] 4 O — X Heap Hot Updatede
"E C 0 a. &1 NE Y H1., h OMb b3 T a.
o N 4 °  HeapHotUpdatedE ~ O — . | Oa®, uXx'
£ N+ av’ “a.wOs xHOR |, wOE “a.fi'EEMOD
O A 4Q . 4Ot — bk, v O X 2 T a.

HOT © EAAL o v o7, ., _ 170 VU oy e No, ez | ¢ y
XAt 06?2 &l » HOM A it a 77 oa.

=> DROP INDEX hot_s;
=> TRUNCATE TABLE hot;

0" ,0®v heap_page 20 a° 5 Adctd HOm 46A0PL e O

vy n~ " a. al weéd t ) "Ho # 2 _ a.

=> DROP FUNCTION heap_page(text,integer);
=> CREATE FUNCTION heap_page(relname text, pageno integer)
RETURNS TABLE(
ctid tid, state text,
Xmin text, xmax text,
hhu text, hot text, t_ctid tid
) AS $$
SELECT (pageno,lp)::text::tid AS ctid,
CASE Ip_flags
WHEN 0 THEN 'unused'
WHEN 1 THEN 'normal’
WHEN 2 THEN 'redirect to '[|lp_off
WHEN 3 THEN 'dead'
END AS state,
t_xmin || CASE
WHEN (t_infomask & 256) > 0 THEN ' ¢'
WHEN (t_infomask & 512) >0 THEN ' &'
ELSE "
ENDAS xmin,
t xmax || CASE
WHEN (t_infomask & 1024) >0 THEN ' c'
WHEN (t_infomask & 2048) >0 THEN ' a'
ELSE "
END AS xmax,
CASE WHEN (t_infomask2 & 16384) > 0 THEN 't END AS hhu,
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CASE WHEN (t_infomask2 & 32768) > 0 THEN 't' END AS hot,
t ctid
FROM heap_page_items(get_raw_page(relname,pageno))
ORDER BY Ip;
$$ LANGUAGE sql;

A w32 A QO 777 a

=> INSERT INTO hot VALUES (1, 'A";
=> UPDATE hot SET s = 'B';

4 v HOD n- dy Toa:
Hot Updatede v CTID] ., wO n + av u,
Heap Only Tuple e v Ah 1" 4l ]

B

B

=> SELECT * FROM heap_page('hot',0);
ctid | state | xmin | xmax | hhu | hot | t_ctid
55 5 BB 0 5 b GBooosen B B o SPpooo A B B B 0B B 80 ¢
(0,2) | normal | 812 c | 813 | t | | (0,2)
(0,2) | normal | 813 [0Oa | | t (0,2 :
2 s)

b a TA a"Enrved I 6w ~ a. 0
»"0Qe | 0w T a.

=> UPDATE hot SET s ='C};
=> UPDATE hot SET s = 'D/;

=> SELECT * FROM heap_page(‘hot',0);

ctid | state | xmin | xmax | hhu|hot|t ctid
e e R oL Rl S S S
(0,1) | normal | 812 c | 813 c |t | | (0,2)
(0,2) | normal | 813 c | 814 c |t | t | (0,3)
(0,3) | normal | 814 c | 815 | t | t | (0,4)
(0,4) | normal | 815 [0a | | t | (0,4)
(4 s
[ IRREN U O0b o v R, v IA a

=> SELECT * FROM index_page(‘hot_id',1);
itemoffset | htid | dead

xxxxxxxxxxxxxxxxxxxx

1|1(02)]|f
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Mia O tb 1 ao M7 O HOM a Ta.. & v, ADb,
a | v p4 v . b®d | dvh, v M Un® <« 7 a.HOT] X
B o4 5Q 82 NO'E O 1 x ab 16 041N0
"E,£3 40 4 A VU7 a.
5.3 HOT a X
Hon |” v ™ m ADE O a0 7 a.

A 4 + fillfactor 9X o O « 0°Ea, 2 N ©0° Q ~a. Yyu
_ v 1HO®™ |” 614 "~ a. | ao X |40 T0°
N\ 0E 6 Qabd t X1 a L4av O NOE y6a "7 a.

t 0N V7 PostgreSQLX : dualaddressng B - @, AD, 1 4
6 v (4., »v (0,2)° I ao., b® x4 OUEAd <« 0Ql 67 a.

=> UPDATE hot SET s = 'E’;

=> SELECT * FROM heap_page('hot',0);

ctid | state | xmin | xmax | hhu | hot | t_ctid
5 oo o™ aooaoo a8 c B oooB oo fhoooeB o 0B oo ao 8o e
(0,1) | redirect to 4 | | | | |
(0,2) | normal | 816|0a | | t | (0,2)
(0,3) | unused I | | | |
(0,4) | normal | 815 c | 816 | t]t | (0,2)
(4 s
(0,1),(0,2,(03) x & O . y Ta.0oyaaQ NEO_ IX . d'EP A
Q, 2 3X 647 a(Ji 6 vv « E"AOD). v |4 6 V.
’ xR ~ a.o'ED X OWp 4 (0,2 "E. "E6 a.
¢ QN 2 a fn” " a.
=> UPDATE hot SET s = 'F';
=> UPDATE hot SET s ='G};
=> SELECT * FROM heap_page(‘hot',0);
ctid | state | xmin | xmax | hhu | hot | t_ctid
" a0 o anaaoac W oooBooaBooBoaBooooaa e
(0,1) | redirect to 4 | | | | |
(0,2) | normal |816c|817c|t | t | (0,3)
(0,3) | normal | 817 c | 818 | t | t | (0,5)
(0,4) | normal |815¢c|816¢c |t | t | (0,2)
(0,5) | normal | 818 |0a | | t | (0,5)
G s
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a, 2 4y

Ob " 0w a.

=> UPDATE hot SET s = 'H';

=> SELECT * FROM heap_page(‘hot',0);

ctid |

state

| xmin| xmax |

hhu | hot | t_ctid

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

(0,1) | redirectto 5 |

(0,2) | normal

(0,3) | unused

(0,4) | unused

(0,5) | normal
G s

or
€
Q

<

I bA4wv A
42 0
Np

CEIN KoY

5.4HOT |°
4 0 "ED

AU T 2

" A Oa o, fillfactor

0 E

d.

| 14~ 2
Ne i ®

Wp 114 aq,

T, AL

9, .

+ +
| |

| t](0,2)

| |

| |

t|  t](0,2)

E ADa o bd v b
X, vy 6 .2 " a. Y
"7 oa. ‘Q fillfactor X ' M 2'E
b 1 av Ot 0.

IANO(I)(l)' a.
L 4 7 a.

Qv ot N §

=> BEGIN ISOLATION LEVEL REPEATABLE READ;

=> SELECT 1,

+t M K EH A®S oal o wu”

=> UPDATE hot SET s ="I';
=> UPDATE hot SET s ='J;
=> UPDATE hot SET s = 'K’;

=> SELECT * FROM heap_page(‘hot',0);

ctid |

state | xmin

| xmax

yo.

| hhu | hot | t_ctid

y X PostgreSQLX a 0

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

(0,1) | redirect to 2 |

(0,2) | normal
(0,3) | normal
(0,4) | normal
(0,5) | normal

|
|819c|820¢c|t

|820c|821c|t
| 821 c | 822
|822 |Oa

+ + +
| | |
It 1(0.3)
[t 1(0,4)
It [t 1(05)
| It 1(0,5)
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(5 9

a, 2 Nex, v & «ab Qvt 241 67H ®'El Np,
i A4l 6w 7 a.
=> UPDATE hot SET s =L,
| =commim:- 6e YL x £0 % n QAyo.
=> SELECT * FROM heap_page(‘hot',0);
ctid | state | xmin| xmax | hhu | hot | t_ctid
5 6 8 8B 06868 8 0 6 B oooBeooBeoBooBeoos s e o
(0,1) | redirect to 2 | | | | | D
(0,2) | normal |819¢c|820c |t | t | (0,3)
(0,3) | normal |820c|821c|t | t | (0,4) >
(0,4) | normal |821c|822c |t | t | (0,5) g
(0,5) | normal | 822 c | 823 | | t | (1,1)
G 9
(0,5)4 v 1'E n v (1,1) b 614 "7 a.
=> SELECT * FROM heap_page{t' ,1)
ctid | state | xmin | xmax | hhu | hot | t_ctid
(1,1) | normal | 823| Oa| | | (1,1)
(G
. yvu v Eff 6 v oa. (0,5)v 2 e be &4 V77 a.
11 Ab, I “ 4Pk Q. a2 TTa.P QX TN I
L 8 7 a.
=> SELECT * FROM index_page(‘hot_id',1);
itemoffset | htid | dead
1101)|f
21(11)|f
2 s)
55 | ° @
Lba u , Wy B 4 6/ 1 4w A D V77 a Q
41 ™ ] Y] NTHTOAD ) U & v A T

4 postgresgl.org/docs/14/btreémplementation.htmIi#BTREBELETION
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| Ws B- ©O4 a
4 o I/Ip /|, xr]
a’ U'E"T 6 Ywvav
@ 680l |
|

{oR
®

Ot oD

o) N/1, a.

15 QObbs3 XNPbL ° oy

r—

“E, PostgreSQLN & a® 4 A" u ,PostgreSQX | °

4 tx4 & <« 2a4yVU” CE yu I S R A O o ® d
. Y
16 i b41v AD, PostgreSQLX Ne ald —
© a.* MVCE a ANan3l — . 9t 2 o,. TOx-—

i1 ]JO 167a. 2 XN Y OO0 N, <« T8y uxv,

[ a AD, d vt |4 0 a. Ous 4, ™

¥ 9 Q0 ®© a v . vy T p a. 0 PostgreSQLX
i 7 oa. O XN Ne 0 HwO&» MVCQ N'E,
ot ObL3E v | 4d »0Qa 067 a. 0 LTEVU3 U yi a
y v el 9 " a

8 backend/access/nbtree/README, Simple deletion section

9 backend/access/nbtree/README, Bottdsp deletion section
include/access/tableam.h

95



T . Vacuum and Autovacuum
6 t O nt

6.1

Ov 1001 0H I a2 v Wp a Q. v A T oa AN
u o4 T A 8 | AuA 0 V77 a.A ,QdE | 0
X v Ned A v} {77 a.
VACUUME °NEa v ALT VI © N PINCE, No, d «\N°E ~ a.
ANXAUOD O. 4 d vt 1 Q vy T oa

AN AXNh t aob 0" a.t A v
AN, NeO | “v Q NE aMv A4 i 82 7 a.B,CREATE INDEAXLTER
¢ s

INDEX a ®EA n° 2 N 6 Vv 7 a
PostgreSQIX 5 0 L T b kG, T a. 14 -0

Q. 0E Y vt A4 s™ 67 a.Qd bbb ka4
v 1aow,, N t 0 a.t N 1ev Ot h t 70
O @b Etaxm 614 d 0 I 6” a. A | OMp, QA J4 Vp al
a1 0 a.

2

A R 8 O N, o£ 1 " p 7 a.

=> CREATE TABLE vac(
id integer,
s char(100)
)

WITH (autovacuum_enabled = off);

=> CREATE INDBEXac_s ON vac(s);

autovacuum_enabled n t | 3 e & u ok"a “a v "Et T p.
N7 i1 E]i 6 a . b e®bL 2 T1lE
n-7oa.

=> INSERT INTO vac(id,s) VALUES (1,'A";
=> UPDATE vac SET s ='B’;

=> UPDATE vac SET s ='C’;

0 postgresgl.org/docs/14/sgbacuum.html
backend/commands/vacuum.c

1 postgresgl.org/docs/14/routinevzacuuming.html
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+t +w/ EE, T +

=> SELECT * FROM heap_page('vac',0);

ctid | state | xmin | xmax | hhu | hot|t_ctid
5 5 o 0B o o o dBoossac B oocoBaooBooBoooooooe
(0,1) | normal | 826 c | 827 c | | | (0,2)
(0,2) | normal | 827 c | 828 | | | (0,3)
(0,3) | normal | 828 |0a | | | (0,3)
B 9
R N LS4 0 a.
=> SELECT * FROM index_page('vac_s',1);
itemoffset | htid | dead
11(01)]f
21(0,2)|f
31(0,3) | f
B 9
t A @t 5 0 y 64 Qe 1" " a
=> VACUUWAC;

=> SELECT * FROM heap_page('vac',0);
ctid | state | xmin | xmax | hhu | hot | t_ctid
e <P
(0,1) | unused | | | |
(0,2) | unused | | | | |
| |

(0,3) | normal | 828 c |0 a | (0,3)
B 9
N1 6 ®, Pk v g < |7 QA

N"Ep 0~ a. 0 < 4 ¥ unused < " a.

=> SELECT * FROM index_page('vac_s',1);

itemoffset | htid | dead

110,3)|f

@ )
unused <« t Nd UpNE ®6NM 0 B0 — 45 |1
LbLb a4 ~ 0" a. 0 .~ pg_visibility 3

=> CREATE EXTENSION pg_visibility
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=> SELECT all_visible
FROM pg_visibility_map('vac',0);
all_visible

xxxxxxxxxxxxx

LR x/ €006 GEY A It Enp oo
U"I "Awo.

=> SELECT flags & 4 > 0 AS all_visible
FROM page_header(get_raw_page('vac',0));
all_visible

xxxxxxxxxxxxx

6.2 h T "2 & n

h Tt e 457 ot AN Jis v L Mouw | T a. ki NOD
o1 Q. Oexn4a> _0O 7 v 0 7 a.
Urdov _a ~  a ° PA T a.

=> TRUNCATE vac;

=> INSERT INTO vac(id,s) VALUES (1,'A);

=> UPDATE vac SET s ='B’;

~4*0 t L . ¢ qa,ofl A4 2 A " a v "0
C H®a 45 6vb<4« U 4, 1 a8,dao U a4 d ~a.A0t A, ¥
d. ab Ne a t, 2 a "7 oa

=> BEGIN;

=> UPDATE accounts SET amount = O;

=> UPDATE vac SET s ='C’;

Ned v £ K a, | " 41tk b T a. No, 4" AO
of ., O 7 A ~ a:

=> VACUUM vac;
=> SELECT * FROM heap_page('vac',0);
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ctid | state | xmin | xmax | hhu|hot|t_ctid

55 8 88 0 o B SAooaane I
(0,1) | unused | | | | |
(0,2) | normal | 833 ¢ | 835 c | | | (0,3)
(0,3) | normal | 835c¢c |0 a | | | (0,3)

B 9

=> SELECT * FROMdex_page('vac_s',1);

itemoffset | htid | dead
1]1(0,2)|f
21(0,3)|f
(2 )
S EX: 4 U Me14 Q _4% Pk
— .M vy oYy Oas B " a M “Tyuv M o +id
Oh t T a

=> SELECT backend_xmin FROM pg_stat_activity
WHERE pid = pg_backend_pid();
backend_xmin

xxxxxxxxxxxxxx

0 &v VERBOSE, [|i VAcCuym NCE LA h Qe o v

=> VACUUM VERBOSE vac;

INFO: vacuuming "public.vac"

INFO: table "vac": found 0 removable, 2 nhonremovable versions
in 1 out of 1 pages

DETAIL: 1 dead versions cannot be removed yet, oldest xmin: 834
Skipped 0 pages due to buffer pins, 0 frozen pages.

CPU: user: 0.00 s, system: 0.00 s, elapsed: 0.00 s.

VACUUM
AMO4v a, OKX [T LU U "7 a:
. y b3 1,. Y t7~ a(0 REMOVABLE
, y oJov Pk .. % J ~ a(2NONREMOVABLE
. y oJdv Uog <«ié Vv (1 DEApRa 0
" U t - @
. VACUUM u * (OLDESTXM® & O U a
£ U a +ibdoh L AN E n H 4wOt
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=> COMMIT;

=>VACUUM VERBOSE vac;

INFO: vacuuming "public.vac"

INFO: scanned index "vac_s" to remove 1 versions
DETAIL: CPU: user: 0.00 s, system: 0.00 s, elapsed: 0.00 s
INFO: table "vac": removed 1 dead item identifiers in 1 pages
DETAIL: CPU: user: 0.00 s, system: 0.00 s, elapsed: 0.00 s
INFO: index "vac_s" now contains 1 versions in 2 pages
DETAIL: 1 index versions were removed.

0 index pages were newly deleted.

0 index pages are currently deleted, of which 0 are currently

reusable.
CPU: user: 0.00 s, system: 0.00 s, elapsed: 0.00 s.
INFO: table "vac": found 1 removable, 1 nonremovable versions

in 1 out of 1 pages

DETAIL: 0 dead versions cannot be removed yet, oldest xmin: 836
Skipped 0 pages due to buffer pins, 0 frozen pages.

CPU: user: 0.00 s, system: 0.00 s, elapsed: 0.00 s.

VACUUM
VACUBMo "ED h T LAy T v . b sy °
4 — da,evM u® — XN — 7 a.
=> SELECT * FROM heap_page('vac',0);
ctid | state | xmin | xmax | hhu | hot | t_ctid
® g $Boaopee B o o GBeoec B 8 6B 0 0 B B B 8 ©

(0,1) | unused | | | |

(0,2) | unused | | | | |
(0,3) | normal |835c |0 a | |

B 9

| 1" B K QQ, ) T a.

=> SELECT * FROM index_page('vac_s',1);
itemoffset | htid | dead
i FBan o a a c

11(03)|f
T )

6.3 T B A&
t AN b xOOBT 7 a2 Q° Ev., & V77 a.Md, NeO



4 ®d wrald "EL° D YyMy " a. 0b3 1 | P Ne t AN
JYBAEAE T4 ~ at ANa, OKXO NE 6 a.®
BAA bv No. JJié v . T a. Y QYd w A LA
v 1 Ne 4% y “aoxa Jids vv . _A 1 N v o«
Op, O Qr 632 77 a.Q Q\'E Ne = truneaton 6a 7 a.
N&-ieapf
B /v Ne 0" a.® O 4sb ta oaAdvh, a4 U
v Ot v JUO 61 YNOE° 4% T07 @a.Qd _ "Ae
& <« O Yap, d Dy " tid A4 bLO  a t XM L4
62 NO'E y 2av 4" 7 a
tid A XVACUUMEL® E OO 0" a. dOROG u
maintenance_work_ memk " 2 4 wWOM 0~ a( | X 64MB). { Q@O 4 E
dédvuw M~ O 064wO do a. QM AdAl dOfOOHY O M o}
\NOE Ne b NAD T AX OKk"ad Ot ag¢ XJv HOOMO
It 2 7 a.
ot
_ BAPL MOOL 412 77 a: No + dvwu yU, A +1id,
4td A4 dOAOOBLLT v w ~a. Y <« 4 €614 Lot A o)
“a™ BEAHvY Ned o £ Ot | 04 J,tid A4 UEOD v
®t Q. T a. &l v Qtx | 45 yo© a.
gl dma o / ht' " o@n., = ID/ b E €
i cLlhpr " v, =k@i £ Hn QAyo.+, sk - B =%
. NFR: ,di §BHR Q Ayo.
min_parallel_index_scan_size »( 7 X 512kB) a JY K 1" b No, t AN
Obt. t ~“AE dv "“NEa 62 " a.parallel N A da @®
\NCE Y VACUBM " Q Y 2 §° “a( . Obt- a
10 o) VIS I vdYz t n 4 & YuNsb3 7 a.
t B4 » PostgreSQLX 4 Mp ¢, 2

|
d Ned T 6 Vv 13, A A

2 backend/access/heap/vacuumlazy.c, heap_vacuum_rel function

3 backend/access/heap/vacuumlazy.c, lazy_scan_heap function

54 backend/access/heap/vacuumlazy.c, lazy_vacuum_all_indexes function
s commitfest.postgresql.org/21/1802

%6 postgresgl.org/docs/14/bgworker.html
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BAED xx E™ a. | 1 O BAE aE»,Q QNE _ Q3

It BE4sy | 45400 Ne 46 0 vy Q v Ne
J e "7 oa. vy < « “a 1" X vvu Q H
Ne T COXNbBTET 4wWO Q Jfié v i 7 a.
Net
a. NE Nt BAL ™ 06 a® BAEA v Ne a* ° doa,tid A4UEO
yv6'H d 0 “a. 0 4bsv @t OA | L 0 yé4, xn4,
o} \ | a "7 a
VACUUM A0MpX2 Mp a4 QN a.. a “t N4 BT AU Q.
v LY E G4 b 0~ a.
Ne* B A4 b Ne i 6 YNXNAD,id Ax , boe Ne' X 4
Bée a (gl“ (l)‘él
No ~
t O Ne v o Jd° Mp, b | 8'HXxX'E bebal 7~ a.n0N
LaodJdYKk 4 L aqQ,t AX L ao, y o 2a0Wp, OA
40 a """ a. 0O XN Ne = HeapTuncatoncyy - "0t BAE4H 1 A4 - a>
Ne * v Ned © X * Belsvetode {HE © a.a0 EL bxT A0,
V1 E T, " T 1vs5 0y Y7 a
Ne H+ . xfpd,en vl a4, Ne * 1/16, y Y 1,000 :
4 0xQ B a &6 a. EXN t véA A T b "A 2477 a.
Y @t A 41 o b o Ne ° n 0 N v Ad,vacuum_truncatew
toastvacuum_truncate ¥ 0k " a0 I 4 3, 4 e & o -
6.4 o H
t N4Oe Kk v AN, © NTEv A MB A I QY | ©A0Aald A o u
Anaysis g g7 a0 w Ux 0° A f a2 As &£ A, 0 " a.a
O £ 7 4v 2 (pg_class.reltuples ) 2 (pg_class.relpages ) K X © A" o

' A h o Uad b b a.

7 . )
° backend/access/heap/vacuumlazy.c, lazy _cleanup_all_indexes function
backend/access/nbtree/nbtree.c, btvacuumcleanup function

%8 backend/access/heap/vacuumlazy.c, lazy_vacuum_heap function
9 backend/access/heap/vacuumlazy.c, lazy_truncate_heap function

&0 postgresgl.org/docs/14/routinevzacuuming.html#VACUURORSTATISTICS
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o H A NANALYZ&GE®, I JanNE 2 \N"H VACUUM ANALYZE  J t A
OM al " a.. YU P AN §dEQ 60"EE3 @4 v L4177 a.

5 Qa3 T ,VACUUMANALKZE.1K&/ AMd i " " ,Nuyq ANALYZE~ E 7.2
Ke/ A H, # NiEF~- N Q Ayo. +& K&/ AETCLG, v
70" o> H" Ayo.

se |, TAEEsHA+ XA BT, M"NA0 Z 6 K1+ dAypo.

6.5 n t Oo]'l'[

h t a2 e T8 Yyva Q f ANE o ©&® 2 , w ~

a. "QVACUUME N 1 "QU N . 072
a 6v Ne x " tfl t 6@ae v uf ad L3k "t a A x T

x"A | 5 83 weo,a, VACUUM x4 | 0JY_ O A+ 2l ~ a.

«Dc
@)

Qo4 Ne x ° *dor—b° i ANd>® 72 AO6A " p,

>

J

nt 3 £ 671 No@( ,autovacuunw Ok " ab Nw), nt Y b
a EL v oAt .00 HIJT AE4,Q 4" £"h
t " QE, ° Ta. Y /v track counts Ok " ab £ OAO4Qa 0O a.
ok"2a0aP® At | 3 dE n Y. 2 NOEQAP YUy "7 oa.

] \ autovacuum launcher

oe | l€ autovacuum_naptim¢ p >:1T)’ -~ 47 "EwsF | 4

cuy/ oog |, VGouoveeumwoReresy A yo.dn VéekMeagT postmaster
T YEYwo.fAA 18 / N Ewsf | Fa"
3/ N qgva" YEH 1 iywo. ut OoT | HKEN:=¢], Vva ol

autovacuum_max_workets p > :3)¢ s &, n®T sy [ >LEL o' Ayo.

0 3 , autovacuum_naptimé -

o1 backend/commands/analyze.c
62 postgresgl.org/docs/14/routinevzacuuming.htmi#AUTOVACUUM

&3 backend/postmaster/autovacuum.c
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ce ], valcHead n A it VEOF AT TO T ,mm¥%’ =1 Wead HT Oo

"4/ Yo Ayo.oel, . Ln, mnaQ TAaqT F o Lee ],
V & K max_worker processeAw L O n Q7 H" Ayo.
Obt: b 6w Oh t " 4AM o,a, PbL QE £ 7 a:
, f ot Ng Of w TOAST Ne Q'E
. o M ot NeO OP TQUE(TOAST NoX <« 0 6. xn4
o Mo VT a.)
o OK v UMYt fyYU,wdHAY Pb A, @Pa 7 a), I A AP
v 0 a
nt NXVACUWME NES 6vant O | I n QoMb 0A b "7 a
., ant N maintenance_work_mem, f Q@ ® 4 IDO o a.. YU nt
450 . T vuxa0 y a.f oo eb Ol 6 2
R " a.dJY nt 2 b~ AE 823 NHPP _
maintenance_work_memfi @ ®0* e 4w ~ a.. d ,PostgreSQLX t "Et A
© "1 fed ., W "H v autovacuum _work_ memk " 2 "E 0" a. |
autovacuum_work_ mémi XX -1) 0k " 2av Q maintenance_work_mem _ W"Y
“ a.wO » autovacuum_max_workers a , autovacuum_work_mef), d X4 il
N~ a2 77 oa.
. Ne £ OJY | n> &®vant NEQa a - 0
nt . I eoxa TA EL  betdANrvN G Q.
nt 2 b autovacuum naptmea Ho 4 A Ot A, + i Q Ab, nt Y
v dh t "4 AE 8 b2 0Ot T~ a. _ 2 LQ NET Oo
#d «K QE & o &0 " a.B, Nea 458 ° A &db 1A v \NH
»"Ea 0 NeQn > 4 ®6a "~ a.
A h Ne 2 up-?
Nea 45 nt _ e & vy b “a..YVU O OE v AbvO0btH
a. 0 P&b *0k"ab WMévh, YUuv Q Nel ® 4w o9ald Uvu TOAST
Ned © w ~ a:
, autovacuum_enabled
, toast.autovacuum_enabled
Q NE nt X N 8 U o “ED A NEO o7
N 3 . N N £ | A . 5t A H, Qv Ne
pg_stat_all_tables 4 o -
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XK, A4 v Java Pb 0k"adn EX O & Bbd a

, autovacuum_vacuum_thresholf | > 50)v N A0V t7 oa( dX.
autovacuum_vacuum_scale factof | > 0.2)v Ne N ev., v T oa.
a. X 6w b 0 ae BO  a:

pg_stat_all _tables.n_dead_tup > autovacuum_vacuum_threshold +
(autovacuum_vacuum_scale factoré pg_class.reltuples )

b8 A O 0k " av autovacuum_vacuum_scale factor = a. XX d NoA
"H(d Ne dao 1 0 N b3 [ ), 17X 2%®x" X a A4,
04 wO | al "7 oa.
ao Ned d »U Ok"axX BO a "~ a. v E Ne .~ Aa °
4 wWwO" 16 a. DK , *o0k"ad i J Ne © w

vy OO0 T oa

, autovacuum_vacuum_threshold toast.autovacuum_vacuum_threshold

, autovacuum_vacuum_scale_factor toast.autovacuum_vacuum_scale_factor
Y NE Nel ® 0Ok " 2aX, a "7 oa.

A .Q4A1h Nod b A A NV yvag, d Ned o
N ' T a., YU 0Dwao ab £ a, tnwjd
¥ N\ T a. 0 1 2 v <« 0° " a
t A A O AaLMUPOK"2E O £X o N0, Ned d A

1 0 a

, autovacuum_vacuum_insert_threshold( 1 > 1000)
, autovacuum_vacuum_insert_scale_factor ( | > 0.2)

v a. N N'E 0~ a:
pg_stat all tables.n_ins_since_vacuum > autovacuum_vacuum_insert_threshold +
autovacuum_vacuum_insert_scale_factor 6 pg_class.reltuples

OK Nea 45 OKk"at, a "7 oa. Ok"ad i v AD,
autovacuum_vacuum_insert_threshold . 4 d v TOASG k " 2,. ®ae
autovacuum_vacuum_insert_scale_factor , 4 d v TOASG k" a0 i 1067 a.

A h No, o # A U(H?

ho HN"AO Qai ., xAa4, nt 7
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a, PL v 0Ok" 24 O MAEX v Ad, o H 42 O ab Ne

o 4 aab a:

autovacuum_analyze threshold( T X 50)
autovacuum_analyze scale factor ( | > 0.1)

B

ho #HXMU X. Q X 07 a:
pg_stat_all _tables.n_mod_since_analyze > autovacuum_analyze threshold +
autovacuum_analyze scale factor ¢ pg_class.reltuples

Ned d note "A @ autovacuum_analyze threshold
autovacuum_analyze_scale_factorOv n Y ok"ao i a2 77 a.
TOAST NeNo b6 Y, xAfq4, 4 d v O0k"av {77 a.
n t n
49 °of . & o, t O, i} N 7 J Pk POQ AT
"t a® Pt4s Jiédy av BOULK"A X, QT oa. %, KN Nea
4 b 632 av _ 8'A " a.

=> CREATE FUNCTION p(param text, ¢ pg_class) RETURNS float
AS $$
SELECT coalesce(
-- use storage parameter if set
(SELECT option_value
FROM pg_options_to_table(c.reloptions)
WHERE option_name = CASE
-- for TOAST tables the parameter name is different
WHEN c.relkind ='t' THEN 'toast.' ELSE "
END || param
Ji
-- else take the configuration parameter value
current_setting(param)
)::float;
$$ LANGUAGE sql;

t eA’uv MU K™ a:
=> CREATE VIEW need_vacuum AS
WITH c AS (
SELECT c.oid,
greatest(c.reltuples, 0) reltuples,
p(‘autovacuum_vacuum_threshold', c) threshold,
p(‘autovacuum_vacuum_scale_factor', c) scale_factor,

64 ) )
backend/postmaster/autovacuum.c,relation_needs_vacanalyze function
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p(‘autovacuum_vacuum_insert_threshold', c) ins_threshold,
p(‘autovacuum_vacuum_insert_scale_factor', c) ins_scale_factor
FROM pg_class ¢
WHERE c.relkind IN ('r','m','t")
)
SELECT st.schemaname || " || st.relname AS tablename,
st.n_dead_tup AS dead_tup,
c.threshold + c.scale_factor * c.reltuples AS max_dead_tup,
st.n_ins_since_vacuum AS ins_tup,
c.ins_threshold + c.ins_scale_factor * c.reltuples AS max_ins_tup,
st.last_autovacuum
FROM pg_stat_all_tables st
JOIN c ON c.oid = st.relid;

max_dead_ tupt X n t . ° X ' X ' d T apu t
AN A OB6AO BX, T a.

a. Q, max_ins_tup

Nb,o40 ° | P4d v n°  a

=> CREATE VIEW need_analyze AS
WITH c AS (
SELECT c.oid,
greatest(c.reltuples, 0) reltuples,
p(‘autovacuum_analyze threshold', c) threshold,
p(‘autovacuum_analyze scale_factor', c) scale_factor
FROM pg_class ¢
WHERE c.relkind IN ('r','m")
)
SELECT st.schemaname || "." || st.relname AS tablename,
st.n_mod_since_analyze AS mod_tup,
c.threshold + c.scale_factor * c.reltuples AS max_mod_tup,
st.last_autoanalyze
FROM pg_stat_all_tables st
JOIN c ON c.oid = st.relid;

max_mod _tuf X n o #, 2 X 99X, Y t7 a.

t01 A "Qa n® A, | "Ev n - a

=> ALTER SYSTEM SET autovacuum_naptime = '1s';
=> SELECT pg_reload_conf();

vac Ng, | a,. a, 4 1,000k . A fn "~ a O 45 Nea 4 5
nt .3 e £ 61 . ° £ .

=> TRUNCATE TABLE vac;
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=> INSERT INTO vac(id,s)
SELECT id, 'A' FROM generate_series(1,1000) id;

t ©eA’v a, OK ™~ a:

=> SELECT * FROM need_vacuum WHERE tablename = 'public.vatgx
.[RECORD1] . +

ssssssssssss

tablename | public.vac
dead_tup | O
max_dead tup |50
ins_tup | 2000
max_ins_tup | 2000

last_autovacuum |

AtT max dead_tug | > E50 wyo.—/ A .. -~ A/ §! 3 50+0.2 31000 =250+
Ht- n: ,INSERT ~E =~ 500 05 n Q®,+ Fw/ °’ " 20K ®I Oo
®w ' Ayo.

=> SELECT reltuples FROM pg_class WHERE relname = 'vac’;

reltuples

L1
pg_class.reltuples XX -1'Ev 614 ~ 7 a. mOXX O E T b4 NeO~ "EeA
N 0o +i6 No, dbo ., O0d> i 6" a.&£Z84 JT 6 x, . 2 XN\

"Ep 6A50+02 A0=50 & a.

A A «46v X 1200 4] 5 b o max_ins_tupXXX 1,000 ~ a. 1 n ° "EQe

v <4 7 a.

o WPA4d O 7 n° 7 a

=> SELECT * FROM need_analyze WHERE tablename = 'public.vac\ gx
J[RECORD1] , #.. ... ......
tablename | public.vac
mod_tup | 1006
max_mod_tup | 50

last_autoanalyze |

0 v 1,000k L2 o, v | «a , 0 " a 4wO BOX O A7 a:
Ne  vM VWA Y1, x4 OXNXS0NEY 614 "7 a. v QiMU Y
Y . ® now XGOE 6w ., 0 ~ a.

=> ALTER TABLE vac SET (autovacuum_enabled = on);

Neo # + i 8@ OXN X 150\ "E 0” a.
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=> SELECT reltuples FROM pg_class WHERE relname = 'vac’;
reltuples

sssssssssss

=> SELECT * FROM need_analyze WHERE tablename = 'public.vac\ gx
.Yy pcampb O {., . ., .|

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

tablename | public.vac

mod_tup |0

max_mod _tup | 150

« 23} 73@® - «,!8400:45B38F6D:0NQ, NT

.Ya> nt 418 N0 1T a:

=> SELECT * FROM need_vacuum WHERE tablename = 'public.vatgx
.[RECORD 1] , +

xxxxxxxxxxxx

tablename | public.vac
dead_tup |0
max_dead tup | 250
ins_tup | 2000
max_ins_tup | 1200

last_autovacuum |

o M, Ke) Ne . 4, 'Q J max dead tup max_ins_tupXl 2 64 7 a.
Xa, Nt x Ol Q Ad> o7 a:
. X 250k <4~ AD
. Ne- 200k <A B8AD
_ nt ., e & a, AX 1k O v 251k .2 P n" 7 a.

=> ALTER TABLE vac SEfautovacuum_enabled = off);

=> UPDATE vac SET s = 'B' WHERE id <= 251;

=> SELECT * FROM need_vacuum WHERE tablename = 'public.vatgx
.[RECORD 1] . +

xxxxxxxxxxxx

tablename | public.vac
dead_tup | 251
max_dead_tup | 250
ins_tup | 2000
max_ins_tup | 1200

last_autovacuum |
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=> ALTER TABLE vac SET (autovacuum_enabled = on);
=> SELECT * FROM need_vacuum WHERE tablename = 'public.vatgx
JIRECORD 1] .+ o . . . . . e e e e e e e e e
tablename | public.vac
dead tup| O
max_dead_tup | 250
ins_tup | O
max_ins_tup | 1200
last_autovacuum | 2023 , 03 06 14:00:51.736815+03

6.6a OW

2 4% n vt NaO "E£t' 0 B Y Q" & 0 b a&3 4 «d

A 6 a2 "7 a

.l_
t 310 ~ 7 PostgreSQLX Ne ol 4 . NE - B ~a. AB 'E
d U vacuum_cost_limit ( T > 200) "Q At , 'Et " v vacuum_cost _delay | > 0)
pony . <4 'E 0 a.
vacuum_cost_delay , T X ON Q T AT NE d'Et Yvavwu, O
“ a.wO s, vacuum_cost_limit KN 0t Y~ a.ant _ 2 N AD

O® vb3 101 +i0s wNEL 07 a.

Qi sleepp ¢ 64 aw, "EL' v — R I 0 & v hvacuum_cost_limit
B~ N, e Ma -~ BO™ a.P el X — oAb 0 XAD
vacuum_cost_page hif 1 X 1)B  "EAES™H. & Y X A 4v vacuum_cost_page_mis8 "~
(1 XK2AEAEBES a0y 3 Lt A A 8Y: ao b'E
vacuum_cost_page_dirty( | X 20) B™ b & " al’®
vacuum_cost_limit Ok " a7 XK, ° apt X & Ad(@Gt L “det A
L"AS vuv Ab)yv  _ 4 d 200k 0 & a2 "7 a.Qo,
v AD (Ot LU 4 o" Adv Ab)av  _ 4 b d 9K Q
® a1 "7 a.
n t
o7 N T 6ud* ] T nt N Ok"a b 8 A
a03lE" 63 " a:

autovacuum_vacuum_cost_limit( 1 XK -1)

B

e backend/storage/buffer/bufmgr.c, ReadBuffer_common function
66 backend/storage/buffer/bufmgr.c, MarkBufferDirty function

67 .
backend/postmaster/autovacuum.c, autovac_balance_cost function
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autovacuum_vacuum_cost_deldy | K 2ms)

B

Dk"at UL -ITEy 6@ d v Qf OKk"2A'Ed 0 a.
autovacuum_vacuum_cost_limito k " 2 v 7 \ "Evacuum_cost_limit XK | 07 a.

K& 12+ &/ IE autovacuum_vacuum_cost_delayr , p >+ 20mss lEH, FI€ b
nzt/ Arsnt mEExLl 4n Ayo.

not A B v d autovacuum_vacuum_cost_limitE 6°H XNQt2 p40°
60 "E- 17 €81 4d y n A .0 “awds nat | b
"A ®, autovacuum_max_workers autovacuum_vacuum_cost_limit), e¢ N"E b 4 7 a.

0 Ad,a, Ok" 20w N Ne/ d Y v a7 oa:

autovacuum_vacuum_cost_delay toast.autovacuum_vacuum_cost_delay

B

autovacuum_vacuum_cost_limit toast.autovacuum_vacuum_cost_limit

B

6.7 Q
t @  QdvAD, L maintenance_work_mei @ 41 ¥v X L
y 214v <« . B 2 "7 a. Ad et 1 O0JdY_41 4 i T a
Ne Ad O X<« “p “0867H 42 0 N a "7 oa v B§
Q b /o AN way. P a1 "7 a
Y R v No & t yUPR’~ 41 XN W v ), & QX § Q&0
d » “NE M 2 "7 a
T o Q
VERBOSEO >~ 6v t @QEX ® A, 2 o 4« [ abD T a. A,
pg_stat_progress vacuum®v O CEt° <« 07 J 7 a.
o 46 ° | P pg_stat progress_analyze | Q Q N'E AXODODO 101 2 6
HA 0 N wAdvy 477 a.
Ned &8 OX . 4 a P 2 J t «d “pnAaN~ 81 E T a.

=> TRUNCATE vac;

=> INSERT INTO vac(id,s)

SELECT id, 'A' FROM generate_series(1,500000) id;
=> UPDATE vac SET s ='B’;

hoO™ td A4 ddv fOOV, IMEE n’~ " a.

=> ALTER SYSTEM SET maintenance_work_mem = "'1MB";
=> SELECT pg_reload_conf();
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T

=>VACUUM VERBOSE vac

=> SELECT * FROM pg_stat_progress_vacuulgx
.[RECORD 1] +

xxxxxxxxxxxxxxxxxxxxxxx

pid | 14531
datid| 16391
datname | internals
relid | 16479
phase | vacuuming indexes
heap_blks_total | 17242
heap_blks_scanned | 3009
heap_blks vacuumed | O
index_vacuum_count | O
max_dead_tuples | 174761
num_dead_tuples | 174522
=> SELECT * FROM pg_stat_progress_vacuulrgx
.[RECORD1] ., . #....
pid | 14531
datid | 16391
datname | internals
relid | 16479
phase | vacuuming indexes
heap_blks_total | 17242
heap_blks_scanned | 17242
heap_blks _vacuumed | 6017
index_vacuum_count | 2
max_dead_tuples | 174761
num_dead_tuples | 150956

, Pva, .17 JdJ 7 a

)

. phase - t BE Y( OBAEIYO

, heap_blks total - No a

. heap_blks_scanned - O a

. heap_blks_vacuumed -t O a
index_vacuum_count - | ° ° a

o8 postgresql.org/docs/14/progress -reporting.htmi#VACUUMPHASES

112

xxxxxxxxxxx

s s s

"Ev &

4 JY _ pg_stat_progress_vacuumP 0

Tn -

"OX B /EbL

a.



T < N heap_blks_vacuumedK, heap blks total XXN"EV f e "E 0 a.,.
u eb I N'E B yl" a NOE , AP4PAN T a. ],
4 o foobt +i0° dé VYl1aowt a4 Q vy & 0 7 oa.
X 1 a aw _47 ti %h o AOOLAA, . 0 ~ a.
O+ i OVACUUMVERBOSE A4 v <« .1 a2 77 a.

INFO: vacuuming "public.vac"

INFO: scanned index "vac_s" to remove 174522 row versions E index
DETAIL: CPU: user: 0.02 s, system: 0.00 s, elapsed: 9.5 s / Vacuum
INFO: table "vac": removed 174522 dead item identifiers in |

3009 pages > Eﬁﬁm1
DETAIL: CPU: user: 0.600 s, system: 0.91 s, elapsed: 0.867 s

INFO: scanned index "vac_s" to remove 174522 row versions | index
DETAIL: CPU: user: 0.02 s, system: 0.00 s, elapsed: ©.05 s / Vacuum
INFO: table "vac": removed 174522 dead item identifiers in )

3009 pages y lable
DETAIL: CPU: user: 0.0 s, system: ©0.00 s, elapsed: ©.861 s

INFO: scanned index "vac_s" to remove 156956 row versions | index
DETAIL: CPU: user: 90.82 s, system: ©.80 s, elapsed: ©.64 s / Vacuum
INFO: table "vac": removed 150956 dead item identifiers in |

2603 pages > :E.%tc]lueum
DETAIL: CPU: user: ©0.00 s, system: 0.00 s, elapsed: ©0.00 s )
INFO: index "vac_s" now contains 500008 row versions in
932 pages
DETATIL: 500000 index row versions were removed.
433 index pages were newly deleted.
433 index pages are currently deleted, of which 6 are
currently reusable.
CPU: user: ©.00 s, system: 0.00 s, elapsed: 0.00 s.
INFO: table "vac": found 500000 removable, 500000
nonremovable row versions in 17242 out of 17242 pages
DETAIL: © dead row versions cannot be removed yet, oldest
xmin: 851
Skipped @ pages due to buffer pins, @ frozen pages.
CPU: user: 0.20 s, system: ©0.03 s, elapsed: 0.53 s.
VACUUM

3_ [ A" a.P" X d 174522k X 0 y 7 a
N maintenance_work_mem, N4t Ara v td (PRX 6K 0 ) 24

0" a. d , v pg_stat progress_vacuum.max_dead_tupled &6 Q" TEJi 6v 1

pX <«dp "~ a. va, b X, . 4 v N ot beXT
oO4i1 7 O, 0 7 a. 4 v X AL A°QU Qt 46417 7 a

~

nt o Q
n VACUUM, & ™Q v 0§ Uv < FO0—"E 4 "E J bo H,
[t vv ~a. <« v VACUUMVERBO$E AO° | ~ a.
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log_autovacuum_min_duration| I X -1) 0k " ab ON"Ev OAd,pt nt N E. A
"Ed6” a.

=> ALTER SYSTEM SET log_autovacuum_min_duration = 0;
=> SELECT pg_reload_conf();

=> UPDATE vac SET s ='C};

UPDATE 500000

postgres$ tail  -n 13 /home/postgres/logfile

2023 03 06 14:01:13.727 MSK [17351] LOG: automatic vacuum of table
“internals.public.vac": index scans: 3

pages: 0 removed, 17242 remain, O skipped due to pins, O skipped frozen
tuples: 500000 removed, 500000 remain, 0 are dead but not

yet removable, oldest xmin: 853

index scan needed: 8622 pages from table (50.01% of total)

had 500000 dead item identifiers removed

index "vac_s": pages: 1428 in total, 496 newly deleted, 929

currently deleted, 433 reusable

avg read rate: 12.404 MB/s, avg write rate: 14.810 MB/s

buffer usage: 46038 hits, 5670 misses, 6770 dirtied

WAL usage: 40390 records, 15062 full page images, 89188595  bytes
system usage: CPU: user: 0.31 s, system: 0.33 s, elapsed: 3.57s
2023 03 06 14:01:14.117 MSK [17351] LOG: automatic analyze of table
"internals.public.vac"

avg read rate: 41.081 MB/s, avg write rate: 0.020 MB/s

buffer usage: 15355 hits, 2035 misses, 1 dirtied

system usage: CPU: user: 0.14 s, system: 0.00 s, elapsed: 0.38 s
T wo W, 2 S Ne'Q"E, o 4y G need_vacuu@ need_analyze
PO Jf a2 " a. QE b ag nt a 0 ®© Q e o "H
y AD p H(autovacuum_vacuum_cost_delgy yYpH [ 452 vOAYy
(autovacuum_vacuum cost limi)y b [ 0L J+4 2 "~ a A TA O [l
L> A+ a2 77 a(autovacuum_max_worke)s
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© Freezin
7 A J

71 U aIDuA O t Wraraound

PostgreSQLA »v U 4 IDb 32e O |1

3 1 to a 0"
Q I n ® *+ |7 = 6a " a.A>E d ~ 1,000k U an Q
o aokb W, N ANE A odU6 4 QP 07 a.

A_ ba i OAd,a, 70" b 0 N T a. 0uwunoObt GeaY a.

"Q N IDO b O av <« b v E 5447 ID0 b O @ adud
U aE “6a "~ a.. U O w O 41 Kx_ 0 [t 247" a.
PostgreSQL U aib4 64e O d Iy X T uvPp &b Pk U aIp(xmin®
xmay0 < xn "~ a. 0 & b «d "H(h A, oA ® ° 24
,64e 0 b © b 'E8® - Ta 4l oo iy L a,. M
o) C P tA4 2 xR 7 a.

PostgreSQLE M¢e 4 &L D0 » _ — 32%x epoch¥ ° Yy 64x 1 *"H ID*

Oc N ,FKEISe T o g HF +n/ I€EvL T Hn QAyo.fI€

o= Qon L yi 3AW 1 *HIDy ™~ v&n '

PostgreSQLXx U A ID fav U aQ U

Oex ~ a.
1 Q9 U0 a ad o " a.wlOs
O) U a6 xE 4° O v a ovxk+, |
TH0 & I M 8a©&d a "~ a.

0" a.A ,P 32e U ai |

kK, & ) O abT+0° £GUEsR 7 a2 ~ 7 a.R U dQa
/E NE Q 4« XOU4"  a,Qd OXOy 41" ao €4« [ LO. &1 9P
U a v 4146 ki+, &NI a "7 oa.

&9 include/access/transam.h, FullTransactionld type

7 . .
0 backend/access/transam/transam.c, TransactionldPrecedes function

116



CEGUE U aIDb €4« v ¢ 4 q " a.A06 U QT
U d4e s+ Oyaod’ “a..YhMN 101 o'E0 U 4 Qe J: 0U
ao 45T, @O0 aw v 0 N a2 "7 a.d&v .Y <« 45Qe Ut o"ED
y Us T4 in A . ° 2418w , xi “a v 4 @ A
Mo a2 T a,
7.2 D wbE
pd o0 SRR B AT 41 b .2 T an AN
h t ANl "AVU]l Ey O _ M4 " CNE Y yVU B vy T oa.
o O 4d s b xmin, 8 ‘A O0b4 ™" a.av o VY N @t 't
N4bsfT 2 asaMA  xfi ~awlOs d U aibd v I a2 167 a
» O 45v,xmin U AIDObL <« " 7 d"Ed OaesP 2 "7 a( v 9
o *_ "E 0 a) v d " IDb & <« O \ X Oy U a4 N
E64avu, U t7a YU ' "Exmmx"Ad YV 7 a. & 4 v vcommed.go
g aborted: p e NCE 0" a. Pb e v U aQ <« 00U ovup
li6H O O 64y Jab B 2 "7 a.
u EoBe( AvA Y AlE FrozenTransaCtionId-"—>=|= 2 U yo.
+1 E4+Cef gt b"™ $C wo.+ > L PostgreSQLIAK & 4/ A
xmnl bV €W OoH”" R, -l X 0 0o Yyo. ' &aqT LN
1 *"HIDKE / . b1 YT YK_Ft nLl - % uYF Ywo. =°

" postgresgl.org/docs/14/routinezacuuming.html#VACUURORWRAPAROUND
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xmax O aims & O 4 V=N Y77 a.xmax AUO 170 "H d
Ot U N4 BT {1 6 @(xmaxiDb h t “AMED " ANe AD), T AN NCE

d yo~ a.

A 07 o No Qt A7 v u . 4w K™ a.filfactor Ok"2a0b !l w J

R 4Pk QtAra 1 T a. 4l W < vy & PNz oy

“a.A Ne O04wO ANE ®8 V1 "Eautovacuum 3, e & N 7 oa.

=> CREATE TABLE tfreeze(
id integer,

s char(300)

)

WITH (fillfactor = 10, autovacuum_enabled = off);

0 v pageinspectd |i 0f 4 v adbqt £  a. q v T
® HP 16 O T EEF)OxmnyU YU X ° w ~a.dp U u
4 6 v " a. 07 ¢ 1 aged N 7 a. avs U a v o
v T a.

=> CREATE FUNCTI®&ap page(
relname text, pageno_from integer, pageno_to integer
)
RETURNS TABLE(
ctid tid, state text,
Xmin text, xmin_age integer, xmax text
) AS $$
SELECT (pageno,lp)::text::tid AS ctid,
CASE Ip_flags
WHEN 0 THEN ‘unused'
WHEN 1 THEN ‘normal’
WHEN 2 THEN 'redirect to '||lp_off
WHEN 3 THEN 'dead’
END AS state,
t xmin || CASE
WHEN (t_infomask & 256+512) = 256+512 THEN ' f'
WHEN (t_infomask & 256) > 0 THEN ' c'
WHEN_infomask & 512) >0 THEN ' a'
ELSE "
END AS xmin,
age(t_xmin) AS xmin_age,
t xmax || CASE
WHEN (t_infomask & 1024) >0 THEN ' ¢'
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WHEN (t_infomask & 2048) > 0 THEN ' &'

ELSE "
END AS xmax

FROM generate_series(pageno_from, pageno_to) p(pageno),
heap_page items(get_raw_page(relname, pageno))

ORDER BY pageno, Ip;
$$ LANGUAGE sq;

Y Ned ¢ K . b a8, L Ea,

=> CREATE EXTENSION IF NOT EXISd Svisibility;

=> INSERT INTO tfreeze(id, s)

SELECT id, 'FOQ'||id FROM generate_series(1,100) id;

INSERT 0 100
pg_ visibility . Jd _ Pk
GPL £ a4’ b t'(all_visible )
‘(all frozen ) . b® Y 7 a. u M o 6
“a. al e W b o O

=> VACUUM tfreeze;

=> SELECT *

FROM generate_series(0,1) g(blkno),
pg_visibility_map(‘tfreeze',g.blkno)

ORDER BY g.blkno;

blkno | all_visible | all_frozen
s oo o™ ooae 8o c T
0| t] f
1] t] f
2 s
E y U xmin_ageXXx 1 ~ a. ©u
£E64,.,Y t7 a.

)

=> SELECT * FRORMeap_page('tfreeze',0,1);

ctid | state |  xmin | xmin_age | xmax
(0,1) | normal | 856 c | 1 |0a
(0,2) | normal | 856 c | 1 |0a
(2,2) | normal | 856 c | 1 |0a
(1,2) | normal | 856 c | 1 |0a
4 9
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73 ® 6w

h t 45 &, A v O0k"avEbL EP U Q@ VU JU og
e bLQe v O T a.
vacuum_freeze_min_age ® R« TR T oa.
, vacuum_freeze_table age N H () 6 v u t° a.
autovacuum_freeze_max_age ° NNE @ 3 NCE v v
'y
vacuum_failsafe_age: & OaT 0adQvu” 6v > U t7 g,
= (I) U
vacuum_freeze_min_ag® k " 2( 1 XK 5,000Q)v b t " 4sxmin U d e v
0w Ta. XK e wh t ' a2 b b T adv o " A v hot
4d @t o B0 — , & v uNs O A 6a . xn T oa. Qo4 X |
| ® O AN, N7 S pNANX O A, 2 vy, a2 77 a.
&) A © 7 vacuum_freeze min_agé k " 20 1'E v v “Na, OK~
a:

ALTER SYSTEM SET vacuum_freeze_min_age = 1;
SELECT pg_reload_conf();

v i 480 4 v LA P +0.4A401tA:

UPDATE tfreeze SET s = 'BAR' WHERE id = 1;

a1  ofilfactor > ' M o"E0 — K X 4 Il 6" a. Y v "A,
NAL & n dav 7 NCE a "7 oa.
ot U a AéE 11 b e, va, OK 7 7 a:
=> SELECT * FROKeap_page('tfreeze',0,1);
ctid | state | xmin | Xmin_age | xmax
VVVVVV T oovowooobooooodoosooooo chws o oo e
(0,2) | normal | 856 c | 2| 857
0,2) | normal | 856 ¢ | 2|0a
0,3) | normal | 857 | 1|0a
(1,1) | normal | 856 c | 2|0a
(1,2) | normal | 856 c | 2|0a
G 9
4 b, vacuum_freeze_min_age=1 a 1 UO N O d<« " a.,YUb taA
o vt ® V., 0w T oa:
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=> SELECT * FROM generate_series(0,1) g(blkno),
pg_visibility_map(‘tfreeze’,g.blkno)
ORDER BY g.blkno;

U

o

blkno | all_visible | all_frozen
VVVVVV Leovovowowowovwoobooooooooooe
0] f f
1] t| f
2 s
UPDAT&E X O L te 0 y ., xnH 4 b xminV 0 b
® 6w ~a. YU _ Uy XX EIl 0°
=> VACUUM tfreeze;
=> SELECT *FROM heap_page(tfreeze',0,1);
ctid | state | xmin | Xmin_age | xmax
VVVVVV L U U
(0,2) | redirect to 3 | | |
(0,2) | normal | 856 f | 2|0a
(0,3) | normal | 857 c | 1|0a
(1,2) | normal | 856 c | 2|0a
(1,2) | normal | 856 ¢ | 2|0a
G 9
0 sL kEa4a U Ug, 4" A 1aot AN E <
"EmMmML Y, w7 oa:
=> SELECT * FROM generate_series(0,1) g(blkno),
pg_visibility_map(‘tfreeze',g.blkno)
ORDER BY g.blkno;
blkno | all_visible | all_frozen
VVVVVV T oo oot
0| t | f
1] t] f
2 9
NnH w U
7P 4u 1 “tNA B Db E u 0 61 aot AN .t
V77 a. w oo | PostgreSQLX vacuum_freeze table agd | X 1A 5 Q)
ok"2a0 N " a. vt S SN 2 @t 0 & a v U
av o T a
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= Nedd °°° "E. U @t U a » OuN'EVA O qu
(relfrozenxid )0 ° T oa:
=> SELECT relfrozenxid, age(relfrozenxid)
FROM pg_class
WHERE relname = 'tfreeze’;
relfrozenxid | age
L C v v v v Yoo o
854 | 4
@ )
U a v v vacuum_freeze table_ageXXO e x 6 A NH ® a 0 M
a.
® axt N A No Ob 41 vo0 Il & " a a,
I ou U yu Q wW60E & p I N a2 """ aA , &b a
X 1 1. 31 W " alt AN Ah °E B6&Ol,a, _ x 0 C
0 a ™ O0b4 " " a. 0 ® a4 LA v t XXX E2 X 10
- a.
PostgreSQLN ~ ° 4532 O U datb vacuum_freeze table_agel » vacuum_freeze _min_age
0 - X41B o, Ne @t 1d WH .32 “a.tew T vA
0, v 1A _ U dQa _v Qe ~ a.Q+ vacuum_freeze min_agek, x ~ | v
w, 0l ) Qe ™H v " 45 0O a2 0O U a "7 awlOsr X
v vy 34 0 7 a.
No, @ o vacuum_freeze table ageX, 4°E 9, nH @ X
0~ a:

=> ALTER SYSTEM SET vacuum_freeze_table age = 4;
=> SELECT pg_reload_conf();

VACUUWME . ~ ~ a:

=> VACUUM VERBOSE tfreeze;

INFO: aggressively vacuuming "public.tfreeze"

INFO: table "tfreeze": found 0 removable, 100 nonremovable

versions in 50 out of 50 pages

DETAIL: 0 dead versions cannot be removed yet, oldest xmin: 858
Skipped 0 pages due to buffer pins, 0 frozen pages.

CPU: user: 0.00 s, system: 0.00 s, elapsed: 0.00 s.

VACUUM
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Ne o #3 4\ 0 "Erelfrozenxid 6 2 a 4
® 6 YXxmn U a 4. [ 0 a:
=> SELECT relfrozenxid, age(relfrozenxid)
FROM pg_class
WHERE relname = 'tfreeze’;
relfrozenxid | age
L v v o e o Voo o
857 |1
@ )
_ Y o O M 64 77 a:
=> SELECT * FROM heap_page('tfreeze’,0,1);
ctid | state | xmin | Xmin_age | xmax
vvvvvv Boooooooosooo chws oo odoooooooches v oo e
0,1) | redirect to 3 | | [
(0,2) | normal | 856 f | 2|0a
(0,3) | normal | 857 c | 1|0a
(1,2) | normal | 856 f | 2|0a
(1,2) | normal | 856 f | 2|0a
G 9
A v a4 b 614 77 a:
=> SELECT * FROM generate_series(0,1) g(blkno),
pg_visibility_map(‘tfreeze',g.blkno)
ORDER BY g.blkno;
blkno | all_visible | all_frozen
,,,,,, TLovowooowooooBoosososoooo e
0| t] f
1| t] t
2 s
3 nt U
x "Ev 4 ® 0 T A PbL O OUK"ANQNEY o
nt | 1 NTH O t 6 Vv, al "7 oa(w
M uA Q1 NEbL3 T a)l abtemplate0O KN a e £ h t
v, al a.PostgreSQLX Y <« o n ot 3 "
" .
nt xXh t a U a v W6 YN <« (IS4 U
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autovacuum_freeze max_ag( T X 2A4), 0. b3 & L X,e'E l; L 0 Yo

|l 3 "E A 10 a. BX Ot Ned »b 4 UO pg_class.relfrozenxid U a
u 0, NE TA " a &l &6 O At NP & <« b7 8H t U
a b "E. 4. "Ed a.

=> SELECT datname, datfrozenxid, age(datfrozenxid) FROM pg_database;

datname | datfrozenxid | age
L v v v v v v v e Bow v e e T o
postgres | 726 | 132
templatel | 726 | 132
template0 | 726 | 132
internals | 726 | 132

(4 9

datfrozenxid

all row versions
in the database are

|
|
|
l
quaranteed to be frozen :
|

N
| 1
: ¢
| |
| | |
I I [
| | |
| | |
, | |
: : ! xid
relfrozenxid relfrozenxid relfrozenxid
of table 1 of table 3 of table 2
autovacuum_freeze_max_age X 207 K U ANEvy 614 o, v Aa Q . f
adp XX T a. 1 ¥ XX 7 alo Il » 64 "~ a. v U 4IDwraparound
. b oK xpd O "E W~ a.PostgreSQLX 0
1AM Q vAdDL ., a2 "Ta. Y« 48 p—bbL3 A 00O )
P B&A4 H 4v 60 4 a’ > 614 7 a.

autovacuum_freeze_max_age £ CLOG , , / 1 i » a3 s L Ciyo. ="y 21 Hy
g n +n %" ', v/, NG /A" » ¢ny datfrozenxid > L "3 1 ~"H¥
P06 1HkEennA =70 / BAvo.+ % N Q7 y CLOG Mg Lk o ¢

t, ' A/ 1 €T £-Yyo.?
autovacuum_freeze max_ag® k " 20 2 AL —0 O N7 a. o} AN D
tAMy tX d° & 0k"2a0 Nea 4 &1 a3 " a. YOk"at

72 .
backend/commands/vacuum.c, vac_truncate_clog function
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'YX @P "auto"E" "Ha, OK™ ™~ a:

autovacuum_freeze_min_age toast.autovacuum_freeze_min_age
autovacuum_freeze table_age toast.autovacuum_freeze table_age
autovacuum_freeze_max_age toast. autovacuumfreeze_max_age

A u
f O apbuwnObt o T A 0 p O < O )
L n 107 a. x n N autovacuum_vacuum_cost_delay (vacuum_cost_delayy
a,b3 101 ) o 0 V77 a.
h T t o4 6 YX U a Y t vacuum_failsafe_age X a AD,
P00 Ot b £ 0 a.” KN autovacuum_freeze_max_age | XX 164 )% a
aab |l 0° a
7.42n ©

"ykoeH, / pF KEbR 0eqT "L s i1 Fx s

FREEZEQ, [Ji J VACUUM ¢E, -~ ® o a T a. &l o
vacuum_freeze min age=0 v Y U a VU = <461 Ot ) a "7 a
1Y . b3 101 O vy Q Ow,’ ot Y 1
. e k vy ® a2 "7 a. 0 VACUUM (freeze, index_cleanup false) @£
® NE y U vacuum_index_cleanupe Ok " 20 a a T a. ORI
VACUUM 0 A ®0 "Ea QI MQtOoE 0 . N'F vy N OO
V77 a.
) “h 0 O
"A A <486 Vv v t "4EVEXx _4 & 63 "7 a. v FREEZEQ
[t JcopPwi, - NTEOT AT a.
O 47 . ® a NH v MO Ne n U do4bekdyy
OAb14Qb3 ~ a. Y AN Ned © : 0 0'E 0 ~ a.
o O NH®M2 4 €84 Ot "t X461 2 AN xn T oa.. \ aQ,
O a A EtédvnNg “§loRl a O P16 a Ta.. YU © v OA
b,ad U ax d Ned 241 67 a
Y4l 6 b aHO®E, v uX., 1 NEbL3 ~a."| +a45Q Hoa N

& backend/access/heap/vacuumlazy.c, lazy check_wraparound_failsafe function
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=> BEGIN ISOLATION LEVEL REPEATABLE READ;
=> SELECT 1;--

Kx U do 4 1 tireeze No, el a Ned o "ED . A a.( ., t U a
0 tfreeze Ned 1+ ° Ad, TRUNCATE Bo~ a.)

=> BEGIN;

=> TRUNCATE tfreeze;

=> COPY tfreeze FROM stdin WITH FREEZE;
1 FOO

2 BAR

3 BAZ

\.

=> COMMIT;

O a o"Ebh 0t a a:
=> SELECT count(*) FROM tfreeze;
count
3
@ )
=> COMMIT;
v Hok, . Qb L . NTEQo Vv dao Abd4v g 0 N y
Ww " a.h 0 ® N'E v AD,b " Ea _49£086H gv b k-
£, Q" 7 a
=> SELECT * FROM pg_visibility_map('tfreeze',0);
all_visible | all_frozen
vvvvvvvvvvv T oo
t|t
@ )
=> SELECT flags & 4 > 0 AS all_visible
FROM page_header(get_raw_page('tfreeze’,0));
all_visible
t
@ )
wGhb b L ® N'E OAD,h L" A6 Vv NeX VACUUM wd
N - "QTOAST Ned d v M o3 a8 Y 7 a. bxT XK
6 o VACUBMGO t 4 b £ E_ W TOAST Ng a~ &£ A

a.
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8 Ne® | ° bt

a t QNTEv Ny, . 0?
) t X b T aé OX Vp, a O bHAX a Adb
-
NQAU l‘ B} b Al_),T X 0 a a V'pt_“ ®w 2 Q
a 0 vy N y X “a. 20MpN oLt 4JYk 4 bU =x
Q0 A 40 62 NH YAdv . a Qo V77 a.
o]| v MOO U a 7 a:
. NAs 1) “p A T a
. & — b b a 77 oa( u "E " 60 Eh Yl 5B T oa)
. B Ob b ar. b 164 1 T 1bIA T a
. Uus ~ Ad4s b Np. “ a.
o °{f h e &) a1 MUEtA Ad,060 v VACUUMFULDHE |
N t .2 a "~ a. Ab, NOpt | v . a a & 6Hh v b
3 Y I ( 0oA J) dt 0™ a.
&\ |, wmd%oF 1 H 3,PostgreSQLE t ¢ Fw #V0 IN T - E ", g
+min ~ws wo.F1 V" awasHiEeO,+4 W yr . BL Yy Y A
/ eorHi- bT,0: 41" F % o BAvo.

XTt, £ sk Fwyr g d0, »- Lgae VObBT,FSTLein A" n -
yo.

h Yl A

A>T 0 ok Nod A fn ~ a:

=> TRUNCATE vac
=> INSERT INTO vac(id,s)
SELECT id, id::text FROM generate_series(1,500000) id

pgstattuple I KN Mp Yl O a a:
=> CREATE EXTENSION pgstattuple;

" postgresql.org/docs/14/routine -vacuuming.htmi#VACUUM -FOR SPACERECOVERY

7
> backend/commands/cluster.c
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=> SELECT * FROM pgstattuple('vac’) \gx
.[RECORD1] , , #..,

table_len
tuple_count | 500000
tuple_len | 64500000
tuple_percent | 91.33
dead_tuple_count |0
dead_tuple_len |0
dead_tuple_percent |0
free_space | 381844
free_percent | 0.54
Qv No o ° Npo 46 /ED
h ( )b s Up 02, Y t7T a. XN 0
t > 100%7 a "~ " a.., YU A 4pvu «d [ XX ~ a.

I Abd, O 7Tv~Npal "Qavg leaf density t v n
v f p B O ) 02, YU t7 a,
=> SELECT * FROM pgstatindex('vac_s') \gx

[RECORD 1] +
version | 4
tree_level |3
index_size | 114302976
root_block_no | 2825
internal_pages | 376
leaf_pages | 13576
empty_pages | O
deleted_pages | O
avg_leaf density | 53.88

| 70623232

leaf_fragmentation | 10.59

4V AG

U
N K Adbet 0 ° o

pgstattuple 2 Ne U | 0 NTE A

0,
pgstattuple_approx Ov o"E0 a0 W ~ a.

h t 0o
N £ N
Ne® d

e, "E. 0 T dU NTEA

o & - @.76

[ ,va, OK™ ™ a:

=> SELECT pg_size pretty(pg_table_size('vac')) AS table_size,

pg_size_ pretty(pg_indexes_size('vac')) AS index_size;

e wiki.postgresgl.org/wiki/Show_database_bloat
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xn4, L3RBT EGA S

a

fi

A
&

~ a.tuple_percent

b

t

Uc

xn4Q
“ a.
a.

A 3]

0 0O



table_size | index_size

+
67 MB | 109 MB
@ )
Wt 90% 0 "7 oa:
=> DELETE FROM vac WHERE id % 10 != 0
DELETE 450000
t AN I V77 a.av o L 4 4 LA

=> VACUUM vac;
=> SELECT pg_size_pretty(pg_table_size('vac’)) AS table_size,
pg_size_pretty(pg_indexes_size('vac')) AS index_size;
table_size | index_size
+
67 MB | 109 MB

@ )

YU YIb4d10 1B T oa

=> SELECT vac.tuple_percent, vac_s.avg_leaf_density
FRONbgstattuple('vac') vac, pgstatindex('vac_s') vac_s;
tuple_percent | avg_leaf density
+
9.13]6.71

@ )

NeO | v a., 4 a.

=> SELECT pg_relation_filepath('vac') AS vac_filepath,
pg_relation_filepath('vac_s') AS vac_s_filepath \ gx
[RECORD 1] +
vac_filepath | base/16391/16514
vac_s_filepath | base/16391/16515

VACUUM FULL" 6 MO0 Tn” " a.%E a2 v o\ < X
pg_stat_progress_cluster & 4 b a "7 a( v VACUUM Ngwv
pg_stat_progress_vacuum®™ ° | ~ a):

=>VACUUM FULL vac;

=> SELECT * FROM pg_stat_progress_cluster \ gx
.[RECORD 1] +

xxxxxxxxxxxxxxxxxxx

pid | 19488
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datid | 16391

datname | internals

relid | 16479

command | VACUUM FULL
phase | rebuilding index

cluster_index_relid | O
heap_tuples_scanned | 50000
heap_tuples_written | 50000
heap_blks_total | 8621
heap_blks scanned | 8621
index_rebuild_count | 0

A «d 'E VACUUM FBLE s Q t NOa'Y a.

T A . O "Ed Toa

=> SELECT pg_relation_filepath('vac') AS vac_filepath,
pg_relation_filepath('vac_s') AS vac_s filepath
[RECORD 1] +
vac_filepath | base/16391/16526
vac_s filepath | base/16391/16529

NeO | ° . b v T oa:

=> SELECT pg_size_pretty(pg_table_size('vac')) AS table_size,

pg_size_pretty(pg_indexes_size('vac')) AS index_size;

table_size | index_size
+
6904 kB | 6504 kB

@ )
MO N "Eb YIbL b "7 oa ) Ad,» Uui aé |
QONE . a B- OO0+ vy 0 1“4 B
~a:

=> SELECT vac.tuple_percent,
vac_s.avg_leaf density
FROM pgstattuple(‘'vac’) vac,
pgstatindex('vac_s') vac_s;
tuple_percent | avg_leaf density
+
91.23]91.08

t )

" postgresgl.org/docs/14/progreseporting. htmi#CLUSTERHIASES
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o

Ne ikt &Y n\ PostgreSQLX . ® > ™M O Xai0 A4e y efl

©6 V77 a:

=> SELECT * FROM heap_page('vac',0,0) LIMIT 5;

ctid | state | Xmin | xmin_age | xmax
(0,1) | normal | 861 f 5|0a
(0,2) | normal | 861 f 5|0a
(0,3) | normal | 861 f 5|0a
(0,4) | normal | 861 f 5|0a
(0,5) | normal | 861 f 5|0a
G 9
0 vhb kG U & a4 UES YN'H E4b° £ & 6
" a (COPYWE, FREEZEAO o~ x Qo v uyOB®):

=> SELECT * FROM pg_visibility_map('vac',0);
all_visible | all_frozen
+

ff
@ )

=> SELECT flags & 4 > 0 as all_visible
FROM page_header(get_raw_page('vac',0));
all_visible

t )

<« XVACUUM &6yVY Av nt Oy o6 x)k a0~ a:

=> VACUUM vac;
=> SELECT * FROMg_visibility_map(‘vac',0);
all_visible | all_frozen
+
t|t
@ )

=> SELECT flags & 4 > 0 AS all_visible

FROM page_header(get_raw_page('vac',0));
all_visible
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@ )
Y 4 vt h t L& 0"AVl, d u £6 1A
o ~ a.
8.2au dt °
.I. N g\-l “L
VACUUM FULLA | NeO | * 0+ vad QOEAL T a. t QP Ne
L NTE L e, h °c'Eet T a.
CLUSTERE A v VACUUM Flib ik Kx, 3, "HJibs 1 Uod & QN'E
0 A T a v Adb4 Uxtb |- & Y NET a 117
T a. M Y ox 8 VNTH Nea X fio Ts0 Ewna -
a.
‘E, Ud o4 »7 &, VACUUM FULL A 0 41 CLUSTEMRE m Ab T al®
REINDERHE Nv U <« |0 dt ~ a”] ,VACUUMF@WICLUSTER | ‘' 0 dit
X REINDEHEANDOeoa NEJT - a.
TRUNCATE 7 %u Ne @t " a.WHERE4 DELETEa2 v wOk&d N'E
) " a.. YV DELETE "E S Q 0EwO s J VACUUMA 0 " al),
TRUNCATE> "ED 4 L 9k NEE 10 I 0T J T a.
dt  abd h* °
VACUUM FWLL A n \ No ( 46 )i L NTE ., x4, 0 NE
vy NOO Y 77 a. v eabi k> 4. T a.
pg_repack'O K X JY BRI Ne®O | “ Oy abd 1 it T
a.L N 0 Q O x° O i 4 X pnAavN O T a. 0°
"A] x &y a1 Ned + 6o,0ED Ned T 07 a. A, i )
S v "E. 4 b Ne, a0 NS'E x " a
pgcompacttable| 4% Aald M ., W ~ a. v — ao \NE
NE h | VEJY b a (b 0" A y,.) a2 T oa.
a A ] 4b5vVACUUMA JUO | y o .0 NTE T a. “ N

8 backend/commands/cluster.c

9 backend/commands/indexcmds.c

80 backend/commands/tablecmds.c, ExecuteTruncate function
81 github.com/reorg/pg_repack

82 github.com/dataegret/pgcompacttable
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1O pb 0 "E Q, Ne ok, b Mp 01 NHa L
1 Qo V77 a. Ne NE Nt @obs XN pndL ’ b 16 Q
VACUUMA 0O «d 4 I ® ~ a.

8.3 |

.-l’:
a N A0V Uu h A h © oh t cT0° v

U a " a

1 w0 )y ¢ axpn 0 N Y77 a.. U Q "Na O
ald "’ i vy " a.t 0 OLTROnLine Transaction Processing ) v b —4°

2 @t OLAPORLine Analytical Processing ) U dxX] [ N t~ a.e”™E v %i A,
g e al It Q Y v o2 o -

’ O ax Ok av1 & aAs t 0 — MO a1l "~ a.n 0
"NE M 248 Aj,00 va, Pk 0k"ad i a T a:
. old_snapshot_threshold O k " a2 v * t N d aag, Ta. T op Upb—
v JUO . y & . K Ta. - U a o Y 0 a
"t N X" JU6A47 7 a"Ov A0b Qe T a.
, idle_in_transaction_session_timeout 0Ok " av°® U a ag, T a.
9X41B o U a Bo~ a.
h 1
X (ybloating 5 a Us gy . n 42 T a. Ne (I)t
2 6 AD, as P "E b H E A A4 D o " p. T 2410

a. b CEp 04t 1 M 2 R n 041 vQ ~ a

"Et © O . b, A, a0OAN'E v A0t A? n~ " avac Ov Ne-
processedO’v boolean N, L " oa

=> ALTER TABLE vac ADD processed boolean DEFAULT false;
=> SELECT pg_size_pretty(pg_table_size('vac");

pg_size pretty

6936 kB
1 )

ot . 2 ® Ne by P "EuAe™ a:

=> UPDATE vac SET processed = true;
UPDATE 50000

=> SELECT pg_size pretty(pg_table_size(‘'vac"));
pg_size pretty
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Y <« . M| B

a . k™ NE © a2 aeb ®a, OKx &0 i o)
a7 oa:

SELECT ID

FROM table

WHERE filtering the already processed S

LIMIT batch size

FOR UPDATE SKIP LOCKED

i Px O .0 O v . & 9 v, 3, W T aad
g a4 0 . NxxEHa, _+4abd "Et 15  a. U S ONIL A
A0Qe > A, a " a v 8 ® ¥i A ~ a.processed’ & a

A A, 2 J Ne «a U 014 5° a:

=> UPDATE vac SET processed = false;
=> VACUUM FULL vac;

LA dw Ne  bNAp b 7 a:

=> WITH batch AS (

SELECT id FROM vac WHERE NOT processed LIMIT 1000
FOR UPDATE SKIP LOCKED

)

UPDATE vac SET processed = true

WHERE id IN (SELECT id FROM batch);

UPDATE 1000

=> SELECT pg_size pretty(pg_table_size(‘'vac"));

pg_size pretty

7064 kB
1 )

Q a ¥ by n I &6™Ho"ED v

O
o
.

Q)

=> VACUUM vac;

=> WITH batch AS (

SELECT id FROM vac WHERE NOT processed LIMIT 1000
FOR UPDATE SKIP LOCKED

)
UPDATE vac SET processed = true
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WHERE id IN(SELECT id FROM batch);
UPDATE 1000

=> SELECT pg_size pretty(pg_table_size(‘'vac"));
pg_size pretty

7072 kB
T )
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Buffer Cache

9 — N
91 ~ Caching

d 4 7 A7 “ANeP4s 7 6T a. ELer4v Q NTE
t k Av £ % CErT a1 N'HRAD ARY U 41 b bE T a.
~ 0 Q X1 01iQd v ofod | £ 3 07+ vw ~a.10foOMds el
O tatly NHY O oY Ty a el ¢ " a. 4wWwO, 10 loRbl @
HoOodA Odt h 0at a4~ a..yYvud 'E N Y h aoQ
Q I Jio a 45 a1t 0fOEO E ¥ U Ji 6+ b 0°
W, OR OO 4 W0 a 0 | a1 "7 a
PostgreSQLA » v — BL 6 & 07° JU' (YO )Y RAWE ) 1t n..
" I T a.
O A 41 n Q . b T oa. Y ° "Eh t X Q NE
| R VR dh 0 Q \'E ® JOos “0b6  “a. v
U PostgreSQLX a 0 [T - a. PostgreSQX &t b 0 — Qb A
a1 a.

X" ki ™UON & o 3 O@Ayo.i » IO O 3 K oy

+£nn OSY7 "' 37 60 Kbn PostgreSQLE i » y o=/ 3 (DMA) *

¢K in n®oBAYo.” Ya.,/ 0 veaedto /v

D' adbefng L
©BAvo., 1t K /¢ "® wHe s AP p R Qo ke

QFE b1 xe, Y00 FT . ~  yo.FI€ PostgreSQL
0/ ALt o 0it @adis»dxe, IWORL ' oy OS "EM>0 %T
wo. nt xe, N+ &nsya b, "IEYG, Edqp 1" e+ L o
Ervo.
PostgreSQLG “ w K FC F1 Y % wm¥%®l Awm Ny fE Tt 1,0 R
7,9":':511 yo .
9.2 — v A
— v h— W AQHAL AT Aot EL b T b3 T a. v T OO
dao. "H PostgreSQL4 » b 0 o] h =t u - a. n
syx00 0 H S U QCLOGU 4« ,. &a Write-Ahead Logging(WAL)
Quaxada t T A - LI xn480 0 T a txed \ER
p B O0b o 7 a.
83

84

backend/storage/buffer/README
www.postgresgl.org/messagie/flat/20210223100344.llw5an2aklengrmn%40alap3.anarazel.de
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YN, ©a b 4 bWENH— N Eduk 6 A “a.P— vup
OA &0 YU WAYA 0AN 7 a®
buffer cache
~ ~
header | | || |
page
g4 — 7 A0 16 ad i b 64 "~ a.A0twa, OK™ "~ a:
. fo - v ID, ,. @Wa o NPE_ 0 T a.
., & : b L" AN, YU° 41061 a> MJd A U owu-” ¢
- a.
., — o a— baaqu i 645 0Gu t- g
, b Av b s — L AU §a v DU - a
Bt b OA&D 4 AOA — 07 ®arH _fed Ta. Yo—
o- v d O0b o v — DO "EL " 4 | &7 a. "Bt © v 4 wO
*Oh 0 yY “odnh 0 a 1 6" a. x, 15 [ xv d—
bo P g L5 a.a 0, 6 L vyv6 Q1 v « 0a "Hab
6O o t6a 7 a. b _e 6xa., |t ab b 106 a. X,
L 4 v 4 4y Ad o a2 avu T a. &1 60 S p.
a N v T a.
pg_buffercache 5., T 4 — 0 a 77 oa:
=> CREATEXTENSION pg_buffercache;
No, o£ @ A 57 a:
=> CREATE TABLE cacheme(
id integer
) WITH (autovacuum_enabled = off);
=> INSERT INTO cacheme VALUES (1);
— C4voEa O o} L 77 a. NeOBOAO @t — ©
- KX ®ba> 0O 0°E a'EU 5 a:

J a a.

=> CREATE FUNCTION buffercache(rel regclass)

& include/storage/buf_internals.h
8 backend/storage/buffer/bufmgr.c
139



RETURNS TABLE(
bufferid integer, relfork text, relblk bigint,

isdirty boolean, usagecount smallint, pins integer

) AS $$
SELECT bufferid,
CASE relforknumber
WHEN 0 THEN 'main'
WHEN 1 THEN 'fsm'
WHEN 2 THEN 'vm'
END,
relblocknumber,
isdirty,
usagecount,
pinning_backends
FROM pg_buffercache
WHERE relfilenode = pg_relation_filenode(rel)
ORDER BY relforknumber, relblocknumber;
$$ LANGUAGE sql;

=> SELECT * FROM buffercache(‘cacheme’);
bufferid | relfork | relblk | isdirty | usagecount | pins

268 | main | 0] t|
e )
9.3 °
— 0" b 0 A+ x¥ A — 0
Mf v O H 0 " p. a
61 "7 a NeX -’ v h
Y a | “a. Y CNXyoT 1 0f

ST b 1, nD .tek A Fwl,
A Fwkv7 He$a 0 T=q,Qec" O, / KKWMe He
ne, A FwgpEmid: A K€ 200

niEQAyo. At hH oFYilk A
Q- (1, WSTx )eW™e He p 4T OwYyo.+
A Fw K $a" Soyo.

87 backend/storage/buffer/bufmgr.c, ReadBuffer_common function

8 backend/storage/buffer/buf_table.c

140

a. v

"E,— ID0
h
pHE T

furt

“Yn

s s ssssssssossos

WOWYA

K/ YI
o

\-4B’A 4 v h
IDv NE® 4
EfE o9k 1061

- a.

N TT O WYO.

x A o'AIL
(:j v o 87 -k
w Eom > L
>L 5071 n e



+ l: ’,;A . -

ok A 1 K OF/ " ® " 74 €s L yo. ut ™
Qen om Vi ’ S.A- I=K / HA d)'U, A\PO-+, 0,|_|_/\IL_llcollision=*=Av
wyo.£v/ >k A F ZK / erHif- ~ ,PostgreSQLE A
0w * Ay>Ly - K o6 o 3 - yo.
Nedv JYbL o “ T a.. — om, M v
b3 N, [T " a® ° ves ID, o d 0
IDDEdLt 6~ a.wO» 0 M @ PostgreSQIN  d 0 v — 01061 yU
L 6N v a "7 oa.
3501,0,3 —--H\
o 2610,0,7 \
7 \
/ hash table
[— y [E—
! |
i
|'II |||
w77 —
1]
— —
—
K "Agx. £ A Fw g+ K1 Eg¢goeo+n x LE@CAyo.+
Wk 5’ 1 FN1 0o KP8 K 1 NIKEH OoHN QAyo.F' _ wiE
DRO®Rt TRUNCATE~ L § « T ,VACUUM% X/ Fwl «x3- 1,7 A A
+no £. - €U0 /A % Jyo., 1t @i i nFn v/
av A+ £AHR Q Ayo., nA ~TAKE A Fw/ F KE_wn 1
Qe 7 Ao .
Ne4 § DbLtA a@w— 0 v d V) a. ID0 "EL° 40Q
Ta.. Yo "Et v /0 U Qe {al o} ot 2 146 a.
— 0o PostgreSQIX d — & o 0 0 b° “a. _4JY "Et°
b 0o a "7 a.e 0 b0l a aop, — v i Oap 6™H, °of X
I "A82a4 " a.A0t A,o0"ED XU =13 bk 4 wO7 ¥, 2
), s x 6 V77 a.

89 backend/utils/hash/dynahash.c
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analyze buffers = a, i J~ v EXPLAINDE X, ~ O OA& , ° a T 60—
A0f7 J T a:
A0t A,a, OK - o -
=> EXPLAIN (analyze, buffers, costs off, timing off, summary off)
SELECT *FROM cacheme;
QUERY PLAN
Seq Scan on cacheme (actual  s=1 loops=1)
Buffers: shared hit=1
Planning:
Buffers: shared hit=12 read=7
(4 s)
J, bphit=ax A+ ° L 45 M avwu, 0 7 a.
— 9o x|t 20 v > T oa
=> SELECT * FROM buffercache(‘cacheme’);
bufferid | relfork | relblk | isdirty | usagecount | pins
L v v v v oo e T o oo oo tT.o.o oo Tt .o ..o . .. L
268 | main | 0] t | 210
@ )
) 41— 9 P A H»O0OAAT LO-MOL 4ba 410 n
i 0 E— : T a
=> BEGIN;
=> DECLARE ¢ CURSOR FOR SELECT * FROM cacheme;
=>FETCH c;
id
1
@ )
=> SELECT * FROMuffercache(‘cacheme’);
bufferid | relfork | relblk | isdirty | usagecount | pins
L C v v v oo oo o Cow o v @ © o o oo oo oo L oowoooo s Towowoowo oo e T o
268 | main | 0] t 3|1
@ )
"Bt ' ba O— O i 24v Ab,7 4, xxEosaldwu, T a. Net
Anrd D o -
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=> VACUUM VERBOSE cacheme;

INFO: vacuuming "public.cacheme"

INFO: table "cacheme": found 0 removable, 0 nonremovable
versions in 1 out of 1 pages

DETAIL: 0 dead versions cannot be removed yet, oldest xmin:
877

Skipped 1 page due to buffer pins, 0 frozen pages.

CPU: user: 0.00 s, system: 0.00 s, elapsed: 0.00 s.

VACUUM

a O— 4540 NE y62a4, xn4, d v x X EA T a
Q — b Qt 0 AOd, B vd, ANdtAbe d— 46 L . . a
Q" a. Y A A E® O Ot Tl
bbb yVYUabd E A O @— Y8 0" a. A 4y U A i 4
i " a
=> COMMIT;
=> SELECT * FROM buffercache('‘cacheme);
bufferid | relfork | relblk | isdirty | usagecount | pins
L v v v oo e oo Brow © © © © © o Voo oo Y oowoooo e Vo v e oo % w o
268 | main | 0] t| 3] 0
310 vm | 0| f 2|0
2 s
2 I KXsa H - NB b4 a.ddtA, Nedo . Ao 1777 alKK
4t Arw T oa)
=> INSERT INTO cacheme VALUES (2);
=> SELECT * FROM buffercache('‘cacheme’);
bufferid| relfork | relblk | isdirty | usagecount | pins
L v v oo e oo Brw © © © © © o Vo w o e o Vo owoooo e Vo v ewowoo oo s % w o
268 | main | 0] t| 410
310 | vm | 0| f 2|0
2 s
PostgreSQIN U 4~ "E Y77 a. v pAav — T 4rd W E
S 64, .M, P46 £3 4 N 7 a.
94 ~ 0°
Ned O TenA0 Q 1No d b 6 VYd1av O " a. A
0o — b dw o Yoo L — E a Ne bt_4wda o&°

%© backend/storage/buffer/bufmgr.c, LockBufferForCleanup function
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0 ) ba " nTooa
postgr es$ pg_ctl restart -1 /home/postgres/logfile
0 NA © S 0°bQe o Lo — "E'Et 0~ a:

=> EXPLAIN (analyze, buffers, costs off, timing off, summary off)

SELECT * FROM cacheme;

QUERY PLAN

Seq Scan on cacheme (actual  s=2 loops=1)
Buffers: shared read=1 dirtied=1

Planning:

Buffers: shared hit=15 read=7

4 s

W E N d < 0 v h, U
e 02 xnA Leé <« L6A™T
— 7 Q¥ oE bO [f a2t 1Ew

=> SELECT * FROM buffercache('cacheme");

851, .

bufferid | relfork | relblk | isdirty | usagecount | pins

xxxxxxxxxx = x x x s sssxssxsx 3 3 % %

pg_statio_all tables 4 v N — i 4

=> SELECT heap_blks_read, heap_blks_hit

FROM pg_statio_all_tables

WHERE relname = ‘cacheme’;
heap_blks_read | heap_blks_hit

xxxxxxxxxxxxxxxx

PostgreSQIx |~ " 4d ° | PO W

= s x 333

S}

track_io_timing ( T X OFF £ OADITQ 5 a.
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16 — & XpB IXN A ~a®™ 4Pt b TuddL T a
1. »—b o 49 t — beA a8 ® 46 vdéA T a. 4U° “Ea
X vilo — bM eM vAaN  _  — D a® 415 yo
“a.— babd 'BEd 6 Vo JO wa> & %4 62 "7 a. Y «
X DROPY TRUNCATE y U, Ne + O 4% AVUFXx Qo a2 ~
- a.
2. N bvJdo — bé «e Y1 6~ a. v C“Eh T b A
dOf O fa xQe ~a VYAlIL4vs — D L 0 i — v
O & a, d— 45 O 0 y 4 "~ a A X clock sweep M & &
Ii Ja 6 a.clocksweepMo® Xx— ~O0mH £', n> 9P
o] [t 20 vuv T a. EY N _ 8 &6 yx [t atvo
— b ®AOG” a.
— b @ ¥xQa ] at b 8o,— 0 b y . 4o x"al
{ abp- v NE n T a. E b 4 T 6 Y X LbL A y o
9,8 o) u 4& 40° 067 a
ot — It ato v Ad,” £« \CEO XK, 1 «mv+4 T oa
YUJY OOt O vy T .U Wt adsE " a.
y — 0 | 6w, — 4 v 10 Ne 0 y A+ “a._ Yyvu
d — bé < Ab, a On L 61 v AD,, 0BT —®av 4
“a..yAb— 0 v d OA U 4, E 4 7 a.
() free buffers
clockhand ()
) / \ 7
IIIIV__ I‘\\\

— 4

—= N R

A\

o backend/storage/buffer/freelist.c, StrategyGetBuffer function

92 backend/storage/buffer/freelist.c, StrategyFreeBuffer function
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o a,,— UL° v o'ED 0 X— E At ~a. x,— b ®A6AA v M
AN ed v Jav D Vi a. O 4bpu — g yop JEJ 0
Nt T a. v BA MV IR O . 2a4vv Adb4QU° 4% At 106 a.

i 2 00 O ~ s VET A F NnQEWE | +d ARG L6cad g @,

RAMA" IEK " A At m. ¥ v-edk g ©YG,/ Ag. P . T vo.
PostgreSQL ' 1/ A O3, FRKEK "~ A A g OUE s VE/ 7 %BUH
on BAyo., 1t ot/ K : FR" RAMANY®IL 14n,py3

Yo,/ Agtiifnn £ HI B Ayo.

NeX o "ED 0 | Ea 88, d— ve o6  a i 2av b
1Ey &6H v EY — 0 O vAav X b a v 0 W " a
95dy vy
dy U\ A a2 8 x, h b — 467 0Ot1061 d |
6v -
Y < T o,dy Atx<«d NE xXx— Q [t T a.®de y AKX
X' o4+Qa 60Eald— 4 A M y""a. Y "N E— o
0 h 0F wrldy b w0bL3 | T a
Koo ZO0in/ AlE"™ K "I ot OoYyo. 11t FeqilEl:
39K eoN" 4n K (K TA T €T CEYH,
3/ A'K 9 "f x & - #yo
— ox Nt NEJi 6 —  AEAEO a 4 — oxnen NH
K" v Q N "E— 44 64 UM — Q4 bLO  a..Ya,, y A
5 ANQ "7 o45Qa 6 a.®
— 4 50— v — 4 s T6 YNHaldl A4s&E I 2 "7 a.wOs
Ii — ¢ 64 yY i ab 1 afxAd, d— vBT Qlbo D60 abd

)
— "Ex 07 a.

PostgreSQLX t b y U, + 7 a

di y Ne 7 ° 4d &, dy ., Uy Jio a v — /46 O
v Ab4 T 6™HQ— v 256k (32K Q o i a. U4 s — O J
& oYU' 4, E v ié6 vV " ad ,—vQ4r {b60ald— "Ex
0" a.MO NEM, A +i 6 x, . A, an O0b44a, 1L <6 a.
A Ne §° Ab,al " : v EL v — Q4 J H |

s backend/storage/buffer/freelist.c, GetBufferFromRing function
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fbs 4 a2 """ a. "E b /IO A Q9 vy Tl

[

‘dy V, U'X COPY FROEREATE TABLE AS SELEIREATE MATERIALIZED MEM v~ O,

2

ALTER TABLds & Ne &£, N v @4 T67 a. U4 s dOOX 16MB (2048
Kk Q )'E «d h, e ) ., us, O V77 a.
VACUUMEL “ bbb £ &, oA ) Ne* . 2 v AD, 't v i o
a. U4 b Q— v 256k (32 k Q ) RAM dQ" " a.
— MON <« Vv yD v y XM ~ a.UPDAPEDELET®E ™OX 4 A _ D
v Ab,a O N xdy ., U 16 1Q L ° NEa 6, xn4— Q
N NE T, 1 07 a.
Aad A'Ev TOAST Netdi y h 0 s AbOta "~ a. A4 h W
Kol QTOAST X, =~ xv <« |0 iA" 0D'E— ONDO 07 a.
dy . U4 d ¢ t o ftn " apB I 7 ,a 0 0
I"E Ng £ ~a..1 N'E— ° . v 16,384 "HR v
8k ~a.wOs' 46— "Q [ Ao Ne 4,096 <, N 7 a.

=> CREATE TABItig(

id integer PRIMARY KEY GENERATED ALWAYS AS IDENTITY
s char(1000)

) WITH(fillfactor = 10);

=> INSERT INTig(s)
SELECTFOQO' FROMNgenerate_series(1,4096+1);

+Fwl TA O, Ayo.

=> ANALYZE big

=> SELECT relname, relfilenode, relpages

FROM pg_class

WHERE relname IN ('big', 'big_pkey";
relname | relfilenode | relpages

big | 16546 | 4097
big_pkey | 16551 | 14
2 s
b—0 J " 0eldv uNoH L S~ 4eM A, b 4 MO
LEB®8bL3E, y v X “ “a. &l N"E ,0"Ed o AA Qo

94
backend/access/common/syncscan.c
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9,8 MOO 1, a T a.

postgres$ pg_ctl restart -1 /home/postgres/logfile

AKD = Amm oV Fwl g0, Avo.

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT id FROM big;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Seq Scan on big (actual s=4097 loops=1)
@ )

~ - <

U P2k — 0 H v A, — Q, 4t 7 a.

=> SELECT count(*)

FROM pg_buffercache

WHERE relfilenode = pg_relation_filenode('big'::regclass);
count

xxxxxxx

1 Abas — @ Jids v a.

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM big ORDER BY id

QUERY PLAN
Index Scan using big_pkey on big (actual s=4097 loops=1)
(1 )

MO N'E— R NeO I b 61 0 a.

=> SELECT relfilenode, count(*)
FROM pg_buffercache
WHERE relfilenode IN (
pg_relation_filenode('big’),
pg_relation_filenode('big_pkey")
)
GROUP BY relfilenode;
relfilenode | count

16546 | 4097

16551 | 14
)
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9.6 — ) Y

— v shared_buffers 0 kK " 2 ( T X 128MB) 0 0" a.. 1 X ' avu
VA N 0 "E PostgreSQL v 4 b vy " a. Ab4v »—0a "Et

N T aby T Qe v— 4 4 db, xnq a.

aaw X, 1Al M 0?

00 h t " O0ln>4 Té6v n ' N T a. N— S A4tAr

a3 A+ T a( Eh 07 Wpl A4 vy “Ta) o b X No Q

fi 6¢ t £ v y86'H 'E Ol 1O A Qe a "~ a. yvu

07 deudvux XN U M, a.RAM- + Hé T g LN 7 ae

f. 4, a2 77 awO»r, — 0w X v h t T oonk,, de |

f b3 RAMJ, oA 4 ~ a

— v NaalHT b o0 . h E o Aa
OKNG- AWOBO ~a.. |,QP41n | QKN UM N4

a.

A PostgreSQLA » 0 v Qt T O IO A, Qo V77 a.— b od

NADG,08 “venxa foad |t 4 a | En O a "7 a..YUh t
T BOOA v Xb 4d M"uwlM Q 0Eal y U, T 7 a.

Q e | XRAM 1/4E° a, O04wWO v vy T oa.

L X X " a OudyY Jds £3_ ex 2 T a.dn
s "EFA AO4 | N4 HQ Na 0 a2 A
- a.

pg_buffercache 3, I o Jdob o ooow, Al " a.A0t A, T 4wd —

o 0 o a "7 a:

B

=> SELECT usagecount, count(*)
FROM pg_buffercache
GROUP BY usagecount
ORDER BY usagecount;
usagecount | count
1]4128
2|50
3|4
414
5|73
| 12125
6 s
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NULLJT 2 Xx4 — 4 d “a.b—b °~ ba8dao " p <« B 64, x
n4 v 4 <«OMO ~a. Ji 06— daonx 4tb EL 0 0
E

c
Cu
()]
(¢l
C
(D]

i ~

N

[
o
—~
|
L
[ond
=
°Q)
>:
cw
~
C
5]

ROAE At | b ~ 84 |, Mo
Y
=> SELECT c.relname,
count(*) blocks,
round( 100.0 * 8192 * count(*) / pg_table_size(c.oid) ) AS "% of rel",
round( 100.0 * 8192 * count(*) FILTER (WHERE b.usagecount > 1) /
pg_table_size(c.oid) ) AS "% hot"
FROM pg_buffercache b
JOIN pg_class ¢ ON pg_relation_filenode(c.oid) = b.relfilenode
WHERE b.reldatabase IN ( 0, -- cluster -wide objects
(SELECT oid FROM pg_database WHERE datname = current_database())
)
AND b.usagecount IS NOT NULL
GROUP BXrelname, c.oid
ORDER BY 2 DESC

LIMIT 10;
relname | blocks | % of rel | % hot
uuuuuuuuuuuuuuuuuuu PSSO OO U

big | 4097 | 100 |1
pg_attribute | 30 | 48 | 47

big_pkey | 14 | 100 | O

pg_proc | 13| 12 |6
pg_operator | 11| 61|50
pg_class | 10 | 59 | 59
pg_proc_oid_index | 9| 82|45
pg_attribute_relid_attnum_index | 8| 73|64

pg_proc_proname_args_nsp_index | 6 | 18| 6
pg_amproc | 5] 56 | 56

(20 s)
A A by NO d | bt 864 Q d t Q I jis vyw
avuw, 7T Jd 7 a.
av PRIl "Eh 0o # o T A, 1. a2 "7 a.. YV pg_buffercache @®0 °
xa, OKxpB =~ _ wO+ 7 a:

. O wvAt I"aA a NOE d ®OOJY_ Q  tO0.

. pg_buffercache X7 v — 0 _DE " NE Ot 0.
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9.7 2 W
h—0 4 b Q | Jidvnp 0 v h 0 7 a. Ng,

wl N 632 o, 0 pg_prewarm , 3. i 2 a:

=> CREATE EXTENSION pg_prewarm;

3N N — "~ (Av OS ~ "QEs YAv uwdQv™ O, S <4« 00U A
o h— ° 4174 v, 31 n a3, |t A
shared_preload_libraries 4 3 O *Y®OL b e b—0 N7 a:

=> ALTER SYSTEM SET shared_preload_libraries = 'pg_prewarm’;

postgres$ pg_ctl restart -1 /home/postgres/logfile
pg_prewarm.autoprewariy | : ON) v "Ad YNAD,r—ba Et O 4v AN'E
autoprewarm leaderOv  "Et ' b 0~ a.pg_prewarm.autoprewarm_interval( 1 X: 300 )p
HNE "Et “ v O QE, U° "E Y ~ a(max_parallel_processes ~ fj
ug it J).

postgres$ ps - o pid,command -- ppid "head -n 1 /usr/local/pgsgl/data/postmaster.pid” |
grep prewarm
23124 postgres: autoprewarm leader

b—b  64NDE Nexg <« 8 Y 7 a:

=> SELECT count(*)
FROM pg_buffercache
WHERE relfilenode = pg_relation_filenode('big'"::regclass);

count
0
@ )
al oo, O 41 0 Net 2832 NHES o - a7 oa.
Q | Jiév Noo U° “1t°E D'p Qvt 24, w OA <48 AD,
d Ne O & — C4Et a2 T a
=> SELECT pg_prewarm('big');
Pg_prewarm
4097
@ )

=> SELECT count(*)
FROM pg_buffercache
WHERE relfilenode = pg_relation_filenode('big"::regclass);
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Q" EX PGDATA/autoprewarm.blocks 4 h 0~ a.autoprewarm leaderb
v -

x. . abda QbovanNER O a:

=> SELECT autoprewarm_dump_now();
autoprewarm_dump_now

h O 2b 4,097t a ~a. v ot [t 06— beaAS, xn
NE £86Hh T, Ne' ", ft wfork,t k6 A

NTEt i 6

postgres$ head -n 10 /usr/local/pgsql/data/autoprewarm.blocks
<<4224>>
0,1664,1262,0,0
0,1664,1260,0,0
16391,1663,1259,0,0
16391,1663,1259,0,1
16391,1663,1259,0,2
16391,1663,1259,0,3
16391,1663,1249,0,0
16391,1663,1249,0,1
16391,1663,1249,0,2

b—0a > n a.

B

postgres$ pg_ctl restart - | /lhome/postgres/logfile

No 4 07 a:

=> SELECTount(*)

FROM pg_buffercache

WHERE relfilenode = pg_relation_filenode('big"::regclass);
count

a’  _ autoprewarm leaderb @t Ae A_ 2 a. v
""E A eo,b3 Abd U 0T NCE T
workerd B J @ v A T a.
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9.8 'E )

Nex™ 4 b69@ 2 "EOOWO Y77 a. " h v B "EL 41T
xn4,n° — A4 Et v u X 04" a.wOs h v od No = °
“EL‘ "E \lTJ IT - @.95
Q NEE — v nt — 77| NE n T oa

. Yo N N, 1 07 a
y v Mo d WY a(— ox i s v.)
voyD S8 863 "7 a

.YV E b XN MBT T a. v — 40 odd "(— 4v B "Et
Q1t° b3) UoM £( ° h vta@ ., Q) ® O0b4. xn

Y xn4E S <« 4158 Y OOb3 | 7 oa.

Q N°E Ne T vtax®x 41N0EE CHody 64wO do” a
a4+ dO'E d v temp_buffers Uk " 2"E  8°H | XNS8MB~ a
temp_file_limit Ok " av ° NeOs 6A 41 NH & 4902 v ph
0 ° N'E vh i 6v 6eA 77 a.

EXPLAIND & A4 b E — 16 ot XN d>E E . b 0 a:

=> CREATE TEMPORARY TABLE tmp AS SELECT 1,
=> EXPLAIN (analyze, buffers, costs off, timing off, summary off)
SELECT * FROM tmp;
QUERY PLAN
Seq Scan on tmp (actual s=1 loops=1)
Buffers: local hit=1
Planning:
Buffers: shared hit=12 read=7
(4 s)

% backend/storage/buffer/localbuf.c
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10 5 00 \ “E Write -Ahead Log

10.1 "E

1 Qs ADMAOELA AR ,0A A0,/ h t " »— mU),RAM v @t
P JO o,V 1 Oh el 67 a.»—0 Awh et 1 & o
T a.0Nuye LY «61aq A, A 0 M 4 7 a.

"E NEvU' 4 uh ot, <« a "7 oa. N Er— U’ 41 £
YT 0, 'E 4 of(T VW, be ¢ &01), ,E Tr000 I )
45 h et ‘46 VIE 4 T a. v I I 0al x AAba
- .

PostgreSQLO KX da o h t " Xald ., T T as—b n vnav

h a* RAMs Qi b3 8,Ad *E , EXN N6  a.,Ubb— n 44U
4 Oh v <4 Ok, b I NH L _4 P 8 Y7 a. YU
RAM > Qe v R" A0tA— 45 14 1 N'E. "E, "EO a.
PostgreSQWX 0 Ad4Q a v Ot O i v E, Q. ot ~ a.®
1 O06AO0E Qoxa O TaA U 4, "E6AN ~a. . Us "E
YRO®. M, "E, Av U WAL  a. O] X.PostgreSQL 1b Qe , x U
4 5WAL'Q, A 0+i 0O A, a2 a I E T a. AXM RAM o,

m 4U° E 86 Yyxt+iO A MO " a.

odOM, E.0° vyN Q NETOT OoU" 4. E vuw}i a Y Os 2
"7 a.WAL Qt XHDD ] ObL3 A h © QONEdk 64 T a. b'E
WAL Qt X fa XAOLQ ™ a.
15 Qe _ xh Ot.  Ena v Ot AN'E.E, E6AN A T a. MU
KN A WAL K "E6” a:
o — 4 1A a - E Nd, xn T a.
. O a “on -« "A CLOG 45Q9 o U E 8 V. xnf
- a.
. A( Ne b/ y° wUad ot/ U)- Y AN X DQ "AOn
0A+d 7 a

a, OKN AXTE,LE, "E6 Y~ a:

UNLOGGED Ned v A
: Ned b A -2 ok +ad4

Oun
x
-
Q

% postgresgl.org/docs/14/waintro.html
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PostgreSQL10 44/ € A4+MIn 7, 7, VYN Q Ayo. Afig Y %
cak A on oomudt T+ / dAKE1E" Ayo.

17 i 41, WAL AOT 0 CNE & ovh i 77 oa.
10.2 WAId
ko d
WATX b " ) "E. QY QONEK® & 0b o "~ a.P QX & E
) H NOBADN 0 “a. &% a, OKx 70 W 7 oa:

d Q6eAd U ai

, Q. Wov o4 0”0 %
. b ‘4, b L )
WAL Q4 ©

B

Weaq7 WAL OH 7 g Pr ,pg_rewind- L ®s - > €5 H g7
¢ of@Avo.

WAL vog O 00b a2 T a.A0t A, A h a0d

v R a2 "“a. d « 0" W Q. AAl w8 MM+ T oa
Ng a W 1% , U a« URP4Ad "I + 07 b 77 a.

WAL X b— W o4 " — 0 “awa i v > v

wal buffers ( 1 XX -1))OkKk"2AE 0  a. I NE v — > 132°E

n\N"Ee 0 a.

WAL v — 7 0d° ] vV, EQ— GIE n ~ a.o'El QXA 4 bdoe,
ONIO4 b Ju 4 0" a. QN WAL " bx " a®U® n, b 0
Wi a é a 6a 77 a.

' Na <« 459 A (— Adbdao OU" 4 O Q@ (= 1)

n I

=> SELECT pg_current_wal_Isn(), pg_current_wal_insert_Isn();
pg_current_wal_Isn | pg_current_wal_insert_Isn
+

0/3DF56000 | 0/3DF57968
1 )

xxxxxxxxx

o7 postgresgl.org/docs/14/wainternals.html
backend/access/transam/README

98 .
include/access/xlogrecord.h

9 include/access/rmgrlist.h
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PostgreSQL1044/ IEP 6 @ $°/ WAL XLOG f" H" Ayo.

Q. .7 PostgreSQIX " h ¢ pg_lsn, Ji ~a. v WAL

Q. ) B 64de 4 h, U t~ a LS U’ "Edo OP Kk 32e * 'E
16 “NE "0 a.
No, o 5 ° a:

=> CREATE TABLE wal(id integer);
=> INSERT INTO walVALUES (1);

U a, o WAL ~ LSN . "E 7 a:

=> BEGIN;
=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

0/3DF708D8
T )

®E, ° s a.AbtA, , 2 a:

=> UPDATE wal SET id = id + 1;

a3 XRAM — 452 & a. "A|] XRAM WAL 17E. 8" a.M0O N'E
A LSWANE n T oa:

=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

xxxxxxxxxxxxxxxxxxxxxxxxxxx

0/3DF70920
@ )
1 Oh b dWALQ 4AH 1Y 4 Y ELH T, &
u T eA0 T WAL Q LSN " a. LSM pageinspectd i 2
-
=> SELECT Isn FROM page_header(get_raw_page(‘wal',0));
Isn
0/3DF70920
@ )
h t " Y 4v U  WARQ "Ho"E0 Qt & LO0” a. 'E
1 O LSN 4 pg_current_wal_insert_Isn 2"EQ OLSNa _, a "~ a. YUV
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4 eMTY" biaw Y ' UA | 8 u a.

g a, -~ s a:

COMMIT,;

ANl E, E, E6HA LSN a’ " Ad~ a:

SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

0/3DF70948

@ )

" X CLOG 45 U Q<4 0AD "HCLOG v “4° 67 a*cLocG
Cu Q0 NTEMT A O04 b 128k o [T - a®cLoG b d WAL Qf a A
Uus 4 Y 6 YIE .7 , ° WAL'Q LSN CLOG 1d sl i 7 a.
oYU Pu L M~ RAM 0 a.

4WALQ U' 4. 'E6Bw "H, 4 CLOGHI 0 45 y a =
a. t 4 yény v AP 64, vy "HWALQ A U "E3 'E, "Eb6 A

Pk LSN OMsa awpB  4babd 0 -®(@® B” "B)P LSN| WAL
~ a.BT pglsn® NTE WO~ a:

SELECT '0/3DF70948":pg_Isn - '0/3DF708D8":pg_lsn;

?column?

112

@ )

A D UPDAT@ COMMITA O © A0 WAL QX 1006 1 A7 a.

KN, , 2 Et4hekt6vB ~pdWALQ W, a "7 a.
P v 4 0 7 a.
o o
U 4 »WAR ™| ,Av £ A "EPGDATA/pg wal&d &4 0" a.. t L

T wal_segment_sizel | X 16MBO k " 2 "E a7 oa.

FXa Adbt, A DYy y .2 T a. v A— 10 a . X

199 packend/access/transam/siru.c
101 backend/access/transam/clog.c, CLOGShmemBuffers function

102 backend/storage/buffer/bufmgr.c, FlushBuffer function
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n 7 oa. N v X Y o 4" A a7 a(initdb  -- wal-segsize).
WAL QX 4 Mp 4, x, LO™ a.. PostgreSQLX © L T a.

Q Nt 1 \H ) 45Ahd R4 v MMi A T oa:

=> SELECT file_name, upper(to_hex(file_offset)) file_offset
FRONbdg_walfile_name_offset('0/3DF708D8");
file_name | file_offset
+

00000001000000000000003D | F708D8

R
timeline log sequence number

YXNPaoNEdLEO  a.b [ X8 16 av A4 b] b ji 6¢ o)
"HUA vt [ XNLSNe OU t~ a(b ! XLSNe U file offset t 4 ¢

a).

WAL . | Aw, a. auv a a:

=> SELECT *
FROM pg_Is_waldir()
WHERE name ='00000001000000000000003D';
name | size | modification
+ +
00000001000000000000003D | 16777216 | 2023 03 06 14:01:48+03

@ )

pg_waldump & O Ji Jofl «£ OWAL Q 00 tn Ta S & v
LSN ~ (4 Yy U QID'EWAL Q, M a T oa.
pg_waldump & v U° WAL 4 °~ 4 0°'Epostgres OS|Ji "E° 6144 7 a.

postgres$ /usr/local/pgsql/bin/pg_waldump \

- p /usr/local/pgsgl/data/pg_wal -s 0/3DF708D8- e 0/3DF70948#

rmgr: Heaplen (rec/tot): 69/ 69, tx: 886, Isn:

0/3DF708D8, prev 0/3DF708B0, desc: HOT_UPDA®E 1 xmax 886 flags
0x40 ; new off 2 xmax 0, blkref #0: rel 1663/16391/16562 blk O

rmgr: Transaction len (rec/tot): 34/ 34, tx: 886, Isn:

0/3DF70920, prev 0/3DF708D8, desc: COMMIZ023 03 06 14:01:48.875861
MSK

CR
5]
oQ)

J Pk Q &l

QN Heap « 0° b & v HOT_UPDATE ~ a.blkkref tva O
YO _ 07 J4 7 oa:

SELECT pg_relation_filepath('wal');
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pg_relation_filepath

base/16391/16562
@ )
P _ QX Transacton 4+ 0° bLBHL v COMMITA ~ a.
10.3 Checkpoint
h Ot 1 & .~ , 1 & A, 2 .7 PostgreSQLX WAL T NE e
ot O0"A ] . d 4 4 “a. 07 YU 4 o) LS WAL
Q LSN ex J*Y Oof_. M " a..Yhl & AXAUL" N, b2x T e
o, . u:- 4. EO tXxQt "A ] . QiQ Q 1 64h L' 482
T a. Qo4 L. O vuyN ~ NEsb3 7 a. Y & ¥ b 0
a4, dey, A0 L p, F a2l 4, xf " oa.daov 0 \CE
"H 7 &0 ° a, ot WAL Q, y 2a v 0E 7 a.
b st X . NE®t A, 2,0t "AO
Oy 43 'E s T a. Q0 TN 67N «d "p “ 056
0 'E, NCE T NeET 7 a
dp., £  a. A N checkpointer '®¢v "
obt
. checkpointer "Et ‘v @t w, U° 4 °  E " a. x CLOGU 4 «
’ ) U G ﬁ Ij 1< Ll: (;)B dJ l:.J 6- g"
dao R "AO C)L)l Eubl“é‘ 104 )
45" A0t — g4 " Le dvh, O XIIO A 4400101
0~ a.
checkpointer v @t — 0y H by O— OU° 4, E " a t N
4 yb Yo, liy0d b v 6HBT E6” a
b3 v IDTH»dE @A E, “a.Et Y, <« 7 |
PostgreSQLX » "Ea 0 Ne' ] 4 A, _PM2 T a(@® baba
xn T oa)
1t OO0t 4 A Ab, . b O— 00U 4, E al "7 a.AhADd
t,— v BEALHL yOdAP— v 0~ _"Q "E0” a.

103 backend/postmaster/checkpointer.c
backend/access/transam/xlog.c, CreateCheckPoint function

104 backend/storage/buffer/bufmgr.c, BufferSync function
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dn b v AN Al — R I v £ a2 62 “a.. YU O'E"
AO— 4w b 8 1V N0 Echeckpointers 07 " a.

b 45" A0QOt — LU 4, "ES o, vt i O
WwN"Ep 07 a. a ) | & o"ED° NEJT 07 a. 1,
"EO Ot Q& <« © V77 a.

start of
recovery
I
|
| required WAL files
-
|
— o ® )}f;/ll\;rle/Z time
checkpoint W
start of
recovery
|
|
| required WAL files
|
— ° 8 time

checkpoint checkpoint

"Q QB A4 » v, checkpointer b pi 00U ouv WAL Q, & o,
LSN T a. L 6x E. . 4vANZ wl  E6 Y, xn4, LSwWAh
° WAL Q41 d a "~ a.
A, PGDATAI/globall/pg_control | i O 0 | "EA h 0" a O
t i 8 x, ,pg_control X 0 E ° “ a.
PGDATA/global/pg_control
Latest checkpoint location; 0/3E7EF818
Latest checkpoint's REDO location:  0/3E7EF7EQ
checkpoint checkpoint
start finish
I |
CHECKPOINT
4ot W, O ° pB A 00O 77 adYk o) 0" A «
Qa7 oa

=> UPDATE big SET s = 'FOO";
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=> SELECT count(*) FROM pg_buffercache WHERE isdirty;
count

sssssss

~ ~

WAL 0 fn ~ a

=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

0/3E7EF7EO
@ )

0aANE+ri T n " a"AOb v P U A
M"Y 41 NDEo'ED " AO vuUu Uy 7 a:

=> CHECKPOINT;
=> SELECT count(*) FROM pg_buffercache WHERE isdirty;
count

t )

LWAL AAI QA4 O § n° ~ a
=> SELECT pg_current_wal_insert_Isn();

pg_current_wal_insert_Isn

0/3E7EF890
T )

postgres$ /usr/local/pgsql/bin/pg_waldump  \

- p /usr/local/pgsgl/data/pg_wal -s 0/3E7EF7EO- e 0/3E7EF890
rmgr: Standby len (rec/tot): 50/ 50, tx: 0, Isn:

0/3E7EFT7EQ, prev 0/3E7EF7B8, desc: RUNNING_XACTS nextXid 888
latestCompletedXid 887 oldestRunningXid 888

rmgr: XLOGQGen (rec/tot): 114/ 114, tx: O, Isn:

0/3E7EF818, prev 0/3E7EF7EOQ, desc: CHECKPOINT_ONLig¢ido
0/3E7EF7ERtI 1; prev tli 1; fpw true; xid 0:888; oid 24754; multi

1; offset O; oldest xid 726 in DB 1; oldest multi 1 in DB 1;
oldest/newest commit timestamp xid: 0/0; oldest running xid 888;
online

WAL QX ti~ ®A 7 ° a(CHECKPOINT_ONLINE
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-~ <

LSW redoGv BA S A4 614 NH u 0 b
“"NEa OWAL Q4 d 7 a.

n f v pg_control 451 . 2 a:

postgres$ /usr/local/pgsql/bin/pg_controldata \
- D /usr/local/pgsgl/data | egrep ‘Latest.*location'
Latest checkpoint location: 0/3E7EF818
Latest checkpoint's REDO location: 0/3E7EF7EQ

10.4 T dJRecovery

b—b > 6x,b A ° ©6v C"EL' v postmaster ~ a.postmasterv 1 Q9 h
] w0dd v° Bt Dot " al®
|l & 0Jab0 T "Et ° v pg_control Y I <« 0 T a.
pg_controldata ° & 0 i o of a "7 oa:

postgres$ /usr/local/pgsql/bin/pg_controldata \

- D /usr/local/pgsgl/data | grep state

Database cluster state: in production
bh—b <« NE @ OAD "shutdown" « 0 b ~ a."inproduction " « v ~ y X
b—4 s 10U t7 a.  Ad," "EL C v oA pg_control 45 X ~+i0

* LSN n\CE b " a.

r — PGDATRE =/ h% ' oy backup_label M+ Bo 3, Amm LSN-A IE,
B/, A" hnyo.

’

ELtv 0T 4 UMWALQ, e.b LSN WAL Q LSN a
d Q. h 4 7T 7 a. 1% LSN v AD WAL T sv N3 a.

i
av P QXT NE 98] EWAES A, x4 AH T NE 9644 T a.

i >
Cr

.YV a2 WAL QN 0 (FP)Edt o a. °© QN < 41 4614

i 62 a.av oot of A 2 . XAR a. Y 2 A X "HU
dempotent 5 o a. ™HU N Aadbds U A« "A,L UE vw ~a.R U A
< KO 4«64 v §v e A CLOG » 0 a.wO+» CLOG 45

" A LSN ° 0b 477 a.

WAL QX Q A h Q b "E— ) 4 10 a.A0t A, WAL Q
Qth °E 1 Ab,0"Eek 0 a.

I O 451 X° | CNEWAL T 4 57 a.WAL Q N+ aaf J

105 backend/postmaster/startup.c
backend/access/transam/xlog.c, StartupXLOG function
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Q °E 8 OAD, Na > 9t0  a

] bt i O 4v Ot EL6 YXOA&L d | "EHA 12 ~ a."Q "QN'E

L° AU 4] O « 0V | f T a. E "Et AN O a.
& o T76. AakEMOT_ "EYyo.s- Vit D/ Ak] FKY
¥l €6 4 WAL ¢ L oY yo.s-h @O/ AKEAKT i A/ AR
aDHRn QL 1 ~"HL XxCGRA vyo.
PostgreSQL/ AlE M K° C 4+ =5-h O " % N QAywo.6. / IECLOG
CiB8y 1 "H aD” KEENCOx " Hn Ql1iyo( deqTIE
"E 1 +HL+ eyo), ut :r 1 ~HEx FO0H X$n Qo1 l
A Q Bqb1.,+FIEXCY 147 YYyo 1

0@y »—0 ° Ot 'E3 E J 10 "a a a 77 oa:

postgres$ pg_ctl stop - m immediate

oBl Y" <« va, OK 7 a:

postgres$ /usr/local/pgsql/bin/pg_controldata \
- D /usr/local/pgsqgl/data | grep 'state'
Database cluster state: in production

b —0 ®° EL v 1bQe .. B a] L®t "E a:
postgres$ pg_ctl start -1 /home/postgres/logfile
postgres$ tail - n 6 /home/postgres/logfile
LOG: database system was interrupted; last known up at 2023 03 06
14:01:49 MSK
LOG: database system was not properly shut down; automatic recovery
in progress

LOG:redo starts at 0/3E7EF7EQ

LOG: invalid record length at 0/3E7EF890: wanted 24, got 0
LOG:redo done at 0O/3E7EF818 system usage: CPU: user: 0.00 s,
system: 0.00 s, elapsed: 0.00 s

LOG: database system is ready to accept connections

-

»h—b <« NE  6v AD postmasters ot O A N M, a.
0~ Jot "AO OU" 4. E " a.

<

WAL 0 t 0:

=> SELECT pg_current_wal_insert_Isn()
pg_current_wal_insert_Isn

108 backend/access/heap/heapam_visibility.c, HeapTupleSatisfiesMVCC function
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0/3E7EF908
1 )

A b —0 A0 57 a:

postgres$ pg_ctl stop

oBl Y' <« va, OK 7 a:

postgres$ /usr/local/pgsql/bin/pg_controldata \
- D /usr/local/pgsqgl/data | grep state
Database cluster state: shut down

WAL L 4 » CHECKPOINT_SHUTD@®WYN 2 ~~ a. ¢ Gu t- a:

postgres$ /usr/local/pgsql/bin/pg_waldump \

- p /usr/local/pgsql/data/pg_wal -s O/3E7EF908

rmgr: XLOGen (rec/tot): 114/ 114, tx: O, Isn:

0/3E7EF908, prev 0/3E7EF890, desc: CHECKPOINT_SHUT Béai/N
0/3E7EF908; tli 1; prev tli 1; fpw true; xid 0:888; oid 24754; multi

1; offset O; oldest xid 726 in DB 1; oldest multi 1 in DB 1;
oldest/newest commit timestamp xid: 0/0; oldest running xid O;
shutdown

pg_wump: fatal: error in WAL record at 0/3E7EF908: record

length at 0/3E7EF980: wanted 24, got O

b  pg_waldumpi c v d° & b WALL 4davwy, U t7 g,
“0a’ 57 Q:
postgres$ pg_ctl start -1 /home/postgres/logfile

105 . 00t V.

N 4t b"AO 0— 45 y 4 v « O d oy 4, E N °
a. va VU < DEd, "p Q9 16  a.wOr Y A, OOt 4ven,
NE ® Y w 1 9 T a
Y A X checkpointer 4 ao NE ®6 QJ v @6 YT T a.wOs
vhPostgreSQx . Obt 4+ | "E, ° " v /EO bgwriter G b CEL 0 W
a. "B vy KX — ovMeaw , I Qa, PtL i} 7 oa:
bgwriter "Et ‘v y i a $ y v E tO0 T H Q NEE 101
0" a.

107 backend/postmaster/bgwriter.c
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— 071 vnav iy 0 vp v77 a.

Qi — ba 6 VYo Jiy 0 b0 Op," A0 v Uy 4, "EO” a.wO
bgwriter vy 4~ 6'H y6b3E [N 00OY" 4. E T a.

0 yvoo & O— bt Y 0 fF a2 "7 a
10.6 WAL v

it
T pEo s " AO— OY' 4, E v p)X

checkpoint_completion_target ( | X:09) 0k " 2 4 0 a. XX P
|l + d6, E'p e?, “a. 0Uk"2A01Ew Y M4 vh, &l

® L+ i 6, 4a, LA 832 "7 a. ANQ9 '

N _4JdY 0~ 11NDE <« n Bda " a.

adbok"2adw xva, Okx =~ |t a2 " an, P |

1 6 WAL ty. “aty AEa v At QKN i
a v J° MpO T6v] & pH du ~ a.

Q "Et "E t 0, £ vh 0O ° p. A® . A LSN  E e xx'E

A 0 N T a. al oo £33 vhlI N 84w ~ a.

ox+ v 'Q p H\N"Eb & 0 "Echeckpoint_timeout ( | X:50 )0k "+ XN\ "E
Ji 6w ~a.., 1 v xx7 2 NOE Q NE300NE b~ 7 a.

YU Et bXxXEL., 2 NOE pHAVeEdu WAL Cbx " a "7 oa.
Y AD v g © 844 T a. Y Qylw CT 1 4 b WAL
0 max_wal_siz¢ | X 1GBO k " 2'E ~ a. X, O wr—v b

A - 108
v a.

I L4 O WAL 4v 4+ i O 1 X ot Q
0" a.wOhrAd «bv T yKN 4

checkpoint_completion target 0 1 XX ~ a.

PostgreSQLK & 1144/ €M T 4By VvV, + o — waAL ®L _n ;b7

~

€ > £ 2+ checkpoint_completion_target 4+ Ay o0 .

. WO®dao v checkpoint_timeout p H'Qa A d'E° & 'Q'Et b
L v A0 WAL . b max wal sizeXX, O x LQed™ a.

108 backend/access/transam/xlog.c, LogCheckpointNeeded & CalculateCheckpointSegments functions
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<« XA« ex J . NE 06 a'®

’ « X 0 o6 0O eYE 0 a.
A < <« Cp, X 0 ® > p eY'E 0" a. v L
checkpoint_timeout & checkpoint_completion_target pH©° 4+ i 6 A4 aab
- a.
. A« <« (., )X 0 =2 WAL e E 0 a.Jd, b A «4dv
a2 v max_wal_size 6 checkpoint_completion target >, . QN 'E 0 a.
1" AD bA T ao-dU" 4. "EOa o checkpointerv ° 0" a.0k"a
UOl A Q9 b3 sOWO T al™ pdh . ®P o A6 0E
PostgreSQIX A O "0 4wbD 0n “NE®O® a2 77 a.
L i O 4v @& < L4 D V' N WAL 6" a.™_ Yu ., X
min_wal_size( | >X: 80OMB). li.  ° ©6eBT Y "Ad a. Y Y AN
" ok W "E A— 10 Joll [i y v AD wal recycle ( | X on) 0
k"a0 Jt 4 3, e & a "7 a.
a., . OX Q <« 45U 4 O WAL CbAALT v 0F J T a.
WAL size
&
2
gI
=
S
time
checkpoint_timeout \ the size of WAL generated between
the starts of two checkpoints
U A O WAL ’ max_wal sizeXXf a AdbL _ a2 av _ A P4Pv
Y 0 ~ a:
., max_wal_size0k " 2av M~™ 2 v d «X\N'E 0" a.a b’ v A
0, "E A T a®A a "7 a.
. h—v M | 6 YNAv £ v M 7% b O WAL _ £ 1
" a. |3 £ OAb4v * N'E® Q644 "HU® 11— "EOON
I Qo a "7 a.
, wal_keep _size( | X OMBUO Kk " 20 bt J WAL 4 NWp, A4 2 77 a.

109 backend/postmaster/checkpointer.c, IsCheckpointOnSchedule function
110 backend/postmaster/checkpointer.c, CheckpointWriteDelay function

H backend/access/transam/xlog.c, RemoveOldXlogFiles function
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Obt Vv, dt
checkpointer 0 dut 4 v bgwriter | i T a. P Et'v 4tb i 4
"AO— OU° 4, E a2 A+ T a.
bgwriter v n 4 NCE "H bgwriter_delay ( { X:200my* p B~ "Ed, ~
P_ I 4. €O av 4t 4 1+ O— Tadw
OBO ~ a (PostgreSQLX n . T Jdbs o an> 400 A0UONK 4
V1 "E ~ a). £8Oav bgwriter_Iru_multiplier ( | X 2)°EW “a.. YVUnh A
041 B ~ 41, "EO 2 v bgwriter_Iru_maxpages( | > 100) X, O 247" a.
"AO— bBH 6 Vv AD( , " 4sM7Yn A v AD), bgwriter v 4t b — A
1t x., d “a..Ya, AU <« n, £  a.
& 0
v X@® Qb A wQ 6a " a.
"Q v O checkpoint warning( | ¢ >K30 )uok " af a | . Q L O
a®, PostgreSQIXN Aa 0 Q9> 106  a. v XX da bLA<«bva 4] <
- a.
log_checkpoints ( | ¢ J>Koff)Ok " 2w 106 P 0s—"E 4 A v 3,
“a. .3, & TI1E 7T a
=> ALTER SYSTEM SET log_checkpoints = on;
=> SELECT pg_reload_conf();
h 02 = 0 P n”" a
=> UPDATE big SET s = 'BAR’;
=> CHECKPOINT;
h—"E, 4 4 £06— 2, WAL " A4 6 £
T TRoP ) R yYo@® )b 07 a:
postgres$ tail - n 2 /home/postgres/logfile
LOG: checkpoint starting: immediate force wait
LOG: checkpoint complete: wrote 4100 buffers (25.0%); 0 WAL file(s)
added, 1 removed, O recycled;  write=0.076 s, sync=0.009 s,
total=0.099 s; sync files=3, longest=0.007 s, average=0.003 s;
distance=9213 kB, estimate=9213 kB
bt M 4A o a vt 1 h v pg_stat_bgwriter P4 5 NJwv obt
” 1 6 £ 7 a.
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K # 9.2=|=£~/ €M ==X ® M bgwriter / 1+ @ H" qe,, / EENT

checkpointer T'EG@" miH" Mr ° Hy VEND . HR Q Avyo.
=> SELECT * FROM pg_stat_bgwriter\ gx
[RECORD 1] +
checkpoints_timed |0
checkpoints_req | 14
checkpoint_write_time | 33111
checkpoint_sync_time | 221
buffers_checkpoint | 14253
buffers_clean | 13066
maxwritten_clean | 122
buffers_backend | 84226
buffers_backend_fsync |0
buffers_alloc | 86700
stats_reset | 2023 03 06 14:00:07.369124+03
pu+i O A07 Jd 7 oa:
. checkpoints_timed t v A+ O OU t 7 oa( Mo pH4 1 B
x oy 0.
checkpoints req t v O 4 OU t~ a(max wal size L 41 B X
Oy oY, ).

ab A« 0 O Ab, v checkpoints req X checkpoints_timed X} a

x0a ~a. A a, t4e M, A 0 1 Jdy T a:
, checkpointer b £  buffers_checkpoint a
. 4t bt & buffers_backend a
s bgwriter b £  buffers_clean k|
O ° 4 » v buffers_backend X buffers_checkpoint XO buffers_clean X A a

M My 7 oa.

.00t M, v ° 4v maxwritten_clean XX, I A a. XN
bgwriter_Iru_maxpages'Evy O ©X, O Jbgwitert BO a0V t° a.

a. xa O &0 | W T oa:

=> SELECT pg_stat_reset_shared('bgwriter");
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11 WAL ot

11.1 £3

h—b <« A v AN4Y WAL © NEU° 4 EO6T a.. YY M, At KXT
NE 6Hy T T E YM s HDIEI ®bL3 ~a.  KNa voQ
h "0 alb, xAp4,WAL . "]l f® 0w 9
PGDATA/pg wal "E. 0°Qd O S Us &"Ed U1 O "E®ov w b
CIPY a "7 oa.

WAL BL - § %" BlE.1€EOT M"Niyo. tIEA 6 AIE]
. tFfe,” om tKE@ D6t yo.walsender'? T EGK WAL c L H/p
i) miRyoBfaAAsEPFE % +n" @i . p AKF OSK 7/ BL =~

otp+ WAL ¢ LERY o3,wf n V&, / AgtF-— wo. "Nt Fu
)7 HAD S " o OVaqT FHE yo.
WAL QXMUP L ot UE £86a 7 a:
., on, @ty U a A0 @t WAL Q. U 4 X LA B
- a.
., en, otv U a - T4 THWAL QX 4, 00t 4 vy 4
£EO0” a
@t v synchronous_commit { »:on) Ok " 24 M 0 a.
n, @t4sv . HE 1, E 7 WwWALQ, 04 4 B v uwQ\NEV
Yy "7 a.U" n, bLEWNM NEr i 64v N “a.n, v~ 1O A, D
Hodt da T oa)ybs ag A, ¢ vy e
0 U a,+i oaWALQ U 4 &£ v 4t v commitdelayf | X0 )0k "
1'E 6 x ° 02 a "7 a.,yv ) N
commit_siblings ( | X 5) k t 0 a ., xqQe -~ a'™ ) ny . U
at +i63a o,b—v @t WAL'Q, _4n, A "7 a. v 3bLAOT
Nn. NAPaad J& 1061 tA4lE vulde 7 a.
1 N'BEv Y O v 477 a.commit_delayb kK " av "EQX W X OLTP U Qq,
® v 4 vy D 7 oa.
, U a,+i v "EL votds OWALQ, U° 4 Y an, 02

112 L
backend/replication/walsender.c
13 backend/access/transam/xlogreader.c

14 backend/access/transam/xlog.c, XLogFlush function
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a( © QO0end QP vy 0 " oa.. T QN bel 4 £
o~ a).

a ACID ot 6] 7 6™H U ax>Ht | ~“OuN'Ep 6 a'®
u h, @t b, 1 ot ¥
Yun, “ B X&., d, " p(COMMKbE n, bit+i 6 x, ANDQ V.)
O OLTR 46 ®y B T a.
en, Ot 459 WAL Q. en, ~“MN'E & "A @ synchronous_commity k " 2 0 1
- a
ot 4 » WAL QN walwriter '’ "B bU' 4 & ~ a. BT v AO T

M bHa "H, ° ° p X wal_writer_delay ( T > 200ms) X\ "E 0” a.

, EL° v Y 4 ,0"E 2 WAL 0 T a. Q4 0'E 2 L a®
OxxEa d t., U 4 £ ~ a.0v1ao0, Q2 0 &
- 118
a.
Ma® Q Xn 0dy \'a Y1 "E J,h "A OXN Aa 46

£3 « b dvuw 7 a.

WAL " v Q— "EJf 6 "Qwalwriter v =~ "Q Q 411 B o 6" a. - ,a
. £ v _ a = 0  awlOsrb N NAD v walwriter b WAL Q
41B 7 v_ b a "7 a:A L4 vt 2 0
£ o, NEMML 'Q QNE d Q O0Q eA v O & ~a. YU
dao Abd4v PKk E o T a.

n, v wal_writer_flush_after ( | X IMBFEv Oh Vv E6xQaa 6H &

L 4wl _ €1 0 a.

en, “Xf® YU M, 0, a0 Ob4, xp4n, "Fatr’Y oa., YU Ht
0”7 a: 1Qe 4 ~Oh v 1 N'E d 3Awal writer_ delay * p (0.6 )n\
+ 5 = ~ -
6 2 a.

tAEL b, Ot en, @t b +Ef + NEJI 68 ~a.n, Ot 461, ¥
A0 AOWAL Qxen, NE £82 A WA O 1 77 a.Qd'E — S 4
by 0 T OAOWAL Qxen, @t 45l U 4, EO” a.. & YNo A,
A 24177 a.

11 . . .

> backend/access/transam/xlog.c, RecordTransactionCommit function
11 .

6 postgresql.org/docs/14/wahsynecommit.html
17 backend/postmaster/walwriter.c

118 backend/access/transam/xlog.c, XLogBackgroundFlush function
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EsOodk | 46dao AD " w&E vAAGS A
synchronous_commith) kK " 2 v U a4d v a7 a.ot
0 wWwN'Es8 N yUA:" Nhb w) 0 I\ X U a\'E
1 a@, O I\Xx U a, . . bha wrt3, <
en, ” £E3s < MMT , 7 pgbench © O Ji Jn

- 119

b N pd ®y,ex tn " a.

A D Ne, . A
postgres$ /usr/local/pgsql/bin/ pgbench -i internals
h, ot 4530 nav ° 0O° T oa:

postgres$ /usr/local/pgsql/bin/ pgbench-T 30 internals
pgbench (14.7)

starting vacuum...end.

transaction type: <builtin: TPC B (sort of)>

scaling factor: 1

query mode: simple

number of clients: 1

number of threads: 1

duration: 30 s

number of transactions actually processed: 20123

latency average = 1.491 ms

initial connection time = 2.507 ms

tps = 670.809688 (initial connection time )

en, @t 46n 0 a:
=> ALTER SYSTEM SET synchronous_commit = off;
=> SELECT pg_reload_conf();

postgres$ /usr/local/pgsql/bin/ pgbench-T 30 internals
pgbench (14.7)

starting vacuum...end.

transaction type: <builtin: TPC B (sort of)>
scaling factor: 1

query mode: simple

number of clients: 1

number of threads: 1

duration: 30 s

number of transactions actually processed: 61809
latency average = 0.485 ms

19 postgresql.org/docs/14/pgbench.html
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initial connection time = 1.915 ms

tps = 2060.399861 (initial connection time )

en, @t 45 pB + Qv AN p <« '8 OYTAPY f[..T7TJ ~ a.fEP
SN a 4wOadb MOOT Q NOLTP U Q40 v A | t 0o 2
-

LT v NE 47T o&

=> ALTER SYSTEM RESET synchronous_commit;
=> SELECT pg_reload_conf();

11.2 1 ~l- L Fault Toerance

|l EE XxAh <« 40l A b *6 Vv <« m] L0 Qt T 4
avuNo @ a.h Ot 4A , 2 v OxNDOTt n QJd, »v " .h
Y4 Doeas V.o 4d »QaiANt 4 a.120
e Qt (A t YU )11 B 4 h v JY by a2 "7 a
U M, v "Ev DA 41 b 0 441 E vy 4 7 oaq 1> RAM
alaoOQ b "E m° "Ta)” M, v dA I/O Yy 4wOen,
NE T A T a
Ybh 0 Y +H asa M ® h v R “(A:HDDPE n |
0" a.” ® u t, .l v U “N"EM, 04, 2 "7 a.RAID
AYs U T OA |l ¢+ ¢ TAar n -~ a
0 Yo h LXHE 1 U° 4 v NMaA4TT a. Q
Q NE v ] 0 E'E WAL, x4, & O V77 a® Yu WAL Q v S H
E ol S yUto4 644 “a.en, t4d vl Qb Ta, a v NoWAL
Q a2 On faA U 4, E6v w, 14177 a
"EL v '@ ‘0 0O A ) l 4y~ ~ a.és M,a
0 "Et° 4 a2 O ot A (A \ n N T a
A +idw tot A MO b U T alt®

ot Il . EE wALAa 457 v Y, VM, b 0 a
< | “a. 0 L0 A v e Qt° ® "Eh 0 CE a

C4 P
|T:L
O
P4
3.

120 postgresql.org/docs/14/wal -reliability.html
121 backend/access/transam/xlog.c, issue_xlog_fsync function

122 backend/storage/sync/sync.c
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W ~a. tx | Pb 0 ~NEON 2 a:\ . "1 n, @& (fsync
|

A v fdatasync U), yY, _ AyY1lxn, 02 "E vy “al AD
A 00 v V., 1 b3 7 a)

pg_test fsync ° @ v O A ” Y A WOWAL n v b YR Y
h1 N 6232 "~ a.e v “ x wal_sync_method k " 2 "E a3 "7 a.ald A4
d »v A “ nANEse 6°H v I bt 2477 a®

NI ~ NPP Abd4b “ t" A4wGalda avu " a.Ad
t A, A b o} nyo Ji v AD, Ob 4 1 h 0f x4

0t a2 77 a.

Qen, “O0On, 0Es ywixi avn “a.n, O0OAv y(fsyncok " a,, |
X:omx ~ ' £33, < QAh 1b5Qe ® @ h Y"CE A a2 "7 oa
Qp,en, ®tv 60 < ml] 0§ 0 b " b A h Ls "8
a "7 a.

h + <Corruption

I ev ' V'V b, h v HQOY U 45, A0 Ne _dvn

V'<«6a " a. Y A0 dao tTA2 4 6 Q avit a "7 oa

Y i 0 PostgreSQLX <« WAL Q_ » NH “a.A h
1d  »l . a "7 at™ AN Y ) U —t O «

4+ pg_checksum$®® & 07 Ja 6 a.'*

OAN> " 4bvAhADdA4] )., < k N T a.+np a d ¢ Ol

+

v Y q 101 QY a v 0fLJd T oa., YUMU KXNOL AT

. ’Yy N ‘4 A0 pAavp 6 Y, 2
"Ta. v oot a7 A4, x, A 63 "7 a.
. A NE O E S " a"E O0A N'E
v Ad .
. > NOE .ab W (A:CLOG U a4« )
Xf 6 V-
) £ 61 v 7 { data_checksums) k " 2 0 w0~ a

=> SHOW data_checksums
data_checksums

123 backend/storageffile/fd.c, pg_fsync function
124 backend/storage/page/README
125 postgresql.org/docs/14/app -pgchecksums.html

126 commitfest.postgresql.org/27/2260
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b —0 ) Ne A a @ 0A N'E | 5 a:

=> SELECT pg_relation_filepath(‘wal’);
pg_relation_filepath

base/16391/16562
@ )

postgres$ pg_ctl stop

postgres$ dd if=/dev/zero of=/usr/local/pgsgl/data/base/16391/16562 \
oflag=dsync conv=notrunc bs=1 count=8

8+0 records in

8+0 records out

8 bytes copied, 0,00776573 s, 1,0 kB/s

4, —0a’ " a:
postgres$ pg_ctl start -1 /home/postgres/logfile
I +—0 & - 1y 77 a. OU° 4, E @ 4 y . Q oo a( &
I Nobr—v ~O0— & T " a..Yu Y A YR L& AE" T a.
Ne, AT As " | 57 a:
=> SELECT * FROM wal LIMIT 1;
WARNING: page verification failed, calculated checksum 20397 but
expected 28733
ERROR: invalid page in block O of relation base/16391/16562
h O Ad467 a4 248 Ad,* €O 0 Af v w : ob 77 a(® €0
A, 4. 7 . Ba < ) 07 ignore_checksum_failure(default: off) Ok" a0
3 i 7 a:
=> SET ignore_checksum_failure = on;
=> SELECT * FROM wal LIMIT 1;
WARNING: page verification failed, calculated checksum 20397 but
expected 28733
id
2
@ )
Ab ot w 1 1 61477 a.dv o & e 0 ao( > WAL'Q LSN
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e \
h T v Q NCESKH Q! N2 453 NNEB” "EM, b2 8°H Ne
"EXT  512byte Av 4KB K .2 "7 awlds 1bQe ® bao N'EQ 'E
6a "~ oa. Y 4 Q WALQ T & 4 T vux 0b477 a.
PostgreSQLX a o VY T WALE  _ " A o (FPID -
a. n NXfull_page writes ( T XX om0k " 24 N6 Q 0 Ev uX O h
‘'« U a 7 a.
| & "Et° bWAL b FPID QU @, d FPID LSN Yeo™ xU' 4, "E ~ a.WAL
QO0Q b "EFPP »)N'EE 60'E' « f Q 247" a.. Ya, <
"E QWAL Q 1067 a.
e 0w vm ] WAL Q° X477 a. AXe O ANEp 67H 4
1t vt v 0 e 0o'Ew T a.. Yvu e " AN > 4 A
“a.wOs ) £ OAD(wal log hints ( 1 X off)Uk" ab v AD ),
e a2 NFPIEE 6~ a.*”
FPIM1 s 4 Np P86, xR4E f§ -~ "N+t OWAL .0 «d L T a
wal_compressior | X off )OOk " 20 FPIV . & w<e ., | kKo 2 "7 a
pgbench & O i JpB T n” 7 a. 01 a ®'E Vg
aadbL e« Q 00 T oa:

=> CHECKPOINT;
=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

0/42CE5DA8
1 )

postgres$ /usr/local/pgsql/bin/pgbench -t 20000 internals
=> SELECT pg_current_wal_insert_Isn() ;
pg_current_wal_insert_Isn

sssssssssssssssssssssssssss

0/449113E0
1 )

sEOWALQ | va, OK ™~ a:

127 backend/storage/buffer/bufmgr.c, MarkBufferDirtyHint function

12 . .
8 backend/access/transam/xloginsert.c, XLogRecordAssemble function
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=> SELECT pg_size pretty('0/449755C0":pg_Isn - '0/42CE5DAS8'":pg_lIsn);
pg_size_pretty

29 MB

@ )

A4 FPP WAL | 0« T a.WALQ a(N, Q Q@ . (Recordsize),
.o R 4+ ° (Type4 © FPI 07T J va O AD a7 oa:

postgres$ /usr/local/pgsql/bin/ pg_waldump-- stats \

- p /usr/local/pgsgl/data/pg_wal -s 0/42CE5DAS- e 0/449755C0

Type N (%) Record size (%) FPI size (%)

XLOG 4294 ( 3,31) 210406 ( 2,50) 19820068 (93,78)

Transaction 20004 (15,41) 680536 ( 8,10) 0 ( 0,00)

Storage 1 (0,00) 42 ( 0,00) 0 ( 0,00)

CLOG 1(0,00) 30 ( 0,00) 0 ( 0,00)

Standby 6 (0,00) 416 ( 0,00) 0 ( 0,00)

Heap?2 24774 (19,09) 1536253 (18,27) 24576 ( 0,12)

Heap 80234 (61,81) 5946242 (70,73) 295664 ( 1,40)

Btree 494 ( 0,38) 32747 ( 0,39) 993860 ( 4,70)

Total 129808 8406672 [28,46%] 21134168 [71,54%)]

e Xh b p4JdyY_2 6vAdbe v a "7 a. v

H a4 vAad ° 7 oa.

It a2 v R O O o) L A R B

=> ALTER SYSTEM SET wal_compression = on;
=> SELECT pg_reload_conf();

=> CHECKPOINT;

=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

0/44D4C228
1 )

postgres$ /usr/local/pgsql/bin/pgbench -t 20000 internals

=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

0/457653B0
@ )
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WAL v \ £t O« 411va, OK™ ™ a:

=> SELECT pg_size_pretty('0/457653B0"::pg_Isn - '0/44D4C228"::pg_Isn);
pg_size pretty

xxxxxxxxxxxxxxxx

10 MB

@ )

postgres$ /usr/local/pgsqgl/bin/pg_waldump -- stats \

- p /usr/local/pgsgl/data/pg_wal -s 0/44D4C228- e 0/457653B0
Type N (%) Record size (%) FPI size (%)
XLOG 344 ( 0,29) 17530 (0,22) 435492 (17,75)
Transaction 20001 ( 16,73) 680114 ( 8,68) 0 (0,00)
Storage 1( 0,00) 42 (0,00) 0 (0,00)
Standby 5( 0,00) 330 ( 0,00) 0 (0,00)
Heap?2 18946 ( 15,84) 1207425 (15,42) 101601 ( 4,14)
Heap 80141 ( 67,02) 5918020 (75,56) 1627008 (66,31)
Btree 143 ( 0,12) 8443 ( 0,11) 289654 (11,80)
Total 119581 7831904 [76,14%)] 2453755 [23,86%)]

M, » U full_page writes "E OX FPIb Qo v AD ( ,dao AD)CPU b A
RQe 0LV _ F vu ° 0 7 oa

11.3 WAL 2
|l . EE Q@ XN m] L0bL3 I vw T a. YU'E A4, E6dv f 70
y OWAKkaoifl ™l T a "~ a. ° U IX *,] , ®ok®E 2
W -~ a.Pa KX 2 4+7E,L Ot of "H b T0& T a. i
2 NXwallevel ( | Xreplica) O0 E &8™H 0" A A®b—0 N T a
= Minimal
a2 XN Ml QT T a. O a4 brekbdyVe: Nl © ANWNp,
N, E. 4, E6 Y T a. v J4 h O A v AD (4 : CREATE TABLE AS
SELEGCTCREATETABLB4Y d ~a.d”>, 0 ot b v Yy 4, "Eba,
E. "A]l x U0 a - 4 ®EQANO” a.
1Y A p4- g0, DU A Oh v "8 YNOD'E Ot 4N
¥y 77 a. A 1i 0O« 47 bQe @a, WALQ, T  ~ 0 ot h
VIRV 4 64 "7 a
07 o"Eet O Nl MJ h v X wal_skip_threshold ( | X 2MB OG0
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mnimal 2 4 +°E dvof_ O | n a.

1 NTE& [ N replica 2 Ji 6™ v I 0 4+ 7 a.ninimal 2 _ & A
max_wal_sender | X:10) OO0 4 » T &v walsender "ELt° 20 ON'Evw + a:
=> ALTER SYSTEM SET wal_level = minimal;
=> ALTER SYSTEM SET max_wal_senders = 0;
"ALl . T mes—0 4 " oa:
postgres$ pg_ctl restart - | /lhome/postgres/logfile
WAL 0 £ o:
=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn
0/45767698
(C
No, edoan U do 4 » wal _skip_threshold b 08 x_. o "Eb yizy A
- a:
=> BEGIN
=> TRUNCATE TABLE wal
=> INSERT INTO wal
SELECT id FROM generate_series(1,100000) id;
=> COMMIT
=> SELECTpg_current_wal_insert_Isn() ;
pg_current_wal_insert_Isn
0/45767840
@ )
Ut - Fwl YE Kb TRUNCATE~ L j 3 WAL ¢ & x ¢~ Y EYyo.

A pgwaldump & O Jf JetOWALO t a7 a

postgres$ /usr/local/pgsql/bin/pg_waldump  \

- p /usr/local/pgsgl/data/pg_wal -s 0/45767698 -e 0/45767840#
rmgr: Storage len (rec/tot): 42/ 42, tx: 0, Isn:

0/45767698, prev 0/45767660, desc: CREATBase/16391/24784

rmgr: Heaplen (rec/tot): 123/ 123, tx: 122844, Isn:

0/457676C8, prev 0/45767698, desc: UPDATRBff 45 xmax 122844 flags
0x60 ; new off 48 xmax 0, blkref #0: rel 1663/16391/1259 blk O

rmgr: Btree len (rec/tot): 64/ 64, tx: 122844, Isn:

0/45767748, prev 0/457676C8, desc: INSERT _LEA®&f 176, blkref #0:
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rel 1663/16391/2662 blk 2

rmgr: Btree len (rec/tot): 64/ 64, tx: 122844, Isn:

0/45767788, prev 0/45767748, desc: INSERT_LEA®Tf 147, blkref  #0:
rel 1663/16391/2663 blk 2

rmgr: Btree len (rec/tot): 64/ 64, tx: 122844, Isn:

0/457677C8, prev 0/45767788, desc: INSERT_LEASTf 254, blkref  #0:
rel 1663/16391/3455 blk 4

rmgr: Transaction len (rec/tot): 54/ 54, tx: 122844, Isn:

0/45767808, prev 0/457677C8, desc: COMMIZ023 03 06 14:03:58.395214
MSK rels: base/16391/24783

QN Nel © o ok, . "E 7 a(TRUNCATE] <« Ne a° &

a, £ Qn° "E,. AOBA "” a. v pg_class NeO d v t k
"A] . Q8 T a.

" ONE " 06A0 Q " a.h A X'E_E, "E6 Y7 a.

T Replica
U T & 49 WAL Q 26N Y h L 60« "El+ 06" a. A] ol e~
“NE n "QWAM ot J O] dd « . b t <4 07 4

Y k b 0" a.wOs - WA T QN Ev o V77 a.E 6
AXQ  a4" " a. A7 07 WAL 4v ot A 644 7 a.

I 41l n | f0" a.BE 6 YNXNGENX] 1 4 8 YN"Ha® 6
a.

I 1T 45 OO0 v AD &7 a0, TN, T b—4b T

O0b ~ 4 T a.dv o Y TtXT T A ) m a2 . xR " a
I T X't @ a A4 vh, v £ U 446 Pt 0 7 oa.

x 4 "E O aod, 1 b—4 " U aoPaA6N4 7 a.

Y h o1 14 . u” “N . NEWAL 4, E vuw - a.'®
bgwriter **°  “Et ‘4 15 4 _M2 0" a( pHX t véa 77 a).
A4 bh I & Ao 1 02 2 v 3AXreplica a 457 07 a.

ANdbdkE OKk"2A0BT v abh—0a  ° J1 1a | a2 7

=> ALTER SYSTEM RESET wal_level;

129 backend/storage/ipc/standby, LogStandbySnapshot function

130 backend/postmaster/bgwriter.c
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=> ALTER SYSTEM RESET max_wal_senders;

postgres$ pg_ctl restart -1 /home/postgres/logfile

On ALY, TaTT a.(  Q 4v g H A, Q a

a):

=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

0/45D8BE48
T )

=> BEGIN;

=> TRUNCATE TABLE wal;

=> INSERT INTO wal VALUES (42);

=> COMMIT;

=> SELECT pg_current_wal_insert_Isn();
pg_current_wal_insert_Isn

0/45D89108
@ )
ot OWAL Q, P n” " a.
: Gr 45t ot 141 a, OKX Qt T oa:
R/ B S V I ] ©7A 'Q:RUNNING XACTE U Q)w LOCK
INSERT+INIT A, . "E ¥ QN'Eo o ) 4 0 "ED
- a.

postgres$ /usr/local/pgsql/bin/pg_waldump  \

- p /usr/local/pgsqgl/data/pg_wal -s 0/45D88E48 - e 0/45D89108
rmgr: Standby len (rec/tot): 42/ 42, tx: 122846, Isn:

0/45D88EA48, prev 0/45D88DDO, desc: LOCKxid 122846 db 16391 rel 16562
rmgr: Storage len (rec/tot): 42/ 42, tx: 122846, Isn:

0/45D88E78, prev 0/45D88E48, desc: CREATIBase/16391/24786

rmgr: Heaplen (rec/tot): 123/ 123, tx: 122846, Isn:

0/45D88EAS, prev 0/45D88E78, desc: UPDATRBff 49 xmax 122846 flags
0x60 ; new off 50 xmax 0, blkref #0: rel 1663/16391/1259 blk O

rmgr: Btree len (rec/tot): 64/ 64, tx: 122846, Isn:

0/45D88F28, prev 0/45D88EAS8, desc: INSERT LEA&f 178, blkref #0:
rel 1663/16391/2662 blk 2

rmgr: Btree len (rec/tot): 64/ 64, tx: 122846, Isn:

0/45D88F68, prev 0/45D88F28, desc: INSERT_LEA®Tf 149, blkref #0:
rel 1663/16391/2663 blk 2
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rmgr: Btree len (rec/tot): 64/ 64, tx: 122846, Isn:

0/45D88FAS8, prev 0/45D88F68, desc: INSERT_LEA®Tf 256, blkref #0:

rel 1663/16391/3455 blk 4

rmgr: Heaplen (rec/tot): 59/ 59, tx: 122846, Isn:

0/45D88FES8, prev 0/45D88FA8, desc: INSERT+INIToff 1 flags 0x00,

blkref #0: rel 1663/16391/24786 blk O

rmgr: Standby len (rec/tot): 42/ 42, tx: O, Isn:

0/45D89028, prev 0/45D88FES8, desc: LOCKxid 122846 db 16391 rel 16562
rmgr: Standby len (rec/tot): 54/ 54, tx: 0, Isn:

0/45D89058, prev 0/45D89028, desc: RUNNING_XAGEXtXid 122847
latestCompletedXid 122845 oldestRunningXid 122846; 1 xacts: 122846
rmgr: Transaction len (rec/tot): 114/ 114, tx: 122846, Isn:

0/45D89090, prev 0/45D89058, desc: COMMIZ023 03 06 14:04:14.538399
MSK; rels: base/16391/24785; inval msgs: catcache 51 catcache 50
relcache 16562

Kd)LogicaI

"Q ON"Elogical 2 Nk&®OU vOk®dl O0b3 1 T~ a. vl®

- .

WALQ, O fT®@ 2a | 1 Oy n avv, Ma "7 oa. u]
ad4 sk 81 v kd Q. b ~ak®d®U vN E &

(RUNNING_XARITS Tadv oo E."A ] . )
xn 7 a.
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12 Ne2
o
12.1 41 © b
PN 440 A1t b A T oa
A1t v JY "EL°bn" 4n +0b AAa” 1l wvw_, 0 7 a.
Y "Et b AET 6v (t AL T v AD)Av S, @t "ET NTET6
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: 0 "QE e h Y. 2
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L3 T oa. Ne U— ( dOIDE" "6v) KXAOOL | ° a2 "7 a.fqd
1v < O "l v uw b3 a.
Q . T vy «b3 uNxM, "~ a.a0 i 4 0 ¥y al
“a. . YAD "EL vd, A4 J yUU 1a> 1 A T a.Ah ot 7
6 x aA¥d " a
% A o0 a vPbL 0° 03 8~ "7 a.
o Ba g grandarty - o ENGO "LAE & 0 £ AL O T a.
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~ I fine -grained n 0E Y B X A ~ _ a.. Y U 0 2t L _
a. = ©Af[ h YRS} WAYATV | Y, 7 PostgreSQLX a « 0
a NH. Uus ° ~ Hlock escalation - a.ot 1t XK. O @&

o

y £ B NEd 07 a.

& 0t £t Oa wt < XN 7 46 eOoxn, 0 I a.
p4wO, 0 2 "~ a.

"X NEAU pdao U a L, )av T6H Q NE6EL O

KX O 07 T a. Y X 'Q N‘'EPostgreSQL n NEO® Qi v
O 4 a4 Ne_ b o 7 a.

) "Nav A> A, b3 I v JYetd W a. Q NEd. A,x
<« b £ UOKXad O0K a NH vi Oh 416 AT a’

B, XN a B E T6™ Q N'EJYCPWEéT adU - 6 a. Q
f a. PostgreSQLX Y "o n O N

b T 6 5 y u Heavyweight

» J " OKX A
i

PostgreSQIX a v ° ’ « “a®ekFw., X
C a
NH YOs B®

o o o o v T

6 a N N"Ep 07 a.B, 7 M
OO 46 ~ a.A predicate locks "Ov " | "l

T A

o -

= v, a.

Q
°

NEL BT 82 T ey
i NEKv wN©o o & 4 7 oa.

131 backend/storage/Imgr/README
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o

@ N'Eabd  N'E yo 7 OviAs Q NE y v 0
y v T Xbs— N foetEaT "H pg_locks P 4 a "7 oa. t
max_locks_per_transaction ( | >X: 64) X4 max_connection§ | >X:100)0 N XN\ 'E
ot U axn . F oE U A X max_locks _per_transaction ° f
T a ""a.” "E 0§ ux’- " ab o} ) yuoy
Nb—b ' 6x ., G60E Y POK"2 Uuo" A Apsr—Da |

6 Vv et 0w b y v Ad,a0d ", T Av "EL v d. A
“a.d, "EL° v CPU p, 9e Y NH O 6o b A L. 0w, t
- a.

_ U a ad U a L8 v 01, x, AL a11a,
_ O a .e8 & b O Ad,P U anxx o« kg 5
Abv «d NEpB AD "™Hx <« v Pk « U a, al -
<« v 7 d, 0° Q O0'EPostgreSQIX nNEx <« 0B o A Qv
up) B J « AN, £ a2 |E 7 a.
av’ y v "X»EadQ . b Hado®d ‘07 "Ha0 @t 0 4

wOnsr t. k"™ NEaA n 7 a

NH

a., Q'ENX pg_locks® locktype N4 = 6v 7 ° Y, W 7 a:

. transactionid  virtualxid : U Q46 :

. relation : Nea :

. tuple: 4 TO °

. Object : Ne M\~ k 486 :

. extend: Ne :

., page a | °° 4 TGy a :

. advisory: n °*
y ©t y v "x 0 x AaNE T6™H d U a +idx n\NE
YU QL AT 7T a. A0t AN, 842 "X® N'Ev a

<t 4 eno” a.

123 U AliD
P U AX <« Db «w” ID,L3 Ad)1 © U
PostgreSQLX 0 ~ ot~ N ot Pb Tt 0 M T oa. t
Vb pB " a:n® Otwv * 5 10 otvsAhot | M a4

% backend/storage/Imgr/lock.c
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Shared Exclusive

Shared X
Exclusive X X
O a +idAav o Et v d U a ID4 e " Nh ot "Et
0 a "~ a. U a L D ID4 © T - xn4ad
T vuXNosb3 ~a. Y Y v “EL vd, A4 J e t1l 0 a.
O a +idéw 6ad, Et b N°” a.o & do b 0 JO
xn4 d ° T “uNosbs3 Q "X E 0 w M, a
"] +Q4s U aq, 8 4t "Et ' IDPID0 b T 5 a:
=> BEGIN;
=> SELECT pg_backend_pid();
pg_backend_pid
28980
@ )
0 U ax L «ID4 & Tf° e 77 oa:
=> SELECT locktype, virtualxid, mode, granted
FROM pg_locks WHERE pid = 28980;
locktype | virtualxid | mode | granted
+ + +
virtualxid | 5/2 | ExclusiveLock | t
@ )
J, blocktypex ° % L virualxid v . &® ‘0 " vbL <« U AIDO, mode
wt 0( Ab4v "YU t” a.granted U, v O : Téd4v Ja0f
- a.
g a - Db QNw d ° QE4 bLO™ a

=> SELECT pg_current_xact_id();
pg_current_xact_id

xxxxxxxxxxxxxxxxxxxx

122849
€ )

=> SELECT locktype, virtualxid, transactionid AS xid, mode, granted
FROM pg_locks WHERE pid = 28980;

locktype | virtualxid | xid | mode | granted
virtualxid | 5/2 | | ExclusiveLock | t
transactionid | | 122849 | ExclusivelLock | t
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o 8" WXeA N | As ok )Y “a wveL otd N T at® vy
avE, e&£4d - a2 v nS @& av, d a T a.

d " ot0d OE v 8 A O J o} £ A 07 a.
ot 46 kdd NAs v ux 0b4 Q h 0
M'E, | H 04wO N, SUNo ¢ a.
AS RS RE SUE S SRE E AE
Access Share X SELECT
Row Share x X SELECT FOR UPDATE/SHARE
Row Exclusive X X X x INSERT,UPDATE, DELETE
Share Update Exclusive X X X X x VACUUM,CREATE INDEX CONCURRENTLY
Share X X X X X CREATE INDEX
Share Row Exclusive X X X X X Xx CREATE TRIGGER
Exclusive X X X X X X X REFRESHMAT.VIEW CONCURRENTLY
Access Exclusive X X X X X X X X DROPTRUNCATE,VACUUM FULL,
LOCK TABLE, REFRESH MAT.VIEW

PR

ad ot ¢t
Q, Ne

Access Share®t v b 4 @t ~ a.Access Exclusive™ v 5
> i 2 77 a.wOs SELECHE XY Gt AOT AET 6 a

av 477 a.

NH

_ i b @tvna a ., ¢ "™HYUA f£b Otuv I V77 a.A0t A,
CREATE INDEX¢ X Share®t 0 [T ™ GOE NeddJY | “0n> 49k 2

NH o, T A T EY ot 0" a.MO NTESELECHE X | * +£ 0O~ A'E
© 8 a2 "0, INSERTUPDAT® DELETE)E X BO~ a.

QdE Db 02 v 9+ i U AXVACUWME, B ~ a.d  CREATE INDEX
CONCURRENTLY 2 N"H v & N Share Update Exclusive @t 0 I ~a. | ot
41O p mha ( 2l ,.d>n> b A h L 0 a.

ALTER TABLdE 4 v a Toto T vav T a " 7 a (Share Update Exclusive ,

133 postgresql.org/docs/14/expliciiocking#LOCKINTGABLES. html
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Share  Exclusive , Access Exclusive). 4 © t ofxAs4bedA T at

aodbs WNOA v a’ accounts No  QN'E 7 a:

=> TRUNCATE accounts;

=> INSERT INTO accounts(id, client, amount)
VALUES

(1, 'alice’, 100.00),

(2, 'bob’, 200.00),

(3, ‘charlie’, 300.00);

pg_locks Ned JY _ 1+° A
M | Qt As " a:

"EB A4 Ot . uvPD ek J A,

C

=> CREATE VIEW locks AS
SELECT pid,
locktype,
CASE locktype
WHEN 'relation' THEN relation::regclass::text
WHEN ‘transactionid' THEN transactionid::text
WHEN ‘virtualxid' THEN virtualxid
END AS lockid,
mode,
granted
FROM pg_locks
ORDER BY 1, 2, 3;

a4 sd ’ U ax . Ah T a. A X accounts NeO

0 .H 'E Exclusive @t "E T O © £° Pk o"ED Qs -~

=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 1;

=> SELECT locktype, lockid, mode, granted
FROM locks WHERE pid = 28980;

locktype | lockid | mode | granted
+ + +
relation | accounts | ExclusiveLock | t
relation | accounts_pkey | ExclusiveLock | t
transactionid | 122849 | ExclusiveLock | t
virtualxid | 5/2 | ExclusiveLock | t

(4 )

134 postgresql.org/docs/14/sehltertable.html
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y " X W g NWaitQueu(i‘: £ @-135 “Et ¢ v * Aw ] g N A 5

0 "Et bbb o) 5 Vv . T Ma~ |l wd, N4 J 7 a.

£ta4 5Ah A, 2 v AN aldtdds Ned | 09k 7 n° 7~ a:

=> SELECT pg_backend_pid();
pg_backend_pid

29459

@ )
=> CREATE INDEX QGidcounts(client);

HA “a. U ax N

GENG b B X,
I N a4" " a:

o

Share®@t "E | Aa’

ol

e

=> SELECT locktype, lockid, mode, granted
FROM locks WHERE pid = 29459;

locktype | lockid | mode | granted
+ + +
relation | accounts | SharelLock | f
virtualxid | 6/3]| . ExclusiveLock | t
2 s)
t _ +ta4 s VACUUMFUDIE , ° fn”~ " a. % X Access Exclusive @t 0 0

"E "HaO ot @t m ~a.wOsd, A4 J | 6 a:

=> SELECT pg_backend_pid();
pg_backend_pid

xxxxxxxxxxxxxxxx

T )
=> VACUUM FULL accounts;

=> SELECT locktype, lockid, mode, granted
FROM locks WHERE pid = 29662;
locktype | lockid | mode | granted

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

relation | accounts | AccessExclusivelLock | f

transactionid | 122853 | ExclusiveLock | t
virtualxid | . 714 | ExclusiveLock | t
B 9

135 backend/storage/Imgr/lock.c, LockAcquire function
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ot A t Xt ot &4 d. N4 d N T oal
SELECT &1 VACUUMFUBE " 0 wO+N ~ a.” BEv  _ +Q4sAh
nyi® o v Exclusive °~ O 6 2 Q. t N d. A4

=> SELECT pg_backend_pid();
pg_backend_pid

xxxxxxxxxxxxxxxx

@ )
=> SELECT * FROM accounts;

=> SELECT locktype, lockid, mode, granted
FROM locks WHERE pid = 29872;
locktype | lockid | mode | granted

relation | accounts | AccessSharelLock | f
virtualxid | 8/3 | ExclusiveLock | t
2 s)

VA
SELECT
pg_blocking_pids 2% @t d, « O pVU |7 J 7 a. o}
"EL° DO H O 6 vyv °_7° o v Av
=> SELECT pid,

pg_blocking_pids(pid),
wait_event_type,
state,
left(query,50) AS query
FROM pg_stat_activity
WHERE pid IN (28980,29459,29662,29872)\ gx
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CIRECORD 1] L L. . . . o e e e e e e e e
pid | 28980
pg_blocking_pids | {}
wait_event_type | Client
state | idle in transaction
query | UPDATE accounts SET amount = amount + 100.00 WHERE
CLRECORD 2, . L. . . . . e e e e e e e
pid | 29459
pg_blocking_pids | {28980}
wait_event_type | Lock
state | active
query | CREATE INDEX ON accounts(client);
CLRECORD 3] L L. . . . e e e e
pid | 29662
pg_blocking_pids | {28980,29459}
wait_event_type | Lock
state | active
query | VACUUM FULL accounts;
CIRECORD 4] | .. . . . e e e e e
pid | 29872
pg_blocking_pids | {29662}
wait_event_type | Lock
state | active

query | SELECT * FROM accounts;

Ned » WMdv § 0y J t of_ a T a®
U a +ido “6yvn do d U a ot 7 07 a.®d. A _
Et' v 0 : T o, N2 " a
NI £ a4 U a \NCE d, ot Et “ b NET 07 a
=> ROLLBACK;
ROLLBACK

I CREATE INDEX
I vacuum

id | client | amount
+ +

3% wiki.postgresqgl.org/wiki/Lock_dependency_information

137 backend/storage/Imgr/lock.c, LockReleaseAll & LockRelease functions
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1] alice | 100.00
2| bob | 200.00
3| charlie | 300.00

B s
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13 a

o

13.1 v A
SN H, «~ snapshot isolation t N 6’ ° 1 b‘: 1 ~ - a Q p K
M, U0 a n4n - vy i svNy0O”a. Ab4s . Q y
"N 07 X & M. 7 a:RP y " Xb— N HFOod4Np, "HA ®
0 Hot ObaA V14, x) PostgreSQL ©° a4 ff = XdVy n°
y . o . emE6 Vv1417 7 a
ab + N 1 pv s~ Hlockescalatiorilz I\lf N n 6 M - Es-l'Q'\] Q °
X" Qaw,i ata B (4: a1 Av Nea ) "NEd 07 a. v
& . BT O Wy, | a "7 oa.
PostgreSQLA » v H v Ja48© fou & 417Q 0~ a.
a Y I I 41 5b « * £ENTE "HRAMIv A'h ~ N"El QA
6 V77 a
X Q N"Ea A b 6x . ml 6 a. PADQOP,
A1aao 0" a. 0~ [T v £ xxmax t 4 o} U a IDH ID( b
e M O ) y ..U t- a0y U ad ., a1 As x
— xmax t4 & U 4aibb v AD, U a +idx, . aAd ~a. _i
i it 6a, a®G U a a "7 a
i~ X bel 4 0 Q Ox ., “a | “a. ¥id B Xab 'Et
Ld, A £ 24av “ a.RAM Y ‘10 P 0 y,oxAQ4, vy
TN 0 " a 6, 0, a®y "Et° v d O A O a b4
e * 0 “a. U a +ide Nna o i bs T awlOs y 7 av
1 6vwufavn® EL° a4eé T a.
o v o

13.2 2 wt

a "XEDL QL0 4 T al® PL vna >4 _4 U o aq T
Q2 s ° exclusivelocl.(m & THU A F’, L T Y L’y a A JlT < Q2 s |7|=7
° shared Iocli" Vl - @- )
a, XN Y ot EO0 O T oa

138 postgresql.org/docs/14/expliciiocking#LOCKING S.html
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No Key

Key Share  Share Update
/ Update P
Key Share X
Share X x
No Key Update X X X
Update X X X X
T ot
a2 @t v Ah t1la ) vy
1“7 eAd to"A yurmAQ a(a’
T a)
UPDATGEE XNb3 b A "t 0 NnN'Ee T a.f
Q NEe a @t E "7 a.
a, N0 b & v Qb i h ,  xmax f
pageinspectd i v 20+t v A4 7 a:

CREATE FUNCTIONIocks(relname text, pageno integer)

RETURNS TABLE(

ctid tid, xmax text,

lock _only text, is_multi text,

keys upd text, keyshr text,

shr text

)

AS $$

SELECT (pageno,lp)::text::tid,
t_xmax,
CASE WHEN t_infomask & 128 = 128 THEN 't' END,
CASE WHEN t_infomask & 4096 = 4096 THEN 't' END,
CASE WHEN t_infomask2 & 8192 = 8192 THEN 't' END,
CASE WHEN t_infomask & 16 = 16 THEN 't' END,
CASE WHEN t_infomask & 16+64 = 16+64 THEN 't' END

FROM heap_page_items(get_raw_page(relname,pageno))

ORDER BY Ip;

$$ LANGUAGE sq;

accounts Ned 5 _ A 1. Ab 9 (
IDO A h v U a, P n” T oa
=> BEGIN;

=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 1;

=> UPDATE accounts SET id = 20 WHERE id = 2;
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4va, OKXH b b 6 A T oa:

=> SELECT * FROM _locks(‘accounts',0) LIMIT 2;

ctid | xmax | lock _only | is_multi | keys_upd | keyshr | shr
(0,1) | 122858 | I I I I
(0,2) | 122858 | | | t] |
2 s

wt v keys_updated e 0 a.
=> ROLLBACK;

SELECTFaQRE X~ ° "Q  Ad 4 v xmax_lock only e
614 ~a. e v ¥4, ., o™ | <
0 ~ a.

=> BEGIN;

=> SELECT * FROM accounts WHERE id = 1 FOR NO KEY UPDATE;
=> SELECT * FROM accounts WHERE id = 2 FOR UPDATE;

=> SELECT * FROM _locks(‘accounts',0) LIMIT 2;

ctid | xmax | lock_only | is_multi | keys_upd | keyshr | shr

(0,1) | 122859 | t] I I I

(0,2) | 122859 | t] | t] |

2 s

=> ROLLBACK;
n° ot
n° ot v A Qa 0 ad4 a Toé6n4 x T a T oa
S oty Tk i ot t 02 a I'EfT T a

PostgreSQL A v @t U @t 4565 N Qff H +iT U0 O x 10
4y Jve 2 ot 6, xn4,TU ylJve "&£ n>a 44
Yy 7 a. T E,UNse v ° QtO T 2 " a. b o3 83" N XBT
SELECHE X d'E 2 P yuvavy a
a, OK 45 a voi_ O fn" oa

=> BEGIN;
=> SELECT * FROM accounts WHERE id = 1 FOR KEY SHARE;
=> SELECT * FROM accounts WHERE id = 2 FOR SHARE;
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a. N VIS a v of a:

=> SELECT * FROM _locks(‘accounts',0) LIMIT 2;

ctid | xmax | lock only | is_multi | keys_upd | keyshr | shr
(0,1) | 122860 | t] | | t]
(0,2) | 122860 | t] | | t]t
2 s
> A 4d xmax_keyshr locke L v 61 "Qao e EN° @t 0 a -
139
a.
13.3 a U d
0 Wb dE, " &x " T O a ID xmax t 'E 6  a.. dawdy
O a na> 47° n ° Ad " EXAAl v b, 07
PostgreSQLX M°  ° . a'l x,so-called a U A (multixacts )**°0os 5 v w, T -
a.a & ax"1 b dO6 ¢ a. 7 T a.. TH—w. t T ot 46 t
T v PGDATA/pg_multixact) & & 4 0" a.101t" 0" . v —
T HOO™M4 T 8Ht "A ] x 1 T, 7 7 E. 4, "E6 a.
a a aimp Q U aib n 32e ° 0b QLQ NEQ 07 a.
U ada & axn DObL a "7 a.p. do .  PostgreSQLX b
e xmax_is_multio |~ a.
ab U a T v (MW T e a @t 0., b tn "
=> BEGIN;
=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 1,
=> SELECT * FROM _locks(‘accounts',0) LIMIT 2;
ctid | xmax | lock_only | is_multi | keys_upd | keyshr | shr
(0,1) | 1] | t] I |
(0,2) | 122860 | t] | | t]t
(2 s
xmax_is_multie v _ Q IDd " 4 a U amd i avwu, T J °
& & ta ] 4 tAb VYa,pg locks . Ji Jb3 ot 2 ’
® 10 taa

139 include/access/htup_details.h

140 backend/access/transam/multixact.c

141
backend/access/transam/slru.c
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=> CREATE EXTENSION packs;
=> SELECT * FROM pglocks(‘accounts’)  \gx
CIRECORD 1] | . . . . . . . e e e e e e e e e e
locked | (0,1)
locker | 1
multi | t
xids | {122860,122861}
modes | {"Key Share","No Key Update"}
pids | {30423,30723}
JIRECORD 2] | . . . e e e
locked | (0,2)
locker | 122860
multi | f
xids | {122860}
modes | {"For Share"}
pids | {30423}

pg locks 2 v pg_locks 2 0 swOQ ° | QRAMY® 2 10 P b4
ND "Epg locks 2w 41+ A4 7 a.
=> COMMIT;
I => ROLLBACK;
multixact ID v 32e 0E Q U aIb Qb E O NCE wraparound
A .. Q7" a.wO+h PostgreSQLX multixactlD 0 n'M v “NE & 4 ~a.dU00
multixactID v o "E0 IDDEd 6 'HAs d > 4 " _7° s (O @ udl Ad 4w
o) 0 AaIDEd 6 a)'®
Q U aibv xmin t 45 QA M5 QeA \ X xmak AUB40XK yb
w, U p)a U a AdbnM A t v xmax ~ a: — X W ot "Eo "ED
U a4 Q NE . Q. 2 77 a.
a O a anMx Q nMO° | *NEOO a2 "7 a. 07 h— OO0 b
Mo~ a:vacuum_multixact freeze_min_age , vacuum_multixact_freeze_table_age ,
autovacuum_multixact_freeze _max_age vacuum_multixact_failsafe_age U "7 oa.
134d . A
t ot
a "N E YU "&£ 0Ed, AX_a pB NE A6 a. U @

142 backend/access/heap/heapam.c, FreezeMultiXactld function

197



a Aa x a, BAEO WO+ -~ a:'®

1. xmax e b 6 Yv @t E y .. Y °@Aa 4
y . T T e
2. 0 Ab, ot 5 yuv 7 8x, . ad ~ xmax U aAv xmax
4 mutixact ID b OAbJY U Q) ID48© ©.0 T a.
3. & xmad =~ IDO, E = © e 0w T a.
4. _ BAE4r T Ab4v ~ a.
"X 0 a1 " Odo |  .b g0 O ¥y 7 T a
IBAE 4B A | Ow Y7 a NHB7T ot ° U 4 +iéx., , adw o
wNEeR82 "~ a..YUUJY U a4 n LA Aol v Ad, P d
™ U a4d d, 16" a. d U a +idow . .. & .
1, A <4« 4y 1 8H aoe O ax™, NEd., 4 al "7 a. Y
4 2 fb d‘)resource starvation O;e - a ° N d /1 _4 b L'J; CI N m a
U a a,NE ", 4, w 7 T oa.

0 f a2 "7 a.PostgreSQWX O A 4JY O aid ° T HRRENX
pg_locks Ne " | 4 QN O™ a., YO 'Epg locks" 4 Aa0d PO et nn~ " a P
5 B Ob o . Kv (& NO U a ~ eAd ")af J wu a.(b «ID
16 "X 1 7 oa)

=> CREATE VIEW locks_accounts AS
SELECT pid,

locktype,

CASHocktype

WHEN 'relation' THEN relation::regclass::text
WHEN ‘transactionid' THEN transactionid::text
WHEN ‘tuple’ THEN relation::regclass||'(||page||’,'|[tuple|])’
END AS lockid,
mode,
granted
FROM pg_locks
WHERE locktype in (‘relation’,'transactionid’,'tuple’)

AND (locktype !="relation' OR relation = ‘accounts'::regclass)
ORDER BY 1, 2, 3;

_ v a, °a . A

=

o |
\

o)

=> BEGIN
=> SELECT txid_current(), pg_backend_pid()

txid_current | pg_backend_pid
+

. backend/access/heap/README.tuplock
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122863 | 30723

T )
=> UPDATE accounts SE@mount= amount + 100.00 WHEREd =1

O dadx: E0 £ b BAIOP+I o Ned °_7° o 77 a:
=> SELECT * FROMcks_accounts WHERE pid = 30723;
pid | locktype | lockid | mode | granted
30723 | relation | accounts | ExclusiveLock | t
30723 | transactionid | 122863 | ExclusiveLock | t
2 s)
P _ v oa, > an . Ah Aa 1 7 a. U axn °,  adosrd
<« 41 10 a:
=> BEGIN;

=> SELECT txid_current(), pg_backend_pid();
t xid_current | pg_backend_pid
122864 | 30794
@ )
=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 1,

I

Wple (0,9
P _ U arkP_ BAE 1 06 a. xnH NeO d U @ R O B
BAAL T "OP_ BAE4HD P Kk g a b ° L'Evy 0  a.

v pg_ locks® 4] QA O™ a:

=> SELECT * FROM locks_accounts WHERIH = 30794

pid | locktype | lockid | mode | granted
30794 | relation | accounts | RowExclusivelLock | t
30794 | transactionid | 122863 | ShareLock | f
30794 | transactionid | 122864 | ExclusiveLock | t
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30794 | tuple | accounts(0,1) | ExclusiveLock | t
(4 rows)

t _ O ax _ BA4H-A | 0 a. O ax 10 ’
= 45A 1 07 a:
=> BEGIN;

=> SELECT txid_current(), pg_backend_pid();
txid_current | pg_backend_pid
122865 | 30865
(1 row)

=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 1;

=> SELECT * FROM locks_accounts WHERE pid = 30865;

pid | locktype | lockid | mode | granted
30865 | relation | accounts | RowExclusiveLock | t
30865 | transactionid | 122865 | ExclusiveLock | t
30865 | tuple | accounts(0,1) | ExclusiveLock | f
(3 rows)
£o_ a Av @t U ax = Q b CEt _ U aobdn
®Pn : 0”

a®l 07 a.
=> BEGIN;

=> SELECT txid_current(), pg_backend_pid();
txid_current | pg_backend_pid
122866 | 30936
(1 row)

=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 1;

=> SELECT * FROM locks_accounts WHERE pid = 30865;

pid | locktype | lockid | mode | granted

+ + + +

30865 | relation | accounts | RowExclusiveLock | t

30865 | transactionid | 122865 | ExclusiveLock | t
30865 | tuple | accounts(0,1) | ExclusiveLock | f
(3 rows)
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d <« <« ., M 7 pg_stat_activity ®0 Bt 7 a
a:
=> SELECT pid,
wait_event_type,
wait_event,
pg_blocking_pids(pid)
FROM pg_stat_activity
WHERE pid IN(30723,30794,30865,30936)
pid | wait_event_type | wait_event | pg_blocking_pids
5 5 8 8B 058688 086 B ooaes oo B o508 8 B 0088800688 6
30723 | Client | ClientRead | {}
30794 | Lock | transactionid | {30723}
30865 | Lock | tuple | {30794}
30936 | Lock | tuple | {30794,30865}
(4 rows)
(O I U a BOawdt ~ U dAXd, A, xXxXE Yo BZA 6 u
a.
Q _ U a "8b3E &f 7 a.q As A H®&da 4sv A
bQe JP_ g a, B 4 “a"™@d. A ot - U al Bo6 a)
yu O _ Hda 4rva O a 81 a 167 a
wObs  _ U a 07 a:
| => COMMIT;
P _ U a  NVa: "E0 t_ BAE f _ BAEOEWN NE i T oa:
|| uPpATE1

=> SELECT * FROM locks_accounts WHERE pid = 30794,

144 backend/executor/nodeModifyTable.c, ExecUpdate function
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pid | locktype | lockid | mode | granted

30794 | relation | accounts | RowExclusiveLock | t

30794 | transactionid | 122864 | ExclusiveLock | t

(2 rows)
P _ U a . Qb _ U al Ae” a., YU o'ED xmax
tt 0ad IDD @ vwu, M2 "7 a

457 4w 2 "EbvLls " a. 0  H&d®a A4bvv T _

& 1 AP A ed BAOWO YT oa.t _ o ax P _ U a
i 6,0, ados T As | V77 a:

=> SELECT * FROM locks_accounts WHERE = 30865

pid | locktype | lockid | mode | granted
5 56 8B o0o8 8¢ 2 0% 8 8 0 0 GBoGEO0GE 8 B 8 0 SBEEGGEOAGEEAEAEEE
30865 | relation | accounts | RowExclusiveLock | t
30865 | transactionid | 122864 | ShareLock | f
30865 | transactionid | 122865 | ExclusiveLock | t
(3 rows)
P _ U alna < -
=> SELECT * FROM locks_accounts WHERE pid = 30936;
pid | locktype | lockid | mode | granted
30936 | relation | accounts | RowExclusiveLock | t
30936 | transactionid | 122864 | SharelLock | f
30936 | transactionid | 122866 | ExclusiveLock | t
(3 rows)
£ T f U axp _ U a +i6, 0, ader»"EA <« 41 10

“a.d, AR «mid41” a

B

145 backend/access/heap/heapam_handler.c, heapam_tuple_lock function
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d, A vhAavad U a J aw®P

ME®M 4JdY "Et' 45n Ne . Ah vy X N M
46 Y ©OXRE3IAR 0 N a2 vTQ <«NTET O
00t U o4, " tala
H => COMMIT;
m UPDATE 1
=> COMMIT;
M| UPDATE 1
=> COMMIT;
n° ot
PostgreSQLX 1° ° "My 4 T a.ea 1 @
+ JU O bQe a NHPBAE " i x Y MOD
a> ... g a a N\ BAO <« T a7 "
1. xmax t = e b ot "E ¥y u o,
T ~ a.
2. o AD, 6 Vv P 8 x, a®,
4 multixact ID b OAbJY U Q) ID4 6 :
3. ¢ xmad =~ IDO, E & O e Ov
4. _ BAE4s T Ab4v : © a.
PBAEs ° @tb 6vAd, U a d, A, xx EI
La . oal fn" " a

=> TRUNCATE accounts;

=> INSERT INTO accounts(id, client, amount)
VALUES

(1,'alice',2100.00),

(2,'bob',200.00),

(3,'charlie',300.00);

U oa, > T a:

=> BEGIN
=> SELECTxid_current(), pg_backend_pid()
txid_current | pg_backend_pid

+
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122869 | 30723

(1 row)

n ot E gy " a:
=> SELECT * FROM accounts WHERE= 1 FOR SHARE

P _ U awxn L2 As | Q16 Vv~ a.lN ot e 2 ot
8 Vv, xn ~ a:
=> BEGIN;
=> SELECT txid_current(), pg_backend_pid();
txid_current | pg_backend_pid
122870 | 30794
(1 row)
=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 1,
_ U a +idéx, ,ake vnvu,P_ U ax A T Qb E
T - N ¥
=> SELECT * FROM locks_accounts WHERIEH = 30794
pid | locktype | lockid | mode | granted
30794 | relation | accounts | RowExclusiveLock | t
30794 | transactionid | 122869 | ShareLock | f
30794 | transactionid | 122870 | ExclusiveLock | t
30794 | tuple | accounts(0,1) | ExclusiveLock | t
(4 rows)

tple (0,1

t _ g a, nw ot ., “a " a. Y "N 0T o) 6
xn 4 U axd, A, xxEl 07 a:

=> BEGIN;

=> SELECT txid_current(), pg_backend_pid();
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txid_current | pg_backend_pid
122871 | 30865
(1 row)
=> SELECT * FROM accounts WHERE id = 1 FOR SHARE;

KX . .8 v Pk U a "7 oa:

=> SELECT * FROM pgrowlocks(‘accounts’) \ gx
.[RECORD1] ., ., . ... ... .....
locked_row | (0,1)
locker | 2
multi | t
xids | {122869,122871}
modes | {Share,Share}
pids | {30723,30865}

46 _ U a +idwfF

P _
Mp~ a.. YU _4v i _ U as4 1 & a:

| => COMMIT

=> SELECT * FROM locks_accounts WHERE pid = 30794,

pid | locktype | lockid | . mode | granted
30794 | relation | accounts | RowExclusiveLock | t
30794 | transactionid | 122870 | ExclusiveLock | t
30794 | transactionid | 122871 | ShareLock | f
30794 | tuple | accounts(0,1) | ExclusiveLock | t
(4 rows)
v _ U a +idwP_ U a Ah 02 2 | 8w
on 7 Qe yu o).
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Il = commit

UPDATE 1

=> COMMIT
TU qyledr "&£ "A6 YNH MWoe a2 O > JF 2 |, xn4nq
N V. 4w “a..YYdao ADd, T "E U4rvP° a vy
T a

o

135e d .,
SQHE X Q NTED 4 6x., d, “a..YUx'EV °"_ T aA
v AD A, * vy &) a1 "~ a. 0~  SELEGCLOCKALTER KX (¢ 4 v

NOWAIT no- a.

LT 77 a:

=> BEGIN;
=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 1;

0 a 64 v Ad NOWAIT, I G&Ex ~ AOE+i 6™ a:
=> SELECT * FROM accounts
FOR UPDATE NOWAIT;
ERROR: could not obtain lock on row in relation "accounts"
Y 400 T ELU td4s Moo & a 7 a.

UPDATEDELETEDE 4 v NOWAIT 4~ ~ a.d  ,SELECT FOR UPDATE, [i U
a Il 4&£Mm AD4QAND y U

a 2 Ad4v § O , xxEs |Ji b3 Y A ® 2 -
W ®ESKIPLOCKED, |t J° &v SELECTFORI  ~ a:

=> SELECT * FROM accounts
ORDER BY id
FOR UPDATE SKIP LOCKED
LIMIT 1;
id | client | amount
+ +
2| bob | 200.00
(2 row)




we4d ao i JEOaN v un 4 a.d
® a2 "7 a.

"0 QNE Mo . ¥ J, d,

=> SET lock_timeout = '1s";
=> ALTER TABLE accounts DROP COLUMN amount;

ERROR: canceling statement due to lock timeout

dou- & ~ a

GENXNT o4 " T Q JJOEti 07 a. Mo Nt Q2
461w a3 "7 a.A0tA U a,’ Mo . ¥ a 77 oa. “
It o2 b v <« 45 " O0E v OE., X Ne & 4. d
R.. a2 " a.doLbQe AdD 4 HE, a1l a "7 a.

statement_timeout £ 7 u= f 1 A" Lt l€ e 3 ,lock timeout & , N WIE o

b, A b A L sg yo.

=> ROLLBACK;
13.6 )S < Deadlocks
X <« (deadlock)v U a avb v a i a OE x Qo 2
a. a0 U anxA +t _ U at ° mAd Abb "7 a. KN
U atx vy Ii Jd. A4t 18 a

YULHMd, A4 O v U a Aad s+, OE Ad,n d, N1a’

9 4 6x. . aAY “a. Y Adbx <« L Qe " a. d AN4v T

3 AN E M 2A4v 4« Ldvuw T oa.

* R 6= g ( U Wait—forgraphﬁ( 'AS‘Q.( U ft” £ “Et GU ° a3, O
*Opex ", d, v EL' 4 T "ELt°E T a.. U 47
Ab, ftb O OwO . 41 1B a2 vAdx <« bLQos u 7 a.

+ o™ Al TEG& bR 1 *HL O+ vyo.+bVviE®MeagT oYyo.
*J 3 tq 1*HE tq4 TEG/ 7 A H ,o. E 21 "HOI/ A
yo., 1t WeaqrE TEG/ T F-. K1 F x

1 *HE §ey" L WS o +£0A tyn ol ol

O wi. =v
A vo.*J 3

VY Hyo.
X <4 bQe a8 b v Mo . % Y XAD, U At XA« b'ED
I 07 a. w o0 b ANEx < 0B v %7 a.

146 postgresql.org/docs/14/explicitocking#LOCKINBEADLOCKS. html
147 backend/storage/Imgr/README
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- 3]

yu 'y X fA, OE " a.0_ ° 0 6xQa A 9e »vVD
a(@v ox <4 v Q9 |

xn " a)wds Et°bé, O X Qa Y

a vy N D y a.

o

. T Av " | b~ ad, N4 U "EL " b t o, PostgreSQLX
dealock timeout( 1 X1 Yok " a™E & p, ANE Mo, v T oa.®
¢ -0 i bs a® b ef . a1 "7 a.. YUx <« Mo " p u
| Ed, b £ Oawd, Bt AV s 0 T lt®
N° BEvd, .U Ot o] . 4o vu " g’ Y| <« 0"a "
PostgreSQLX v ANy T ™0 NCE T a.
x <« bbb & YNo Et‘va' tld a.A by EbAu " a.
x <4 bbH 6w U A Ubs3z "E i86A4 ° 6e9al U a ~ _ £
1 16" a.dao ADd, ,° U a B Q| 4 Ne'E,
) . M y v autovacuum "Et ‘b OAD »—v 0 & 77 b X autovacuum
i 7 a.
X <4 v QO NE Q01 ® Qe A0V t~ a. Y <« _, QY  ~ b —"E.
d i ~ pg_stat_database Ned b b v x < XA N 7 a.
1 4wl x o«
x <« v, NE Yy "4 Qo Q "E+Ea0 THE TO a Tx -
0+ T a.

148 backend/storage/Imgr/proc.c, ProcSleep function
149 backend/storage/Imgr/proc.c, CheckDeadLock function

150 backend/storage/Imgr/deadlock.c
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Cr

CR
o
o
Q)

otA, O a Pk A& p4 $100, v AD
J T oa:

=> BEGIN;

=> UPDATE accounts SET amount = amount 100.00 WHERE id = 1;

UPDATE 1

A N

h>4a0 U a P_ £ 4 _ [FE N'ES$L0, As T a.A
o - @”
=> BEGIN;
=> UPDATE accounts SET amount = amounrt 10.00 WHERE id = 2;
UPDATE 1
U a p £ 1. b Ao | Q d v

M a Toa:

=> UPDATE accounts SET amount = amount + 100.00 WHERE id = 2;

o

®o P U ax _ £ ., 2 As | Q ", Q Q ° a:

=> UPDATE accounts SET amount = amount + 10.00 WHERE id = 1;

Y 1T d, <« v " E M6 YV 7 a. U anxi1 o4&

Ex <« L0 9 b —4 Bo™ a:

Ci

ERROR: deadlock detected
DETAIL: Process 30423 waits for ShareLock on transaction 122877;
blocked by process 30723.

Process 30723 waits for ShareLock on  transaction 122876; blocked by
process 30423.

HINT: See server log for query details.

CONTEXT: while updating tuple (0,2) in relation "accounts

P _ U a A& a Ta..wX. AVUsa 2 T oa:
| uppATE 1
U a,+i 5 a.
| => ROLLBACK;
=> ROLLBACK;
KN A, 2 v OO0 “ NN THE® "0 ", vwuwu T a.
04v £ _ 0, NEIY AINEE, ° 2 477 a.
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Pk WDATEL | X <

Ob UPDAT&E THEJY ., 2

a

5

a Ab4v x <4 bob3 w Y7 Q° "EQe 2

0 NCESQLOE N4 aomic ¢y 5 t, ‘Q a. y., 0?UPDATEE
Hon®
,a 0 UPDAT& ¢

Ta. QEN _ 4Ot " ud a g ’
o

5

v Al x <« bQo 2 a.

Y “UQOAD P n” " a’A ,amounth 4 °© ¢ TN'E

=> CREATE INDEX @Gdcounts(amount DESC);

e a | E A, ® v a0 £ 2 a:

=> CREATE FUNCTION inc_slow(n numeric)
RETURNS numeric
AS $$
SELECT pg_sleep(1);
SELECT n + 100.00;
$$ LANGUAGE sql;

UPDAT&E N @t L2 w T a.” &£ X
.

=> EXPLAIN (costs off)

UPDATE accounts SET amount = inc_slow(amount);
QUERY PLAN

Update on accounts

. > Seq Scan on accounts

(2 rows)

amounte L g7 +n" L govaoqr e» mwu

T

- Ly - yo.

=> TRUNCATE accounts;

=> INSERT INTO accounts(id, client, amount)
VALUES

(1,'alice',100.00),

(2,'bob*,200.00),

(3,'charlie’,300.00);

=> ANALYZE accounts;

=> SELECT ctid, * FROM accounts;
ctid | id | client | amount

210

& t O

1Qe V7T

ab Th"En

No4 ©

T Y o

+wl €9

U



S O ..., ...
(0,1)| 1| alice|100.00
(0,2)|2| bob|200.00
(0,3) | 3| charlie | 300.00

(3 rows)

T 4yoN _ N T 5 "EQ " a( Qd @ Ne AD <« & vy 7 7 a)

a o, 57 a:

| => UPDATE accounts SET amount = inc_slow(amount);

o ~

,ab a4 T yo PnT T oa

H => SET enable_segscan = off;

MO NE Ux v a, UPDAT&E 41 © | 'Y T a.

=> EXPLAIN (costs off)
UPDATE accounts SET amount = inc_slow(amount)
WHERE amount > 100.00;

QUERY PLAN

Update on accounts

. > Index Scan using accounts_amount_idx on accounts
Index Cond: (amount > 100.00)

(3 rows)

P _ £ _ X. Q “a. |l bo@ T OE XJTNEa 6w " a.

=> UPDATE accounts SET amount = inc_slow(amount)
WHERE amount > 100.00;

pgrowlocks BRI ) L 0 _ (0,2, 2 ANoa,P
N Q (03), a2 . 3 a.

=> SELECT locked_row, locker, modes FROM pgrowlocks(‘accounts');
locked_row | locker | modes

xxxxxxxxxxxxxxxxxxxxxxxxxxx

(0,1) | 122883 | {"No Key Update"} . < first

(0,3) | 122884 | {"No Key Update"}. < - second
(2 rows)
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1 té Y a.
M {6 Vv 7 oa.

a

=> SELECT locked_row, locker, modes FROM pgrowlocks(‘accounts);
locked_row | locker | modes

ssssssssssssssssssssssssssssssssss

(0,1) | 122883 | {"No Key Update"}
(0,2) | 122883 | {"No Key Update"} < - the first one wins
(0,3) | 122884 | {"No Key Update"}

(3 rows)

A Ta.x <4 LQe 7 a.

P U a UL BO  a:

ERROR: deadlock detected

DETAIL: Process 30794 waits for ShareLock on transaction 122883;
blocked by process 30723.

Process 30723 waits for ShareLock on transaction 122884; blocked by
process 30794.

HINT: See server log for query details.

CONTEXT: while updating tuple (0,2) in relation "accounts"

e ad U ax’ _+i 7 a:

UPDATE 3

2900 « \4i Qdy a 1 6v aa 4 hv
a.
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o

14.1 e K
©OFEpR 8 Vv ® 0 PostgreSQLX K ° ™! y v . It
‘ E, 4 Oy ot u a2 "7 oa Ne Ldl,t 9l
h © UOKNX ut 0" a

Ne o v ¥ Q@ fn~ " a

=> BEGIN;

=> CREATE TABLE example(n integer);

pg_locks Ned »©O&L M~ °_ O 7 t0:

=> SELECT database,
(
SELECT datname FROM pg_database WHERE oid = database
) AS dbname,
classid,
(
SELECT relname FROM pg_class WHERE oid = classid
) AS classname,
objid,
mode,
granted
FROM pg_locks
WHERE locktype = 'object'
AND pid = pg_backend_pid() \gx

.Y pcampb O {
database | 16391
dbname | internals

xxxxxxxxxxxxxx

classid | 2615
classname | pg_namespace
objid | 2200
mode | AccessSharelLock
granted | t
O “va, tb XK/ 0~ a:
database - ° d «K b Oh t ° od(Av K b Y' 4N

151 backend/storage/Imgr/imgr.c, LockDatabaseObject & LockSharedObject functions
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classid- &= * ° CHRE “E, Ne 'Y4 d v pg_class4 Y A O oid

objid - classid b vt E, Ne4 U A O oid
database XX © a h t " 0b&® 7 a. ta nAmOh t ° ~ aclassid A X
"QO0 U A v pg namespace No L& ~ a.
objidd ® 2a "7 a:
=> SELECT nspname FROM pg_namespace WHERE oid = 2200;
nspname
public
(1 row)

w O PostgreSQIx U @ Q | "Epublic Q0 37 a

M b "EXK 4v K T dX b vt O 48 ’ o -
152

a.
=> ROLLBACK;

-]
14.2 © A
e A ab b 4WwOPostgreSQW b3 Ad 0 | b3 4 Mp40'ED
. A T a..YUAtrt T 4 hu D ° o 'ED 0 b 4 wu a

A& & Mo © 41 0'ED v o d L4 b0 a( 'E o "Eb ot 8

al )

o "ED b _ 4 Et ' A PQ b3, T AN " y v 8
"NTE} 07 a. Y N m A4sl | 4 0 "ED LO°®
s h Ji 67 a

e £ X T wOAApadln a

. stdw U a +1i6x, a® Vo 0" a
., htoé¢,°Q 2a4NDEd, . U 4 8 V77 a.
I I » € v\ " deadlock_timeout 00 €1 A’ Fs3E, 1/ €+ &

HitT SO" @ Yyo.FicWMeadt O EQyn: 1 TEG" €D/ ONX
) €.t/ e¥Y OBAyo.F+,.1,90" 41 K AHt alad
MG —et OROTX X H & BAvo.

152 backend/catalog/dependency.c, performDeletion function

153 backend/storage/Imgr/imgr.c, LockRelationForExtension function
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+0 - Luyj — WL K/ 41 Fn” »Yyyo o, L o=
T'EG & xov H K/ 512 fnn 4 nQuu)®™+* /14 QKB =
Foe ", K/ FNT o Yyo o

o

14.3
+R 1 ¥ N
-Hyo.

o, & Fn LGINEMI/ r & oHe,0d" ~E_ 1/ o

GIN I "v * A% BA KXT] X 0-0y4yo v 10f a "~ a.GIN | v
N b LM kK" BAD vB- ® e d EdY NEv® a2 "7 a.o'Ebn
b bd® dnpr4U Us RBAD T 1“0 | 2 i 7 a.
£3. < 7 GIN v AOa , T ~ a. v fastupdate ( | XK on) 0 Kk
"2 A Nd™ a.o"Eb BAU A Ad YXd, QE41 061 bda, At | " p
e 4 Qts O Q |“ & E nd” a.»"Eadfnsr4d 1 OBAL b3t
L. oxnA T o xel Y " a.
Y CEt - A BA n> . o [ v |l “"EBAbL QP n
8 x ot "E ° 7 a "N OQ L i 4 A V77 a.
e £ 00 b E "N A +ide U a i0, amd Vo 6
0Eht &, Q9 V77 a

o
14.4 A
a0 y v " ©F " OKN)OBO, A "B ANE T6 VT a. * X
I E.UkKQ 4 No~ a. Y "X T E. U Q ) [ =
5 Ad o 1 T a2 77 a.
ADt A,SELECTFORvY LOCKTABLEE, i 4 ~ a2 v t K “d yu
0, A@® “ 4+ DO d N T a.® 497 Y a® d Y48
 t0et vw b RAO “ 7 a.

=> select hashtext('resourcel’);
hashtext

991601810

(2 row)

154 backend/access/heap/hio.c, RelationAddExtraBlocks function
155 backend/access/nbtree/nbtpage.c, _bt getbuf function
156 backend/storage/Imgr/imgr.c, LockPage function

157 postgresql.org/docs/14/explicit -locking#ADVISORY-LOCKS.html
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PostgreSQLX A N YA N a U0 WM ~ a. 2 'YNpg_advisory

PlE Ha, OKXTQ E v BAD a7 oa.
, lock: T
try :d, 4 CoT. )
, unlock:
share: 1° " ot T (1 NE ot i)
, xact: U a U, T Tw® (1 NEtQ b, )
ta L, . T 17T a
=> BEGIN;

=> SELECT pg_advisory_lock(hashtext('resourcel’));
=> SELECT locktype, objid, mode, granted
FROM pg_locks WHERE locktype = 'advisory' AND pid = pg_backend_pid();

locktype | objid | mode | granted

advisory | 991601810 | ExclusivelLock | t

(1 row)

A 7 "En Apad "EL I & 41t xv O750 a2 4 " a
v ¥ "E, UA P64 4d T oa.

T "N U a + i 0 41° b7 a:

=> COMMIT;

=> SELECT locktype, objid, mode, granted
FROM pg_locks WHERIEKtype = ‘advisory' AND pid = pg_backend_pid();

locktype | objid | mode | granted
advisory | 991601810 | ExclusivelLock | t
(1 row)
AR Nride T, @ NE 17 a:

=> SELECT pg_advisory_unlock(hashtext('resourcel’));

145 X a

Xa ~ Ovi{iAv " CQN"E 4 HOO b Av 1 45U R Y
d° ® n v aAh ot , &0l H&O T 144avuw T oa’
“E, Ned x. Q v o'ED A b, X°E da 7 a.

158 postgresql.org/docs/14/functions -admin#FUNCTIONS ADVISORYLOCKS.html

159 K. P. Eswaran, J. N. Gray, R. A. Lorie, I. L. TraigerThe notions of consistency and predicate locks ina database system
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Y °"E M™  ox@A), . vwuw, N T aAd0tAa>10 x, b o’

a® 110 | o x., Q vo'Ed Ned b 2a4NODE £ Qo
Y77 a.n va<200KxXalbi1 ALY U Y 14t | v Ja0 i a
vy “a. ENE f vMa® NEM a4" " a.” B A>T K 00pB
0 144 v M a "7 a.
PostgreSQL4 » A H®2a Nald "~ NEd 06~ a. A H®a X Serializable
Snapshot Isolation (SS) "E ', | "~ a. xa ° Ovinv [t 6 «q.
ov "1 NE®AAT T a |, Y TRV w V7" a.d’, tXH»"EabD
U dp b TR, sh Ji 67 a.
Q b3 A 4 bs tXNHOY M, b, (witeskew)w T U a <« <«
i ot <« <« i \ . wd1~ " a. Pb <« <X «d NE Xei \NE
h e U 4 . QY 2 "7 a
n vPb O "k, 4" 4 avu " a
. _ U a p o at u 42 6v (RW ~ &)
. _ U a p U a4 U4 v a (WR ™ &)
WR “£x Q o, |t Jb a QRW “ £X Xa < a
Y X A H®2 45 ANE £ 6™, w ot U a@s Al « AMO
O a4 d 2 [P v 0 ° “a.aba 4+ O a v A
0 xa . % YNOE A a2 X Q 2 NEo ALl 67 a
a’  _ 3 8" NUX Xa ~ Ov Y4l o b 8, Xa N~ TEMT w|
y "7 a.d>, U a "8 x SRR 3, PostgreSQL <« <«
w d U dax Bo  a
a, XNJY 11 I “0b N, o£ v A 7 a( Nfilfactor >, [Ji J

=y a7 oa)

CREATE TABLE pred(n numeric, s text);
INSERT INTO pred(n) SELECT n FROM generate_series(1,10000) n;
CREATE INDEX ON pred(n) WITH (fillfactor = 10);

ANALYZE pred;

Qv wbT A2 v Ab, NO X. Q ° VU g & 0O

160 backend/storage/Imgr/README -SSI

backend/storage/Imgr/predicate.c
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Ned d Xa To  a.

=> SELECT pg_backend_pid();
pg_backend_pid

ssssssssssssssss

(1 row)

=> BEGIN ISOLATION LEVEL SERIALIZABLE;

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM pred WHERE n > 100;

QUERY PLAN

Seq Scan on pred (actual rows=9900 loops=1)

Filter: (n > '100"::numeric)

Rows Removed by Filter: 100

A>4b5vn>100 x, Q v v 7 oa. ObT 2 0 E
Ned d Xa To a.
Xa N O0L o ‘Qpg_locks v "YWl . "0 o t, D
“a.®t xa N <4« A H&a . (SIRead ®t "E T 6~ a.

=> SELECT relation::regclass, locktype, page, tuple
FROM pg_locks WHERE mode = 'SIReadLock’ AND pid = 34753
ORDER BY 1, 2, 3, 4;
relation | locktype | page | tuple
pred | relation | |

(1 row)

| =>ROLLBACK;

° A v SIReadLockpdt 'E TO xa . vy “a. xa N U dp
kL vh Ji6o0E U a * ~p?t adUl® 82 "7 a., YU tN AN
"EOMO a.

1 2 6v AD « ke0o a.B & | Ad, N 0" O

4 d Xa .9 vy QNEl o T a. &l N'E x4 o O
0" 1"07 a.

=> BEGIN ISOLATION LEVEL SERIALIZABLE;

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM pred WHERE n BETWEEN 1000 AND 1001;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Index Scan using pred_n_idx on pred (actual rows=2 loops=1)
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Index Cond: ((n >='1000"::numeric) AND (n <= '1001"::numeric))
(2 rows)

=> SELECT relation::regclass, locktype, page, tuple
FROM pg_locks WHERE mode = 'SIReadLock' AND pid = 34753
ORDER BY 1, 2, 3, 4;

relation | locktype | page | tuple

pred | tuple | 4196

pred | tuple | 4197
pred_n_idx | page| 28]
(3 rows)
0 o 4 d v av " Ada “a.A0t N,0"ED Ned A
dw |° Lo 62 "7 a. YU PostgreSQIN 0 aA JoEst O |
I 07 a.

=> INSERT INTO pred
SELECT 1000+(n/1000.0) FROM generate_series(1,999) n;

=> SELECT relation::regclass, locktype, page, tuple
FROM pg_locks WHERE mode = 'SIReadLock' AND pid = 34753
ORDER BY 1, 2, 3, 4;

relation | locktype | page | tuple

pred | tuple | 4196
pred | tuple | 4197
pred_n_idx | page| 28|
pred_n_idx | page | 266 |
pred_n_idx | page | 267 |
pred_n_idx | page | 268 |
pred_n_idx | page| 269 |
(7 rows)
T AT 48 0'ED , A J L b6v u, a2 "~ a.SIReadLockpt "E
TO xa ° 4d v v u a 77 oa.
P X Nk™ NE gy H Y N<4d Q a2 """ a. xa “XNb—
d o6 . I T a xa 2 v max_pred_locks_per_transaction ( | >X: 64) X
max_connections( | X:100), N uw \N'E 0" a(k"2a Y4l o b @, Xa Nk
m U ad\'E 5 Y77 a).
NS ! *On A bQo Mabd “NE MO  a: “4° &4 a i
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u 1670 2 b max_pred locks_per pagé | X 2)0k" a2 X a o,
t XB a "N"Ed 07 a.

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM pred WHERE n BETWEEN 1000 AND 1002;
QUERY PLAN
Index Scan using pred_n_idx on pred (actual rows= 3 loops=1)

Index Cond: ((n >='1000"::numeric) AND (n <= '1002"::numeric))
(2 rows)

£k T dC A u : T oa:

=> SELECT relation::regclass, locktype, page, tuple
FROM pg_locks WHERE mode = 'SIReadLock' AND pid = 34753
ORDER BY 1, 2, 3, 4;

relation | locktype | page | tuple

pred | page | 4|
pred_n_idx | page| 28|
pred_n_idx | page| 266 |
pred_n_idx | page| 267 |
pred_n_idx | page | 268 |
pred_n_idx | page | 269 |
(6 rows)

=> ROLLBACK;
2 ’ dvn 4 WY a. © A4 d Y oAb

max_pred_locks_per_relation ( | X -2)X a w, Y ©A&] "NEd 0 a.( UK
"ab, A'Ey &6 @ AXNX max_pred_locks per_transaction ( | X 64),

max_pred_locks_per_relation dXNEVUT wNEAEBOG a.wOhr 1 9XN32 7 a)
dv JYb Q0 A A400° Q J° Y 4 a A .0 " a.wOs
£330 b3 RAM( . M+ T oa.
Xa Na, OKx | °° « 7 oa:
B ®
. 1 ,GiSTw GIN
[ 2386 Q1°b Xa . a4 yu AD I b "~ a. Ad4
v 70 ' E BO U 4 al b uN"EA €07 a.

161 backend/storage/Imgr/predicate.c, PredicateLockAcquire function
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A a2 47 a Y A, READONLY, i J& N'E
N oy "t a® "ed b . i U0 a ad U ad m
® 0v O xa 7, o0ED ", T v, 2 77 a.,

DEFERABER A ¢ . [ U a <« < a “ a.

162 backend/storage/Imgr/predicate.c, SxactlsROSafe macro
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15 H ok d

‘ ° Spinlocks

15.1

PostgreSQIX Q "y 0 " d> 4b%0 @bl el NJY?® B KN

fod b & OF " a.

L pB Y " (spinlock) “a.” &x? 0d x> pAaN{YcPU] o)

fowod, n° Ab  "Ea T - To  a.
"X exOx (compareandswap'® K N s CPWYé,. . QNE ~ a.’ Y
et s Ta. b ® b 0 Yy vAD CELTvQE, QA JoT

d . (busy-wait)d 2 “awOs Y ™" w7 oa). O pod4 ", T adv

Adb "B v adil 0° T a.

UX m O 0d! ase v Ab4 0L "7 a.wOh’ Sl YR

Ok @Eod4r TEL3IE [~ a.

"NXx <« B VUE 3 477 a. i & 4hu’ ’ OMa N

8HAO0 L 4d X PostgreSQLk Q 41 7 a.

152 Ay
a. NEAy 7 Av lwlock™ Oa s OY " a.b%0  Xb ENGE
NeA v QE, & vh O “pny TEH Q NYE X' p ~ 0067 a..

YU /O A, T vh Ji6xv e dU0 p wodal "7 a.

b %0 N ot (h a T)y oot ( t AT) a. v W'E
V"7 a. ", a®dvsdY "EL' b v AD, A Et " bex ° E 4 4
a1 " a.a n> EL°b v aa O Abv 44 600 U a a

x <« 4y]v N8 VY7 a.b%b ° A®d61 b 64av 4d PostgreSQLK Q

t, "H + “a.. YU Y "NE 3, Ko NOD'E "OB®6 a

a

15.3 A

TOAy Al Jiderdy4as Ji 62 v wvt,~ — 7 WA O

00 f n° 7 a ot LauUupN | wx T o PostgreSQL
5 W

163 backend/storage/Imgr/s_lock.c

164 backend/storage/Imgr/lwlock.c
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— R IS — 0 < IT § v No- . NG EE v — BufferMapping

Ay "L T 4 Ta. 07 s OtEa A «@vAb4v Ot E T
i T a
BufferMapping x128 6 | buffer strategy
l : /c&‘\
a/ \: . () !free buffers
| | i () i clock hand
o——
L] [ : buffer ]
" hash table pn
) A
] buffer header ——
[ 1 &
A
@ Bufferl0
6 BufferContent
s ]
NxO0ba_ 16 kf4 T TQ < 8T agte

6
Nex 128k k" Ay " NEdt O U "Edt &6~ a.'®

A FWw o, E PostgreSQL82/ A 16, T o, 3T 0 H" q8&,10L I Ka
95" AAH v 1Ag. . " 128T W' H" R, , byd 0 Ad /€4 #
AT naol o BAyo.

— &41t° Ap EL v — & T T A O S S - W
Y 4NODTE YN E 6" a) iy o 0 b vy a AN ’
) VN Ha cPupé, i Ja a "7 oa
— 4 o Bt 'v d — ¥ &4 v BufferContent “ ., T ~ a.
"X Q NE 0 v AN4Q° 6'H 4v —  (buffer pinning )4
Mésiy t o ~a.— of_ 2 N v A 4v BufferContent ° ot "E

165 backend/storage/buffer/bufmgr.c

include/storage/buf_internals.h, BufMappingPartitionLock function

166 backend/storage/buffer/bufmgr.c, LockBufHdr function

167 . .
6 include/storage/buf_internals.h
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— b U’ 4 b yYuy® "E "EO X, PostgreSQLN — & 4 Bufferlo  ° T °
a. v’ "Bv " vt CNEJF 6 e T oal o 4d 1+ 00 ¥
ab "EL" 4110 A +i8x, ,aAd _MevI T a.
4 — hd v h - é’ t s U |/| . Ustrategyx 4 169_4 T 6-
a.
WAL —
— ‘.
l :
WALBufMapping @) |
|
|
@ WALWite | |
1
hash table
insert position WALInsert x8
I/%" —— //’/’6
1 T -
PrevBytePos | ()t— -~ 0
! (%
CurBytePos + ( y+—— S
e -9
WAL | 0— 40 ) N T " oa— N NeO v B &, WAL
v XN . T al Q NE— Y. 132)., e — 1t beé T “a.wo
» WAL ° : Nex B WALBufMappigy °~ N°Ef 6~ a.'™®
WAL OU'" 4, "E v ANWALWriteAy °~ NE} 67 a. v _ 4 "Et 4
a 61 T a.
WAL Q. +& "Et © v A WAL odbs a Wp, A4 a, b "E D7 a.
Mp ANXAH | Thb 84 NH EL v oa 0f v insert position
. T 4 Tar o yu _WMp ANéedyYynt CEt°b ba T a. 0°
P "Et " v WALInsert U Ot v JHKk Ay ° uhp T N T al”
168 backend/storage/buffer/bufmgr.c, StartBufferlO function
169 backend/storage/buffer/freelist.c
170 backend/access/transam/xlog.c, AdvanceXLInsertBuffer function
ok backend/access/transam/xlog.c, ReserveXLoglnsertLocation function
172

backend/access/transam/xlog.c, WALInsertLockAcquire function
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154d. @ Q

J A ° X PostgreSQL A ®0n 4 2 Qa yvd, « E A a
"“a. Y d, <4 0 Ja M vy 1 7 oa.
) kO004v b N0 “ Nlog lock waits ( | Xoff ) Ok " a0 & vy
“a. O0k"av U A deadlock timeout( | X 1sf a AU pAaNd, v ot A
d <« E _ b3 | “a. b vx <« 4y[ptridédx ~S60EOK"2 Y
N T a.
YU pg_stat_activty v 4% T a1 VI - VI EL U 4t K
X EL L ALO, ad, x4 A, a4, x, dd, v wait_event_type w
wait event t 4 QN O~ a. v PRd, ° O Y., =~ a.
Ot d, v a, OK o062 "~ al®
a “4d d, v o«d A P T ¥
Lock-" y 0

LWLock b %ol
BufferPin -2 O —

YU "Bt vad + 0, a®al "7 a:

IO-h 0 yuywu, ~ 0

Client - O A bf " h (psqlN d a o <« 41 )

IPC-a0 "Et ' LY "~ h

Extension - L3 U"EO .

x"Ev  Et ‘ b° i A, 2 ¥y, a2l "Ta. Y d,v Q NE' <« Os
a3 NH v 0OYU o y 7 a. _MT4va, OKNd, b 07 a:

Activity - _ OO0t "Et° N

Timeout - A

Pd, ° "Nd, Y"E L'Eo 00" a.A0tAN,b%0 " 4d d, v d °
u d Y, b T al"

pg_stat_activity v - i 45 "NE ©b6vd, Q

Y U U yu AD, "EL v MA ° d, <« 4 LI

XuNEp 6144 H "B  bMTul ad®d VYvavwu, O

173 postgresql.org/docs/14/monitoring  -stats#WAIT-EVENTFTABLE.html
174 postgresql.org/docs/14/monitoring  -stats#WAIT-EVENFLWLOCK TABLE.html

175 . . .
> include/utils/wait_event.h
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Tp4° " AUg v M Q 7 a.

=> SELECT backend_type, wait_event_type AS event_type, wait_event
FROM pg_stat_activity ;
backend_type | event_type | wait_event

+ +
logical replication launcher | Activity | LogicalLauncherMain
autovacuum launcher | Activity | AutoVacuumMain
client backend | |
background writer | Activity | BgWriterMain
checkpointer | Activity | CheckpointerMain
walwriter | Activity | WalWriterMain

(6 rows)
J, 450t . Obt "Bt  vPb» "Qx° <« "Hclientbackend ¥ ®0 -
aNhd <« 4] v 177 a.
155 » Q
N . |1, pg_stat_activity Pv d, <« 4d FfQ >~ H Avd 6§ VT

h 0 p4wOa A PHNERPO » Q 4 7 a.
» Q0 £t 9A 4 “a.d, p » MQpHf a ,2AE dd, 0B
X'v “a.wOr>» QpH " A 2a'EE <« 0QAN .~ & Ox» 0

My QIO wa | b TaQ b E X T td, o# UYhvu o
1oL 417" a
PostgreSQLX » Q. ~ °o | L0 © v 'Q pg_wait_sampling”® i
t a2 "~ a. 0 shared preload libraries Ok" a4 dO * YOO a b —0U

N7 a:
=> ALTER SYSTEM SET shared_preload_libraries = 'pg_wait_sampling’;
postgres$ pg_ctl restart - | /lhome/postgres/logfile
h A R S N/ SR-¥

=> CREATE EXTENSION pg_wait_sampling;

xd, A, v Q— A 6d. 0 ° a """ a.,yYutad
o O £ d, "E 17V y 1 O0'Ebw " a.
At A e Q d, <« 00O 7 n " apgbench & 0° 8’ A\
Et * IDO i T a

176 github.com/postgrespro/pg_wait_sampling
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postgres$ /usr/local/pgsql/bin/pgbench -T 60 internals

=> SELECT pid FROM pg_stat_activity
WHERE application_name = ‘pgbench’;
pid

Lt+idwd, "E Nxa, OK | w 7 a:

=> SELECT pid, event_type, event, count
FRONbg_wait_sampling_profile WHERE pid = 36367
ORDER BY count DESC LIMIT 4;

pid | event_type | event | count
36367 | 10 | WALSync | 3478
36367 | 10 | WALWrite | 52
36367 | Client | ClientRead | 30
36367 | IO | DataFileRead | 2
(4 rows)

T \ "E(pg_wait_sampling.profile_period 0 k " 2 4 v 0)10ms™Qa 100_ » a
0" a.wOhrd, R B "E Awcount X, 100N"EVU+ 4 7 a.
Abdao d, v WALQ, U 4 Y vyOOA " a. v EBES YV Xd
p., T Jd v XA 7 a.WALSynce v PostgreSQL12 4v E 6 VYIANH! X —
4 hvd, E 4 _ I | 0d, N -
A a_, OK S o A, -~ NE01 E A v AD "E Xa, OK
w7 oa(slowfs''0 T A, a7 oa)
postgres$ /usr/local/pgsql/bin/pgbench -T 60 internals

=> SELECT pid FROM pg_stat_activity
WHERE application_name = 'pgbench’;
pid

sssssss

=> SELECT pid, event_type, event, count
FROM pg_wait_sampling_profile WHERE pid = 36747
ORDER BY count DESC LIMIT 4;

17

! github.com/nirs/slowfs
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pid | event_type | event | count

36747 | 10 | WALWrite | 3603
36747 | LWLock | WALWrite | 2095
36747 | 10| WALSync | 22
36747 | 10 | DataFileExtend | 19
(4 rows)

o A b t & A “a En, @t 4s-WAL _, U° 4Mv AOBA

" a.WALWritthy " NEf 60°E d | E 44U o7 a.
o @ A n Tod, 4kl TOT a., YUd, “p » QpHf a |, xn
4 Q abod yyvY "E A 8 V¥, 2 """ a. v Xd, “p.oH Apwd
“pAvs Q4 avu,a’ _7J 7 oa
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a o A LA | Q UpB NQ QN E -Q a o N w
al H o4 bveOxd]| "7 a. 480X L ©A Ne 0
“a.PA4 "Qao“Ebh t 0Qtvd 4,00 Y M JK M U Y8 5 g w
. hdh T ot " a b T AvdY — NHO Ov 20173 &
15 4908 —  JF w —a. — . w A®h A A u
\ ) psql4 b~ i 7 a
hoh t 0 X,0 Qv b b vo1 | o | "EpB |
Qt Aef A " an 4 0 v O £, b3 | ) o 1 | Qt o -
a.h t v h E 2 NAd bé e a A 0'BEOw ~ a
J, 458 § t kK 4d »QpB a’luw "~ a Q0 y AP A
b o} vo, a1 "7 a
O k v A (booking NeAd O) " a. U A4vJY K 81 N'HRRKX
| . b o "7 aftickets).” KX" | k 0 dt V7T ’ T ot
TK 8% aatb " a
P X U < m ¢+, A D ~ a(ticket_flights Ned 0 O). U X P
L Ab4JY M . A 0b a2 "7 a.br yuamM © T OAD
T a Q4v d N x 4 QAo Ot X N W £, A 0b o ase
b T oa.
R (flights )X W (airports )4 » a0 M NE n ~ a. KN W _ n x
Q "1 bn MM Q= bLa'Y a.
routes ® v flights No L QN"E ~ a. Pv n = 4 yoi 418
Po T a.
,RT KX #_ b v 7 g(boarding passes), Q Q " a. Kx d
4 64 v Ab4Q d ©n A a " a. M- ow Xo° A+ 0'En
w4d PK T, Q vuNsb3 T oa
n, i (seats)a” a0 J U'p o v d N _ 2 v M, QI (aircrafts )
4 wOayY a.P N @I x U 1 dEQL 2 asb ~ a.
a Nexdod 0 i 9,20 Nex n 0 |i a( avl “a) v BT

.
A Ebx Q NEa SANHWOAN A v v, 7 a.

178 postgrespro.com/community/demodb

179 edu.postgrespro.com/demo -big-en-20170815.zip
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hdh t e h "EeR 2a "~ a.0y “p4 AODK ‘e,
s T a. p. bookings.now() 2 0 a1 "7 a.h® &40
"Enow() 200 v AD 4 20 |i S
m 1 o n ol 'Y X airports_data ~  aircrafts_data Ne- 64 "7 oa. Y
YNAAT Y MAE NG~ a. 4d A0 dt ) Q \NCE4 -6 /Ea
N U4 Oairports  aircrafts 20 & ~ a. ©v bookingslang ( I X en) 0 k " 2
X, . QNE AANAND o Ta., YV a1 Ne 'YX J WAE 414U =21
" .
Airports
Bookings # airport_code
# book_ref # airport_name
# book_date ® City
# total_amount # coordinates
= timezone
Flights
A # flight_id
Tickets = flight_no
* ticket o Ticket flights # scheduled_departure Airerafts
- # ticket no # scheduled arrival -
# book_ref A ) ) - ) # aircraft_code
. < # flight_id = # departure_airport """
# passenger_id " . . # model
« passenger name # fare_conditions = arrival_airport « range
- - # amount # status
# contact_data )
i # aircraft_code
i » actual departure
« actual_arrival
A
Boarding_passes Seats
# ticket_no
| 2 ai
# flight id aircraft_code
# boarding_no ¥ seat_no
= # fare_conditions
= seat no
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162pB & E

O N -b— E ® pB — XSQL O° . b3 | " a. "EON OO
O »—Ef ©a,4h 14 €461 i MO0 Q7T a®t s —E7 o AL
" ,E ®  UJYBAELY T a.

A, PostgreSQLX ~ N of o o 5 o~182 oy - a.

AN Vo' & yOKNG»™E, a,

A w dJn o H.G b » r]
£, 4 ] - a.'® PostgreSQx  "EFlex ¢ Bison |

Y Y a0 SQUA R A
0 T 4 ", 2 T a.

2 t,

o CA

0 Y 4t AOOA «dn OE 0 a.

A0t A,a, OKN OO 7T n°  a

SELECT schemaname, tablename
FROM pg_tables

WHERE tableowner = ‘postgres'
ORDER Btblename;

Gdrvaaak 2t,ask " , U /g A®d yotk B R a»® ,U ,t
0 Bbow® ~a v Y as0 it ¢ ° &0 HVYU,L oxvdBT O
"EC ®0f Jd T a. oftoA an o dao. “ a.

180 postgresql.org/docs/14/protocol.html
181 backend/tcop/postgres.c, exec_simple_query function

182 postgresql.org/docs/14/parsestage.html
backend/parser/README

183 backend/parser/scan.|

184 backend/parser/gram.y
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SELECT

QUERY
TARGETENTRY FROMEXPR SORTGROUPCLAUSE
schemaname, tablename FROM ORDER BY tablename
RTE OPEXPR
pg_tables tableowner = ‘postgres’
pg_table WHERE tableowner = 'postgres'
RTE( ~ Ned @)Ov «d @ N\ Avu PostgreSQL 45 |T &7 a. PostgreSQL
o, MO~ KX B N Os 1 A0 I "~ a.2a  a
"E OO 2 v @t L bo T al®

0o #. 0o #% Q N Ob  YN'E v N Uald K bh T4
s Jf b Y X 4d 1t ¢ v 0 B vuw T a. 0ow4 O ot
pouoc E. 4 07 a

~ 0N, Do, v b bt A, 2 T a. N4 h t K

b W, f4d 0 b vy 0 a
debug_print parse 0k " 20 & Wb —"E 45 A YV Q Ev
ob 47" a.
a, BAEAIss ®O" ( &) a ~°-al¥
PostgreSQL Av JYQ N'E" . T 7 a.. us g Y, 7 45 dP
o1 w4 d v r* ®Ed vy T oa.
. I vAalAby a2 f v T at®

W ¢ SEARC®HCYCLElI BA&4 " & a®

185 include/nodes/parsenodes.h

186 backend/parser/analyze.c

187 postgresql.org/docs/14/rulesystem.html
backend/rewrite/rowsecurity.c

backend/rewrite/rewriteSearchCycle.c
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A 4 b pg tableskx 2 ~ a. P 0 O 1dNwa, OK [ w
SELECT schemanam&blename
FROM (

-- pg_tables

SELECT n.nspname AS schemaname,
c.relname AS tablename,

pg_get_userbyid(c.relowner) AS tableowner,
FROM pg_class c

LEFT JOIN pg_namespace n ON n.oid = c.relnamespace
LEFT JOIN pg_tablespace t ON t.oid = c.reltablespace

WHERE c.relkind = ANY (ARRAYT('r"::char, 'p"::char])

)

WHERE tableowner = ‘postgres'
ORDER BY tablename;

L —5 D &) IV NH Ot X - ®46532 06 a.. ON
"0 ® = — 1 Jd 7 a(Qd debug_print_rewritten Ok " 20 & ® —
»b—"E. 451 2 "7 a).

YR dnd 0 QA N A, 2 v o 4d fv N V77 a.

PostgreSQx | bt & O 4 a2 v i P T

19

0 postgresql.org/docs/14/rules.html
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QUERY
TARGETENTRY FROMEXPR SORTGROUPCLAUSE
RTE OPEXPR
pg_tables tableowner = postgres’
i QUERY '
: TARGETENTRY FROMEXPR L
"OPEXPR
: JOINEXPR crelkind = ANY (ARRAYL...])
: JOINEXPR RTE OPEXPR
: pg_tablespace t.oid = c.reltablespace
| RTE RTE OPEXPR
! pg_class pg_namespace | | n.oid = c.relnamespace

& . pG egxv%c N TT A AG RLFE.Y" Apo 27

Ag Evd gL vaed 1t unc, F T 40N

yo. ut £0 4+ -

YK_ K1 EO: ftsAyo.” 4 L PostgreSQ/ A f& - KLtOWg" n, ,
+ QFY+ic®My €nnn ENY Ayo.bST ., 4 bR >0 O I
1+ 0es ~ VAyoO.

~8 H"Ayo." 4 A& LEwr: "o gayx

U,

SQK & A AN~ a. Qv h O0b 1d <« Qb Av KX v
a.

Nh 48 JY” AEL ““a. ~ ®4 S ORP AXNJYSL “N"Et i 62

" a.A0t AN, MOV No, Aw (1. Q b A2l e, 1

0 . MAal "7 a.h t v <« N'E 60"E Trbald QX d

"t a A ad VERA) T a. A0t A, v _ h t 9

o1 M. Stonebraker, L. A. Rowe. The Design of Postgres
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advt 4% v 4o o al  a,Ph £t O0A A a, 1l a.
i ' a

PMa® 4valdMoad [ aé UNES3, Q v T JEO a.
Oe £ pXI < bea NOE ~O ®©0 v Ux
192y b o1 dt §° u " a
U o £ 1 &®E 8 ko A M~ h 16 [ A a’l” a.
/E ®0 © o~ awdebug print plan 0k " 20 & J»—"E, 4h a -
a.. YU ' CEv EXPLAINGE NE C 6v A& ‘ LT v uUNE o T a™®
a. . ON O O0ftos “a. ftt vU4 NOEXPLAINE A4 bf J U
ft " a

Na, PL 4 Q 5 a

, YRR Ne P %k NQ "~ a. Uxos MOOyo vh b
y X Ne, /A o4 y 7 oa.
’ & Pft4d Uxv A 4ef O & A« 20 N 7 a.

=> EXPLAIN SELECT schemaname, tablename
FROM pg_tables
WHERE tableowner = ‘postgres'
ORDER BY tablename;
QUERY PLAN
Sort (cost=21.03..21.04 rows=1 width=128)
Sort Key: c.relname
. > Nested Loop Left Join (cost=0.00..21.02 rows=1 width=128)
Join Filter: (n.oid = c.relnamespace)
. > Seq Scanon pg_class ¢ (cost=0.00..19.93 rows=1 width=72)
Filter: ((relkind = ANY ({r,p}::"char"[])) AND (pg_g...
. > Seq Scanon pg_namespace n (cost=0.00..1.04 rows=4 wid...
(7 rows)

A& 4 "~ OSeqScanf t v Ne2, v w_ U o 3 NestedLoopf t v N, U
.-
a.

192 postgresql.org/docs/14/planneoptimizer.html

193 postgresql.org/docs/14/usingxplain.html
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PLANNEDSTMT

SORT
TARGETENTRY NESTLOOP
SEQSCAN SEQSCAN OPEXPR
TARGETENTRY .
pg_class pg_namespace n.oid = c.relnamespace

OPEXPR
relkind = ANY (,p":"char"[]) AND pg_get_userbyid(relowner) ='postgres’::name

U o.PostgreSQW ef . Q° @ 0 I “a” M v £ .y )
4 b6 @ " (A:10 A Av cPUl )0

“a.r XKNE SO N E
el Oa ~ a.a AOOt A& 4ref b ' XAE & b a.

5

nov o Ne 24 wO NEB3S A& ab a2 NE b, xf4,ex
p B 41 Ot £ . 89 A v uNsb3 ~a. oN Q NEn "E. UpMad O
a ©O .M J “a. 0 Ux v Neab O ©4d 2 NCE
Ta, d “peo4 , a2 77 a.

Iz THHE: y ' FHReT Vad:1LO» nQAyo. NnYKECH ¥

o 2@l o. " an owF " Sy 0B v
ThHOO., O 0 AY | "Eyo ' 0 a7 oa( ;A
L)

.om Ne O ©Ov " | E 62 "~ a. Y n i A
MATERIALIZED, a T a™

. SQL a9 4" bu pt Oy <" | E 6~ a.(SQL 2 x "Ev & 4

g 6a "~ al®

. o4 b @ JOIN , |7 o join_collapse_limit Ok " 20w ® a

Thy O d 4 0~ a.from_collapse_limit Ok " av »* H4n

00 - @

194 backend/optimizer/README
= postgresql.org/docs/14/queriewvith.html
wiki.postgresqgl.org/wiki/Inlining_of_SQL_functions

o7 postgresql.org/docs/14/explicipins.html
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Q QNEAT a0, YO 777 a.a, OK FROM4 ¢° Yoo

it -

00 f a7 a

SELECT ...
FROMa, b, c, d, e
WHERE ...

J, » Uxv@tbs L 9A 4 ~a. ®va, OK T® aE 0
a( @NEpy " 0).

FROMEXPR
A B C D E
a, A 4pv JOIN 4 o] & 0K oa:
SELECT ...
FROM a, b JOINCON ..., d, e
WHERE ...

FROMEXPR
A JOINEXPR D E
B C
Uxs Q NE WO J _ AT KXNQOINEQU a. Mad X ®©
0 w NE © o,PJOINEXPRt O d §° QEN'Ed T~ al®

9 backend/optimizer/plan/initsplan.c, deconstruct_jointree function
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join_collapse_limit (1 X 8)0* A

LYV oy v MO NEWtO Q'E
04Qa o a. AD 4 v join_collapse limit > 5 a a @JOINEXPRt b * &
V., 4w 7 a.
Ux 41 a,, 0 ~ a
NeBv NeC 644 ~a(Av . Qd'ECbL B A4 ~ a;’ o4
b Th 6 V77 a)
NeA, D,Ew B CO MOv Ah T+ Et a "7 oa.
join_collapse_limit Ok " 20 1Ew O JOIN 4 OTsb° 07 a.
DK " A K4 O£ 86 V77 a.

A 0 , join_collapse_limit

FULL OUTER JOIN

from_collapse_limit ( | X8 0k " av p* & 0° |
JOIN OK ¥ @ ~ ®a 4° £ tye a.

a, N @ a:
SELECT ...
FROM a,
(
SELECT ... FROM b, c WHERE ...
) bc,
d, e
WHERE ...
d v v MU4 6" a.d, v° N Wb JOINEXPR ' FROMEXPR
0 av awOsr0k"2 'Y T K™ a)
FROMEXPR
A FROMEXPR D E
B C
© ® O v &7 4x T ONDO* (1 NeAw MO)0 a NH
t X" | E 6N A a.£ " pN i h t a4 a N'E X
N4 @ A0 O a " a
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geqq, T Xon)0Uk"abL £ A4 o, &7 0° ab geqo_threshold( | XX 12) X a
@ Uxs® Ve , I J &0 " a™ ved Xn "E. Udpde
110 Q NA& f av 4" a.wOs Q NE 0 20 J»
ovee , i V1 E v ow "7 oa.
Mad 45JYb dtEb3 0k"a* Qd. 4vval vn77 a.
£ s K Jaw O A b OMOOANAI T 4wOBO
“a. O A b MOO _4 OE v AD(A:] avek), £ XNQOt . yo U
0 4 " a..YY _ b3 cdQ vy e AdD(UA: w4 ),
£ Nt aba "7 a

' 4" el PAkOTO0E

=> EXPLAIN
SELECT schemaname, tablename
FROM pg_tables
WHERE tableowner = 'postgres'
ORDER BY tablename;
QUERY PLAN
Sort (cost= 21.03.. 21.04 rows=1 width=128)
Sort Key: c.relname
. > Nested Loop Left Join (cost=  0.00.. 21.02 rows=1 width=128)
Join Filter: (n.oid = c.relnamespace)
. > Seq Scan on pg_class ¢ (cost= 0.00.. 19.93 rows=1 width=72)
Filter: ((relkind = ANY ('{r,p}::"char"[])) AND (pg_g...
. > Seq Scan on pg_namespace n (cost=0.00.. 1.04 rows=4 wid...

(7 rows)

_ ik 0 ( ef v ft~ e o vel_ U o™HP _ ik 0 (
ef )y MOOL Advh*06v @t el " a

") Ammx ok T MK Lew K€x Fa HR: ,FI€ 5

N S E ,do ., - @ v @db b0 I v (4:SQU b N v DECLARE
€N Av PLIpgSQU » ¢ N Ea A) TN | vyev Ab, O AN b
4 MOO OE aseb s, Q@ v el b N/E | o “ a.

199 postgresql.org/docs/14/geqo.html
backend/optimizer/gegqo/geqo_main.c
200 postgresql.org/docs/14/runtimeconfigquery#RUNTIMEONFIGQUERYGEQO.html

201 o )
0 backend/optimizer/plan/planner.c, standard_planner function
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0 T4 00 v AO,o O& X cursor_tuple fracton ( | X 0.1) e "EQ
MOD 4o b 02 N T a. & d ,PostgreSQILX a, = b N XK,
L v /E & T oa®®?

startup cost + cursor_tuple_fraction (total cdststartup cost)
e k0.A& el . Aot ft ef X b TN T a.ft el XN
d® 4wOao’H( b el Ael On V., . ® Ma ) fit4
b ® uh 4 wOel BO " a(h N ® Q NEEfLxel Qoa)fit?®

NMA Qb N At A< Uy®d Gt ANEJN v 2)oft
o | ( AteM v e%)0 . QNEA 62 "7 a. Y AEEX Ne = Ne
N b o Kxa O &4  a.
wOra O voon N4 a O0a dv Eh £t 1wWwOBO " a
PRft Uv ® Adb,ABEO el X el QN 4w " a. b0 &£ M

XN Q NE Uvr® & | a \NCE WwNE v a yuiud En

, £Eh [T b3t Av «d NEot £ ol 4 Qs 1 "7 a.

Uv ® gt Uv & O£ -~ Uxva, BAOL w NE+i 4 7 a:

1. R T ft Uv @ 0 a,ftb d ft Ea Q A 20 b -~
a.
2. ft & 10 “a. , A Ad e eh 0 ~ a
3.
ft Uv @ v PX WNTE 0 a.

€ TWIEOS 1i Ny Qo1 t PYyo.Q:" wmlov ¢ 0" nqye, ebrt 1/
"I eQetee w" mdlt eyo.Flestaqr OMOEN,  GFEVIER:

g€ aftwy Ev oo Lee "y 7 k- KEwy B 1" Mok
1
A, Uxvuh 1t “ v ft Uv & O T a. Y A
Ne Kxa O /&4 " a
voox A4 WwOGBO ~a.b BT Abl4v €a X b a Q
x | T b3 ot 70 Ae T a. Q NEpB

OAb4va, n, I Je

sek andy= sek sel,
sekory=1T (17 sek)(21 sel) =sek+ sel T seksel

202 backend/optimizer/util/pathnode.c, compare_fractional_path_costs function

03 backend/optimizer/path/clausesel.c, clauselist_selectivity_ext & clauselist_selectivity_or functions
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Q Y W X xxX yb »"ELQ Oab T . €00 AD, Y
N ¥, 2 "7 a
b U VAP h t Uv ® n) Uv @ O
N T a. ovalox 4wOBO " a
Uv o 1° ] NE 07 a

0 N! NAE [t 4d QR0 Uy ® ot
i OV A « NE A 2 avwu ~a.é& P
AFOL o Y \NH Ne4 d AQL o av a.

el v O 1w T a.s* & efl U @t i
e a, ,aft ef L 4 T a

PostgreSQIX f t b 2 v A2 ol, T Jft el 0 Of
t Uv® O ANEJT “aPft4d O el " a.

a AN | X 4 NO0'E 0" a. Y ftv el 0 " a
QdEad AN a e A +i8x, aAd ~a.40tA, Aftvs Q N'E
" ftEa @t b b1 X. . aAd AL a T a. Y fto0
efX Q NEG af " a 0 fitAv O A4 ) AU Qb
Ab41 ef, - {4 "~ a

) 1 bt OF N 6N~ - a2
¥ « 205 - - [ - -
vo4t nww 4 N7 a X w <« U v K a
<4 U w'E 0~ a

204 postgresql.org/docs/14/executor.html
backend/executor/README

205 backend/utils/mmgr/portalmem.c

242



SORT

NESTLOOP

N

SEQSCAN SEQSCAN

pg_class Pg_namespace
O NE O & Owiv &®E O« 1 0 a. © ftvsE O
af ov  N'En T a.

NT 45> 067 a1 ft( A 453 SORTA, U Py " fit"Ea b
t

0b "7 a ot

ox 4v . A a8 O A E B ° a.
a ft(@d: o467 J v NESTLOPH )* »"Ead - * "Ea QX b £t OM °
a. Y ftv Pk “ft"Ea b 0L x, Q@ v T . ax 4 MO0
< E B “a( AOBO®A @Ot . b 4 vwuxMvM. T a)
45ft ~ Naba, ., 0 X .. B0  a.ao MOQ O ADU: &
4 LIMIT v AD), AN a d6 Vv, a 77 a.
® Pk SEQSCAN ftwv N . dd “a.a@ftb Y ft Ea b 0
0 ® d Ned ba, . b = 7 a.
wObs aftv Yo ° < E B "Qalft(4d:SORP N"E b
aq, ° N Ta. 0° 4t od4 work_ met i XX 4MB) L do” a.
b o Y XNAD,UA b v Y- ) EMJ T a.®
£ 4vh b 0 JYftb _ 2 NO'EPostgreSQLX work mem, JY { ®
» 0 d 2 " a &b i a2 v RAM R 177 a.
16.3 ® 'E
BT ® E ., T xv,0t @EAWNY_ Q 6y AD] Db a, OKX BAD

2 .
06 backend/utils/sort/tuplestore.c
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y A a:
1. -
2. n
3. £ a0Q
4.
Qn OOQ » T vuN Ob477 a.42Qald ®OQ b " vy
| 0b4 " a. ~ &Hd v A . xn T a.
BT ® E AadB X O A bMOO _4@OPQuvavu ~ a. 1’ e
/4 MOO _410QI 67 a
Q NESQpE A0 T J Y B - - P . Mo
4 ®0 e 2 N'HEXECUTEE A~ 4),P_ ©AR v DECLARE +»0 9%
o FETCH .0 NE M a2 "7 a..YVU Ab4voEstOXK 'Y,
O AN b & 4 He— b NE LQEAD ~ v, b Qe 7 a.
O O A -vb— "E XN@EAA 4bk"™ A BAO Y I A a vd
\ 1Ta, n -~ a.
e
eBAEILs Ob Q NE “60" 6 QMOEVUL "~ HYy 4t HOO4T
0 a.
1 X oO4d l 0 Koao {77 a. o B N&® ~ a:n )
L O0ad A4t4s "84, 4led 8, P A4t Pt t AL HO T 4 T a.
Q 4]  a "Ta. 1l s T x4 Q <« Qe a2 77 a.«42Qald
X OO0 JYKk v O A vOx U _ et 'H CY B3 4, A
. 2 77 a.
PostgreSQL4 ¥  OLE 45 ~60"Eald "Et' 4A _ O L
e0 ®vOk”"2a 82 "7 a.a, XNSQWEAD ]I pB A “a.( E a2
e val qQ Ov n T a):
=> PREPARE plane(text) AS
SELECT * FROM aircrafts WHERE aircraft_code = $1;
ot @O0 e On N pg_prepared_statements® 4 + a 77 oa:

=> SELECT name, statement, parameter_types
FROM pg_prepared_statements gx

[RECORD 1]
name | plane
statement | PREPARE plane(text) AS +
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| SELECT * FROM aircrafts WHERE aircraft_code = $1;
parameter_types | {text}
) ® E UPLpgSQL T v )N
4t 40 0td HOOA41E" a4, xA{

Ok"ad v

ebpn -~ &6, 4

Dk"aX ®© v 4 7 a.
=> EXECUTE plane('733");
aircraft_code | model | range
733 | Boeing 737 , 300 | 4200
(1 row)

4"'_
a.

eOn4s0k"20® v vux & NO® vy, AM v ui aSQL
ob3 1™QU a.® vOOKk"aXNx 0d O ~ &d®0Ah ° N'Eta

a. eOn1 n fya . BE A H 243 " 4 5QXPX,
®w 4 7 a.

"AXKX »"Ead A . 0 a NO'E X, oA vy

On - 4v 7 0k"aX ., ONE A& 1Qda,. £
Lk
N,e” AN, . xX,E 20Q v v . 0Q Y, wNEb

=> CREATE INDEX ON bookings(total_amount);
=> EXPLAIN SELECT * FROM bookings

WHERE total_amount > 1000000;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Bitmap Heap Scan on bookings (cost=86.49..9245.82 rows= 4395 wid...
Recheck Cond: (total_amount > '1000000'::numeric)
. > Bitmap Index Scan on bookings_total amount_idx (cost=0.00....
Index Cond: (total_amount > '1000000'::numeric)
(4 rows)

Ot AN4 b x. Qv AD, Ne ¥ 0E 10|
L4177 a.

=> EXPLAIN SELECT * FROM bookings WHERE total_amount > 100;
QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

Seq Scan on bookings (cost=0.00..39835.88 rows= 2111110width=21)
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Filter: (total_amount > '100"::numeric)

(2 rows)
a AD4v £ 2Q QL O& T TN OAE , QPF a 77 oa.
Y /£ XO0k"aX4d o'AD YNOET K4, @ i £ Od" J

QO&F Oa ~ a.”

b—b £ 3 ) Yo QF ., I a2 v o Abvs Ok"abd4v & 7 a.
ok"a O eldnp . asb v 4" 0 Kk" K4 T a. £ 21Q v
Y X4, o |i i3 - a v QE I
£ 7 a ~ NE&E Y a’ AN ., aA DN E
1Q v Q&F | ° ) T a.

pane eOnpx o _° 647 aa, t _ Al b —b I £
It " a. v && 0k"2X4 a "7 oa.

=> EXECUTE plane('763";

=> EXECUTE plane('773";

=> EXPLAIN EXECUTE plane('319");
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Seq Scan on aircrafts_data ml (cost=0.00..1.39 rows=1 width=52)

Filter: ((aircraft_code)::text =" 319::text)

(2 rows)

OAE 450k"2X4d LU @7 a.
as_ 4 £ 23Q v QF N'E “a. £ x| £ On "He
fln N o 4tv _ Wt e BAl xxEa NO'EELE 2Qa 0 a
"7 a.EXPLAINE X OKk"abX M™ T A Oavwu, T J ~ a.

=> EXECUTE plane('320";

=> EXPLAIN EXECUTE plane('321");

QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Seq Scan on aircrafts_data ml (cost=0.00..1.39 rows=1 width=52)

Filter: ((aircraft_code)::text = $1)
(2 rows)
0 v ob i .S QE T ael £ & Y
o NI <4< 2 T a 2 A v, o T
a.l ab,EE" el M~ 0ex al "7 a

207 backend/utils/cache/plancache.c, choose_custom_plan function

208 backend/utils/cache/plancache.c, cached_plan_cost function
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YV A a9 b a Abd, nM ., " o plan_cache mode | X auto)vk " 20
force_custom_plan'\ "E v J ogF v i £ UD s a "7 oa.

=> SET plan_cache_mode = 'force_custom_plan’;

=> EXPLAIN EXECUTE plane('CN1");

QUERY PLAN

Seq Scan on aircrafts_data ml (cost=0.00..1.39 rows=1 width=52)
Filter: ((aircraft_code)::text = 'CN1'::text)

(2 rows)

pg_prepared_statements®v 4 O & 4 d Al T J 7 a.

=> SELECT name, generic_plans, custom_plans
FROM pg_prepared_statements
name | generic_plans | custom_plans

xxxxxxxxxxxxxxxxxxxxxxxxxx

6 o E ., |t o _4&th O0b Jdvd> e N'E
"7 a.SQL sl y n 00
cursor_tuple_fraction

. X =
o)
h/-\(
o
o
2
]

o
=
c
ca L o
C
> ca
¢ c
5]

=> BEGIN

=> DECLARE cur CURSOR FOR
SELECT *

FROM aircrafts

ORDER BY aircraft_code

=> FETCH 3 FROM cur
aircraft_code | model | range
319 | Airbus A319 , 100 | 6700
320 | Airbus A320 , 200 | 5700
321 | Airbus A321 | 200 | 5600
(3 rows)

=> FETCH 2 FROM cur
aircraft_code | model | range
733 | Boeing 737 , 300 | 4200
763 | Boeing 767 . 300 | 7900
(2 rows)
=> COMMIT
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O £1 1 A% "E.  pg_class Ne- 61 N'Ha, OKNX Db 0
- 5
, ©/&4 v 2 (reltuples )
eL£ |, B~ (relpages)
., b Ea4 b o 2 (relallvisible )
a. N flights No Y X 7 a:

=> SELECT reltuples, relpages, relallvisible
FROM pg_class WHERE relname = ‘flights’;

reltuples | relpages | relallvisible
214867 | 2624 | 2624
(1 row)

o4 X 6 VYNADO,reltuples XX 1 Uy ® XNEJT 07 a:

=> EXPLAIN SELECT * FROM flights;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Seq Scan on flights (cost=0.00..4772.67 rows= 214867 width=63)

(1 row)

fEv Neo #® 42 6Hanw no# P doé” a’™A 1 Abod O
0'E h v . a0 A(VACUUM FULLCLUSTER CREATE INDEXREINDE®) 4 | 5
'rHT y )S 6- @IZZLS

o H, ~, default_statistics_target (1 X100 300 4 d v t » Q07 a

| EFOL vh b > v o Hd b o 4d £ ' xnQ

1, N v aAd Y~ ~ a2

» 0 N A( ] A&d < 300 )b "Ea 07 a0 & Ne

209

postgresql.org/docs/14/plannestats.html

210 .
backend/commands/analyze.c, do_analyze_rel function

21 backend/commands/cluster.c, copy_table_data function

212 backend/catalog/heap.c, index_update_stats function

213 .
backend/access/heap/vacuumlazy.c, heap_vacuum_rel function

214 backend/commands/analyze.c, std_typanalyze function

215 . )
backend/commands/analyze.c, acquire_sample_rows function
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d Ne AD, £2a 4 @t 6 VYNO'E © X0aba
} < "~ a.h L"Adw AL < av 4, xn T a.dy
I ® £ 8 sh o 7 a.
nt ., e & flights Ne T . @At n” " a, Us nou’
o -

=> CREATE TABIfkghts_copy(LIKE flights)
WITH (autovacuum_enabled = false);

o Ned d Ab M4 a.

=> SELECT reltuples, relpages, relallvisible
FROM pg_class WHERE relname = 'flights_copy';
reltuples | relpages | relallvisible

L L] 0]0

(1 row)
reltuples= -1XXX M o Hd VKX NeO 1 &4 No, d" )
- a.

Ne o+ 0O 41 a Nel o 8b3& 00f  ~ a.

wO b <« ., QO0v « 45 Uxw Ne4 10 b 61 aab -

=> EXPLAIN SELECT * FROM flights_copy;

QUERY PLAN

Seq Scan on flights_copy (cost=0.00..14.10 rows= 410 width=170)

(1 row)

a1y B 0, QNE 6vh, v /AE 4b-wdh'E "6 a. Xxev
o A ABO T XK 0 QM Aba & Y14, xA4d, 48 BT h

I Pt

h 0 flights Ned o7 | oo #, 2 T oa:

=> INSERT INTO flights_copy SELECT * FROM flights
INSERT 0 214867
=> ANALYZE flights_copy

backend/utils/misc/sampling.c
21 . . . .
6 backend/access/table/tableam.c, table_block_relation_estimate_size function
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QN T a:
=> SELECT reltuples, relpages, relallvisible

FROM pg_class WHERE relname = 'flights_copy';
reltuples | relpages | relallvisible

214867 | 2624 |0
(1 row)
relallvisible ~ Xx | © T ° el s h T 67 a. KN VACUUM A D
0 a:

=> VACUUM flights_copy;

=> SELECT relallvisible FROM pg_class WHERE relname = ‘flights_copy’;
relallvisible

xxxxxxxxxxxxxxx

/0 A h Yo 2A0P "EY Hha OAE oK T oa:

=> INSERT INTO flights_copy SELECT * FROM flights;

=> SELECT count(*) FROM flights_copy;

count

429734

(1 row)

=> EXPLAIN SELECT * FROM flights_copy;

QUERY PLAN

Seq Scan on flights_copy (cost=0.00..9545.34 rows= 429734 width=63)
(1 row)

ov
QD

ds® pg_class h 41 s b @ UWNE @

=> SELECT reltuples, relpages
FROM pg_class WHERE relname = ‘flights_copy';
reltuples | relpages
214867 | 2624
(1 row)

c
A

Ux b relpages ~ | 07 o reltuples X, J I
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~ - 217

a a. _ borelpages ex JP "E b _ xAQ4, Uxwvh Yl b on
asb 4 O ad T a.
=> SELECT reltuples *

(pg_relation_size(‘flights_copy') / 8192) / relpages AS tuples
FROM pg_class WHERE relname = 'flights_copy';

tuples
429734
(1 row)
qiE Y <« n vyxM, T oa(: ® A 1° 0. QA D
4wO Uxb & "A| a, o’ X — a2 |I"E " a
17.2 NULL XX
NULDKX “Ebt 41 e®, Q O 6& h R N O ¢ . ~ a.NULLK
NX VA y1yu V.. YU o @ “. N oa.

"N " woba ~a. E O@TT 41 a A 4 JY~ N b
"Ta. Q abkdd 4+t b Xk®Ed 60ENOTIN A« Q I n T a.
NULRKN QX a X 4d © ¥ "7 awds A, °  NULLS FIRS® NULLS
LAST " a). A 245 NULRK o AdAA Jal @ V7T aAY a
NULLKX X M7 0DE Uxs 0 & | L b 0O 7 a.

& ada 4532 6vb pB 1 AT 4]l o, vO4& A PAAd Al 2

“a. h v "E.  pg_statistic Ne- 6 "Qpg_stats PO & O
“NE 47 a2l T a.

NULRDK e N A 2 A4” How O 4 AES Hnull frac * £ENE " 07 a.
A0t AL Q IXN M . 4yo xv Q' np 6 vdavwu, d a -
a

=> EXPLAIN SELECT * FROM flights WHERE actual_departure IS NULL;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Seq Scan on flights (cost=0.00..4772.67 rows= 16702 width=63)
Filter: (actual_departure IS NULL)
(2 rows)

~ <

MO D ) Ux v a4 NULDK e, N 7 a:

27 backend/access/table/tableam.c, table_block_relation_estimate_size function

218 sigmodrecord.org/publications/sigmodRecord/0809/p20.date.pdf
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=> SELECT round(reltuples * s.null_frac) AS rows
FROM pg_class

JOIN pg_stats s ON s.tablename = relname
WHERE&tablename = ‘flights'

AND s.attname = 'actual_departure’;

rows

sssssss

Mo d, 4° ab "7 oa:
=> SELECT count(*) FROM flights WHERE actual_departure IS NULL;

count

xxxxxxx

16348
(2 row)
17.3 8 7 XK
pg_stats 8 n_ distinct t v A 8° X kaldUVU t~ a.
ndistinct b, 2 Ad,. eXX ' kabv A 8% X eH_, U t~ a.A0dtA,
AN Ot A XK e avwuw, U o9 -3XPRX © NTEL K avwu, D
T a.o M,V O0s° X kab 3 10%0 O vAb.,a0 I "~ a A
0, b h 2 NE e%, "A vsuxsb3 w ~ a?
S
=
(B}
>
o
2
null frac +----------------------~--~-~—~-~-~-~-~-"-"—""""-
n_distinct
values

21 L .
o backend/commands/analyze.c, compute_distinct_stats function
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X . 20 x, Uxv £ BAEL» X OMA I NAD N h AN XKt

- 220

n O°E 1 aseohb a:

v h o bA 46y Ada® X kab Ji 6” a.40 t A, "column = expression "

=> EXPLAIN SELECT *
FROM flights
WHERE departure_airport = (
SELECT airport_code FROM airports WHERE city = 'Saint Petersburg'
);
QUERY PLAN
Seq Scan on flights (cost=30.56..5340.40 rows= 2066 width=63)
Filter: (departure_airport = $0)
InitPlan 1 (returns $0)
. > Seq Scan on airports_data ml (cost=0.00..30.56 rows=1 wi...
Filter: ((city . >>lang()) = 'Saint Petersburg'::text)
(5 rows)

J, b InitPlan ftv _Q° 6

=> SELECT round(reltuples / s.n_distinct) AS rows
FROM pg_class
JOIN pg_stats s ON s.tablename = relname
WHERE s.tablename = 'flights'
AND s.atthname = 'departure_airport’;

rows

2066
(1 row)

Os° X kab NQOADGL #0 ab AD)N A 4 Rl T oa:

ALTER TABLE ...
ALTER COLUMN ...
SET (n_distinct = ...);

®t b b« o 0b ao, (" XKO dXO d2)p o ~a., YU
IiXNo ( E 4& Q Ad) Ad, Y X a T a:

=> SELECT min(cnt), round(avg(cnt)) avg, max(cnt)
FROM (

SELECT departure_airport, count(*) cnt

FROM flights

22 ) .
0 backend/utils/adt/selfuncs.c, var_eq_non_const function
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GROUP BY departure_airport
)t

min | avg | max
+ +

xxxxxx

(2 row)

17.4 b QXK

h o b” YV XNAD, X b Q  XMCY ., t 41 4d A0 'ONEt
Yo 0~ a.pg_stats P v Y A. PP most_common_vals most_common_freqs t 4
- a.
a, Nad n, > 41d Y E 4 "~ a
o
T
> [ most_common_vals |
QL
W=
"
o
o
H_I
o
o
e
e
8I
“
o
&
null_frac +-------=+ --
values
=> SELECT most_common_vals AS mcv,
left(most_common_freqs::text,60) || "..." AS mcf
FROM pg_stats
WHERE tablename = 'flights' AND attname = ‘aircraft_code' \ gx
CIRECORD 1] L L . . . . o e e |
mcv | {CN1,CR2,SU9,321,733,763,319,773}
mcf | {0.27886668,0.27266666,0.26176667,0.057166666,0.037666667,0....
"column=value" x & 10 .~ b most_common_ vals A 4 5 d X v 9,
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I bn most_common_fregs A 0 4 541 0b Awd™ a.*

=> EXPLAIN SELECT * FROM flights WHERE aircraft_code = '733";
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Filter: (aircraft_code ='733"::bpchar)
(2 rows)

=> SELECT round(reltuples * s.most_common_freqs|
array_position((s.most_common_vals::text::text[]),'733")

)
FROM pg_class

JOIN pg_stats s ON s.tablename = relname
WHERE s.tablename = ‘flights’

AND s.atthame = ‘aircraft_code’;

round

xxxxxxx

Y XN~ KO’ M o T a.

=> SELECT count(*) FROM flights WHERE aircraft_code = '733';
count

xxxxxxx

>

MCR'EXa U® x & |0 vh4] Ji 67 a.40t A,"column<value™ KX
X N o ¥, b most_common_vals» d «Xf a X &t X o most_common_fregs Y N O d

110 N T a®

MCV £v a° X x" 10 Y, xb h " oa. A d v
default_statistics target ([ X 100) Ok " 2 4 HA o #wQ NTET 7 "E»
0 20 100N E T a.

a AD4s 1 DK"aX YDy 0b NH O E MC\Q "E )

It <46 a. 0N 452 a 77 oa:

ALTER TABLE ...
ALTER COLUMN ...
SET STATISTICS ..,;

221 backend/utils/adt/selfuncs.c, var_eq_const function

222 ) . .
backend/utils/adt/selfuncs.c, scalarinegsel function
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) I B S Q o) Ned " Q do~ a.

MCV A X~ XKt . . xn4 «d Wp, a7 7 a.pg_statistic .0
a Uxd4, 0 A, a0 Yy, 7 1KBa XNoHw A4br {06 a. YU
Y KXo b3kt [, xn4dao most_ common_ vals 8 V. w 7 a.
175 U
"N 8% XKt N 4 ., 4x " Qa @, PostgresQx  © . U, T T a. AD XKt
N U JY—t ] 40 0 a.—  kav default_statistics_target Ok " a4
0~ a.
R — XdU N'En A XKt tAbL]l Ee 07 a( Ex "7 E Ir
t o A NE . @NTEY e 7 a). MCWD 4 OXt Na A6 Y~ - a.MO N
"E,R — OXt & a]1v1/— ka n T oa.
U X pg_stats  histogram_bounds t 4 — A /Xt NE 0" a:

=> SELECT left(histogram_bounds::text,60) || "..." AS hist_bounds

FROM pg_stats s

WHERE s.tablename = 'boarding_passes' AND s.atthame = 'seat_no';
hist_bounds

{10B,10E,10F,10F,11H,12B,13B,14B,14H,15G,16B,17B,17H,19B,19B...

(1 row)

MCW: M J, © ., UxTa alVUTa a x & [ y A4 ]

6" a”PA0tN,08hM4Q & “ealdo § n a.

Cn
c
C

223 backend/utils/adt/selfuncs.c, ineq_histogram_selectivity function
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[mev ]

frequency

[ mcf]
—
|

nllfrac 7772772772227 "¥1 |7 s

: values
[ histogram_bounds ]
=> EXPLAIN SELECT * FROM boarding_passes WHERE seat_no > '30B";
QUERY PLAN
Seq Scan on boarding_passes (cost=0.00..157350.10 rows= 2983242 ...
Filter: ((seat_no)::text > '30B"::text)
(2 rows)
s 1 N'E v— | A E4 _ 0 e " oa
X & 1 vN— k2'E 0" a.d, NN d x, Q UvXt. b o8 v —
ka0 0 " al( , OX A0 47 Xt a ~a)A Moy . UHA
6 Yvav 1 aA 4 7~ a
h&Ja @, NULDKX 04V U y "Qseat noN4v Y Xt 41 7 a.

=> SELECT s.null_frac FROM pg_stats s

WHERE s.tablename = 'boarding_passes' AND s.attname = 'seat_no’;
null_frac

xxxxxxxx

A, x. Q v MCV e, M5 a:

=> SELECT sum(s.most_common_freqs|
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array_position((s.most_common_vals::text::text[]),v)
)
FROM pg_stats s, unnest(s.most_common_vals::text::text[]) v
WHERE s.tablename =boarding_passes' AND s.atthame = 'seat_no'
AND v > '30B';
sum
0.21226665
(1 row)

U4 R MCVeYxa, OK™~ a:

=> SELECT sum(s.most_common_freqs|

array_position((s.most_common_vals::text::text[]),v)

)

FROM pg_stats s, unnest(s.most_common_vals::text::text[]) v

WHERE s.tablename = 'boarding_passes' AND s.atthame = 'seat_no';
sum

0.67816657
(1 row)

o «x. v Kt N N — 0 "E( 100k — ,a, OKKX

4., 2 Toa:

=> SELECT round( reltuples * (
0.21226665 -- MCV share
+(1 - 0.67816657 - 0)* (51/100.0) -- histogram share
)
FROM pg_class
WHERE relname = 'boarding_passes';
round
2983242
(1 row)
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frequency

null frac +-------~------—

Q AbA4v AEK MT XKt 4d v Uxbe fTp. § Jd<X 6 —

ev., a’A 7 a.

a, X "E®S T a:

=> SELECT count(*) FROM boarding_passes WHERE seat_no > '30B';

count
2993735
@ )
default_statistics_target X, b W I b <62 QOO A 467 u
UoOMCH 0 M Ab4vdao NXNMOO/AI, 2 "~ a.” ANLTOXST

X 61 &0l a

=> SELECT n_distinct FROM pg_stats
WHERE tablename = 'boarding_passes' AND attname = 'seat_no’;

n_distinct
461
@ )
10 <« UvuNAE 2Q4&8UXMOO0L Ax4Q 0b "7 a.a Al
default_statistics_target X, LY vuX/E 2100, 1, t &I d v- 4, 2

"Ta.. 6 O 0k"aX, (0. ) sy NAE 2Q0, w, 1t 01 a N Q6

£ o NE A a2 "7 a. vy NN d 6 V77 a.
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176° OGbLM~  h ° 4186 &
PostgreSQx ©  Ob M~ b *4d ru K o d0MT G Y K Lk v Dot

o 4d /0 2 a " a. v 17 wo YA, O x & 10
< 7 a.
most_common_elems most_common_elem_freqgs A X b Q 0~ |T
1107 Jd ~a. Y /s N#* o tsvector 25h ° o1d 10
sh JT o7 a.
. elem_count_histogram A XX©° 8% §* a4d U7 Jd ~a. h
s NA4d NE e 10O Ii
T Ab, PostgreSQX * T ° o .U,
£ T a. Y . UN Y ° ) s h i
0" a.. YU pgstatsP4v "8
a ' h ©o%ad w17 Aba 0 a
o~ . Q
17.7 t
pg_stats  avg width t v A 4 O Xt 0V tT o adA AV char(d) K
X ° Ab41v  «n o T a..Yvu T KXbL"T h ¢ Ad,ANQa
bodbada " a:

=> SELECT attname, avg_width FROM pg_stats
WHERE (tablename, atthame) IN ( VALUES
(‘tickets', 'passenger_name'), (‘ticket_flights','fare_conditions')
);
atthame | avg_width

L 5 5 5 55 8 8@ 58 8 8 8 8 @

fare_conditions | 8
passenger_name | 16
(2 rows)

FEY TOKN AA

>"l
C
Cc
=
.8-1
[o¢]
<
c
[fmy
|
J—
(@]
.
Q)

224 postgresql.org/docs/14/arrays.html
backend/utils/adt/array_typanalyze.c
backend/utils/adt/array_selfuncs.c

225 postgresql.org/docs/14/datatypeextsearch.html
backend/tsearch/ts_typanalyze.c
backend/tsearch/ts_selfuncs.c

226 postgresql.org/docs/14/rangetypes.html
backend/utils/adt/rangetypes_typanalyze.c
backend/utils/adt/rangetypes_selfuncs.c

221 backend/utils/adt/multirangetypes_selfuncs.c
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17.8 N ©&

pg_stats # A Ot t v fi & Th ex NE Ok & Thp <6

OAO0Y t7 a. Xt AH AY TNE 64 a@®,.t NOGENI4 L | 8w a.

VN XKt ° @ TNE AN a@AOExX-14b_ 1 8w ~a.U <« h o b

80 | YOQAENOENOAL, 2 .

=> SELECT attname, correlation
FROM pg_stats WHERE tablename = "airports_data’
ORDER BY abs(correlation) DESC;
attname | correlation
coordinates |
airport_code | ,0.21120238
city| ,0.1970127
airport_name | , 0.18223621
timezone | 0.17961165

(5 rows)

8 E (coordinates )N 4 d b v Aba & V77 a: b  4d »v N
6N V., x4 ~ a.

Net X | ef 4 P67 a

17.9 A

A2 s ex N i Avs A0 ao d A |
V., Adb4t a2 "7 a.A0tA, UxvuA 0 A
214N0E" 2 =42 KN x4d »U e T a®®

=> EXPLAIN SELECT * FROM flights
WHERE extract(
month FROM scheduled_departure AT TIME ZONE 'Europe/Moscow'
)=%4
QUERY PLAN

Seq Scan on flights (cost=0.00..6384.17 rows= 1074 width=63)

Filter: (EXTRACT(month FROM (scheduled_departure AT TIME ZONE ...
(2 rows)
=> SELECT round(reltuples * 0.005)
FROM pg_class WHERE relname = ‘flights’;

round

sssssss

228 backend/utils/adt/selfuncs.c, egsel function
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Ux v a0 a 04d MTul M Q@ " a. Q CAWO @l A
a 6y N X M a ~ 1/120 WN'EA «8dv h, XXA X a BEZE
U e‘@

ke 7 pu A2 A v d°  /ED 2 N\ “a. 07 PGb

" ~'§.

) A

_ an O T vw T a®® Yy As 1 NEa 6 V77 a.

dhb t K 0anN"Eet , ~ CREATESTATISTIGE . ~ i 7 oa.

> CREATE STATISTICS flights_expr ON (extract(
month FROM scheduled_departure AT TIME ZONE 'Europe/Moscow'
)
FROM flights;
Once the data is gathered, the estimation accuracy improves:
=> ANALYZE flights;
=> EXPLAIN SELECT * FROM flights
WHERE extract(
month FROM scheduled_departure AT TIME ZONE 'Europe/Moscow'
y=14
QUERY PLAN
Seq Scan on flights (cost=0.00..6384.17 rows= 16667 width=63)
Filter: (EXTRACT(month FROM (scheduled_departure AT TIME ZONE ...

(2 rows)
3 O Ab 1 8A¢p &b CREATESTATISTIGE 4 » JT Ouw O n *NCE
. 4 -
ALTER STATISTIGSE | ~ J" 1 "E £ a "7 a.d:

=> ALTER STATISTICS flights_expr SET STATISTICS 42;

£ 6AOOGt § h v "E.  pg_statistic_ext Ne d™Ha On
v ™|  pg_statistic_ext_data Ov Nef « ~a. Y o®v YH i 4d

1 AdDL  vh Ji o a

(D¢
€
L
ITi
()

.
QD

S LN - I B S

=> SELECT left(expr,50) || "..." AS expr,
null_frac, avg_width, n_distinct,

229 postgresql.org/docs/14/plannestats#PLANNESTATEXTENDED. html
backend/statistics/README
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most_common_vals AS mcv,
left(most_common_freqgs::text,50) || ..." AS mcf,
correlation
FROM pg_stats_ext_exprs
WHERE statistics_name = 'flights_expr’ \ gx
JIRECORD I, | L L L L L o L e e e e e e e e e e e e e e
expr | EXTRACT(month FROM (scheduled_departure AT TIME ZO...
null_frac | O
avg_width | 8
n_distinct | 12
mcv | {8,9,12,3,1,5,6,7,11,10,4,2}
mcf | {0.12053333,0.11326667,0.0802,0.07976667,0.0775666...
correlation | 0.08355749

S I

I 4d a 6 a O J.1 . < uvAad - "7 oa.
A | "betdx ANEA S0E Nedd a2 Ouw Ya 6 a |'b a
0 AbD, U NOD O avwu T a.

=> DROP STATISTICHghts expr;
=> CREATE INDEX ON flights(extract(
month FROM scheduled_departure AT TIME ZONE 'Europe/Moscow'
i
=> ANALYZE flights;
=> EXPLAIN SELECT * FROM flights
WHERE extract(
month FROM scheduled_departure AT TIME ZONE 'Europe/Moscow'
)=%4
QUERY PLAN
Bitmap Heap Scan on flights (cost=324.86..3247.92 rows= 17089 wi...
Recheck Cond: (EXTRACT(month FROM (scheduled_departure AT TIME...
. > Bitmap Index Scan on flights_extract_idx (cost=0.00..320.5...
Index Cond: (EXTRACT(month FROM (scheduled_departure AT TI...

(4 rows)
Sl Ad fEY Ne A& n "N'E 07 a.A0t A, pg_stats
Ne 'YNTE | ° Y, Jo® adb41_, a2 "7 a.

=> SELECT n_distinct FROM pg_stats
WHERE tablename = ‘'flights_extract_idx’;
n_distinct

xxxxxxxxxxxx
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[ah]

ALTER INDESE, i ¢ 1 A £ | a “a. 1°0 4o d
v AY, @Ov AD A M4 Toa.d:

=> SELECT atthame FROM pg_attribute
WHERE attrelid = 'flights_extract_idx"::regclass;
attname

sssssssss

extract
(2 row)

=> ALTER INDEX flights_extract_idx
ALTER COLUMN extract SET STATISTICS 42;

1710 a" y A&

a"y /&0 a vyl b3 H v JY NeN4d—w .2 "~ a. | x NCE
CREATE STATISTIGE ,, i ¢ d v AO02AnN"Est + ~ a.PostgreSQLX t
O a"y AOL o 77 a.

P Kk X . ®0aA 5 a:

=> SELECT count(*) FROM flights
WHERE flight_no = 'PG0007' AND departure_airport = 'VKO';
count

396
(1 row)

XN 1 O L6477 a

=> EXPLAIN SELECT * FROM flights
WHERE flight_no = 'PG0007' AND departure_airport = 'VKO;
QUERY PLAN
Bitmap Heap Scan on flights (cost=10.49..816.84 rows= 15 width=63)
Recheck Cond: (flight_no = 'PG0007"::bpchar)
Filter: (departure_airport = 'VKO'::bpchar)
. > Bitmap Index Scan on flights_flight_no_scheduled_departure_key
(cost=0.00..10.49 rows= 276 width=0)
Index Cond: (flight_no = 'PG0007"::bpchar)
(6 rows)
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v 4001 Nt VWA “a. Uxsi1 At »'E Yvaab
4 | vké&d ANEM O xt & | WNN\N'E 0" a.” £ X 1
T d 7 a:flight no A4 d X 4 d  Bitmap Index Scan { t b, departure_airport A

X 4 Bitmap Heap Scanf t b MO0 M 4wO XK I At 477 a

0 'E
0 ® |
1 d

Q0 Gy N " 4 ® I Oavwu, Ma a.P _ x X | «
1 O v AGO T 8). Y Abd4v 2 “E4d
/D

PA | 2 Tk 4d A0 ok 5 a:

=> CREATE STATISTICS flights_dep(dependencies)
ON flight_no, departure_airport FROM flights;

a, oW’ 45 Fba 6H k40 a:

=> ANALYZE flights;
=> EXPLAIN SELECT * FROM flights
WHERE flight_no = 'PG0007"
AND departure_airport = 'VKO';
QUERY PLAN
Bitmap Heap Scan on flights (cost=10.57..819.51 rows= 277 width=63)
Recheck Cond: (flight_no = 'PG0007"::bpchar)
Filter: (departure_airport = 'VKO'::bpchar)
. > Bitmap Index Scan on flights_flight no_scheduled_departure_key
(cost=0.00..10.50 rows=277 width=0)
Index Cond: (flight_no = 'PG0007"::bpchar)
(6 rows)

a6 A "E. 4 6§ Ha, OK 1t° 2 "~ a:

=> SELECT dependencies
FROM pg_stats_ext WHERE statistics_name = 'flights_dep’;
dependencies

ssssssssssssssssssssssssssssssssssssssssss

{"2 =>5":1.000000, "5 => 2": 0.010200}
(2 row)

J  » 2 5v pg_attribute Ne OA T a. dXXx a2 Tk 10
a: 0N E oA, U oTHINP_ A X  _ A XA+ LUt oa,

a"yailXa
ab A4 OXt of a4 d Av JYN4d 2 6v GROUPBYA Uy
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(A ke a.

> . - ~

A0tA, QN O1 © L3 av W a % N KX M
T a.ot NEAMS Y, xn T oa
=> SELECT count(*)
FROM (
SELECT DISTINCT departure_airport, arrival_airport FROM flights
)t
count
618
(1 row)
=> EXPLAIN SELECT DISTINCT departure_airport, arrival_airport
FROM flights;

QUERY PLAN

HashAggregate (cost=5847.01..5955.16 rows= 10816 width=8)
Group Key: departure_airport, arrival_airport
. > Seq Scan on flights (cost=0.00..4772.67 rows=214867 width=8)
(3 rows)

a°® X4 d /ED 91 5 a:

=> CREATE STATISTICS flights_nd(ndistinct)
ON departure_airport, arrival_airport FROM flights;
=> ANALYZE flights;

Uv @ kedbd4 " a

=> EXPLAIN SELECT DISTINCT departure_airport, arrival_airport
FROM flights

QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

HashAggregate (cost=5847.01..5853.19 rows= 618 width=8)

Group Key: departure_airport, arrival_airport

. > Seq Scan on flights (cost=0.00..4772.67 rows=214867 width=8)
(3 rows)

S "E. 452 O /D a T oa:

=> SELECT n_distinct
FROM pg_stats_ext WHERE statistics_name = ‘'flights_nd';
n_distinct

sssssssssssssss

{'5, 6" 618}
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(2 row)

a"y MCVQ'E

X o b° VY XNAD, | v X4 Cxn4. 3 T EAQ

vy NTEv Y, 2 Ta. A0t AN E bvod AT W 450 OF 737 W
A00° b T oa

=> SELECT count(*) FROM flights

WHERE departure_airport = 'SVO' AND aircraft_code = '733';
count

xxxxxxx

(1 row)
=> EXPLAIN SELECT * FROM flights
WHERE departure_airport = 'SVO' AND aircraft_code = '733';
QUERY PLAN
Seq Scan on flights (cost=0.00..5847.00 rows= 736 width=63)
Filter: ((departure_airport = 'SVO'::bpchar) AND (aircraft_cod...
(2 rows)

Ab a" a MCQ'E4 d AED 2 N L ke 2 T g

=> CREATE STATISTICS flights_mcv(mcv)
ON departure_airport, aircraft_code FROM flights
=> ANALYZE flights

o Uy N 18 a:

=> EXPLAIN SELECT * FROM flights
WHERE departure_airport = 'SVO' AND aircraft_code = '733';
QUERY PLAN
Seq Scan on flights (cost=0.00..5847.00 rows= 1927 width=63)
Filter: ((departure_airport = 'SVO'::bpchar) AND (aircraft_cod...
(2 rows)

<

Y . A bv E. A 1 KA T oa:

O
w

=> SELECT values, frequency
FROM pg_statistic_ext stx
JOIN pg_statistic_ext_data stxd ON stx.oid = stxd.stxoid,

230 backend/statisticss  README.mcv
backend/statistics/mcv.c
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pg_mcv_list_items(stxdmcv) m

WHERE stxname = 'flights_mcv'

AND values = {SVO, 773}
values | frequency

{SV0,773} | 0.005266666666666667
(1 row)

"Ea " 21 Q"E4 v default_statistics_target ( 1 > 100) X

OAD, dX b X i o a)

Q0  MCQEOQ b

a( Ok"2abAQ 46l w
0 AbD o} A Qb EQE | 0"A 2l a:

ALTERSTATISTICS ... SET STATISTICS ...;

Jy?® A0 U X 1M
{ \ @ PostgreSQLN C d ot ° A0 2 “ a.

N YT 41 a"2a Av
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18 Ne1 + ° .
18.1 Y, ‘ W A
PostgreSQLs J Y b Nelt “ “( Y. b3 ® 4 ), ot o Y., NE]
a 1Et T oa. YU v 1 Ndv et udl - g, No, 9 &£ X
[ R 2 N'HCREATE TABLE ... USING, & Y \ @ default_table_access_method
OK"2A4UANO, 1 4 'heap t67 a.
PostgreSQL Av JY 4 On *NTE n ) Net + R| 0
& 4 7 a.”® amhandlerA 4 6O av AL OE v ot f O v ‘
& 0Q T oa®
ot Nelt " “4pva, Adtd-0 I 2 77 a:

. U aed (ACIDw 't eH® 4 )

L — en

. o

. TOAST

, = “Q w,

. Lo

Y kO v 4 4 <« NEHA oP |t V860l ° o7 a.

, A

. N d
4 Xald “t O pai 4 £ @OPaA v XU CQtvw 0dAE
X 1) 4 PostgreSQLX ~“ ° h 0 |t e, "E. U “ 4 0
® 7 a.

o et WAL V> KEH] E+e TTf yo.UT - 'E& HT EODOt"

A RnY KoV mbl T, T, v - onBAvo. F Weasd waL
rayx2BEgK " Y1 v/ 8 n QAyo.UT « WAL ¢ 4+ L

Vi - om4+  Fdv 1" ou Bn. .+t . NnAG." QS b/

231 postgresql.org/docs/14/tableam.html

232 include/access/tableam.h

233 postgresql.org/docs/14/generic -wal.html
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TF T Hi et éri N QAyo.m. I A" sk Ak 57 axo
btn A Ki1iyo.

Y °E N1t “O0 A ] 44H do, W V177 a. a o 4
be® ON, 3 X A f av 'heag1t’ “4T T a. “ 4 N'E
e b3t [NHald “tN "Et °© I 4d J A a o
a.

kK Q o "ED 4 4bva, . N o~ 7 a:

Zheapi Ne .M .7 kQd4T a® 4 X & A h 0
a MVCCOAO Oy h 0”1 wundo® & "E A “a. Y 4 Xh A h
La_ Et4° 1 7 a.

Zheap M s 40 T 41 A 7w NObL AL T a(d:r L1t

oo VIR — 66 | "0+t 2477 a)

Zedstorev A * 0 "H®, OLAP(Online Analytical Processing) &~ b E)

W N"EA €407 a.

Oh v ID B O EdLEdHRAX B- & A60 B- &4 0” a

ANES JYA, YU B @A N * ot =01, al W T oa.
182 1

4 X Neh o & Mo a1t “ M T a. a4 dv “NT
\NCE Ne (Awv t) NE T a R X 1P L
E "H &0 Q Q v X Q6~ a

table page
a tuple
to be filtered out
‘Bt v — 0 6'HdT Y Ne ° T h 0 y

234 github.com/EnterpriseDB/zheap

235 github.com/greenplum -db/postgres/tree/zedstore
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— % | "~ an No, ° vald "EL°v — Q4 J J b U"
_ i

0 a. 'Y * . n, O O ~a.wOhr' N <« A
Ob47 " a
T 0 X NeA v b Xao, Ub B “ T a.a’a ,e &
rox T L b b "7 a.(4 £ [avuX &ObLOK Qe N v AD
'E, 1Ot vu & 07 a)
el

® A& 45T ' KXSeqScanft "E " 0 a:

=> EXPLAIN SELECT *
FROM flights;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Seq Scan on flights (cost=  0.00.. 4772.67 rows=214867 width=63)
(1 row)

T E a EA « 2ab WNo~ a:
=> SELECT reltuples FROM pg_class WHERE relname = ‘flights’;

reltuples
214867
(1 row)
el x° Q sU° IOWCPU® “Pb dtd- 0aA ~ a*
Ioet N Ne 2 0T NE v b 4 0 vel, W
06" a.— 0° b 00 x 0 A v "EU’ 458 QN D 0
N ody LOA R Y L3e 00f " a.wOsrT I
J B 0 veli( "Q bseq_page cost | X 1)E )X el (
el X random_page coft | M. 4)XN'E OF a'! "~ a.
7 v NXHDD n " a., YussD Ji v Ad random_page_coskK, «d
vy "7 a.(seq_page costdb k " 2av a8 XN\ Ef . dEPv y Q i
Y ok"al e t 7 A4wOalb, x4 Q NE  Ne ‘a

45 0 a. (ALTER TABLESPACE ..SET|i J a).

=> SELECT relpages,
current_setting('seq_page_cost') AS seq_page_cost,
relpages * current_setting('seq_page_cost')::real AS total
FROM pg_class WHERE relname = 'flights’;

2 o . .
3% backend/optimizer/path/costsize.c, cost_seqgscan function
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relpages | seq_page_cost | total

2624 | 1| 2624
(1 row)
Y ABx "~ 41432 6 Y X VACUUMN'E Qe v Ne MOU & P
T oa: Ne O L 2A'E 0" N v b H d 4 (o)
a7 v e A a1 07 a.
CPU®" XNR @ vh b efl, Ta. eixT Qb
cpu_tuple _cost ( | XK 0.01)°E T a.

=> SELECT reltuples,
current_setting(‘'cpu_tuple_cost') AS cpu_tuple_cost,
reltuples * current_setting(‘cpu_tuple_cost’)::real AS total
FROM pg_class WHERE relname = ‘flights’;

reltuples | cpu_tuple_cost | total

214867 | 0.01]2148.67
(1 row)
P N i3 ef, Vv t7 an Y | x 4NO'E  ef
NO " a
o Ne M6AN v AD, T 0O X N SeqScanf t FiterPAd4 "~ 067 a.
av Y x & | 4wOBGO Hef 13 A0 EE el 0~ a.
EXPLAIN ANALYZE X~ "EQ O a~ M0 A0 OGP ° T a. O )
MO~ QMO0 a 77 oa.

=> EXPLAIN (analyze, timing off, summary off)
SELECT * FROM flights
WHERE status = 'Scheduled’;
QUERY PLAN
Seq Scan on flights
(cost=0.00.. 5309.84 rows=15383 width=63)
(actual rows= 15383 loops=1)
Filter: ((status)::text = 'Scheduled'::text)
Rows Removed by Filter: 199484
(5 rows)

P al A It v E .0 T a

=> EXPLAIN SELECT count(*) FROM seats;
QUERY PLAN
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ssssssssssssssssssssssssssssssssssssssssssssssssssss

Aggregate (cost= 24.74.. 24.75 rows=1 width=8)
. > Seq Scan on seats (cost=0.00..21.39 rows=1339 width=0)

(2 rows)
© /E NPk ftEdkO a. < ft (Aggregate)r count 210 AB o,h 0
v 7 ft (SeqScan4 » h 0L ~ 7 a.
< ft Aggregate ° el 4v [E A b 0" a. _ ( Ab4v°®
L oA, sy T ft4e0t b T4 T a. EelXP A 4d
L . QNE  0o°

e { (estimated at cpu_operator_cost (default: 0.0025) "E

=> SELECT reltuples,
current_setting(‘cpu_operator_cost’) AS cpu_operator_cost,

round((
reltuples * current_setting(‘cpu_operator_cost')::real

)::numeric, 2) AS cpu_cost
FROM pg_class WHERE relname = 'seats’;
reltuples | cpu_operator_cost | cpu_cost

xxxxxx e s st
1339 | 0.0025 | 3.35
(1 row)
ax v Seq Scanf t ef 4 o a
Aggregate f t ef 4vQ & well 0" a. el Xcpu_tuple cost( 1 X
0.01)"E (o)= wel, 0 7 a:

=> WITH t(cpu_cost) AS (
SELECT round((
reltuples * current_setting('cpu_operator_cost')::real
)::numeric, 2)
FROM pg_class WHERE relname = 'seats'

)
SELECT 21.39 + t.cpu_cost AS startup_cost,

round((
21.39 + t.cpu_cost +
)::numeric, 2) AS total_cost

FROM t;

startup_cost | total_cost
+

24741 24.75

1* current_setting(‘cpu_tuple_cost')::real

(2 row)

237 backend/optimizer/path/costsize.c, cost_agg function
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wO b ef £ a, OK . oa a:

QUERY PLAN
Aggregate
(cost=24.74..24.75 rows=1 width=8)
\' ge°>~Ng¢ - ®- 2o 32
(cost=0.00.. 21.39 rows=1339 width=0)

(4 rows)
183" A U
PostgreSQIX ~ A & . 4 " a.?® &0 a v O “Et ' v (postmasterd )
YK 2 "Bt C 09k Jn > 4n TAE a0, ~ a.MOv Gather®f§ t 4 »
ov "HOdeé 41 BO6™ a.h 02 Vv, Ab,w8v " AZE ~ 41 J a 7

a.

0 A0, parallel_leader_participation (| Xomok " a0 JI Joe T AE
Jo° a3 " a. 0k"aA0E@OEer T ALE T 4 V77 a.

sequential
part of the plan
’_,_,F,{ Gather }<——~ﬂ
o T T T T T [
parallel | parallel : parallel
part of the plan ' partofthe plan : part of the plan
\ /
worker leader worker

d A Y "Et © 0 ah 0 . vuX"ibM  xp4ot O A ~

WXV, a.

238 postgresql.org/docs/14/paralleduery.html
backend/access/transam/README.parallel

239 backend/executor/nodeGather.c
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A T A 1680l £ Ot ao, N4 & 2 v uNM ~a. a AN®

& QB L \NET N"Ea 6 a.

PostgreSQLE om »~ HAFE 4y va" " Oq1 fiw= adl "E + v
M= n ® KHALRAL mn QAyo.(g , b1 Ain N T EG/ A
o lEHA)+1 | ayx E PostgreSQL, e= 6/ - =4%n Qo0°~
C—':U'"'A\JJO-

184~ AT

ParallelSeqScan ft v~ A o0~ v &£&Of t UET AT 2 ~ a.

Y Np®T NTEt @a Q( T TA ), AT . QA T oa. 1

00 7w Ne v o NE  "HBT 0T a 864, x THOW'Y a.
yu ANJYK n>  CEL' A a1 0 a.n oOP_ " vy
’ LA WATAYY Y Et't,n, " a.

J, 45 Q X O A L Q T o, M Q ad> JY "Et°
7 0a vy [ avuy ~awlOs Q NET O b v )
N «e1db44 T a Yy o b 00 - .~ PostgreSQIX P "Et ‘ 4

I n° Jy 0 d - a

wOsr~™ A" X Q NE | efl "Et “ p h NTE L'E b , xn4
Ob4 " a..YY2 byod 4d A MO a v AD © Cop

1 M a2 "7 oa

el
a0 Ned » /0 2 v pB © £ .0 7tn T a’ £ X A 547

- a.
=> EXPLAIN SELECT count(*) FROM bookings;

QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Finalize Aggregate (cost=25442.58..25442.59 rows=1 width=38)
. > Gather (cost= 25442.36.. 25442.57 rows=2 width=8)
Workers Planned: 2
. > Partial Aggregate
(cost=24442.36..24442.37 rows=1 width=8)
. > Parallel Seq Scan on bookings
(cost=0.00.. 22243.29 rows=879629 width=0)
(7 rows)

240 backend/access/heap/heapam.c, table_block_parallelscan_startblock_init & table_block_parallelscan_nextpage functions
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Gatherf t MU4 v @t ftv” £ ~MAaoc4” ~a. tXNRP 2
hu Pk Et LA 6477 a) © 6Hwé Et 4 bl
a (B, parallel_leader_participation OK"2AE , 3, Ea "7 a) Gatherf t

ot ftov ao NE®E ELC 4 Q" 07 a.
ParallelSeqScan ft v~ A * _ U t” arows t v B EL' b ®
apyv t7 oa. " ONL K EL (VU HE Pk oz ) a6
tveéE XN . O " a. ab b AwOOe dyx v v p2*

24 eYE do~ a.
=> SELECT reltuples::numeric, round(reltuples / 2.4) AS per_process

FROM pg_class WHERE relname = 'bookings";
reltuples | per_process

xxxxxxxxxxxxxxxxxxx

2111110 | 879629
(1 row)

b v
0 "EI/O a o X

Parallel SeqScan ef x7T * 0% | 1
R4 Qe e "7 oa.d N,

0~ a:

=> SELECT round((
relpages * current_setting('seq_page_cost')::real +
reltuples / 2.4 * current_setting(‘cpu_tuple_cost')::real
)::numeric, 2)
FROM pg_class WHERE relname = 'bookings';
round

22243.29

(1 row)

a. \E Partial Aggregatef t * 4o Oh /A0 2 “ a. A4 b

a.

Fei N Q ' NE 6 H Ne* e 4 b0 a.

=> WITH t(startup_cost)
AS (
SELECT 22243.29 + round((
reltuples / 2.4 * current_setting(‘cpu_operator_cost")::real
)::numeric, 2)
FROM pg_class
WHERE relname = 'bookings'

241 backend/optimizer/path/costsize.get_parallel_divisor function
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ab | X
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)
SELECT startup_cost,

startup_cost + round((1 * current_setting(‘cpu_tuple_cost')::real
)::numeric, 2) AS total_cost

FROM t;
startup_cost | total_cost
24442.36 | 24442.37

(1 row)
a, ft Gather ®& "EL " A 0" a. ftva 0° a.t Q h
0 2 vy , dd ~ a.
£ "Bt el (@ 4 )X parallel_setup_cost 0 k " a( | >X 1000)"E
6™H "EL ' p P el X parallel_tuple_cost Uk " a( | X 0.1)"E 0~ a.

A >4 b CEET S el ( ELT S 47 ebvel) Oea T a. XN Partial
Aggregatef t ° ef 4 b6 a. ef 4v Pk el v h, XK
Partial Aggregate f t ef 4 bo a?*

=> SELECT

24442 .36 + round(
current_setting(‘parallel_setup_cost’)::numeric,2) AS setup_cost,
24442 .37 + round(current_setting(‘parallel_setup_cost')::numeric +
2 * current_setting(‘parallel_tuple_cost')::numeric,2) AS total_cost;
setup_cost | total_cost
25442.36 | 25442.57
(2 row)

"Q 'QN 'E Finalize Aggregate f t v Gatherf t '"Ea ~ A "EL° "Ea QX @t a o MOD

£ T a.

Fs ad £ Q b
a. KN Gather el 4
Aggregate el 4v A

£ vel, Q\E
0 x 1 ). Finalize

=> WITH t(startup_cost) AS (
SELECT 25442.57 + round((3 * current_setting(‘cpu_operator_cost')::real
)::numeric, 2)
FROM pg_class WHERE relname = 'bookings'

)
SELECT startup_cost,

242 - . .
backend/optimizer/path/costsize.c, cost_gather function
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startup_cost + round((
1 * current_setting(‘cpu_tuple_cost')::real)::numeric, 2) AS total_cost

FROM t;
startup_cost | total_cost
25442.58 | 25442.59

(1 row)
ef i TEXfEtLEMO0 € ft4 B . 4h 08 N v Jadw
OM 06~ a. ot A ., Q x. MOOQ a4, xn4,° eixn T fit
ef.  QNE ~ a.. YU Gatherf t v h oL 4 Q < E ., _ -
a.wOs A et x Tft el 4 H eix 7 ft ef. . Q
NE T a.

a. X &, U0 " a

Finalize Aggregate
(cost=25442.58..25442.59 rows=1 width=8)
\' e 38uo2

(cost=25442.36.. 25442.57 rows=2 width=8)

Workers Planngd: 2

. > Partial Aggregate
(cost= 24442 36.. 24442.37 rows=1 width=8)
. > Parallel Sj&mbookings

(cost=0.00.. 22243.29 rows=879629 width=0)

(9 rows)
185 A’
ELY av btk OkKk"aAAE A No" a.n> 4 dv _ Obt- dav
max_worker_processe§ | XK 8) XA 0" a.
CYUTA O X Ot b 0 ° ARM, " a. A0t A kT 41
"H E, U4l Ji 62 "Ta”"AE © 7 dO0 "Et' av
max_parallel_workers ( | X 8) XX\ "E 0" a
d max_parallel_workers_per_gather ( 1 X 2) k "Bt b U ®&4d e’ D
a "7 oa.

Y Ok"aX & Xa, 0" 4wOBO " a:



. Q A a A 4 b NCE 1.2 v Ob A+ T a
Y . XOLTP ' f avOLAP ' 415 Q NE & a.
Q1 AA h A <4 | b min_parallel_table scan_size ( T »:8MB) )X a a o,
Uxs " A" _ a'A {77 a.
parallel_workers Ok" 20 Ne4 d "Et a0 @ N'E yu oo

a, N> 4 wo

1+ 10 table size
&3 min parallel table scan size

< - - ~

u Ne + "E& X "Qa PostgreSQLX  ® 0 u LA 0 d av ¥
“a.. 1 v 4prva, OKX' b WO a:
MB
8 1
24 2
72 3
216 4
648 5
1944 6
NhAb41 ™ A a v max_parallel workers_per_gather 0 k " 2 "E O . O a2
177 a.
04 19MB N Ne & acg Y 2 QF 6o  bu ~ a.

=> EXPLAIN(analyze, costs off, timing off, summary off)
SELECT count(*) FROM flights;
QUERY PLAN
Finalize Aggregate (actual rows=1 loops=1)
. > Gather (actual rows=2 loops=1)

Workers Planned: 1

Workers Launched: 1

. > Partial Aggregate (actual rows=1 loops=2)

. > Parallel Seq Scan on flights (actual rows=107434 lo...

(6 rows)

los]

105MB | Ne4 d @Y max_parallel_workers_per_gather ( 1 X 2)2 41

281



JP K Bt Qi 67 a:
=> EXPLAIN (analyze, costs off, timing off, summary off)

SELECT count(*) FROM bookings;
QUERY PLAN

sssssssssssssssssssssssssssssssssssssssss

Finalize Aggregate (actual rows=1 loops=1)
. > Gather (actual rows=3 loops=1)
Workers Planned: 2
Workers Launched: 2
. > Partial Aggregate (actual rows=1 loops=3)
. > Parallel Seq Scan on bookings (actual rows=703703 I...
(6 rows)

goR .Yy awpd<€bv itk EL 04, a2 w a.

=> ALTER SYSTEM SHibx_parallel_workers_per_gather = 4;
=> SELECT pg_reload_conf();
=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT count(*) FROM bookings;

QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Finalize Aggregate (actual rows=1 loops=1)
. > Gather (actual rows=4 loops=1)
Workers Planned: 3
Workers Launched: 3
. > Partial Aggregate (actual rows=1 loops=4)
. > Parallel Seq Scan on bookings (actual rows=527778 I...
(6 rows)

& 4]t bs i ab & OX a xAD, i bs =2 2aq

A ELt 20 ask’'E a Pk ®on> 47 5 a.

=> ALTER SYSTEM SET max_parallel_workers = 5;

=> SELECT pg_reload_conf();

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT count(*) FROM bookings;

=> EXPLAIN(analyze, costs off, timing off, summary off)
SELECT count(*) FROM bookings;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

. > Gather (actual rows=3 loops=1)
Workers Planned: 3
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Workers Launched: 2
. > Partial Aggregate (actual rows=1 loops=3)

. > Parallel Seq Scan on bookings (actual rows=7037...
(6 rows)

QUERY PLAN
Finalize Aggregate (actual rows=1 loops=1)
. > Gather (actual rows=4 loops=1)
Workers Planned: 3
Workers Launched: 3
. > Partial Aggregate (actual rows=1 loops=4)

. > Parallel Seq Scan on bookings (actual rows=527778 I...
(6 rows)

PAD Pt Kk "Bt bA €64 Q Oy TRAPEKQ1I, 2 477 a.

T NTELs 5T oa.

=> ALTER SYSTEM RESET ALL,;
=> SELECT pg_reload_conf();

e A ®
Ot OO~ A a2 v uxdv "~ g a, OKXN &° 4v~A£ , T 21
ey
. h 02 yU v O(UPDATE, DELETE, SELECT FOR UPDATE® ~ A &£
Ii 217" a. Q Xa, GER°o »* O4v T8 V77 a:
- CREATE TABLE AS, SELECT INTO, CREATE MATERIALZED VIEW
- REFRESH MATERIALIZED VIEW
YU ot AD 4 J A NT N"Ea 67 a.
. ) a v O “a. v bsod4r” 6v  O4 T 6HPLpgSQL FOR
i 0 T a.
PARALLEL UNSAFE 0 s o " a1 NE v i R
a " oa.N Y 2 QEN " "E. 0 J a7 oa:

SELECT * FROM pg_proc WHERE proparallel = 'u’;

43 postgresql.org/docs/14/whertanparallelquery-be-used.html
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n O d4 v ao O A 2 w L0 T T A

w6 V77 a.
PostgreSQL — 4 pv Y ab y8a " a.A0tA, A Hda A
b OO0 A a1 v 3IX 0 WNbéa 7 a.

- INSER®W COP¥ ~ Ly~ L g, 4

ﬁ'A\p0244.
Ob"A 6 Y, a2 v JYb S a "7 a
d°® My TA 0 4 {77 a
, h—w NE  TAE I 7 6477 a4 Ne NTE)
. T AE T &£ faédel O U a
b~ A 62 v .~ force_parallel_ mode ( 1 X off Ok" a0 ° NTE &
1 " a.. Yo Uxvb3s AdA4T AL . ekt w T a.

=> EXPLAIN SELECT * FROM flights;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Seq Scan on flights (cost=0.00.. 4772.67 rows=214867 width=63)
(1 row)

=> SET force_parallel_mode = on;
=> EXPLAIN SELECT * FROM flights;
QUERY PLAN
Gather (cost=1000.00.. 27259.37 rows=214867 width=63)
Workers Planned: 1
Single Copy: true
. > Seq Scan on flights (cost=0.00..4772.67 rows=214867 width=63)

(4 rows)

T A O

TAE T Aao 1'EL3 <4 b3 T a. YU ARTA T veA 41 QA
H |7 NEGE  Et A 6" a™aa , Y AN Gatherf t MU £
W4V =247 a. Yy AX Q NEEA D Yo A Q L 4

244 commitfest.postgresql.org/32/2844

commitfest.postgresql.org/32/2841
commitfest.postgresql.org/32/2610

243 postgresql.org/docs/14/paralledafety.html
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A48 Y D b O Av CTEMOO ° vy T oa. v °  /E 4 CTE
Scanf t 'E " 0~ a.

=> EXPLAIN (costs off)

WITH t AS MATERIALIZED (
SELECT * FROM flights

)

SELECT count(*) FROM t;
QUERY PLAN

Aggregate
CTEt

. > Seq Scan on flights

. > CTE Scanon t

(4 rows)

. YUCTE v~ Apt4sAE
CTE " A O ~ NEAE

=> EXPLAIN (costs off)
WITH t AS MATERIALIZED (
SELECT count(*) FROM flights

)
SELECT * FROM t
QUERY PLAN
CTE Scanon't
CTEt
. > Finalize Aggregate
. > Gather
Workers Planned: 1
. > Partial Aggregate
. > Parallel Seq Scan on flights
(7 rows)
a0 AEv ~ /£ 4 bSubPlanft MU4 > O0s* b 7 a.

=> EXPLAIN (costs off)

SELECT * FROM flights f

WHEREscheduled _departure >(  -- SubPlan
SELECT min(f2.scheduled_departure)

240 backend/optimizer/plan/subselect.c
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FROM flights 2
WHERE f2.aircraft_code = f.aircraft_code
I
QUERY PLAN
Seq Scan on flights f
Filter: (scheduled_departure > ( SubPlan 1))

SubPlan 1
. > Aggregate
. > Seq Scan on flights f2
Filter: (aircraft_code = f.aircraft_code)
(6 rows)
P Kk X © ~ & _, YU t7 a.flights NoX T NEY 6e,P X NO
T ex 0 a. X 48 ¥ Qb 64 NH ¥ & E Nt _ 15
0" a.wOh SubPlanf t v JY_ "~ 6™ Adb4vT ° NEb I PR Qa _H
0~ a.
/E <«B SeqScanf t v SubPlanf t b 'Q h 4 x4 A" 4 J a2
177 a.
"Q QN CE InitPlan f t 4 u Uus Aabd A4v Y AL 77 a.

=> EXPLAIN (costs off)
SELECT * FROM flights f
WHERE f.scheduled_departure > ( -- SubPlan
SELECT min(f2.scheduled_departure)
FROM flights f2
WHERE EXISTS-¢ InitPlan
SELECT *
FROMicket_flights tf
WHERE tf.flight_id = f.flight_id

QUERY PLAN
Seq Scan on flights f
Filter: (scheduled_departure > (SubPlan 2))
~ SubPlan 2 =
. > Finalize Aggregate
InitPlan 1 (returns $1)
. > Seq Scan on ticket_flights tf J
Filter: (flight_id = f.flight_id)
. > Gather
Workers Planned: 1
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Params Evaluated: $1
. > Partial Aggregate
. > Result
OneTime Filter:  $1
. > Parallel Seq Scan on flights 2

(14 rows)

SubPlanf t © B®, InitPlan X _"Q b6~ a( AD SubPlan2ft P~ ™Qa _).

InitPlan <« ftv A" 4 J a4 " Qitlan b MO0 Qv ftv A"

N -~ A" . 4 V77 a. o NoX @ £ "EL C 4 »'Q 7 a
xi Toa. O Ne sE — T4k ®67 aE TO0JY CEL' A
a1 AWt T KX T f T 0 H v ad . <« a2 "7 a.

=> CREATE TEMPORARY TABLE flights_tmp AS SELECT * FROM flights
=> EXPLAIN (costs off)
SELECT count(*) FROM flights_tmp

QUERY PLAN
Aggregate
. > Seq Scan on flights_tmp
(2 rows)
PARALLELRESTRICEED O av £ T aodrQ 1067 a. Y 1 QEX a
WO~ Jd "E. 4 b a7 oa:

SELECT * FROM pg_proc WHERE proparallel = 'r';

PARALLEL RESTRICTRELE PARALLEL SAFEQ &t )E 20 . 4Ot A 0. 00
I . 9 1A Adb4Q d at

247 postgresql.org/docs/14/paralletafety#PARALLERABELING.html
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1" v "Eh K T a. t N7 d
E,Ah 1"t h "“ a.h | <l 4
1"y a " Mt A
PostgreSQL Av J sb o L1 g t( 1" Y nooa:
=> SELECT amname FROM pg_am WHERE amtype = "i';
amname
btree
hash
gist
gin
spgist
brin
(6 rows)
PostgreSQL EXN A0 Yoo 01t  §*t0 b a avwu, 0O ~
Y (NS 1= )N ®S 4 64 "7 a.
a L R Ot 41 e 8,0t L v M (1" O XD
O 0 Y7 a. Xdad IDAv TIDE 0" a. Av 1d
a T O0VMe ao, No, * Yol 0 h 0 L3k v L1 0
I o -
PostgreSQLX o "E0 1+ ° f* t 0 NE b a2 | EN 174 . N
a. 4 0Q v 1L -t A Q OTIDD y 8 ® vwu -~
, d 45h 0
. t @4d £
R A LbL M IV XAD  x

4 X BEIvd OF ~ 41 J ~a.ad ~ AE0 b X
vt b3 1t [Tt £ MM~ T a:fgctb O TsED 0'Q a
| ABAL O Uu.



1t T tva, OKx A, & vh i o a

it

1" 0d " Mad®d 4 w | °

, p4 L7 Qo ( —
VACUUM M 8 & b
1®0 A AT o T
. WAL Qe t

0 IT J 1~ 0Oh y o
=

I~ E X1t" f° t 4ao0 NEd
a. o v «d T a.B- &Y @t
"E O & 2 QM edt d ta l
"Ta. U b % N Jyng o
U° 0 o a1 "7 a

boolean
s
4 anc |

- int4_ops integer
i text_ops

btree

text

‘ text_pattern_ops

Indexing

engine

gist_int4_ops

gist gist_text_ops

point_ops point
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A a K
CRIR 248 VR 4 dH vt qAtte p T
4 F 0w T4 2 T a
VRRY "E.  pg_opclass Ne 0 a.a, ®v A 4d ¢
0Q 7 a:

=> SELECT amname, opchame, opcintype::regtype
FROM pg_am am
JOIN pg_opclass opc ON opcmethod = am.oid;

amname | opcname | opcintype
VVVVVVV Lo oowooowos sooobosssoeosssooooooooooos o
btree | array_ops | anyarray
hash | array_ops | anyarray
btree | bit_ops | bit
btree | bool_ops | boolean

brin | pg_Isn_minmax_multi_ops | pg_lIsn

brin | pg_Isn_bloom_ops | pg_Isn
brin | box_inclusion_ops | box
(177 rows)

dao AO0,0 U 4d M 0b47 7 a.00v BT |

u-o i v O+t ~a

A0t A,a, XN ° s+ B OA U ~a. U Us <4 1 XN'E
o~ a:

=> SELECT opcnhame, opcdefault

FROM pg_am am

JOIN pg_opclass opc ON opcmethod = am.oid
WHERE amname = 'btree’

AND opcintype = 'text".:regtype;

opcname | opcdefault
text ops| t
varchar_ops | f
text_pattern_ops | f
varchar_pattern_ops | f
(4 rows)

248 postgresql.org/docs/14/xindex.html

249 postgresql.org/docs/14/indexes -opclass.html
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i -

[ Q wénna, OK™ ™ a:

CREATE INDEX ON aircrafts(model, range);

W wXB , “NEa, dgNE 67 a:
CREATE INDEX ON aircrafts
USING btree --
(

model text_ops, --
range int4_ops --

);
ab’ L0 JF vy | n Bt Ags v 1t
® NCE N T a
1§t h © OR N U w 0ok " a0 i
t * i OE, b v N N T a
A0t A,btree1t” f° tvasb Aex N 0
asab 0 QP N7 a:

=> SELECT opcname, amopstrategy, amopopr::regoperator
FROM pg_am am

JOIN pg_opfamily opf ON opfmethod = am.oid

JOIN pg_opclass opc ON opcfamily = opf.oid

JOIN pg_amop amop Odmopfamily = opcfamily
WHER&mname 'btree’

AND opcname IN fext_ops' , 'text pattern_ops' )
ANDamoplefttype = 'text' :regtype

ANDamoprighttype = 'text' :regtype

ORDER BY opcname, amopstrategy

opcname | amopstrategy | amopopr

L v o vt oo v 0B v oo ow e e B oo oo e e ee SS9
text_ops | 1 | <(text,text)
text_ops | 2 | <=(text,text)
text_ops | 3 | =(text,text)
text_ops | 4 | >=(text,text)
text_ops | 5 | >(text,text)

text_pattern_ops | 1 | ~<~(text,text)

text_pattern_ops | 2 | ~<=~(text,text)
text_pattern_ops | 3 | =(text,text)
text_pattern_ops | 4 | ~>=~(text,text)
text_pattern_ops | 5 | ~>~(text,text)
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T R SV RV K
t A, btree V1IN a(lessthan )0 ©0 o,2v yU K a(lessthanorequalto )0

<

collation ! a8 A
ex N

t

(10 rows)

a.n u Y., b a "7 a.

A8 Pb

kK @

ext_pattern_ops
“a.C T Ahcollaton , Ji v h L L )

o i 247" a:

text_pattern_ops /A

=> SHOW Ic_collate;
Ic_collate

en_US.UTF8
(1 row)

=> CREATE INDEX ON tickets(passenger_name);

=> EXPLAIN (costs off)
SELECT * FROM tickets WHEREassenger_name LIKE 'ELENA%';
QUERY PLAN

Seq Scan on tickets
Filter: (passenger_name ~~ 'ELENA%:text)
(2 rows)

=> CREATE INDEX tickets_passenger_name_pattern_idx

ON tickets(passenger_name text_pattern_ops);

=> EXPLAIN (costs off)

SELECT * FROM tickets WHERE passenger_name LIKE 'ELENA%';
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxx

Filter:  (passenger_name ~~ 'ELENA%"::text)
. > Bitmap Index Scan on tickets_passenger_name_pattern_idx

25|

0 postgresql.org/docs/14/xindex#XINDEX -STRATEGIES.html

51 postgresql.org/docs/14/collation.html

postgresql.org/docs/14/indexes -collations.html
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Index Cond: ((passenger_name ~>=~'ELENA::text) AND
(passenger_name ~<~ 'ELERB::text))

(5 rows)

Index Cond X 4 b " AOu4d Q th.yox % Q Pl

"Hy JvE MO Filter x. . Q\'E O 44 "0~ a.btree 1+ {4 t 0
U 4v Qex 0’ b N6 YNHJ, 5B OO T v° “ X

o i J X. a> £ vy a.text_pattern ops U°‘ A
A YNOD'Ed® nU x. [T 2 v, bt 1No a2

I “va, Pt | X Ad X 4 1410 < wvh Jida
-

1.

2.
ADt N, a s 1ot a2 T oa

=> EXPLAIN (costs off)
SELECT * FROM tickets WHERELENA BELOVA- passenger_name
QUERY PLAN
Index Scan using tickets_passenger_name_idx on tickets
Index Cond: (passenger_name= 'ELENA BELOVAtext)
(2 rows)

Index Cond x 4 b 1O tvi 4 AN

a. t Tob OA® N 0 a; Ab4v,nyek
bx b3 x4 KXA

a. 48, x4 Y Y a "Ed 6, x4 Q |0t vwu

NEs b3 7 a:

=> EXPLAIN (costs off)
SELECT * FROM tickets WHERE initcap(passenger_name) =Elena Belova' ;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Filter: (initcap(passenger_name) = 'Elena Belova' ::text)
(2 rows)

22 backend/utils/adt/like_support.c
23 postgresql.org/docs/14/xoper -optimization#id -1.8.3.18.6.html

24 backend/optimizer/path/indxpath.c, match_clause_to_indexcol function
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J sv aN>  Yd ) o) S o2 T oa:
=> CREATE INDEX ON tickets( (initcap(passenger_name)) ) ;
=> EXPLAIN (costs off)
SELECT * FROM tickets WHERE initcap(passenger_name) =Elena Belova' ;
QUERY PLAN
Bitmap Heap Scan on tickets
Recheck Cond: (initcap(passenger_name) = 'Elena Belova' ::text)
. > Bitmap Index Scan on tickets_initcap_idx

Index Cond: (initcap(passenger_name) = 'Elena Belova' ::text)
(4 rows)
[ SN X4 Q N~ "Hoh Tt 4 Oadh Udt 0k " a(E
v OKX)M A ., Q VYM4 ~a.a  a , 42 6n v AD, d a2
v IMMUTABEE A4 "™H "n&* 0 2 4 “a.. & YN |- O ° Xn

w4d ad MO0 Q a "7 oa.

f 41N O v1t " t4% OE v 4 2a%®0 W a 7~ a.d

Ot A,btee1t ” A" tvasb « 278 Ta. _ a(P Xex)y a 'H
U-A at X4, a "7 a:

=> SELECT amprocnum, amproc::regproc
FROM pg_am am
JOIN pg_opfamily opf ON opfmethod = am.oid
JOIN pg_opclass opc ON opcfamily = opf.oid
JOIN pg_amproc amproc OMimprocfamily = opcfamily
WHER&mname 'btree'
ANDopcname= ‘text_ops'
ANDamproclefttype = 'text' :regtype
ANDamprocrighttype = 'text' ::rregtype
ORDER BY amprocnum
amprocnum | amproc
1 | bttextcmp
2 | bttextsortsupport
4 | btvarstrequalimage
(3 rows)

25 postgresql.org/docs/14/indexes -expressional.html
26 postgresql.org/docs/14/xfunc -volatility.html
%7 postgresql.org/docs/14/xindex#XINDEX -SUPPORT.html

28 postgresql.org/docs/14/btree -support -funcs.html
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a (pg_opfamily Nod b °
O vJY U' "Edt § 2

A0t A, integer ops Y®4v  bald ah  4d n 0 E,
LaoddJy U'b 64 "7 a:
=> SELECT opcname, opcintype::regtype
FROM pg_am am
JOIN pg_opfamily opf ON opfmethod = am.oid
JOIN pg_opclass opc ON opcfamily = opf.oid
WHER&mname 'btree
ANDopfname = 'integer_ops' ;
opcname | opcintype
int2_ops | smallint
int4_ops | integer
int8_ops | bigint
(3 rows)
datetime_ops Y®v @ 0§ @ v U0 T a

=> SELECT opcname, opcintype::regtype
FROM pg_am am
JOIN pg_opfamily opf ON opfmethod = am.oid
JOIN pg_opclass opc ON opcfamily = opf.oid
WHER&mname 'btree'
ANDopfname = 'datetime_ops' ;
opcname | opcintype
date_ops | date
timestamptz_ops | timestamp with time zone
timestamp_ops | timestamp without time zone
(3 rows)

Q Ydv »Eav

(e
c
C

[y
Q
»
[y
Q

=> SELECT opcname, amopopr::regoperator
FROM pg_am am
JOIN pg_opfamily opf ON opfmethod = am.oid
JOIN pg_opclass opc ON opcfamily = opf.oid
JOIN pg_amop amop Oamopfamily = opcfamily

29 5ostgresql.org/docs/14/xindex#XINDEX -OPFAMILY.htm
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WHER&mname 'btree’

ANDopfname = ‘integer_ops'
ANDamoplefttype = ‘integer' :regtype
ANDamopstrategy =1

ORDER BY opcname

opcname | amopopr
int2_ops | <(integer,bigint)
int2_ops | <(integer,smallint)
int2_ops | <(integer,integer)
int4_ops | <(integer,bigint)
int4_ops | <(integer,smallint)
int4_ops | <(integer,integer)
int8_ops | <(integer,bigint)
int8_ops | <(integer,smallint)
int8_ops | <(integer,integer)
(9 rows)

YOE, NE, Uxv b"Ead® X O x4d 1
4 A2 T a
193 | 7 4 ‘
Nt fj*t° "Q b "Epg_am Ne amhandlerA 4 v "0 v 2
Y o §260

=> SELECT amname, amhandler FROM pg_am WhiafRRge = 'i' ;
amname | amhandler
btree | bthandler

hash | hashhandler

gist| gisthandler
gin | ginhandler
spgist | spghandler
brin | brinhandler

(6 rows)

av o & ° 80" XNE D a. av |1t A0k
m AN, ® v a Ta(AdtaA, I A 8 IDO Q 2 "7 a)abd
av 174 MM~y v R R

260 postgresql.org/docs/14/indexam.html

261 . .
include/access/amapi.h
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1 Yk
. | N oC
1t /4t 12 " £p doXOUOGaA J NG a 1 -t 0
QNE v @t | v Pa 415 «n k. K77 a

1+ et &
a, asab T EXITL A ta 4 0" a({, »vB OAtO, NE " O)
=> SELECT a.amname, p.namegyg_indexam_has_property(a.oid, p.name)
FROM pg_am a, unnest(array[
‘can_order' , 'can_unique', ‘can_multi_col' ,
‘can_exclude' , 'can_include'

1) p(name)
WHER&amname= 'btree’ ;
amname | name | pg_indexam_has_property
,,,,, JBnnepes 5 0 B BB B OO0 BB B0 O00BG B0 08 EE08 886806
btree | can_order | t
btree | can_unique | t
btree | can_multi_col | t
btree | can_exclude | t
btree | can_include | t
(5 rows)

AONh 0Q, 2 v3A ~ a® N B- 4 5Q « 0 a.

s+ v THEMOO 1 T No a. 4yoOh 0 A 2 T a:

=> EXPLAIN (costs off)
SELECT * FROM seats ORDER BY seat, no
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxx

Sort Key: seat_no
. > Seq Scan on seats
(3 rows)

MM " £, 4+ v 1 °b awh 0 _44 v THEQ a a:

262 backend/utils/adt/amutils.c, indexam_property function

263 postgresql.org/docs/14/indexes -ordering.html
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=> EXPLAIN (costs off)
SELECT * FROM seats ORDER BY aircraft_code
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

9

L6 QTME 4 x. @ NTEa N Voo 1
“a. L "O6ANx T, Y, 4 " a. . tda®
"ME 4 XXM Q6N hs N Gy v Q®,
" 4.0 " a. E NEvabdaB, |i 1 X, a
AD t A, PostgreSQLN aod Ne4 d I 1“0 a
N ox, 9 a2 “Ta( a b OAb) AD,P
l a5 7 67 a.P axn a ob a4,
a A | 0 uv3A " a*®
a N | v vEal NeA 4 T OJdY x4 g o
t A, ticket_flights Nex] 1 Ob O°E d |°
=> \d ticket_flights_pkey

Index "bookings.ticket_flights_pkey"

Column | Type | Key? | Definition

ssssss B oo o6 0o 0B oo SBooooss 8 8 6 3 6 8 8 6

ticket_no | character(13) | yes | ticket_no

flight_id | integer | yes | flight_id

primary key, btree, for table "bookings.ticket_flights"

n T o | M, 4o vAD |10

Index Scan using seats_pkey on seats
(1 row)

“ v 3 A @-264

<

9 . I X,

° Av N x 4 A8 x "Qa PostgreSQLX

I “0ekt 7 a.

a

£ X B-

=> INSERT INTO bookings(book_ref, book_date, total_amount)

VALUES'000004' , now(), 100.00) :

ERROR: duplicate key value violates unigue constraint

"bookings_pkey"
DETAIL: Key (book_ref)=(000004) already exists.

264 postgresql.org/docs/14/indexes -unique.html

26!

> postgresql.org/docs/14/indexes -multicolumn.html
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=> EXPLAIN (costs off)
SELECT * FROM ticket_flights
WHERtcket_no = '0005432001355'
ANDflight_id  =51618,
QUERY PLAN
Index Scan using ticket_flights_pkey on ticket_flights
Index Cond: (( ticket no = '0005432001355":bpchar) AND
(flight_id =51618))

(3 rows)
Q NEa A | v X a N1 QAO0OADAl 4yo Il 0 <« 2 "7 a
B- & Ad,4yo Y NEa 8w ~ aQ X I aN4H  NEVU U N
©T 0 v Ad 7 a:
=> EXPLAIN (costs off)
SELECT *
FROM ticket_flights
WHER#&cket no = '0005432001355",
QUERY PLAN
Index Scan using ticket_flights_pkey on ticket_flights
Index Cond: ( ticket no = '0005432001355":bpchar)
(2 rows)
al ot Ab4v A0t A, x flightsid Q v Ad)yonx |” « . AE 8 u
"H( ®©4 d X OAD),ald xxQ OMOD Q vh4Qfi 6" a.ad”
I " vaodln a "7 oa.

EXCLUDEN x, 4 ©3A ~ a2

EXCLUDEN X X Ne Ah” 4d 2
Nox, a0 7 PostgreSQIX ANTE | C 0 ek a.
Ut A4 7 a.

Y41l s b 8, ¥ UNIQUEA xOn L 1 4 x v T U 4

24 N"HONCONFLICT4 » T a1l 47" a.

200 postgresql.org/docs/14/ddl -constraints#DDL-CONSTRAINTSEXCLUSION.html
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e- A, 14 b J d 10 —Q | "EQL
k., T w8 14 boA, a7 oa.
o 1 H ON4 s h Y o N 1+ 02

=> EXPLAIN (costs off)

SELECT status FROM flights
WHERfght_id = 51618,

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

QUERY PLAN

Index Only Scan using flights_flight_id_status_idx on flights

Index Cond: ( flight_id
(2 rows)

a, XN |~ endt

= 51618)

t " al( 17 4d w\'E

v 3A T a.

Y Lvd
Q L
=> CREATE UNIQUE INDEXf@ts(flight_id) INCLUDE (status)

*0):

=> SELECT p.name, pg_index_has_property(seats_pkey' , p.name)

FROM unnest(array[

‘clusterable’ , 'index_scan' , 'bitmap_scan' , 'backward_scan'

1) p(name) ;

name | pg_index_has_property

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

clusterable | t
index_scan | t
bitmap_scan | t
backward_scan | t
(4 rows)

Y- Q 1 °° 4

) a. ~ &£ N CLUSTERE a6 JaOU t7 oa.

Q OID Tr4wWO
U t”a. T ENATLS

U t-a. T ENXTLS

1T [ 071+ v Qd 'EMOO Q a
t “ 1 + vADA4Q Ob "7 a
Nar -~ k
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=> SELECT p.name,
pg_index_column_has_property(seats_pkey' , 1, p.name)
FROM unnest(array[

‘asc' , 'desc' , 'nulls_first' , 'nulls_last" , ‘orderable’ ,
‘distance_orderable’ , ‘returnable’ , 'search_array’ , ‘search_nulls'
1) p(name) ;
name | pg_index_column_has_property
,,,,,,,,,,, B o
asc |t
desc | f
nulls_first | f
nulls_last | t
orderable | t

distance_orderable | f
returnable | t
search_array | t
search_nulls | t

(9 rows)

ASC, DESC, NULLS FIRST, NULLS LASTXX ~ AT 50 u
TAvog TNE 644 v | NULDK QX aANA4UT v

0 “a. Y TEXB ®O4Q 06 a.

ORDERABIGRDERBY, i JA X A a s 3A " a -~

DISTANCE ORDERABLE A 0 « v3A ~ a®
v Qp, ANE v A45a0d 2, "y Q"OU owu
® ORDERBY4 b O Y ng 0 + °~ a
<>v & 4t b, o bn , a2 -

=> CREATE INDEX ON airports_data USING gist(coordinates) ;
=> EXPLAIN (costs off)
SELECT * FROMIrports
ORDER BY coordinates <> point (43.578,57.593)
LIMIT 3;
QUERY PLAN

Limit
. > Index Scan using airports_data_coordinates_idx on airpo...
Order By: (coordinates < | > '(43.578,57.593)" ::point)

(3 rows)

26

! postgresql.org/docs/14/xindex#XINDEX -ORDERINGOPS.html
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R

ETURNABLE 0 Ned ° Vo Q a v3A( /4 T a).

TEN L b 170X 4o a2 v Ja0 T a. 4b3 uNM, T a.
OtAN, a 1w Xd>  t0 a2l "~ a. AD CANINCLUDEE | |
14177 a

N i o ° Abv M, “a.A0tA, UxsIN@G ). N° NE

=> EXPLAIN (costs off)
SELECT * FROM bookings
WHERE book_ref IN (C7C821', 'A5D060', 'DDE1BBJ;
QUERY PLAN
Index Scan using bookings_pkey on bookings
Index Cond: ( book _ref = ANY
('{C7C821,A5D060,DDE1BB3bpcharl]))

(3 rows)
! - Y 0 ve AD,” v Xt., .~ JYy_ 9, a
v a2 TTa(e LT L, H % O NEQ A T a)
SEARCH NULISNULL® ISNOTNULL x . 4o ~ a.
NULDK, |~ 4 . 0? N"Ev IS[NOTINULIO KX x 4 d Lo A 9,
X Mg Yy xAd |0 — | EJf a2 " a( ADd ] v NULLK,
5 @t h 0Q Y " a),YVYabd NCEY NULLXK, xXx Eq |
0 a "7 a
M X~ “kQ y 4 BA Qdao ADNULRKX |~ 0  a.
I 45NULRK, OE Yvap O Q — Yao |04 J4 F 2
a. A0t A:

=> CREATE INDEX ON flights(actual_arrival)

WHERE actual_arrival IS NOT NULL

=> EXPLAIN (costs off)

SELECT * FRORghts

WHER&ctual_arrival = '2017-06-13 10:33:00+03" ;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

26

8 postgresql.org/docs/14/indexes -partial.html
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Index Scan using flights_actual_arrival_idx on flights

Index Cond: ( actual_arrival = '2017, 06 13 10:33:00+03" :ti...

(2 rows)
ao |7 17T a NHa O 1~ 6vAd4Qih 60 ExEY
£33 < E2 "7 a.dA NULL T 4] WHEREX ot x(6 " 2~ o |i
5 x) W oa "7 a
ao 1 "0d Uv3IAX |4 4 WNEO'E “ 4 V77 a.
dn CAv A0 M L | 1w~y v 17« &0 0 a.
NoA s b3 " Av e B | ' £ (CONCURRENDLN X 3. 4 bv* E£RX
0 b v 1 t 40 0" a

303



20 -

201 . |

1 b M v TIDst v g “XPb b “Ta. _  “NK 1°° .2
vy T a.dao L 7 (0 QOt wXMT)X N. a _ ~  INDEX

SCANE, b o ~“a. | " X/&E 4 bIndexScan®f t "E 0 a:

=> EXPLAIN SELECTFRONbookings
WHERBoOK_ref = '9AC0C6' ANDtotal _amount = 48500.00;
QUERY PLAN

Index Scan using bookings_pkey on bookings
(cost=0.43..8.45 rows=1 width=21)
Index Cond: (book_ref = '9ACOC6'"::bpchar)
Filter: (total_amount = 48500.00)

(4 rows)

I AN, ~ SNTIDD YvQ -~ a?TIDbON , |~ 4 X TIDb
v 47 4 d . b Ao, bk & o, b 60 t+t 00Q
“a. O x 2 v TIDD QP - x, A& 0 a.
IndexCond 4v |0 i a v X Q 6" a. 4d a° <
v ald xt NXFiter 4" ] "EUAND™ a.

A> 4w u , |7 T AN QP I Index Scanf t A ®6HH»"Eald P {
t 4 wévw M T oa. QDb | 4vMA Ad 4 b Aduvm™]  Tid
Scaff t | " a:

=> EXPLAIN SELECT FROM bookings WHERE ctid = '(0,1)"::tid;
QUERY PLAN
Tid Scan on bookings (cost=0.00..4.01 rows=1 width=21)
TID Cond: (ctid = '(0,1)"::tid)
(2 rows)

2
%9 backend/executor/nodelndexscan.c
210 backend/access/index/indexam.c, index_getnext_tid function

2t backend/executor/nodeTidscan.c

304



Il ®Aao N S NCE “a.B- ® Ab,eix E | 0b
L

Aa., Qt., & vh4Qe ~ a. . ” av b yoO 10
E A M 8a "~ a. |° v TE "8 ak® 4 46 r"ESWO
LU <450 NTE A 7 oa). NT 45& ftEbv h4* §6v CPU
+ 0 b Ot : s b4 & Lo~ al’”?
©Aa o 4 el Ob 1 Ot . ® vh O CPUQp 0
“a. 0 uwxloO | o EO0U" <« fo T 0 t
DO Q@ v T | «©90 &4 QP av T a
N VUQJd: [ XN 166K
U < O Tsb | “©°oTD k& T5 +' <«060&0bL aP
vB _"Q " 6w " a:lndexScanf t v 4520 "ET NE nH
uvy Ap~ a.
AYAYAVanNa
(Y Y YL
heap
page
atuple
matching
filter conditions
PostgreSQLX €86 /4 d /D 2 T oa:

=> SELECT attname, correlation
FROM pg_stats WHERE tablename = 'bookings'
ORDER Babs(correlation) DESC;

attname | correlation
book ref |1
total_amount | 0.0026738467
book_date | 8.02188e , 05

(3 rows)

272 backend/utils/adt/selfuncs.c, btcostestimate function

postgresgl.org/docs/14/index -cost-estimation.html
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«90& d dX 146, 06Ad0fasa 2a " a(A0t A,bookref AD K )0

46, 00Xt Xh o b 1 LUt oa,
_Vadtd 1t bookrefe ru k0 K€usE wyFFes L a1 OA
OALT HE " FWw/ TAH"T QI BeHF " "
+mi/ b CLUSTER~ L j ozt ED LPpog " Li1ivyo
vt §N 0" " 287 5" book_ref > €oNdT T 0 e o1 L
OH NKEQAyYoO.Qhe,T€ '|'|'%0H'+ e’ L =i=\iV'|TL|'nT =i='$7°\ yYo.
a'omesl eqr  gFMA G/ gF K€ ET7n om &AT e yo.
ARt OV & o FWy AemST/ A Aem N QL o BAyo., ub1t 5 OA"
% 03 ,0RDERBY/ A[ AaqT 57 - VYoO.

=> EXPLAIN SELECT* FROM bookings WHERE book_ref < '100000';
QUERY PLAN

Index Scan using bookings_pkey on bookings
(cost=0.43..4638.91 rows=132999 width=21)
Index Cond: (book_ref <'100000"::bpchar)
(3 rows)

x & E£xa,6 OK 0 a:

=> SELECTround(132999::numeric/reltuples::numeric, 4)
FROM pg_class WHERE relname = 'bookings';

round
0.0630
(1 row)
KX 1/164 b, O h, v book ref X 000000a FFFFFF '~ 0b o av 4, Mo
1a® a2 4, w T a.
B- & Ad,l/0ef I ®Aao X U Ot 0 vel, T a.B- O
y a8vAh %, @ v 1 QNTeb v O CEp 4 B80°E
5 [ as | ° 44 £ XNE 6 a. QY t
i NE A6A v,oxnA, T NEQe T a
CPU 4+ X ot 1 Q. & vh4* ©6HB Q. O velkN
cpu_index_tuple_cost ( T X 0.005) XX\ "E 0 a), ®wa P Q4d X. /A v hA
0" a( Ad, xxB A 0 "H. el X cpu_operator_cost( | >: 0.0025) X'\

"E 0~ a).
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Ne " X 0 a T _CEp 06 a.t+' <«4©606& ADb, XU"
45 " EOWOr w 0°E Qv Ne 4 /

/10 el N ™ 4 Qs vel 4 L'E 0 a; t«N d cpu_tuple_cost (
1 K 0.01) XKNE & a.

=> WITH costs(idx_cost, thl_cost) AS (
SELECT
(
SELECT round(
current_setting(‘'random_page_cost')::real * pages +
current_setting(‘'cpu_index_tuple_cost')::real * tuples +
current_setting(‘'cpu_operator_cost')::real * tuples
)
FROM (
SELECT relpages * 0.0630 AS pages, reltuples * 0.0630 AS tuples
FROM pg_class WHER&name = 'bookings_pkey"'
)c
),
(
SELECT round(

current_setting('seq_page_cost')::real * pages +
current_setting(‘cpu_tuple_cost’)::real * tuples
)

FROM (
SELECT relpages * 0.0630 AS pages, reltuples * 0.0630 AS tuples
FROMyg_class WHERE relname = 'bookings'
)c

)
SELECT idx_cost, tbl_cost, idx_cost + tbl_cost AS total
FROM costs;

idx_cost | thl_cost | total

2457 | 2177 | 4634
(1 row)

X el S4 v kd0 YR 0 EMO £ b W© ; Il 07 a.
e’ K Ola . X, 1, svadta | t, oA A Q0 ®
v Jd, b, wdd Kk V. v 7 a.

Ur Udi! X «66 K
«00/&L! NAD @t w BO " a.book dateA 4 | D9k = a. AKX | * 7y

307



@ I
=> CREATE INDEX ON bookings(book_date);
=> SETenable_seqgscan = off;
=> SETenable_bitmapscan = off;
=> EXPLAIN SELECT* FROM bookings

WHERE book_date < '2016 -08-23 12:00:00+03";
QUERY PLAN
Index Scan using bookings_book_date_idx on bookings
(cost=0.43..56957.48 rows=132403 width=21)
Index Cond: (book date <'2016 _ 08 23 12:00:00+03"::timestamp w...

(3 rows)
I N 486 /&v T A Q Oa, ab 47 L3k, [ ~a.wOs,
Index Scan f t v t., T NTE v d° t ] 0 n 4 “a; M S UDAA

b Av b 141 B 2 " a.

YU Dy X U®J AR L seq page_cosh random_page cosE, relpagesO reltuples “E
BT x A4 a.F 457 2 velkN " NCE X X a +v!' "7 a.

=> WITH costs(idx_cost, thl_cost) AS (
SELECT

( SELECTround(
current_setting(‘'random_page_cost')::real * pages +
current_setting(‘'cpu_index_tuple_cost')::real * tuples +
current_setting(‘'cpu_operator_cost')::real * tuples
)

FROM (

SELECTrelpages * 0.0630 AS pages, reltuples * 0.0630 AS tuples
FROM pg_class WHERE relname = 'bookings_pkey'
)cC

308



( SELECTround(
current_setting(‘'random_page_cost')::real * tuples +
current_setting(‘'cpu_tuple_cost')::real * tuples
)

FROM (

SELECTrelpages * 0.0630 AS pages, reltuples * 0.0630 AS tuples

FROM pg_class WHERE relname = 'bookings'

)c
)
)
SELECTidx_cost, tbl_cost, idx_cost + tbl_cost AS total FROM costs;
idx_cost | thl_cost | total
B L A
2457 | 533330| 535787
(1 row)
v QT ~.8A _ xn ~ a. Ji 6 tN— "~ ( ®a0S )17 66
0E, ° . b Aa'E O O 45 _ b3k &8fM , LU’ A,
a T a. kT * v effective_cache size ( | X 4GB)U k " 2 4 0-
a.. X . 27Eé ON t WwN'EAd €0 a.
N v U v 4 a ” Ne | E 7 Jd T ae £ 112
3 b 10k . v AH)*® aNb3 o CURBIA " 21(«4©6FEbL
v AD a Q) M S URAA © 2(«ee&EbL E 8 T bLi4v AD

273 backend/optimizer/path/costsize.c, index_pages_fetched function
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T page
access
count
s
’r/
/f
#
(J’ ﬁ]aqe{_ﬁ\?ﬂs'
s R
’ # DS' UT page_ ﬂU_UE"t_
4 =
_)/ --__f_'____--— ) B o _ - - -
s, ___'_'_,_,—-""_ _ - -
s __--—""'_'_:F:_.-—- - -
= — " I ,
effective_cache size table size
effective_cache_size Xx ~ 4 Ji 62 v fO& y (PostgreSQL — T 0SS 0@
P Y, Y ~aab “a.. YV Ok"av IE Q NEJTSH OO d
49 A, V., xA4, v . "A x° a 0aA bHv477 a.
Q- effective_cache_size 0 = N'E o, & I I ~ 4w AD B

XA b, 2 u T oa:

=> SETeffective_cache_size = '8kB";
=> EXPLAIN SELECT FROM bookings

WHERE book_date < '2016 - 08-23 12:00:00+03';
QUERY PLAN

Index Scan using bookings_book_date_idx on bookings
(cost=0.43..532745.48 rows=132403 width=21)
Index Cond: (book_date <'2016 _ 08 23 12:00:00+03"::itimestamp w...
(3 rows)

=> RESETeffective_cache_size;

=> RESETenable_seqscan;

=> RESETenable_bitmapscan;
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£ v M Ab o AboP4d Nel/O et
R X Tl

.’ <4©6&E4. 0

wOns, NA aQ d a@ | X XNe 6a "7 a.
IDO 'Q v T 400&bL a® Y eYN «d w a2 "7 a. YU 4«66 &L
P XAD,e £ ' X O4d I“° . X MHOA 0" a.

202 | ° 1

w4 O Ot h 0 v ] 0 o4 d —Q | " Ga ~a. Y
1" T b3 AD, b Ne - a "7 a:Tibd ", h
0 Q a " a. Yy ° 1 L] i % G T a. v
RETURNABLE £, =+ v =~ | fi 62 " a.
£ 4 A X Index Only Scan®®f t "E &~ a:

=> EXPLAIN SELECTbook ref FROM bookings WHERE book_ref < '100000";
QUERY PLAN
Index Only Scan using bookings_pkey on bookings
(cost=0.43..3791.91 rows=132999 width=7)
Index Cond: (book_ref < '100000'::bpchar)

(3 rows)

Y ftb A o0ob 4, .\ Q Ev . & V¥~ ~ a.PostgreSQLA b
| L E4d ) ) IYNOE T TN U at ade0l
X. Q vt h 0Q - 4174 A t bk

0~ a.

YV, “ PR Lk, o Ned = + ac@, v Q [

Oad®b4, w ~a.d>, vt "Et © A ot b° o L, T Ot x4 &
ot U a4 " b3 ) o) o =~ v N~ b ta, T a

| Q OTIDL . Y 17 a®,, bk, Ob 47" a.
[ el N ©° @t b° e 4 wOBO ~ a.PostgreSQLx Y
/A0 2 T a:

=> SELECT relpages, relallvisible
FROM pg_class WHER&name = 'bookings' ;
relpages | relallvisible
+

13447 | 13446

24 backend/optimizer/path/costsize.c, cost_index function
215 postgresql.org/docs/14/indexes -index-only-scans.html

276
backend/executor/nodelndexonlyscan.c
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eY4eé& J 7067 a. )

=> WITHcosts(idx_cost, thl_cost) AS(

SELECT

(
SELECTound(

current_setting( ‘random_page_cost'):: real * pages +

current_setting( 'cpu_

index_tuple_cost' ):: real *tuples +

current_setting( ‘'cpu_operator_cost' ):: real *tuples

)
FROM

SELECTelpages * 0. 0630 AS pages,
reltuples* 0. 0630 AStuples
FRONbg_class WHEREIname = 'bookings_pkey'

)c
) ASidx_cost,

SELECTound(
(1 - frac_visible) *

-- fraction of non -all -visible pages

current_setting( 'seq_page_cost' ):: real * pages +
current_setting( 'cpu_tuple_cost' ):: real *tuples

)
FROM

SELECTelpages* 0.0
reltuples* 0
relallvisible::

630 AS pages,
. 0630 AStuples,
real /relpages:: real ASfrac_visible

FRONyg_class WHEREIname = 'bookings'

)c
) AStbl_cost
)

SELECTdx_cost, tbl_cost, idx_cost + thl_cost AS total

FROMosts;
idx_cost| tbl_cost | total
Maanas 5

2457 | 1330 | 3787

(1 row)

h t 2 «4SEJOG yxdAz o - "A] tl & ef,

T a( deawlOwr £

41 HOA N'EQU” a). EXPLAIN ANALYZE A v °
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207 J 2 T a.

oEet O Ne4 + PostgreSQLX ¢t Lk, N7 a:

=> CREATE TEMP TABLE bookings_tmp
WITH (@utovacuum_enabled= off) AS
SELECT * FROM bookings

ORDER BY book_rgf

=> ALTER TABLE bookings_tmp ADD PRIMARY KEY (book; ref)
=> ANALYZE bookings_tmp
=> EXPLAIN (analyze, timing off, summary off)
SELECT book_ref FROM bookings_tmp WHERE book_refl€0000' ;
QUERY PLAN
Index Only Scan using bookings_tmp_pkey on bookings_tmp
(cost=0.43.. 4638.91 rows=132999width=7) (actual rows=132109 ...
Index Cond: (book_ref < '100000' ::bpchar)
Heap Fetches: 132109

(4 rows)
Q  Ne t 06w Y No O "Ho t bOPbL® < ‘Ee M
v a2 8 Y 7 a

=> VACUUM bookings_tmp;
=> EXPLAIN (analyze, timing off, summary off)

SELECTbook _ref FROM bookings_tmp WHERE book_ref < '100000';
QUERY PLAN
Index Only Scan using bookings_tmp_pkey on bookings_tmp
(cost=0.43.. 3787.91 rows=132999 width=7) (actual rows=132109 I...
Index Cond: (book_ref <'100000'::bpchar)
Heap Fetches: 0

(4 rows)
v

O40d v Ot Y L4 b vy <«b3 uXxMv, T a

| Ab,oED Y, bt @ U 9"t ' <462 "7 a

. 1 ) L6 Y h 4d U0 n y,a °°
a.

Adb41, Y 1 a EQt Yo | 4 av "7 a.fE o v

QN 1 a VUNa b3 w a'Q b Y Y a@ | v



—Q | E 3w T a.

(et}
Ok
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c
Q)
C=
m
o
c
—a
(4

a, A v ANE:t O, 1 |
a:
=> CREATE UNIQUE INDEX ON bookings(book_ref) INCLUDE (book_date)

=> BEGIN

=> ALTER TABLE bookings

DROP CONSTRAINT bookings_pkey CASCADE

NOTICE: drop cascades to constraint tickets_book_ref fkey on table
tickets

ALTER TABLE

=> ALTER TABLE bookings ADD CONSTRAINT bookings_pkey PRIMARY KEY
USING INDEX bookings_book_ref_book_date_idx -- a new index

NOTICE: ALTER TABLE / ADD CONSTRAINT USING INDEX will rename index
"bookings_book _ref book date_idx" to "bookings_pkey"

ALTER TABLE

=> ALTER TABLE tickets

ADD FOREIGN KEY (book_ref) REFERENCES bookings(book; ref)

=> COMM|T

=> EXPLAIN SELECT book_ref, book_date
FROM bookings WHERE book_ref'€00000" ;
QUERY PLAN
Index Only Scan using bookings_pkey on bookings (  cost=0.43..437...
Index Cond: (book ref < '100000' ::bpchar)

(2 rows)

1 dmie k- aKeFa” T>n, FIE 2 E@ovyo.dmi" =
s/ 1 % HiKEP b6 Gael ada > Lrpn BL = ma €
GKe 1 " YYyo.4, / IEINCLUDE/ 1"y &as Ht 20,¢i
dar Ood” Bo U ' Ayo.xt +,e® Lmge s/ b AKEGKeFH
OBn, om =/t Ak, pn Ql o BAyo.

203 e a

|- YEN Eb T a:«466&LBHT AWO 4d " ab b

HONT T asUh 1067 a. Y A0, 1 ., PostgreSQLN Neo-
4ot TIDD b~ b _ 0 JAY ANE A a2 T a. v ®E

e a° n v HTIDO & v Aad Q Y T a. o ve a o c

2 backend/access/index/indexam.c, index_getbitmap function
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Q 1" OB, AN OF 4PftE 0 a:

=> CREATE INDEX ON bookings(total_amount);
=> EXPLAIN

SELECT* FROM bookings WHERE total_amount = 48500.00;
QUERY PLAN
Bitmap Heap Scan on bookings (cost=54.63..7040.42 rows=2865 wid...
Recheck Cond: (total_amount = 48500.00)
. > Bitmap Index Scan on bookings_total _amount_idx
(cost=0.00..53.92 rows=2865 width=0)
Index Cond: (total_amount = 48500.00)

(5 rows)

e a | Bfiwsw ° S NEa ot TIDP? e 4, b ~ 7 a.

e GNPPB 4 d v"|] 4+, A EAEd a. Y Ottt A v

ot 4 o n 0L 8 NTH. V4 v a1 e&4 " a. v
&L «d x4 8 ™H ) v d 256k oAt a NTH

Ya, e a ° B e at.A Ot_ A "ET "H d 0 o9,0OPb"
NTE O OOt “a.wOh, vt _ 4, Q JAY TINE "HRPR
N _ T a

das » O T OKXuXM, "~ a. o} t »E A v Aduv it H
a.0nA ¥ a 6v &) X AOIN 6 YNOEe a *° fitv
effective_io_concurrency ( 1 X 1) Oen NE ., NCE ® . H
u N, 2 v © ft “a. § 7 N aOA 4 & O posix_fadvise
24 “a. 20 4+ a@ t° A3A4LWO Ne' CHr 4 h
effective_io_concurrency O0 Ot vy o "7 a
en., 0, Et * 4 1l JT 67 a

| 1d
. o H(ANALYZE)n 4d

backend/executor/nodeBitmaplndexscan.c

219 backend/access/index/indexam.c, index_getbitmap function

280 backend/nodes/tidbitmap.c

281 backend/executor/nodeBitmapHeapscan.c
backend/access/heap/heapam.c, index_delete_prefetch_buffer function

backend/commands/analyze.c, acquire_sample_rows function
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@ . v maintenance_io_concurrency( 1 > 10)4 0~ a.

e «a |
& X, Q v v Lbé&'Q 2'Ee a Ta. e «
XN 4t E fOO4sd 6H., v workmemi X 4MB) OO 4 0~ a.
i6y d _41B o ae at, A v*" Qo “a* Lt A Pe v
4 d "Ht, A v 7D " a®MO0 NEe 4, v, I

EXPLAIN ANALYZE X b Oe « 107 4 7 a:

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM bookings WHERE total_amount > 150000.00;
QUERY PLAN
Bitmap Heap Scan on bookings (actual rows=242691 loops=1)
Recheck Cond: (total _amount > 150000.00)
Heap Blocks: exact=13447
. > Bitmap Index Scan on bookings_total_amount_idx (actual rows...
Index Cond: (total_amount > 150000.00)

(5 rows)
J, 4 by e o, o Hoob "7 a.
QN work_menk a®w ae at. A bL* 8106 a:

=> SET work_mem = '512kB';

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM bookings WHERE total_amount > 150000.00;
QUERY PLAN
Bitmap Heap Scan on bookings (actual rows=242691 loops=1)
Recheck Cond: (total_amount > 150000.00)
Rows Removed by Index Recheck: 1145721
Heap Blocks: exact=5178 lossy =8269
. > Bitmap Index Scan on bookings_total _amount_idx (actual rows...

Index Cond: (total_amount > 150000.00)
(6 rows)

=> RESET work_mem;

284 backend/nodes/tidbitmap.c, tbm_lossify function
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e at,A 4 d v 0 . X, PostgreSQLX o p 1d X
a’ N T a.a’ N v XxNA& 415 <4RecheckContE ~6'H a°
A2 6 Yeol Qb T a.a’ vy Q0 Av "] E "0 a
(1 4 yO \'B.
Y gL " Yl 3,86 E B " THHxAT™ x % F work_mem?® >
U,/ dnQl o BAyo., ' ,1/7K+t FI AY ,x ¢tk % g
" Lun yo.PostgreSQLE x ¢t # mwn x N¥n Que, IEE QK [
Ya. 1T Y1A nQAyo.
e a46 AN
Q1 ObLPR"| I " betOJY Ne Y4 x. T awme a° X Y
Y 1'0 o f 2 T a® ot 1v T pNE e 4,4 H e 4
t Xk & N MANDEANMO * Ab ko 1, ORENMO A KO ) I
Je B "EM 0 a.A0t A:
=> EXPLAIN (costs off)
SELECT * FROM bookings
WHERE book_date 2016-08- 28
AND total_amount > 250000;
QUERY PLAN
Bitmap Heap Scan on bookings
Recheck Cond: ((total_amount > '250000' ::numeric) AND (book_da...
. > BitmapAnd
. > Bitmap Index Scan on bookings_total _amount_idx
Index Cond: (total_amount > '250000' ::numeric)
. > Bitmap Index Scan on bookings_book_date idx
Index Cond: (book _date < '2016, 08 28 00:00:00+03" ::tim...
(7 rows)
J v BitmapAndf t v e B~ ANDI § i JPe a. M " a
Pe a UET 6x 0e a work mem & 4iv AD L, A v 6
A | 1 &6 Q ° t. A Ny uol t s ADMOL, A | ¥ 8w

285 postgresql.org/docs/14/indexes -ordering.html

2 _ . . .
8 backend/nodes/tidbitmap.c, tbm_union & tbm_intersect functions
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e a It v &0o 747" a
=> EXPLAIN
SELECT * FROM bookings WHE#REI| amount = 28000.00;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Bitmap Heap Scan on bookings ( cost=599.48.. 14444.96 rows=31878 ...
Recheck Cond: (total_amount = 28000.00)
. > Bitmap Index Scan on bookings_total _amount_idx
(cost=0.00.. 591.51 rows=31878 width =0)
Index Cond: ( total amount = 28000.00)
(5 rows)

A b T v o x du s ]

=> SELECT round(31878::numeric/reltuples::numeric, 4)
FROM pg_class WHER&name = 'bookings' ;

round
0.0151
(1 row)
e a | ft ef X (heap) T, 8 A ye o oQ ot el
*On R

=> SELECT round(
current_setting( ‘'random_page_cost')::real * pages +
current_setting( 'cpu_index_tuple_cost' ):ireal * tuples +
current_setting( 'cpu_operator_cost' )::real * tuples

)

FROM (
SELECTelpages * 0.0151 AS pages, reltuples * 0.0151 AS tuples
FROM pg_class WHER&name = 'bookings_total _amount_idx'

)C

round

589

(1 row)

a ° ft lHoefi Nt' «4©06/&0bL Q 1 AbD” ay a.e
a., T o Kx "Ea® mMMb Y@ _ 4wOJdY TINE o0 . 2
Q, X. Q u t & <«N° NEU U V77 a.wOhr0D T

*7 0 v d’,PostgreSQIX M & ONX 4 7 b3E 77 a.

318



T

P .287

A A av a, N N'E 0” a:

. 2 relpages - reltuples - sel
min .relpages
2 relpages + reltuples - sel

B 0 vhtouw el X Ne adeb J e 4w0o
seq_page_cost random_page_cost] 4 "7 a:

=> WITH t AS (

SELECT relpages,

least(

(2 * relpages * reltuples * 0.0151) /
(2 * relpages + reltuples * 0.0151),
relpages

) AS pages_fetched,

round(reltuples * 0.0151) AS tuples_fetched,
'random_page_cost')::real AS rnd_cost,

current_setting(
'seq_page_cost' )::real AS seq_cost

current_setting(
FROM pg_class WHER&name = 'bookings'

)
SELECT pages_fetched,
rnd_cost - (rnd_cost - seq_cost) *

sqrt(pages_fetched / relpages) AS cost_per_page,
tuples_fetched
FROMt

pages_fetched | cost_per_page | tuples_fetched

ssssssss o . - h o s s ek
13447 | 131878

(1 row)

Q NTEIO KX b PR, & vhtvefQ bt 7 a. e

T 6v AD, Qv Ne a4 x & 10WM XN\N'E T a

at. A v v AD, PostgreSQLX d N VY a

287 backend/optimizer/path/costsize.c, compute_bitmap_pages function
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NN

a lossy bitmap segment an exact segment
wO b, KN at. A A <e? (work melwm'E Oe a | O e
o} 20, Q\NEE ) @A ~ a’®
X el l X, vQ a(e « | 1 6£1 ).
Bitmap Heap Scanf t =~ et X Bitmap Index Scan f t efil.  QNE "H v e

G wel NE 0 a.
QUERY PLAN
Bitmap Heap Scan on bookings
(cost=599.48.. 14444.96 rows=31878 width =21)
Recheck Cond~{total amount = 28000.00)
. > Bitmap Index Scar.on bookings_total _amount_idx
(cost=0.00.. 591.51 rows=31878 width =0)

Index Cond: ( total_amount = 28000.00)
(6 rows)

J, ve an "Hei XxdUa, OK 0 a:

=> WITH t AS (
SELECT 1 AS cost_per_page,
13447 AS pages_fetched,
31878 AS tuples_fetched
Ji
costs(startup_cost, run_cost) AS (
SELECT
( SELECTround(
589 /* cost estimation for the child node */ +
0.1 * current_setting(  'cpu_operator_cost' )::real *
reltuples * 0.0151
)

288 backend/optimizer/path/costsize.c, compute_bitmap_pages function

2 o . . .
8 backend/optimizer/path/costsize.c, cost_bitmap_heap_scan function
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FROM pg_class WHER&name = 'bookings_total amount_idx'
)
( SELECT round(

cost_per_page * pages_fetched +
current_setting(  'cpu_tuple_cost' )::real * tuples_fetched +
current_setting(  'cpu_operator_cost' )::real * tuples_fetched
)

FROM t

)

)
SELECT startup_cost, run_cost,

startup_cost + run_cost AS total_cost
FROM costs

startup_cost | run_cost | total_cost
+ +

xxxxxxxxxxxxxxxxxxxxx

(1 row)

e at shtvsef ~a) b - a?*

204 A | " °

ot | ot ((Q | ;o i e a A T ALE T 8f

L 77 oa.
6 QC AT ¢ A" Q b B
NU  a.ll0oef k- v 1+ 0

AE Hb A0 ef <« of 4 T Utdn" " a

=> EXPLAIN SELECT sum(total_amount)
FROM bookings WHERE book_ref'400000' ;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

. > Gather ( cost=19192.59..19192.80 rows=2 width =32)
Workers Planned: 2
. > Partial Aggregate (  cost=18192.59..18192.60 rows=1 widt...

2 o . . . .
% backend/optimizer/path/costsize.c, cost_bitmap_and_node & cost_bitmap_or_node functions
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., > Parallel Index Scan  using bookings_pkey on bookings
(cost=0.43..17642.82 rows=219907 width =6)
Index Cond: (book_ref < '400000' ::bpchar)

(7 rows)
B o ~ A X, 1 IDv v — WN° oA 0" a. . X
X N S v 07 a Et s 1 4% J o _ ®
0 O o IDO “a. A tX 04wO "] 1
H O ID0 x a 0b d@ A v _ N @t 4 ®0Q o d
"Ta. A b ® 0 v XK T 0 Now ti 07 a
“A | i

=> EXPLAIN SELECT sum(total_amount)
FROM bookings WHERE total_amount < 50000.00
QUERY PLAN
Finalize Aggregate ( cost=23370.60..23370.61 rows=1 width =32)
. > Gather ( cost=23370.38..23370.59 rows=2 width =32)
Workers Planned: 2
. > Partial Aggregate ( cost=22370.38..22370.39 rows=1 widt...
. > Parallel Index Only Scan  using bookings_total_amoun...
(cost=0.43..21387.27 rows=393244width =6)
Index Cond: (total_amount < 50000.00)
(7 rows)

>l
P4
€
*ad
AN
r*—
C-
X
>
m
v
QD
c

>l
o
(¢

Ae &
=> EXPLAIN SELECT sum(total_amount)
FROM bookings WHERE book_date < '20480-01";
QUERY PLAN
Finalize Aggregate (cost=21492.21..21492.22 rows=1 width=32)
. > Gather (cost=21491.99..21492.20 rows=2 width=32)
Workers Planned: 2
. > Partial Aggregate (cost=20491.99..20492.00 rows=1 widt...
. > Parallel Bitmap Heap Scan on bookings
(cost=4891.17..20133.01 rows=143588 width=6)
Recheck Cond: (book_date < '2016 , 10 01 00:00:00+03...
. > Bitmap Index Scan on bookings_book_date idx
(cost=0.00..4805.01 rows=344611 width=0)
Index Cond: (book_date <'2016 , 10 01 00:00:00+...
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(10 rows)

e a' Xe q <«B ®»& "Et - 4 T NE £Oavu, O "~ a. Y
° "EBitmap Index Scan { t Y4~ A(Parallel) Ov BA b 8 V7 7 a.e « e
6 @ Parallel Bitmap Heap Scan {f t b ~ A ) “a. At N7 ¥

a 0nAn 4 ® 7 a.

205 a | 1¢° “ex

a, . GNaJd 1t° “ ef X & | 48AI I N

5€eq scan

scan
.\“de)g—(]\'\w
selectivity
|
1
0 1
v a A, U a1 v NO » —cbt 4 WOBO 7 a.
T ° N& 144 . QO ¥NHe O e%a v Q NEabd “7 aé 9
- a.
[ el N O Th AL A Q o6 Thp <4OOLEIA
. Q7 a.«®0&L+ " @ | s O e a- [&eOl vd Y a -
T a. ! X «060/H 41¢& Q) AbT ° fael &Q ta " a.. YA
l sdb a, |0t UB L e x | X J d a P T al Q
NEa® 1 ).
T b3 a@ | i X 0 £3_7J oot & 6801 T 3 b
a "7 a QEINL  Ea4 | H M UDAA s | l X Q
1 NCE 62 “a
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e a°
17
P 1t
" a
y -

%

et x Ji 63 o0 , 44

1 77 a.488&b! Npe

“quy o T vdAL T
Uxsvp * Yt, Pk" AD
-0(1,’) Y | va o)
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21. i

Q

21.1 w “
X SQLA A T3 T a. uN, M o0 ne . E T 7 a. (
Ned hyodyYad A MOEQX U)X <« A 07 a
JY O T oa:
o Mo, (INNERJOIM v BT JOINN'E  O)X X. Q v Pt
N"Edt 07 a. XN ot a NOald t a N, M "HOA
O ot ANX 0 bt~ a.
X Pt b KMy aabd v AD, Y N n oy Go
W b © " a
Pt N M(CROSSJOMN Y Ot b3 T a. uN X
L o, m  Abd 7 a.
P g ouer A T a (LEFT OUTER JOW® BT LEFT OUTERE OX A0 t 4%
voQ 4v it NCEo 4 MO0 “a( d A0 AN NULDKN
E 2 a).
A0 1 a (RGHT JOINI + TA4AwWOn I 107 a.
[ (FULL JOIN "E OXT wd0 T a H v Q QY
8 YXAD i . OP b 7 a.
y A Ot o= Lo NO 4 6 ¢1 QA0 t 4 v Qv
it Q ~ a( NJY _ I _7 07 a)
v Nalbt 45 voQ 4v ot a
SQIN A v ¢ £ 0 O\ . b o {  'Q EXISTS NOTEXISTEX 1 A D

li ykxMO0BE a2 7 a.

ot XKk O A7 a.ADt N0, N X. Q yu vy O
"N UNTEY®OT a.. YUR®O a2 460, X Q NEHe 2B, Bt o~
a.

PostgreSQLN J Y “ n - a:
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“ N SQL k & N, &b v Mad a P Mad X
4 " 0b o NTH aQ 4 2l a. A0t A, [ vog,
(£ 4+ T ftE -~ 001 1. ( T 1 ftE Q)
Q, 4v |t 247" a
KNVa® a” N £ KNxald A4] I 62 77 a.
ao “NXNalO x45bb 1 0" a;b el B u, & vy N Ux -
- a.
21.2 i

i I Ma®d Xa, OK h " oa.® T v _ ot (® t Os )
ot T a. Y P 4d , O1 vP_ t (Cat O ) 7
H X, Q v " a.RP M N » MO a EQ 67 a.*
Ma® XN® L v OX _ 94t A T a.wOh, [ >
EXJY DT AWwOBO T a:

, o t Uv & (6 2)

., %9at i} 9% N"Eb 42 v 7 bik

. %at ) 4d qQ ‘

VIR

i t 14 6 A&/ VKM, v b 9 “ Qs U uN

V77 a:

=> EXPLAIN SELECT * FRGiiicrafts_data al
CROSS JOIN aircrafts_data a2
WHERE a2.range > 5060

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Nested Loop (cost=0.00..2.78 rows=45 width =144)

[, > Seq Scan on aircrafts_data al outer set
7 (cost=0.00..1.09 rows=9 width=72)
- . > Materialize ( cost=0.00..1.14 rows=5 width =72)
] . > Seq Scan on aircrafts_data a2 inner set
(cost=0.00..1.11 rows=5 width=72)

- Filter: (range > 5000)
(7 rows)

291
o backend/executor/nodeNestloop.c
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T ftv 4w Mad , T J LA “a. <4PK Cft0b H
E 4r& X 4 C0ftb e t 4 d o,') XN fitboat 00U t7 a,

A 45,94 £ v Materialize f t 4 U - a® ftuv CftEa QX t.
ou i, ° whQ T a( tN L work_ me(n i X 4MB)4 | B x. 1§
@48 0 a;,  PostgreSQX t, U’ ) ‘B4, .0 T akal o,
ftv S ftbd yod O t., 7 a.wO»,’ u No a  ° u
u,, @ x, Q v tQ .2 "7 a.

] £ x Q nu L v o4d sl L 62 77 a.

=> EXPLAIN SELECT *
FROM tickets t
JOIN ticket_flights tf ON tf.ticket_no = t.ticket_no
WHERE t.ticket_no = '0005432000284';
QUERY PLAN
Nested Loop (cost= 0.99.. 25.05 rows=3 width=136)
. > Index Scan using tickets_pkey on tickets t
(cost=0.43..8.45 rows= 1 width=104)
Index Cond: (ticket_no ='0005432000284"::bpchar)
. > Index Scan using ticket_flights _pkey on ticket_flights tf
(cost=0.56..16.58 rows= 3 width=32)
Index Cond: (ticket_no ='0005432000284"::bpchar)

(7 rows)
PX nUE, ° Ux v x tf.ticket_no = t.ticket no 0 tfticket no= <42 x \'E
d J, " «us CNRMNE 7 T 2l
Uy @ N Uy G v Oh t Uv ®© N\ E 0” a:3=
/ 1,
el A el X Ot ft >~ eil,., M "~ a
ef Xxa, bt 0° 0 " a
. Bt ot . b Advefd
et Uy & UER O0'E9a.t Ot L, B yo vef
. Q 6P O vel
el l . U b "7 a

292 backend/executor/nodeMaterial.c

293 backend/optimizer/path/equivclass.c
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0.99 .25.05)

0.43]/.8.45
x 1

0.56) .[16.58)

ef xa, OK a:
=> SELECT 0.43 + 0.56 AS startup_cost,
round((

8.45 + 16.57 + 3 * current_setting('cpu_tuple_cost')::real
)::numeric, 2) AS total_cost;

startup_cost | total_cost
0.99] 25.05
(1 row)

A AN ACEMMbLY n” 7 a:

=> EXPLAIN SELECT *
FROM aircrafts_data al
CROSS JOliircrafts_data a2
WHERE a2.range > 5060
QUERY PLAN
Nested Loop (cost=0.00.. 2.78 rows=45 width =144)
. > Seq Scan on aircrafts_data al
(cost=0.00..1.09 rows=9 width =72)
. > Materialize ( cost=0.00.. 1.14 rows=5 width=72)
. > Seq Scan on aircrafts_data a2
(cost=0.00..1.11 rows=5 width =72)
Filter: (range > 5000)
(7 rows)

/E 1Y Materialize {f t b 64 7 a.Materialize v " ft Ea QN .
3 , ot 4 d 1er 01 'Q T oa.
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Q NE ef 4v a2, OKNeTl o7 a’®®
&t ot . b Aveti
° 4 t ot . . b Advelf (O 4580 ba 6 a)
. (N-1) el twvo,t t, QO b Advel (., b NN ® &
1 7 3)
Q oP W vel
J £, U va, OK ~ a
[@.@@]. .[2 78]
[@ @BMI 99}
/ x 9
0.00..1.14
0.00). .[1.11)
A 4 b5 & (materialization) b 'QJ h L A, elt, J ~a. & 4w
Materialize et UV U 1q. ot XUANS Y™~ a.d, »d
n v ¥ R v 0.0125 ~ a.
wOhs, 4 42 O ef na, OK a:

=> SELECT 0.00 + 0.00 AS startup_cost,

round((
1.09 + (1.14 + 8 * 0.0125) + 45 * current_setting(‘cpu_tuple_cost')::real

)::numeric, 2) AS total_cost;

startup_cost | total_cost
+

0.00]2.78
(1 row)

bk "a O
* \ N (Cartesian product) N'EBT 8§ Yv & Q A0 aA T n a:

204 backend/optimizer/path/costsize.c, initial_cost_nestloop andfinal_cost_nestloop function

% backend/optimizer/path/costsize.c, cost_rescan function
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=> CREATE INDEX Qiskets(book_ref)
=> EXPLAIN SELECT *
FROM tickets t
JOIN ticket_flights tf ON tf.ticket no  =t.ticket no
WHEREbook_ref = '03A76D'
QUERY PLAN
Nested Loop (cost=0.99..45.68 rows=6 width =136)
. > Index Scan using tickets_book_ref idx on tickets t
(cost=0.43..12.46 rows=2 width=104)
Index Cond: ( book ref = '03A76D'"::bpchar)
. > Index Scan using ticket_flights _pkey on ticket_flights tf
(cost=0.56..16.58 rows=3 width =32)
Index Cond: ( ticket no = t.ticket no )

(7 rows)
N T (Nested Loop) f t v T a ( ) .7 H Y P 4d o,
(") d . "~ a. x _ (tticket no) 0 x4 OO0 "E B ~ a.oa ft
(1" )b 0 x, v ticketno=<4 x, ® 4 °
Uv @ X ® Uxtb .2 M X, ADA4v AN _ 4 Q
g 20 A v O T oa.la A4 bAN_ A Qv 2 o( ,
‘rows=2"), PP ° a 45 7 N'E3 O asA < awrows=3),
o £, A vn Ji o a
4 EXP N4 4ev 4, e, 0 7 a. 4 5 NULLXK
v p I 4 avuN® Ta.avy o owny xNX t4d M Q
0241, xn a
O Uv® vP Uv & ( ,P Uv ® N4 « &£ N XOK™~
296
a.
J v _ ({a) O Uy ®d v2 T a. X 0 T 8P _ (°a)
4 T6v x 4NDEP _ Uv & U ticket_flights® No Uy ® ‘Ep
0~ a.
o Ne T U "EAMEA | xn4,& & YO Ne P a @ Ned +
u s b oav | 4 Ta.wOhre E£xT U CE v Ne
1 2E T

wO b ticket no° A 4 NULLX 4 v AD Xa, OK a:

29 backend/optimizer/path/costsize.c, calc_joinrel_size_estimate function

297 backend/optimizer/path/costsize.c, get_foreign_key_join_selectivity function
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=> SELECT round(2 * tf.reltuples * (1.0 / t.reltuples)) AS rows
FROM pg_class t, pg_class tf

WHERE&elname = 'tickets'

ANDtf.relname = 'ticket flights'

rows

6

(1 row)
o ® Nex? U 0 |i Vol 8a "~ a.. Ye £NX X o)
& £ENTE w ~ a.®®

A 45nU (equi-join) Ad,X ~ oo O0b v e Q N> Xa,
OK™ " a:min(l/nd, 1/nd ;),J, »nddOnds RR _ P _ 4 b 8’ X

A5 1 g

a° X4 d [Ev Ne _ ba® 71 d 7 oal( _ AN 0 "Ed A
MO ~ a),. Ga ticket flights v P 41d dUtk v b 8 7 a.
=> SELECT t.n_distinct, tf.n_distinct
FROM pg_stats t, pg_stats tf
WHER&ablename = 'tickets' ANDt.atthame = 'ticket_no'

ANDtf.tablename = 'ticket_flights' ANDif.atthame = 'ticket_no'
n_distinct | n_distinct
.1] . 0.30362356
(1 row)
MOs T U ~ 1 d ” W T oa:
=> SELECT round(2 * tf.reltuples *
least(1.0/t.reltuples, 1.0/tf.reltuples/0.30362356)
) AS rows
FROM pg_class t, pg_class tf
WHERE t.relname = 'tickets' AND tf.relname = 'ticket_flights';
rows
6
(2 row)
Uxv b3 Ad 1 0 Ao |l T~ a. SR VA [ U I o =
Ne@P 4 » 1d d Aba OAD MCV(Most Common Values, b X) Q'E

298 backend/optimizer/path/clausesel.c, clauselist_selectivity function

299 backend/utils/adt/selfuncs.c, egjoinsel function
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caf

ok X & L3t [~ a. v I
I O° b o~ a EXPLAINANALYZE 1 0 |

6 alt a 7 a.

=> EXPLAIN (analyze, timing off, summary off) SELECT *
FROM tickets t
JOIN ticket_flights tf ON tf.ticket no  =t.ticket_no

WHER&book_ref = '03A76D'
QUERY PLAN

Nested Loop ( cost=0.99..45.68 rows=6 width =136)

(actual rows=8 loops=1)
. > Index Scan using tickets_book_ref idx on tickets t
(cost=0.43..12.46 rows=2 width =104) ( actual rows=2 loops=1)

Index Cond: ( book_ref = '03A76D"::bpchar)

. > Index Scan using ticket_flights _pkey on ticket_flights tf
(cost=0.56..16.58 rows=3 width=32) ( actual rows=4 loops=2)

Index Cond: ( ticket no =t.ticket no)

(8 rows)
ia NP a NH a:=2), “a.wOs | ftuvp
8 41 N "Hloops=2), RR " § _ & “oa( 21=4). . YO'E KX av -’
1=8 " a.

@ 1h AL A nQAYO(TIMNGORFfiEA 0+ +Rpt g
Yx/ d1, — +¢,7 ®™S o ,AE 4D+ E yAo+ = L
' ne i AL Al o3, PostgresSQL k

g': b3 0
wFxM"nT T >L A o.Ndfh A Ljquz,F>Lebd
oH T - wo.
el ., b el N X A t On " a
0 ® OWAE ., a  eP 5 a:

=> EXPLAIN SELECT *

FROM tickets t
JOIN ticket_flights tf ON tf.ticket_ no  =t.ticket_no

WHER&book_ref = '03A76D'
QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

300 backend/utils/adt/selfuncs.c, egjoinsel function
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Nested Loop (cost=0.99.. 45.68 rows=6 width =136)

. > Index Scan using tickets_book_ref idx on tickets t
(cost=0.43..12.46 rows=2 width =104)
Index Cond: ( book ref = '03A76D'"::bpchar)

. > Index Scan using ticket_flights_pkey on ticket_flights tf
(cost=0.56..16.58 rows=3 width =32)
Index Cond: ( ticket no =t.ticket no)

(7 rows)

Ab,o a4 R " eiX ‘ ef On “a.. Us N"Ea, OK
X2 041107 a:

=> SELECT 0.43 + 0.56 AS startup_cost,
round((
1246 +2* 16.57 + 6 * current_setting('cpu_tuple_cost')::real
)::numeric, 2) AS total_cost;
startup_cost | total_cost

xxxxxxxxxxxxxxxxxxxx

0.99 | 45.66
(1 row)
"o )
0 4 n OK"aAXNEQ +° B8AOWOHN MOO 1 ),
vy T a 77 oa.
Y ~ X Memoiz#'f t 4 2 07 a.Materiaize ft°° ] I, vok"a O
® | EYAESANH 1 &7 & . b 8 77 oa:
Materialize f t v =~ f 1t 4 Q Ot , BT - v 'Qc, Memoize a
Dok"ax4d Q O "] E 81 H © a.
. A— "E0ObLQe v A0, Materialize v YU "E4d, ‘Q Memoize
st L, ford” Tl & YhNo T 0b4" 7 a)
Memoizé i v & Av a, OK™ ™ a:
=> EXPLAIN SELECT *
FROM flights f
JOIN aircrafts_data a ON f.aircraft code = a.aircraft_code
WHERElight no = 'PG0003'
QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

Nested Loop (cost=5.44..387.10 rows=113 width =135)
. > Bitmap Heap Scan on flights f

1 .
% backend/executor/nodeMemoize.c
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(cost=5.30..382.22 rows=113 width =63)
Recheck Cond: (flight_no = 'PG0003":bpchar)
. > Bitmap Index Scan on flights_flight no_scheduled_depart...
(cost=0.00..5.27 rows=113 width=0)
Index Cond: ( flight no = 'PG0003":bpchar)
. > Memoize (cost=0.15.. 0.27 rows=1 width=72)
Cache Key: f.aircraft_code
Cache Mode: logical
. > Index Scan using aircrafts_pkey on aircrafts_data a
(cost=0.14.. 0.26 rows=1 width=72)
Index Cond: ( aircraft_code = f.aircraft_code )

(13 rows)

e h [T 6v oo v work_me(ni X8 2K@ A
hash_mem mult|pI|er( I 10 ~a.P_ 0k"a Y4 NS u, ~ O KX
Ne 6" a4 Ata~ )2 (E 4w E SO 0Kk aAX

"abJYk AdDJYX 2 ).

ot v ®° Epd NTH, L Us bOuwNEp 6" a(dUnv Ji 6 X
0 xn4),Qpad Yv Eyduw\NEp 6 a( 4 JTO O a).
Memoizd t 4 d BOOK " 2aX 0 O 4 d vuN"EVU U, t N
Cfto Yeaft( 1 )E B  a. it -~ v, N EyodL
NE no” a
0 41 v AD,Memoizg t * =~ f t "Ea I - SR O i
“a. d 1 Ey: T oa
o"Eb h b bor, et I 63 HOd0 02 "7 a. a Wp i )
L0 4 d v X yo  a y Ma®d NX— 45 [T 6vudald QKXTQ
n - a
a Dk" 2 >K QX v b o A dOfO® 4i v, a2 NH O
av t y O Ol Q b “a. Y 0Uk"avxxEA T a-a J
ft Ea Ot | S xn4 a Q vyXN O0b477 a
el Uvoo .Y AEBROOLT 4 07 wOODOT | T a.bdob, A
WuNE 4 > OMemoiz§ t ef =~ ef OvvM”" ©A 41avuw ~ a: WuNB )
ft ef 4cputuple cost( | X 001) X & w 4 - 3%
0 v O Materialize ft4d e <« . Q "~ oa. einx " 4"

302 include/lib/simplehash.h

303 backend/optimizer/util/pathnode @eate_memoize_path function

04 - . . .
backend/optimizer/path/costsize.c, cost_memoize_rescan function
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£ 4 QAd V77 a.

o @ ,Memoizé I v unx_ w “ftia ¢ AdD4Q 0L "7 a.P " Memoize
eiNd<« ~ 1t E O "4 ida viHO®  4wOBO T a. .k
O XN O 4 4 T8 rEQO0 0K AXK 2 41 -
4, Q J, " A 0 00 T4 yO 0. b T a.d «
u el v Q, vy w, b T a.d, »v ta |
U 577 a
(A 4 EY AUg v v T, 0oy Y EXPLAIN ANALYZE:
Ao T w7 oa:
=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM flights f
JOIN aircrafts_data a ON f.aircraft code = a.aircraft_code
WHERHlight_ no = 'PG0003'
QUERY PLAN
Nested Loop (actual rows=113 loops=1)
. > Bitmap Heap Scan on flights f
(actual rows=113 loops=1)
Recheck Cond: (flight no = 'PG0003":bpchar)
Heap Blocks: exact=2
. > Bitmap Index Scan on flights_flight no_scheduled_depart...
(actual rows=113 loops=1)
Index Cond: ( flight no = 'PG0003":bpchar)
. > Memoize (actual rows=1 loops=113
Cache Key: f.aircraft_code
Cache Mode: logical
Hits: 112 Misses: 1 Evictions: 0 Overflows: 0 Memory
Usage: 1kB
. > Index Scan using aircrafts_pkey on aircrafts_data a
(actual rows=1 loops=1)
Index Cond: ( aircraft_code = f.aircraft_code)
(16 rows)
Qv ° M, Ea 6v KNAEBOWOv W | o 0 "E Memoizg t 4 d
ot X N o Ji a. _ X Ned bbb ~ 4 7 a(d "’ :1), Q.
ot X 45 a2 "7 oa(  :112). ARGOOIKQ, I 7 a.
abP ~OXNO ™~ a: t X Vk"2at ~ eA0ept ., - 2446« v
a’ A— "E a0V t~a a v do Lx" avw, U o'H v p"E
ald0k"2aX 20 a I MO a “a.. YoMemoizg t i «d e

305 backend/utils/adt/selfuncs.c, estimate_num_groups function
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6 2 “a., B AD 4v enable_memoize 1 X on) Ok " A0&Av wNEE b
A Q1 a "7 a.

—_—i

i (Nested Loop Join)XN T T a (Left Outer Join),, 2 vh i 62 a:

=> EXPLAIN SELECT *
FROM ticket_flights tf
LEFT JOIN boarding_passes bp ONbp.ticket_no = tf.ticket_no
ANDbp.flight_id = tf.flight_id
WHEREticket_no = '0005434026720'
QUERY PLAN
Nested Loop Left Join (  cost=1.12.. 33.35 rows=3 width=57)
Join Filter: (( bp.ticket_no =tf.ticket_no) AND (  bp.flight_id = tf.flight_id))
. > Index Scan using ticket flights pkey on ticket flights tf
(cost=0.56..16.58 rows=3 width =32)
Index Cond: ( ticket no = '0005434026720":bpchar)
. > Materialize ( cost=0.56..16.62 rows=3 width =25)
. > Index Scan using boarding_passes_pkey on boarding_passe...
(cost=0.56..16.61 rows=3 width =25)
Index Cond: ( ticket_no = '0005434026720":bpchar)
(10 rows)

J, X Nested Loop Left Join § t "E 0" a. £ v b ve OO o)
S Tar v oo, n Co.a “a( Us X Materialize §ft S

411y "Ta)w X, Q v _Q ~ a(Join Filter ).

i a Uv & bvo g wOQ b E 8 v i g 0]

v T exdHE XK MO E - a’®a N 20 u

Qu ®avs "7 a

ef N© a wO® | " a

A £ bo, Of a 4d ald &£ _ o a av | A + T a A
pB A4bl,E b i . |t | E3 Oa®ad JoinFilter 0 b w ~ a:

=> SETenable_mergejoin = off

=> EXPLAIN SELECT *

FROM ticket_flights tf

JOIN boarding_passes bp ON bp.ticket ho = tf.ticket no
ANDbp.flight_id = tf.flight_id

WHEREticket_no = '0005434026720'

306 backend/optimizer/path/costsize.c, calc_joinrel_size_estimate function
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QUERY PLAN
Nested Loop (cost=1.12.. 33.33 rows=3 width =57)
Join Filter: ( tf.flight_id = bp.flight_id)
. > Index Scan using ticket_flights_pkey on ticket_flights tf
(cost=0.56..16.58 rows=3 width =32)
Index Cond: ( ticket nho = '0005434026720":bpchar)
. > Materialize ( cost=0.56..16.62 rows=3 width =25)
. > Index Scan using boarding_passes_pkey on boarding_passe...
(cost=0.56..16.61 rows=3 width =25)
Index Cond: ( ticket_ no = '0005434026720":bpchar)
(9 rows)
=> RESET enable_mergejoin

ef 45+p LbQe vuxia [ a 4 b vy 43 AD AG0
MOO 1, T _ | i, xn T oa.
A0 N « 8 V77 % i Ma® No°oa wla albl ®© xn -
a.la X L dHo a Ad, |- X, Q v Q a

n E Il 48 Vv 7~ a

\ Ot ©

\ (Anti -joins)O + © (Semi-joins)x  _ (T a) P 4d P_ (°a) 1
oo U s N@ o av 457 | 7 oa

\ N _ P _ 0] v, Ab47Q d Q T a b
_ 46 _ u v T 0 i a "7 a _ d
XMO4Hs T8A4 7 a.

\ N NOT EXISTS x .,

A0t A, 8 YN, o dt_ b W i, ™35 > a. dA& 4v NestedLoop Anti
Joinf t b 0 a:

=> EXPLAIN SELECT *
FROM aircrafts a
WHERE NOT EXISTS (
SELECT * FROM seats s WHEREircraft code = a.aircraft_code

307 backend/optimizer/path/joinpath.c, match_unsorted_outer function
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QUERY PLAN
Nested Loop Anti Join ( cost=0.28..4.65 rows=1 width=40)
. > Seq Scan on aircrafts dataml (  cost=0.00..1.09 rows=9 widt...
. > Index Only Scan using seats_pkey on seats s
(cost=0.28..5.55 rows=149 width =4)
Index Cond: ( aircraft_code = ml.aircraft_code)
(5 rows)

NOTEXISTSx 4 a0 &0 JI I KxA&A . b w 7~ a:

=> EXPLAIN SELECT a.*
FROM aircrafts a
LEFT JOIN seats s ON a.aircraft code = s.aircraft_code
WHERE&aircraft_code IS NULL
QUERY PLAN
Nested Loop Anti Join ( cost=0.28..4.65 rows=1 width =40)
. > Seq Scan on aircrafts_dataml (  cost=0.00..1.09 rows=9 widt...
. >Index Only Scan using seats_pkey on seats s
(cost=0.28..5.55 rows=149 width =4)
Index Cond: ( aircraft_code = ml.aircraft_code)

(5 rows)
t 0 (Semi-join) X _ 45 P _ O Al U u v AD
d . Q “a@@ a Qabd Q. 5b4° " a=-MOv GMA
T a)
£ 0 X EXISTS x . sh [T6a "Ta., 4 w v O N, oI v

=> EXPLAIN SELECT *
FROM aircrafts a
WHERE EXISTS (
SELECT * FROM seats s
WHERE aircraft_ code = a.aircraft_code

)
QUERY PLAN
Nested Loop Semi Join ( cost=0.28..6.67 rows=9 width =40)
. > Seq Scan on aircrafts_dataml (  cost=0.00..1.09 rows=9 widt...
. > Index Only Scan using seats_pkey on seats s
(cost=0.28..5.55 rows=149 width =4)
Index Cond: ( aircraft code = ml.aircraft _code)
(5 rows)
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Nested Loop Semi Join f t v n Y “.u tTa £ X(N o
Q b B H Ne a4d T ( =149) 0 " Q" Ev . U Qy
s wNE o T oa. ® XAE _ . b 1 4 Bd a

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM aircrafts a
WHERE EXISTS (

SELECT * FROM seats s

WHERE&aircraft code = a.aircraft_code

QUERY PLAN
Nested Loop Semi Join (actual rows=9 loops=1)
. > Seq Scan on aircrafts_data ml (actual rows=9 loops=1)
. > Index Only Scan using seats_pkey on seats s
(actual rows=1 loops=9)
Index Cond: ( aircraft_code = ml.aircraft_code)
Heap Fetches: 0

& L0 e v Q “NE 6 Qo . Uy & v U'E

\'
p 6 a.V Ab, Oa | v, OQbL E Udp- - a°®

enuy
Q\CE 1 " a
I Ne a, X 1 U 4° v
X «d 9 a7 oa. X A Q
a 1 "7 a- Ab4v a "7 a
a, OKNX &4+ ) Y ’ s " a

=> CREATE EXTENSION earthdistance CASCADE
=> EXPLAIN (costs off) SELECT *
FROM airports al

JOIN airports a2 ON al.airport_code != a2.airport_code
AND al.coordinates <@> a2.coordinates < 100
QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

308 backend/optimizer/path/costsize.c, calc_joinrel_size_estimate function

309 backend/optimizer/path/costsize.c, final_cost_nestloop function
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Nested Loop
Join Filter: ((ml.airport_code <> ml_1.airport_code) AND
((ml.coordinates <@> ml_1.coordinates) < '100' ::double precisi...
. > Seq Scan on airports_data ml
. > Materialize
. > Seq Scan on airports_data ml_1

(6 rows)
T Aot

i N~ A& 4 J a2 T ol
la Q" AE ®6a vh, vJY A bn4° a XN a.l a b
I P A v a0, 4 b u M4 vp, O NT NE T A T a
MU4 O v dy s N'H m 4d . b K, 4o T oa

=> EXPLAIN (costs off) SELECT t.passenger_name
FROM tickets t
JOIN ticket_flights tf ON tf.ticket_no = t.ticket_no
JOIN flights f ON f.flight_id = tf.flight_id
WHERE f.flight_id = 12345;
QUERY PLAN
Nested Loop
. > Index Only Scan using flights_flight_id_status_idx on fligh...
Index Cond: (flight_id = 12345)
. > Gather
Workers Planned: 2
. > Nested Loop
. > Parallel Seq Scan on ticket_flights tf
Filter: (flight_id = 12345)
. > Index Scan using tickets_pkey on tickets t
Index Cond: (ticket_no = tf.ticket_no)

(10 rows)
< 2 1 i X T NEa 67 a.il a Xa° "Eb J flights Ne
B N"Edbk 6§ 0 'E° 4 ab Q& Ol i I d o a.
° 4 NTAE , T Juyod a.P A v ticket flights Ne =~ 1Q
3 i Me® , T 4 0 o} " a.

310 backend/optimizer/path/joinpathaynsider_parallel_nestloop function
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22. ~ Hashing

221 N
1- ° n

x| 14 O ° Ng, T J oo, 40 T aa, XY ¢
£ A 7 a:

=> EXPLAIN (costs off) SELECT *
FROM tickets t
JOIN ticket_flights tf ON tf.ticket no  =t.ticket no
QUERY PLAN
Hash Join
Hash Cond: (tf.ticket_ no = t.ticket_no)
. > Seq Scan on ticket_flights tf
. > Hash
. > Seq Scan on tickets t

(5 rows)

A
m
X)
X ) N RAM4 af a2 _ xb 9 " AD | vh 0
_4 & a " a. Q NE dOfOOHAD v work mem(, 1 X8 2K@ A

hash_mem_multiplier( . 7 > 1.0) XX\ "E 0 a.

3 backend/executor/nodeHashjoin.c
312 backend/executor/nodeHash.c

313 packend/utils/hash/dynahash.c
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work_mem x hash mem multiplier

A

inner
set

outer
set

& oo i 1d A0T  ~  EXPLAIN ANALYZE 5° a:

=> SET work_mem = '256MB";
=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM bookings b
JOIN tickets t ON b.book_ref = t.book_ref;
QUERY PLAN
Hash Join (actual rows=2949857 loops=1)
Hash Cond: (t.book_ref = b.book_ref)
. > Seq Scan on tickets t (actual rows=2949857 loops=1)
. > Hash (actual rows=2111110 loops=1)
Buckets: 4194304 Batches: 1 Memory Usage:145986kB
. > Seq Scan on bookings b (actual rows=2111110 loops=1)

(6 rows)
i CI o1 a a0l vyOB®, ° X t. »"E®ds 2
" a. Q NE& N 0 4 NEJi 6™ v& x O No, MOE ~ a.
Ad b, Ne dO 407" a:+ 143MB(f @& i ¥)0 "HaM =2 % —
“a.. Us X o _ “( )t sva 07 a.
YU O U ANTQ aw Nex 111IMB4 i, w ~ a:
=> EXPLAIN (analyze, costs off, timing off, summary off)

SELECT b.book_ref

FROM bookings b

JOIN ticketst ON  b.book_ref =t.book_ref
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Hash Join (actual rows=2949857loops=1)
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Hash Cond: (t.book ref =b.book ref)
. > Index Only Scan using tickets_book_ref idx on tickets t
(actual rows=2949857loops=1)
Heap Fetches: 0
. > Hash (actual rows=2111110loops=1)
Buckets: 4194304 Batches: 1 Memory Usage: 113172kB
. > Seq Scan on bookings b (actual rows=2111110loops=1)
(8 rows)
=> RESET work_mem

314 backend/executor/nodeHash.c, ExecChooseHashTableSize function

1 - - .
315 backend/optimizer/plan/createplan.c, create_hashjoin_plan function
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v Qt Xa ®ft 'EQ 0 a
el by 0 Uy ® 4d ai 47" a; wuk “ 4
el 4 i w " a
ft el N ft el \N'E 0" a. wxBT A& 117 q,



a. X A 7 oa:

=> EXPLAIN (analyze, timing off, summary off)
SELECT * FROM flights f
JOIN seats s ON s.aircraft code = f.aircraft_code
QUERY PLAN
Hash Join ( cost=38.13.. 278507.28 rows=16518865width =78)
(actual rows=16518865loops=1)
Hash Cond: (f.aircraft_ code = s.aircraft_code)
. > Seq Scan on flights f ( cost=0.00.. 4772.67 rows=214867 widt...
(actual rows=214867loops=1)
. > Hash (cost=21.39.. 21.39 rows=1339 width =15)
(actual rows=1339 loops=1)
Buckets: 2048 Batches: 1 Memory Usage: 79kB
. > Seq Scan on seats s ( cost=0.00..21.39 rows=1339 width =15)
(actual rows=1339 loops=1)

(10 rows)
el x E Neo £ el ., QA "Ha, dt 0° 0 " a
, No, o vh 0 ©°g4 T el
., %4 P 4d 4 O
(cpu_operator_cost(, T > 0.0025) d A{ X" )
. Ot oa O Ned o v ef (cpu_tuple_cost(, | X 0.01)d a O N“E
)
. A vh 0 T a T el
ei N> el O el N'Edbt 6 ' Ha, ., T a:
N P 4d 4 Oopt A oA e { (cpu_operator_cost)
. bs m, M 0 x 4 et (cpu_operator_cost d P y |
ol E )
. PMO 41d ® el (cpu_tuple_cost)
6 ‘-I,IJ.G -Q.WN?a A4 0 4 a o 2
( ° Ne 0)o 020 .S ,E vh o b”
¥, 2 av _ oA A ta | XJYodl oy o7 Q% Ad

4, o2v 0150112°E &  a.

316 backend/optimizer/path/costsize.c, initial_cost_hashjoin and final_cost_hashjoin functions

il backend/utils/adt/selfuncs.c, estimate_hash_bucket_stats function
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wOhr, 0 © efxa, OK 0 a:

=> WITH cost(startup) AS (
SELECT round((
21.39 + current_setting(‘cpu_operator_cost')::real * 1339 +
current_setting(‘cpu_tuple_cost')::real * 1339 + 0.00
)::numeric, 2)
)
SELECT startup,
startup + round(( 4772.67 + current_setting('cpu_operator_cost')::real * 214867 +
current_setting(‘cpu_operator_cost')::real * 214867 * 1339 *
0.150112 + current_setting(‘cpu_tuple_cost’)::real * 16518865
)::numeric, 2) AS total

FROM cost;
startup | total
xxxxx L e s s o8 5 o8 o5 oa
38.13 | 278507.26
(2 row)
BRI £t . U0 b 77 oa:

38.13) .278507.28)

Non 1113

0.00] .4772.67]

0.00. .21.39
2- n
Y 4 W0 @ Ne dOfod4i v, Ad,oa X"1E &6
Eo 07 a. a(— 32" "0 b "B <2 yy nm HJi v 318 d
e 214 M 0 a
ANh P v | U q 4° "~ a:abd 4 O tKxn tob
1477 a

18 backend/executor/nodeHash.c, ExecHashGetBucketAndBatch function
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47 v AD, un O Nl bL3daRAMA® 067 a.., &8 YN, uX

~ 320

4, "EO” a(R Qa " |

EH AYa,/ e o Bl A B,y ok temp_file_limit ( p>:-1)
HR QAwo0). EHE + >/

A, ne 1 £ Ywo(lA FwkF+ 1w/
¢ 3  sKEXRCHyO.

(LD QD (D

set

outer
set

P_ BAMH,Ta 5 a _
t. v NeOd 0~ a(” a0 4 b s 0 4
ab 4 v AD,, ui 4 6H a' P "Qa " |

a.wOs, Nk v 2N 1)K (a bed . Abe .2 .) 1|

-

319 backend/executor/nodeHash.c, ExecChooseHashTableSize function
320 backend/executor/nodeHash.c, ExecHashTablelnsert function
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inner

set
outer
set
b No'E
NeO
outer
set
4 4d ° | AOBO,P 4 d EXPLAIN)E A AX k< 0

" a.BUFFERSA® > 6w, GEAv U " 4d Al a:

=> EXPLAIN (analyze, buffers, costs off, timing off, summary off)
SELECT *
FROM bookings b
JOIN ticketst ON  b.book_ref =t.book_ref
QUERY PLAN
Hash Join (actual rows=2949857loops=1)
Hash Cond: (t.book_ref = b.book_ref)
Buffers: shared hit =7236 read=55626, temp read=55126 written =55126
. > Seq Scan on tickets t (actual rows=2949857loops=1) Buffers: shared read=49415
. > Hash (actual rows=2111110loops=1)
Buckets: 65536 Batches: 64 Memory Usage: 2277kB
Buffers: shared hit =7236 read=6211, temp written =10858
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. > Seq Scan on bookings b (actual rows=2111110loops=1)
Buffers: shared hit =7236 read=6211

(11 rows)

O work mem _ b° OO0~ 47 JEET 7 a1 XK 4MBv ) Ne RAM
40, 4sx "7~ a: A 45s,h v 64K "Eo 6o, ° NeX 64K =2'° —

It a =~ Ne o & v n\(Hashnodd, h I t 4, "EO” a(temp
written ); B A(Hash Join node)4 », ° t XN oM, @P2a 0~ a(tempread,
written ).

4d & Ox /D2 A, log_temp files ( | X -1) Ok " 2 00N'Ew Rl

"Ta.. YOb»—"E., b ot ° 6. .0 ) <« EUN w 7 a.
n
£ O |Ix XNPbL f Q.2 "7 a:a £ e h 0
- a.
N4 bXK o be Ab,ad v ad O0b w ~ a
A h (© . 0 1 9)bx”™ as ®b6. ot tNU" 4, "E6AA

a,. AU 4 N T a.la dao n 0O N vh, v Q N'Eg

xXn " a.. YO 'El a MCY d ' sea"y Ab aow( ,ia

NeE 6o B AEa Oa@,MC¥ d v =~ t0b t N _ 32t

aEp 0" a. _1(6d Os )X 2- ° W A— toAt | a -
a.

PO xn4, a(Av &t) . b 6 6 2 ""a.Ya, d
NN dOfHOOHAOGAT Ve O &6 O u 7 a.

O ° No &b vO 46x7 1 6w, Ay w4 bL(P "EOY a.R

v L «N'EP kK o"E0 wN"E, 07 a: dU Q6 b~ asb X)X
NedeM a,a0 Qxo ° 4 0° a.’*

Y o X4 U1- E 641801 Qo a1 0 2- N
n t A 4 O U KXMVa® Ii ~aJ, svuvB N 0@ .ty
B < l ml“EdJo —a

20 av 4”7 a. Uxbh 00d b u\N'E o, t N D
6 Y. 4w " a
e’ o A, A0vdrw N 6 v, 2a " aAdtA, N @Ot A4
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21 backend/executor/nodeHash.c, ExecHashBuildSkewHash function

22 .
3 backend/executor/nodeHash.c, ExecHashincreaseNumBatches function
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n X, b 8 aw, °~ 2Ab A bn X, Q@ 0 xA4. t XNKKX 1
8w ~a.e 1, Adb4 > NeX « OO 101 £ & W T oa.

FseqT,FvEESTaqgT HAD & 1€d - & wal "Ho Bn:
+IENLYN QAyo.

a n LOT J .7 s, 0OvA @b LA i 7 a:

=> CREATEABLEbookings_copy ( LIKE bookings INCLUDING INDEXES)
WITH(autovacuum_enabled = off );

=> INSERTINTO bookings_copy SELECTF FRONbookings;

INSERTO 2111110

=> DELETEEROMookings _copy WHEREndom() < 0. 9;

DELETHE899232

=> ANALYZE bookings_copy;

=> INSERTINTO bookings_copy SELECT FRONbdookings

ONCONFLICT DO NOTHING;

INSERTO 1899232

=> SELECTeltuples FRONbg_class WHEREIhame = ‘bookings_copy' ;
reltuples

211878

(1 row)

MO NTE 0 ®v bookings_copy Os 5 v o "ED Ne 41 6 a. w X bookings

I | Q Uxb, a0 A "EO" b “a® | <« xabd
o) 4d ) Ne o£8x Qo a2 NOE H a v A&b4 7~ a.
A OE Ux v 8k — o aseR Q a év AN+ v 32K

'E b T a:
=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT *
FROM bookings_copy b
JOIN ticketst ON  b.book_ref =t.book ref
QUERY PLAN
Hash Join (actual rows=2949857loops=1)
Hash Cond: (t.book_ref =b.book_ref)
. > Seq Scan on tickets t (actual rows=2949857loops=1)
. > Hash (actual rows=2111110loops=1)
Buckets: 65536 (originally 65536) Batches: 32 (originally  8)
Memory Usage: 4040kB
. > Seq Scan on bookings_copy b (actual rows=2111110loops=1)
(7 rows)
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d ef LT d 4 [t o3 1@

ef . 0 AGIT da
ol

y
) 0 " E Js UxbP ot 4 wu a. 4N et . ©b° a:

=> SETwork_mens '64kB'
=> EXPLAIN (analyze, timing off, summary off)
SELECT * FROM flights f
JOIN seats s ON s.aircraft_ code = f.aircraft_code
QUERY PLAN
Hash Join ( cost=45.13.. 283139.28 rows=16518865width =78)
(actual rows=16518865loops=1)
Hash Cond: (f.aircraft code = s.aircraft_code)
. > Seq Scan on flights f ( cost=0.00..4772.67 rows=214867 widt...
(actual rows=214867loops=1)
. > Hash (cost=21.39..21.39 rows=1339 width =15)
(actual rows=1339 loops=1)
Buckets: 2048 Batches: 2 Memory Usage:55kB
. > Seq Scan on seats s ( cost=0.00..21.39 rows=1339 width =15)
(actual rows=1339 loops=1)
(10 rows)
=> RESET work_mem

P _ ef N El, @ t "Ea v h4 Qe ~ a
2- Coei N1 et 4, Q Pa N'Ho, Ot 0
t 0 o 0 Q OV v el 4 L6 a. ° Ne & & x
_ LU 4\ V& Ol , X 0aA Y NTHWO 5 a4 V77 a.
£ "E ef N 1- et O 14U 4 Oo a t u el
Mol a t., o \Mwv el . T a.
Vv, T QP d seq_page costE HIIO ANT NEL 07 a.

AD 4,0 4 4 0 6 HI a h v 2309 1

WwN"EAd €0 a. 0 4
X2 0411 07 a:

=> SELECT 38.13 +-- startup cost of a one  -pass join
current_setting('seq_page_cost')::real * 7
AS startup,
278507.28 + -- total cost of aone - pass join
current_setting('seq_page_cost')::real * 2 * (7 + 2309)
AS total;

323 backend/optimizer/path/costsize.c, page_size function
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startup | total

+
45.13 | 283139.28
(1 row)
wObh, o Hoobiv Ad, X P _ "Ea 6H » i1 " a.. YO0 'Ea, |
A Uy v " a
AL Ned b O t0 1 | "EdtdN~N " a
Ux s No, &4 x P & Nu, o N T a
TAE 4 i
4590 : Med N AL 4] Ji 62 """ a.A ,JY A "EL' b'E
L'Q NCE° a 1d MR A ) Nob &b a,.,.n 47,
o 0 “a.d, »E3 <«XP "EL bl a oQQ, x4 Qe -
a.
a, £ X Q - .

=> SETwork_mens '128MB'
=> SETenable_parallel_hash = off
=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT count(*)
FROM bookings b
JOIN tickets t ON  t.book_ref = b.book_ref
QUERY PLAN
Finalize Aggregate (actual rows=1 loops=1)
. > Gather (actual rows=3 loops=1)
Workers Planned: 2
Workers Launched: 2
. > Partial Aggregate (actual rows=1 loops=3)
. > Hash Join (actual rows=983286lo0ps=3)
Hash Cond: (t.book ref = h.book_ref)
. > Parallel Index Only Scan using tickets_book_ref...
Heap Fetches: 0
. > Hash (actual rows=2111110loops=3)
Buckets: 4194304 Batches: 1 Memory Usage:113172kB
. > Seq Scan on bookings b (actual rows=2111110...
(13 rows)
=> RESETenable_parallel_hash

J, » P "Et‘ v bookings No. a. , Parallel Index Only Scan f t 0 o
a Q. 4o o t.. MO ) NeO U T oa.
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324 backend/executor/nodeHash.c, MultiExecParallelHash function
325 backend/storage/ipc/barrier.c

326 backend/executor/nodeHashjoin.c, ExecParallelHashJoin function

353

Nef| @ & XNPR™A EL° 4" ] E T 60E Q NE dO {HOd v [E
45 Oufat & w T aod [ty
Al- n
Q N~ AL 4 «d p) 3 " al( TA Ob 1 ObAv KO,
4d ). YVU& b £t v " TA Mad N'E& ®wo~ a
Med ~ A— 0 N Ne N° Aowdetdavu ~a. HOO
n NE dé'H Ad,d vt A CEECbL T a2 T adYk "I
Ned >, J v @t EL' 4 dO foav, I vB 1 Ne & 07 a.
U _ E b (@] b T a
BAL »(E£ 4 v ParallelHash ft "E ~ 0), ot ~ A "Bt t XO° a 4d A
[N ) Ne, & = a.%
B R EEEEE
|
W - work_mem x hash_mem_multiplier x number of processes
|
|
inner
set
outer
set
Job AR A EL'v _ BAE ®od, ti A ~ a’®
P _ B /AParallelHashJoin ft)1+s, "Et ' txX O O Nedd 1 a
t od, 0 o7 a> TAET 67 a.*®
outer
set



Y £ A v a, OK™ ™ a:

=> SETwork_mens '64MB'
=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT count(*)
FROM bookings b
JOIN tickets t ON  t.book ref = b.book ref
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Finalize Aggregate (actual rows=1 loops=1)
. > Gather (actual rows=3 loops=1)
Workers Planned: 2
Workers Launched: 2
. > Partial Aggregate (actual rows=1 loops=3)
. > Parallel Hash Join  (actual rows=983286loops=3)
Hash Cond: (t.book_ref =b.book_ref)
. > Parallel Index Only Scan using tickets_book_ref...
Heap Fetches: 0
. > Parallel Hash (actual rows=703703loops=3)
Buckets: 4194304 Batches: 1 Memory Usage:
115392kB
. > Parallel Seq Scan on bookings b (actual row...

(13 rows)
=> RESET work_mem

PA4 7 Jt ubn ) Q. x v enable parallel_ hash ( | X on)Ok " 20
I .2 > 3 a2 4177 a.
AbT ol Q 14e [t b3 OO QNE At A4, 41 d o, AN @
t A EL 4 dOfead0 T, xn4 _ =N bi o7 ai oo |t y).
Nex ° & 0 bbb w wd 0E foa iy BT T a
TA2- R
ot A CEt° BRodb J ) N af 4 o vy, a2 77 a.
v E BE4IHLUU 4 &7 10 a "~ a. Ab4 TO02- " Mead X
: i wO «d a’y a.
RN ’ X B Ned * JY K X Noo o£ avu ~ a.P
EL v T Q N QM LQ N'E ° 0 ® “a.( Q"I ) Ne
N N food’ o xn4,4h CELCt Net At U4 °~ a2 7~
a)E 4bdY b O avu U Uep*®p CELC 07 "] ) Ne @"Edb

82 backend/executor/nodeHash.c, ExecChooseHashTableSize function
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wO» _ BAIs EL tN°a.  AE H O CEUeA O 447

a PR EL' bo, TR x4, b (L D4d el
‘ No, b V77 a.Ah t v, O "NEQt A CEt’

1 £O0 4 6" a®wlOre  Aw  £TA— Mad 0BG, AP _
S N o _ 0 J ot 0y 447 a

inner

set

outer

set

° 4 1d ~ Ot Et 4 ti 6P _ BA 6° a.®

VXA e"A— ., T ao _ 1° v, t ®OE ° Ne® 0
6w " a. N A— AD,HOOA M ) Ne Y NOE At
O0LQ NE & " a.wOs,P_ BAE T a A NE .t E
0 a,R 0" 1 : 4497 a6 tx Ned o & Y~ 7 a( _
BAI Qe vuw Y). Us as d b V77 a.

ot Et " bl a t i U 4 v 2Nk 9E0” a; tN°aZ W
I a 0 ‘§l

328 badkend/executor/nodeHash.c, ExecParallelHashincreaseNumBatches function
329 backend/executor/nodeHash.c, MultiExecParallelHash function

330 backend/utils/sort/sharedtuplestore.c

331 backend/executor/nodeHashjoin.c, ExecParallelHashJoin function

2 - . " .
8 backend/executor/nodeHashjoin.c, ExecParallelHashJoinPartitionOuter function
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inner
set

outer
set

VX L& «e M \ a o,
U @ T a0t
ObbL3 T oa.

a:fodd v O No4 o©

333 backend/executor/nodeHashjoin.c, ExecParallelHashJoinNewBatch function
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outer
set
NGOt "Et° 4d B : N, i vwufag “aT A OO
v L& No,n el ¢  a
a
Mad NO°a dvu- 6t 40 [ ,
) OKNX @t « T a Q O A u
0~ a.
i al @b Y A a0 008 "7 ad, A0 1a A b T
- a

=> EXPLAIN (costs off) SELECT *
FROM bookings b
LEFT OUTER JOIN tickets t ON t.book ref = b.book_ref
QUERY PLAN
Hash Right Join
Hash Cond: (t.book_ref = b.book_ref)
. > Seq Scan on tickets t

. > Hash
. > Seq Scan on bookings b
(5 rows)

SQL &4 Ok o T T E 4540 fi © ANE" G64av
N Uy 0 7 a.

k& a2 4 b,bookings® T a Ng AU, k) "H, tickets NoN © 4 Ne

“ a.wOh,tickets b 41 v bookingsl MO 4 644 7 a.

O 2 45,9, wia X ® 465 7 b M ef. . QN"E do~ a.
v Q0 N'EE N Ne b o 4 NEJT 6w 0 ~a.Jd, »Qe
v w ®E Y Ad ~ a:bookings Noe o© 4 NCE T 8 HT X AD N
En A—‘ @.
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®wo . Qd ADdI Q b Ta 4540 T oa J (A h bookings4 | N ©

6 I X LT, E ONT . I a
=> EXPLAIN (costs off) SELECT *
FROM bookings b
RIGHT OUTER JOIN tickets t ONt.book ref = h.book ref
QUERY PLAN
HashLeft Join
Hash Cond: (t.book ref =b.book ref)
. > Seq Scan on tickets t
. > Hash
. > Seq Scan on bookings b
(5 rows)
Lo, tE T ia L o o&E ACD M o7 w@
=> EXPLAIN (costs off) SELECT *
FROM bookings b
FULL OUTER JOIN tickets t ON t.book ref = b.book_ref
QUERY PLAN
Hash Full Join
Hash Cond: (t.book_ref = b.book_ref)
. > Seq Scan on tickets t
. > Hash
. > Seq Scan on bookings b
(5 rows)
TA N A0 o) 1d v 4«8 V77 a3
A 4 v bookings No, 1 a \CE | MOl + OawAE v A0
'y .o T an

=> EXPLAIN (costs off) SELECT sum(b.total_amount)
FROM bookings b
LEFT OUTER JOIN tickets t ON t.book ref = b.book ref
QUERY PLAN
Finalize Aggregate
. > Gather
Workers Planned: 2
. > Partial Aggregate
. > Parallel Hash Left Join

334 commitfest.postgresqgl.org/33/2903

358



Hash Cond: (b.book_ref =t.book_ref)
. > Parallel Seq Scan on bookings b
. > Parallel Hash
. > Parallel Index Only Scan using tickets_book...
(9 rows)

/ED Xl 8 1. Yy tVad XN Madw O00° | ~ a. t
a v 0 Vs § ANd4d ) No &b vw ~a. d v
Ned 4. AD 4QX ) No 0" a.MO NE NeX @t o° XK,
0" a.

/D 2 v § t v HashAggregat®©a » Q" a.**®

ftb 0 a2 vob <« 8aA T na° 7 a.

P J U™ wa (GROUPRY
=> EXPLAIN (costs off) SELECT fare_conditions, count(*)
FROM seats
GROUP BY fare_conditions
QUERY PLAN
HashAggregate

Group Key: fare_conditions
. > Seq Scan on seats
(3 rows)

N U* Q'E (DISTINCT):

=> EXPLAIN (costs off) SELECT DISTINCT fare_conditions
FROM seats
QUERY PLAN
HashAggregate
Group Key: fare_conditions
. > Seq Scan on seats
(3 rows)

u <« XOM 01U U° (UNION):

=> EXPLAIN (costs off) SELECT fare_conditions
FROM seats

33 backend/executor/nodeAgg.c
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UNION
SELECT NULL

QUERY PLAN
HashAggregate
Group Key: seats.fare_conditions
. > Append
. > Seq Scan on seats
. > Result
(5 rows)
Append t v P+ 0O M QUNIONMO4 U U Yy M~y AZ Ty V7T
| X HashAggregatef t 4 "] E yo&A+ T a.
Ned dOfjOd CHE AD” "Q b "Ework_ meni X8 2K@ A
hash_mem_multiplier( | >X: 1.0) X4 0~ a.
N dOfjoe4iv Ad, A B o |t " a
=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT DISTINCT amount FROM ticket_flights;
QUERY PLAN
HashAggregate (actual rows=338 loops=1)
Group Key: amount
Batches: 1 Memory Usage: 61kB
. > Seq Scan on ticket_flights (actual rows=8391852 loops=1)
(4 rows)
amounts t 4 9° X . OQ YV, x4, ° Nex 4 61k(f @& | y)Q,
- a.
dof oo N 0O0v °,0t bXtx ° "Ely 9.t K
e 0., QNE  AN'E. 1 0 a. a av2 yuU N HRPPR ) Ne d
Hood4i ]l "Ea 0 a. EXAfEa O A& 4BA NDEQN*' b
0 & a _ ‘ "EPR a, o 0 [ . 15 EMm ~ a.’%
t b boftyv O Ned t Ap oKt 4d EMOb Q 7 a.
Ya, NeN 2 o, BAE4» 4 Or axabd t \'a
8 O~ a.qy Ne dOfOdd O api— "EOd « tXa’
asn b O U 4MJ T oa.

336 backend/executor/nodeAgg.c, hash_choose_num_partitions function
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Ol 1100 ) P _ Mo & XMCY _ "E h
Es Y 00 Y7 a: dOROOAi v tN ANEV) v, w H
Q9 L3 & T oa.

MC¥ RAMI t A 1" Q
=> EXPLAIN (analyze, costs off, timing off, summary off)

SELECT DISTINCT flight_id FROM ticket_flights
QUERY PLAN

HashAggregate (actual rows=150588loops=1)

Group Key: flight_id
Batches: 5 Memory Usage: 4145kB Disk Usage: 98184kB
rows=8391852loops=1)

> Seq Scan on ticket_flights (actual

(4 rows)

A 45,8 ID 2ab «d NTEL. x4 O Ne dOfOOd4i Y™~ a. OO
a v hv aag_ L 0 ~a: . b t 0° Uty FIVIN at
T fF k7 oa.
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A0t
A*00 1”7 a’ A& 45v"Mergedoin ftE 6 a:*®
=> EXPLAIN (costs off) SELECT *
FROM tickets t
JOIN ticket_flights tf ON tf.ticket_no = t.ticket_no
ORDER BY t.ticket_no;
QUERY PLAN
Merge Join

Merge Cond: (t.ticket_no = tf.ticket_no)

. > Index Scan using tickets_pkey on tickets t

. > Index Scan using ticket_flights _pkey on ticket_flights tf

(4 rows)

"E., U'X ORDER BY 4 Od'E AOMOD Q xn A “ e “a.
Y SN X, "E. UNh t ATHs0 Q o a O AdbLM o A
A V"7 a.A0t A, 1 st 0h t b 0 ATH0bL o
a®p, d'E ) 45 T2 77 a.

=> EXPLAIN (costs off) SELECT *

FROM tickets t

JOIN ticket_flights tf ON t.ticket_no = tf.ticket_no

JOIN boarding_passes bp ON bp.ticket_no = tf.ticket_no
AND bp.flight_id = tf.flight_id

ORDER BY t.ticket_no;

QUERY PLAN
Merge Join
Merge Cond: (tf.ticket_no = t.ticket_no)
. > Merge Join

Merge Cond: ((tf.ticket_no = bp.ticket_no) AND (tf.flight_...
. > Index Scan using ticket_flights_pkey on ticket_flights tf

337 backend/optimizer/path/joinpath.c, generate_mergejoin_paths function

338 backend/executor/nodeMergejoin.c
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. > Index Scan using boarding_passes_pkey on boarding_passe...

. > Index Scan using tickets_pkey on tickets t

(7 rows)

_ 'E v Nex ticket_flights boarding_passes H, P NeoP 1 1
(ticket_no, flight id )0 b & o,MOv P A4 A6 a.+£ 0 X .
ticket no A "E A tickets NeO 0 a.

X P h t OP4d B _ Q0 H b ool T V"7 a. v
°oa wilat U _ Md P o i T a.
b VNG, & X Ob Y Uta. NE nbéx
6 A v 77 a. O X< ftEQ 69,05t N

ANE nd” a. £ blLex, N OE b a

Ma® NO°at . ® 2 Q7 at | 7 a “a.wOh,Ma
O NkeadAd T oa:ila b o b n 1° 6 ®°a v
v NESMMEBT a. al Jiat R Xn O0b ©°,t ot Ov 8
Y - a339
i a Ab,Mad XA+p 5 QJ A « 4. Q " a
- Qf a2 NOEJd UGB (equi-joins)'Q + 6~ a(e "Ea 0

X ° - @).340

el A0 & t O 7tn " a

=> EXPLAIN SELECT *

FROM tickets t
JOIN ticket_flights tf ON tf.ticket_no = t.ticket_no

ORDER BY t.ticket_no;
QUERY PLAN

Merge Join (cost= 0.99.. 822355.54 rows=8391852 width=136)

Merge Cond: (t.ticket ho=  tf.ticket_no)

. > Index Scan using tickets_pkey on tickets t
(cost=0.43..139110.29 rows=2949857 width=104)

. > Index Scan using ticket_flights_pkey on ticket_flights tf
(cost=0.56..570972.46 rows=8391852 width=32)

(6 rows)

l
G
I
ov
§
Q
Q
L
m
I
C
C

el d4v ot S ft 0 efd

339 backend/executor/nodeMergejoin.c, ExecMergeJoin function

340 For example, see commitfest.postgresql.org/33/3160
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47 at Uo,t a0 N~ Al T a. eYNPt 4bb X

0ex NTE ( U, . Q\'B a "7 oal’ yvu m Ab4v,P Ned
_ "“bn T oa
fav ftEa b 0b 5” a Mod X t
LLUw 6 0 "Hij "El a i 9)adt vva, NEQ 8
T a Oao 0 »od XKt. ex 2 " a. 4
455 Pt QP NE 0E ef 4v P ft el 0~ a.
lab, I v Aboat a NJY_ 6 a T a.q Qv
MO Uv ® 94t Uv ® T KT oa. N4 b, Uv & KNh, ©
t 4 ] 4 av y, 0 ~ a.
MVod XPt Oex ~a. _ ex el Xcpu operator cost(, | : 0.0025) X
NE O 6°H fvex avpPt AE 2 "7 a1 4 Q. 2
L) MO (o)~ el X =~ K cpu_tuple cost(, | > 0.01) X\ "E 0 a.
wOs, A 4% ef na, OK 07 a*®

=> SELECT 0.43 + 0.56 AS startup,
round((
139110.29 + 570972.46 +
current_setting(‘cpu_tuple_cost’)::real * 8391852 +
current_setting(‘cpu_operator_cost')::real * (2949857 + 8391852)
)::numeric, 2) AS total;
startup | total

+
0.99 | 822355.54
(1 row)
T Aot
B N~ A E 4, 4]l o 8,” AE 44 [i6a "~ a*FTat v
JY A 4 - AE ool Qoat U «R A A NCE 0" a
T A Y <& ¢ xn4, ny e & nTToa

=> SET enable_hashjoin = off;

- P Y. Av a, OK™ ™ a:

=> EXPLAIN (costs off)

41 ) . )
3 backend/utils/adt/selfuncs.c, mergejoinscansel function
342 backend/optimizer/path/costsize.c, initial_cost_mergejoin & final_cost_mergejoin functions

343 backend/optimizer/path/joinpath.c, consider_parallel_mergejoin function
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SELECT count(*), sum(tf.amount)

FROM tickets t

JOIN ticket_flights tf ON tf.ticket_no = t.ticket no;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

. > Gather
Workers Planned: 2
. > Partial Aggregate
. > Merge Join
Merge Cond: (tf.ticket_no = t.ticket_no)
. > Parallel Index Scan using ticket_flights_pkey o...
. > Index Only Scan using tickets pkey on tickets t
(8 rows)

TAE 4 v ia” (Full Outer Merge Join) O A0 T a ~ (Right Outer
Merge Join) té6 v a.

c |

- Mo d NOt° 4 i 62 "7 a’ N ia (Full Outer

JoinO A0 T a (Right Outer Join) X “Ma N o2 ANOA "

As "N €™ n ")* i avu T oa.0, (Inner Join)O 1 1 a (Left

Outer Join)X 6 A4 v x A MO D M Q OA0 4d sy Y
Q {6 V7 oa.

a. N~ Maa , i v A 7 oa:

=> EXPLAIN (costs off) SELECT *
FROM tickets t
FULL JOIN ticket_flights tf ON tf.ticket_no = t.ticket_no
ORDER BY t.ticket_no;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Sort Key: t.ticket_no
. > Merge Full Join
Merge Cond: (t.ticket _no = tf.ticket_no)
. > Index Scan using tickets_pkey on tickets t
. > Index Scan using ticket_flights_pkey on ticket_flights tf
(6 rows)

CI (Inner Join) O T (LeftJoin)X AT H0° a.., Yvu [ (Full Outer

344 backend/optimizer/path/joinpath.c, select_mergejoin_clauses function
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JoinO A0 T a (Right Outer Join) X~ AOT a t X | 4NULK a 82 |
R4 ATHOT 247" a*®® 6 T8074 7, UxwvJ, 4Sortft Ol
“a.dn , v E elf, b° : . 80A NEQtODE Uxw

e £ O« 41:Q £ _ o "7 a.

YUa, A v A v 2 a4"7 a: u f I NH

i
a6 Y xxn4~ . | 247" a.wOs X enable_hashjoin 0 k "
1X40/£& o a:

=> EXPLAIN (costs off) SELECT *
FROM tickets t

FULL JOIN ticket_flights tf ON tf.ticket_no = t.ticket_no
AND tf.amount > 0

ORDER BY t.ticket_no;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Sort Key: t.ticket_no

. > Hash Full Join
Hash Cond: (tf.ticket_no = t.ticket_no)
Join Filter : (tf.amount > '0"::numeric)
. > Seq Scan on ticket_flights tf
. > Hash

. > Seq Scan on tickets t
(8 rows)

1e & G ° Ii. .14 ° a

=> RESET enable_hashjoin;

232 A

"E A6 YNt (Av Pt OPL3) aowm,
a. A AXAE 4bSortftE o7 a*

3

=> EXPLAIN (costs off)
SELECT * FROM flights f

JOIN airports_data dep ON f.departure_airport = dep.airport_code
ORDER BY dep.airport_code;

QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

Merge Join

Merge Cond: (f.departure_airport = dep.airport_code)

345 backend/optimizer/path/pathkeys.c, build_join_pathkeys function
3% packend/executor/nodeSort.c
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. > Sort
Sort Key: f.departure_airport
. > Seq Scan on flights f

. > Sort
Sort Key: dep.airport_code
. > Seq Scan on airports_data dep
(8 rows)
Y AX Q & ~ 10 ac° 41 ORDERBY v AD, 061 a46l i
6a "7 a:

=> EXPLAIN (costs off)

SELECT flight_id,

row_number() OVER (PARTITION BY flight_no ORDER BY flight_id)
FROM flights f;

QUERY PLAN
WindowAgg
. > Sort
Sort Key: flight_no, flight_id
. > Seq Scan on flights f
(4 rows)
J 5 WindowAgf t *'v Sort f t 4 | 1+ nonp t 4d ~ 10 abd -
a.
Ux v JYb A ‘.l e 4 8 T a. 07 Jt oA v Pt (Sort
Method) 0 T ~a. Y ta | X *° K EXPLAINANALYZE A'E ~ 8231 "~ a:

=> EXPLAIN (analyze,costs off,timing off,summary off)
SELECT * FROM flights f
JOIN airports_data dep ON f.departure_airport = dep.airport_code
ORDER BY dep.airport_code;
QUERPLAN
Merge Join (actual rows=214867 loops=1)
Merge Cond: (f.departure_airport = dep.airport_code)
. > Sort (actual rows=214867 loops=1)
Sort Key: f.departure_airport
Sort Method: external merge Disk: 17136kB
. > Seq Scan on flights f (actual rows=214867 loops=1)
. > Sort (actual rows=104 loops=1)
Sort Key: dep.airport_code
Sort Method: quicksort Memory:52kB

347 backend/executor/nodeWindowAgg.c
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. > Seq Scan on airports_data dep (actual rows=104 loops=1)
(10 rows)

~

A
A h t b work_mem(, | X 4MB) 41 Ad, 0O A o0 a.
Mod Nt xOr49@8N NOEJ, pv 9 v\ n" 7 a.

4 06n J, Ax i b3 oo VO 2 ald 4wOb Mad .
s T 2 07 a
ef N Ne "Al Aév O 7T n" " a Abd, AXfGoOd4 s AVvad

I Ja 6 a

=> EXPLAIN SELECT *
FROM airports_data
ORDER BY airport_code;
QUERY PLAN
Sort (cost= 7.52.. 7.78 rows=104 width=145)
Sort Key: airport_code
. > Seq Scan on airports_data (cost=0.00..4.04 rows=104 width=...

(3 rows)
nk XX, A v /EE] | v O(nlogn)\ EV A T a.B ex NE»
cpu_operator_cost( | X 0.0025) XX P “E 0~ a. h t v MOODyo | A
6o A6NN OE A - ef a4v i el Oex NE Qo v
t el 0 a.
A ef4vQ 8P _ & vefll 8"H v cpu_operator_cost4 b 8 H
< cpu_tuple cost XX M~ ,Sortf t 4 Qo v J— tb00 ., xnp ~ a)*®

A ei Na, OK [

=> WITH costs(startup) AS (
SELECT 4.04 + round((current_setting(‘cpu_operator_cost')::real * 2 * 104 * log(2, 104)
)::numeric, 2)
)
SELECT startup,
startup + round((  current_setting(‘cpu_operator_cost')::real * 104 )::numeric, 2) AS
total

FROM costs;

startup | total

348 backend/utils/sort/tuplesort.c

4 o . )
349 backend/optimizer/path/costsize.c, cost_sort function
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xxxxxxxxxxxx

7.52|7.78
(1 row)
Top-N A
h t bao NEQ A6AA v ADULMT 4 0), A(heapsort)  “
t6a 7 a(E 4 »v top-N heapsort"E 0" a).é & ®» Mad X A
A0 Al QOQNE  yY dOfodb At 02t a41v AdD(Quw At

s 2t bs AdM |f o a

=> EXPLAIN (analyze, timing off, summary off)
SELECT * FROM seats
ORDER BY seat_no LIMIT 100;
QUERY PLAN
Limit (cost= 72.57.. 72.82 rows=100 width=15)
(actual rows=100 loops=1)
. > Sort (cost=72.57..75.91 rows=1339 width=15)
(actual rows=100 loops=1)
Sort Key: seat_no
Sort Method: top, N heapsort Memory: 33kB
. > Seq Scan on seats (cost=0.00..21.39 rows=1339 width=15)
(actual rows=1339 loops=1)
(8 rows)

nk 4 skk b [ XA N)XK T, s kKL Oo s GV h
& 4 b T a..  Ya, UA t UM bda,PQ 4% 4bb XAv b
) K yo~ a.ot O6w 4v o v kk XK 0 a.

4 A" (heap)FA € T I€ «QuiwE _wr nA g, " EFoq7

Hiew+ | +& +w K€ oF " Avo.

| v O(nlog,k) E 6 QPP Mad A

350

el . Ma yis
e €e " a.wOs N Xnlog2kd | ~ a.
=> WITH costs(startup)
AS (

SELECTP1.39 + round((
current_setting('cpu_operator_cost')::real * 2 * 1339 * log(2, 2 * 100)
)::numeric, 2)

)
SELECT startup,

30 backend/optimizer/path/costsize.c, cost_sort function
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startup + round((  current_setting(‘cpu_operator_cost')::real * 100 )::numeric, 2) AS

total
FROM costs;
startup | total
,,,,, T ...
72.57 | 72.82
(1 row)
Ta A
h  t bid®do4s A 4x" avu U o Aftvia” A&E
4 » v external merge"E ~ O)E 6" a. 0 O tXN * Ma®d NEfomo 4
b A6H "E, "EO0” a.
o
I [
| [ |
I [
| !
I [
1 2 5 4 5 1
a, 1 e NHfOOE b t., At o, 0 @t h bJdYk | AO
"EQ X . Q1 T oa.
o
! !
‘ \
I [ |
\ [
! !
2 3 4 5 1 )
07 a. Y 4 Ji6vved OdU NEKNXVM
Pk < . ® a2 av b "7 oa.
LR D = d NpQ No o ~ a.P
PN OKAY ATHEAWOL [ XX, b ao MO'E

45 Ja, NE 2 7 a.
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"Ev ot Uuv v~ 32 "E o A 20 “a.B Q4"
v av i b3 food4wOad Q dEJAkKIQ & vV T a Yt
x ¥ QN X8 Q xn4, <« axA 6 A ~ a(500\ “E).***
70 Q sxk¢gnas vy otn "N BAY0.QS solin-e, 4+ 0
O- 4 ® H"  ,PostgreSQLE JA W2l ¢+ €1 B / xA ol
TN ~ BAyo.STeqT Aoy HE E K"un"33Fa" Tvyo.0 /7 V4 €
run @K "0 N o(mergeorder)'a” TYwo.+ «teloe mnQ n.,
PostgreSQL 0 in ¥ Y AL+ ~* Hoz Qodmaz ' Ayo.
AO t., _4QP" a4 Ab,dY _ “ 0 WdNN H, ao
MOt X o "ED t "E, "E6” a.R Q] X o MJA h A, b 0EJi

L3 RAMEQ 2'Eia A & -ti 0 a.

1 2 5 4 5 1+2+3

4 5 1+2+3 4+5

a, Q 455 0Ese O ° t. T a.

1 . .
® backend/utils/sort/tuplesort.c, tuplesort_merge_order function
352 backend/utils/sort/logtape.c

33 Donald E. Knuth. The Art of Computer Programming. Volume Ill. Sorting and Searching
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1+2+3 4+5

X Q NEA, §'H< ftbh O0b Ax "~ pN"Ea 07 a.

{a A [t Ou' "Mp 217QU v 7 A, EXPLAIN ANALYZE A 0 ° 5 a.
BUFFERSAX ° ("E eaVwu)d — I MEOTJ T aVvN — 2av@u
N B — 2" K, 4w H XX 'E® "B A& 45'U° E 67 a:

=> EXPLAIN (analyze, buffers, costs off, timing off, summary off)

SELECT * FROM flights
ORDER BY scheduled_departure;
QUERY PLAN
Sort (actual rows=214867 loops=1)
Sort Key: scheduled_departure
Sort Method: external merge Disk: 17136kB
Buffers: shared hit=2627, temp read= 2142 written= 2150
. > Seq Scan on flights (actual rows=214867 loops=1)
Buffers: shared hit=2624

(6 rows)
b —"E. 4 fi 4 d t ot . A A®log_temp files Ok " 20 & a
" .
el At A, T2 A KX /E , O 5 a

=> EXPLAIN SELECT *

FROM flights

ORDER BY scheduled_departure;

QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

Sort (cost= 31883.96. 32421.12 rows=214867 width=63)
Sort Key: scheduled_departure
. > Seq Scan on flights (cost=0.00.. 4772.67 rows=214867 width=63)
(3 rows)
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J, bex el (oo - A AD  n A o et NE 67 a.® Ot
‘Ah s AU EMJ 4 H., a, AnN(QY o OOt
_ Q N'ET O032dawdY_b3t ) LU N 7 a.
U A ( wVM, ®P) 34 7 Ostb "HU4AX Uh ~ a.
U 4Md b N AdANA v a7 o4 6 Y 24wOBO
a® A 1%, Qv flights Ne &t Y. 0E o} A h 0o A
YyvaU® 47 v h vy Ne T KT T a(2624 d " 2309
).
J. » AKX Q N"Et i 07 a.
wOhr, £ 45 Aeixa, OK 0 a:
=> WITH costs(startup) AS (
SELECT 4772.67 + round((
current_setting(‘cpu_operator_cost’)::real * 2 * 214867 * log(2, 214867) +
(current_setting(‘'seq_page_cost)::real * 0.75 +
current_setting(‘random_page_cost’)::real * 0.25) * 2*2309*1 -- one iteration
)::numeric, 2)
)
SELECT startup,
startup + round((current_setting(‘'cpu_operator_cost')::real * 214867
)::numeric, 2) AS total
FROM costs;
startup | total
31883.96 | 32421.13
(2 row)
o A
h b Kb M A6N44 8, h £t b _  nk 4 0
A6AN v wNTEVA aw, a a’ A 0b4" " a.d>, £ O0KN _
Ki™ 4 CINTEV 9 2 a( 't 458 D OTr0wloa ). ®o
U Y P, YA Kna 4 4 "]E A a "7 a. “ o A Os
'y
o AXal AvMad T afown iy NHE 0 JYK X . INEVS  xn
41, A t b Abx, ad Yo _ 7 w0 4 LMOO Q
) a 17 oa.

354 backend/optimizer/path/costsize.c, cost_sort function

35 backend/optimizer/path/costsize.c, relation_byte_size function
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1

PostgreSQLA » v b

E0A ~ a* «d NE CIX" I E 086 Qé X
tX JOM 64 NCE 0 ' 0

N

AG” a. v A

£ 43 o A, IncrementalSort {tE ° ~ a.

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT * FROM bookings
ORDER BY total_amount, book_date;

QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Sort Key: total_amount, book_date

Presorted Key: total _amount

Full | sort Groups: 2823 Sort Method: quicksort Average

Memory: 30kB Peak Memory: 30kB

Pre sorted Groups: 2624 Sort Method: quicksort Average

Memory: 3152kB Peak Memory: 3259kB

. > Index Scan using bookings_total_amount_idx on bookings (ac...

(8 rows)
£ 457 Jd u ,h t v total amount { 4 i A6AN T a. v Y4
6 1 MO - a(Presorted Key). EXPLAIN ANALY#ZEE N A~ ~p &0 °
“ a.Full-sort Groups N N"E AS X_. Tt 0O6A \ "H Presorted
Groups Nao NTE AOh 0b 1t 4d b 0 ° "H v book_date
Y4d »7Q o A 0 "7 a.PAD OP, ko A - t647 7 a . "l
v A4 el ° I No xn ~ a.

o 1AN‘A1L_) Qv

=> EXPLAIN (costs off)
SELECT row_number() OVER (ORDER BY total_amount, book_date)
FROM bookings;

QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

WindowAgg
. > Incremental Sort
Sort Key: total_amount, book date
Presorted Key: total_amount

. > Index Scan using bookings_total_amount_idx on bookings
(5 rows)

356 backend/executor/nodelncrementalSort.c

7 .
® backend/utils/sort/tuplesort.c
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2 .., A v A ael,

J s Y S VI " a
T Aot

AxXA 423 8al "7 a. N A A bh o . | 4 A &0l Gather§
tv ot AThr4d M Q o,4 A | Tohd"E. t, “MraQ "~ a.
ATHO® R L GatherMergef t 0 T + ~ a.>®

=> EXPLAIN (analyze, costs off, timing off, summary off)
SELECT *
FROM flights
ORDER BY scheduled_departure
LIMIT 10;
QUERY PLAN
Limit (actual rows=10 loops=1)
. > Gather Merge (actual rows=10 loops=1)
Workers Planned: 1
Workers Launched: 1
. > Sort (actual rows=7 loops=2)
Sort Key: scheduled_departure
Sort Method: top , N heapsort Memory: 27kB
Worker 0: Sort Method: top ., N heapsort Memory: 27kB
. > Parallel Seq Scan on flights (actual rows=107434 lo...

(9 rows)

Q
w
o
=

3

§

Gather Mergef t v JY A 4 L T50 ) o I a. v

fa A 2 vy YJYK AO L «\ET Qad T JE0T &

647 a:GatherMerge Q N'EE 2 o Oh **0al HNNEB b M~ _ 4
1L 77 a.

e .GatherMergef t =~ eix ~ft = eif_.  QNE ~ a.Gatherft "Q
L E XN~ A Et' 0" v el (parallel_setup_cost ( 1 > 1000))4 Lo~

a.

38 backend/optimizer/path/costsize.c, cost_incremental_sort function
39 backend/utils/adt/selfuncs.c, estimate_num_groups function
360 backend/executor/nodeGatherMerge.c

381 hackend/lib/binaryheap.c
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QN XX . bt vel N"Eg 8'H vnk X A, 04 "~ a.d, snx~ A
A a2 " a( ,nlog,n).B ex NENX cpu_operator_ cost( | :0.0025) P “E -

o

a.. YUn «d CoXxn4 oy N eYN Q NET a2 77 oa.
el X" Aao £ , 2 v JY TEt A ot h O0b Avh Qe veiO
h omde4l . vel, " a.B _ X parallel_tuple_cost ( 1 X 0.1)4 5%
0 b Ja, Xt. b AvsnAny d, 07 «  ° LOuNE 0 a.
A h 4 Qs vell el AEA N T a:P A Xlog,nex N

b n, 0O ~ a( v cpu_operator_cost'E 6° a).’*

GatherMergef t 0 Ji v Aad0 &£ , 0 1" " ad, » A tNXA ~
o /02 a,,Sortft b QN MOO A " a( £ N x4 et ¢
a) Jwg "EL° 41 Bbe, O& "EL' v GatherMergef t 4 b MOD @&~

a. As AOXG 4532 6 a:

a

=> EXPLAIN SELECT amount, count(*)
FROM ticket_flights

GROUP BY amount;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Finalize GroupAggregate (cost=123399.62..123485.00 rows=337 wid...

Group Key: amount
. > Gather Merge (cost= 123399.62. 123478.26 rows=674 width=14)

Workers Planned: 2
., > Sort (cost=122399.59..122400.44 rows=337 width=14)

Sort Key: amount
. > Partial HashAggregate (cost=122382.07..122385.44 r...

Group Key: amount
. > Parallel Seq Scan on ticket_flights (cost=0.00...

"Et ' 0b o N'H GatherMergef t el Xa,

(4
Ead
C
)
c
e
(D¢
C
[
r-
=t
=

=> WITH costs(startup, run) AS (

SELECT round((

-- launching processes
current_setting(‘parallel_setup_cost')::real +

-- building the heap
current_setting(‘'cpu_operator_cost')::real * 2 * 3 * log(2, 3)

)::numeric, 2),

round((

2 o . .
3% backend/optimizer/path/costsize.c, cost_gather_merge function
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-- passing rows
current_setting(‘parallel_tuple_cost)::real * 1.05 * 674 +
-- updating the heap
current_setting(‘'cpu_operator_cost')::real * 2 * 674 * log(2, 3) +
current_setting(‘'cpu_operator_cost')::real * 674
)::numeric, 2)
)
SELECT 122399.59 + startup AS startup,
122400.44 + startup + run AS total
FROM costs;
startup | total
123399.61 | 123478.26
(1 row)

2339° XKw. 'l

bbb " fAu , A0a o 1. vy . Xt. . v AX ~“dQvr O
A, bla 8a "7 a. AO®T Awv T B XKL N, _ CEY M
a "7 a

AOG 418° X yo vuxAE 4500pB ft  'Unique 4 u ar-
@,363

=> EXPLAIN (costs off) SELECT DISTINCT book_ref
FROM bookings
ORDER BY book_ref;

QUERY PLAN
Result
. > Unique
. > Index Only Scan using bookings_pkey on bookings
(3 rows)

/v 'GroupAggregatef t 4 -2 67 a:®®

=> EXPLAIN (costs off) SELECT book_ref, count(*)
FROM bookings
GROUP BY book_ref
ORDER BY book_ref;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

363 backend/executor/nodeUnique.c

304 backend/executor/nodeAgg.c, agg_retrieve_direct function
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Group Key: book_ref
. > Index Only Scan using bookings_pkey on bookings
(3 rows)

AAE 4, ft v 'Partial GroupAggregate "E. ®'H AE0+ i v f t v 'Finalize
GroupAggregate™Es Q° a.

~ ®w A UX GROUPING SETSBEA v ROLLUP 4 » OJYA ST ba
8AOB ft4sM 82 " a. Mad a1 ta ] 4t46 Vo,jQd
b a x4brt b aOAN'E. "l 02 v A0 pB W n" " a

=> SET work_mem = '64kB';
=> EXPLAIN (costs off) SELECT count(*)
FROM flights
GROUP BY GROUPING SETS (aircraft_code, flight_no, departure_airport);
QUERY PLAN
MixedAggregate
Hash Key departure_airport
Group Key aircraft_code
Sort Key : flight_no
Group Key: flight_no
. > Sort
Sort Key: aircraft_code
. > Seq Scan on flights
(8 rows)
=> RESET work_mem;

b~ dvnAvN AU " a./& 4 » MixedAggregateE - O A&Ef t v
aircraft_code A 4 AOh t 0Q° a.
A, Db £ v ' 6 "HXKt X aircraft_code A 4 S0 a1 o). 0
4 w0, t Xflight no N4 wO AT a(f®Ob o ® - JAv U <
fa A T J QSotftb vwu Yyn- 4, u t . departure_airport 0
et v Ned ™~ a(ff o 45, Av . 4 E vu )
P_ BAEAS,’ v " flight no A 4 AOh £t 0 an N A x
t "l “a( AT O. 1 ft)aod t Aad A 1 844 aow,
04 wOa AOuw T a.
M ONE _ BAE4IH eO O Ne * & o,Xt XN departure_airport A 4 O
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i (nested loop join) X | eb 0 4NHMOL _ . ®EQ a
a. voat Ot ‘ Ob4wv?’ “ a1l " b3 Ab).
Y EN<«d NE X t 0Oaiv NOLTP O4 < & NE i Ma®

-

(1" M 0 U a.

h to 4 w0 i < o ® T a * \ W (Cartesian product) A0,
Mad XN I | (quadratic complexity) 0 b ~ a-ef X 6vh L . hN1e
€ “a.. YV, "E S NUNX.,® V77 al et P Ad ,° v
NE LSO T Jeat a 4 7 'H T t o4
V7 a(A0t A, AN v T A9 AN @ 0O At b AwO"
V77 a)wOs, T Mad®d 1 1w £ 7 av e S N -

T VMad 0 "N, W T fb3e ~ a ot X. 4 U QO,
abd “tNUb (equijoins)Q, al a "~~~ a. v @t ° X ( (full join) X
T 7 ot a4,, T 8)NE &0 a | Dd @b t ey
b (non-equi-join)X« v wi a Mt Ol 2 86b3t VOfLavu, A P4APAA
- a.
(hashjoinnX d° ®h t 46b n ~a.RAM o, a@Ph t 4
d _ Q0 ODE. T 1l vuoae T oa.T N OM 6x, Mad N
dy h 0, QNEMOO £ v OLAP &4 Q NEfJi 67 a.
YUY, D p ®y? aé 0 Ab, ° N & s M, ) Ne
& 6x, MO Q ., " v, w 7 a.
Ma®d XUbL 40 T b3 " a.abd X h ° ~ 4
v oavu T a( YVYy &th T a” " a)
i XX X"Eff ® (Memoize) { t ( ° No, . QNE )4 b0 4 ¢ -
vy T J a7 oa. o <%, t O N CES v Q,
I Maw N,y Ob4A4 sef B, b 42 77 a.
- (mergejoin) X X OLTP & , OLAP O @PO+ ' | & a "~ a. v a
I 10b W 6t v _Q° 8144 )axfgondodd  VNTH | 1 M
06 Q 7 a; Q h t v o 0 ATr0b o AN “Ta.b el Y
“X L h O0b Avw ~a. ab _ A0 N YD "Heé
h £ Ab, 1 J B a Q  (heap) = fyv Qo
V. xQ. 87" a
I “b4v Ab,t v 7AGAA Q AXGOO A H I be T af



a:O(nlog,n). Y Ad, ° fay <& ¢ ~ a-MOL Ab6NA
v ADD T e.

- b NO°a wl at AUE ~ a. i o e X Ux
boawiat 04601 d

XUb (equi-joins)\ "E 0" a.A ,|h ©

a, .U v 6N eY Oa < et | dy E7d a.

cost

merge join + index

selectivity

|

I
0 1
o £ [ XNAD, T N P Ne P 4 d [ LRt Ux v
a Ne © NE vh, v U 4 204 QA0 a.d, v O X P
Ne@P 4 d . a0 « "EB"'W Ne Hond 0o b
U Eo 0 v Tp4 d T a
1 fi 6 A6, el N No& & i a.work_mem b o
Ab, ° Q NEE@ Y Q OAb x ~ Y " a
A «B. U v |"b]Jiabs ah 0 A 4 x et L vy,
Td T oa Ab” Qb E.U <« "EB'XNHOOba J A, )
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b Ne- 8 Y. xn4, | X m"E 1 OTIDOD Q Rl
“a.wlOs, 174 KX "NEL 4 ot MOOU a N T a.Kx °E |
-Q X 4«6 YV 7 a
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Q | “ vy 4 0" a.wOh, 0t h u E ®6A1
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365 postgresql.org/docs/14/hasindex.html
backend/access/hash/README

306 backend/access/hash/hashinsert.c
367 backend/access/hash/hashpage.c, _hash_expandtable function
368 backend/access/hash/hashpage.c, _hash_getbucketbuf_from_hashkey function

369 backend/access/hash/hashsearch.c
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'pageinspect' 0 o 1 o, 00 t a "7 a.4 NSE" in

=> CREATE EXTENSION pageinspect;
=> CREATE TABLE t(n integer);

=> ANALYZE t;

=> CREATE INDEX ON t USING hash(n)

No, o # NOE9otO | v b3 = 0b w T a.. 8 Vl1ap — av
Ne 10 0 o avb 4, Q Ja 54, uw ~ al°

I 4v§ K b 614 "7 oa:m P K — ,. e U e «a
@ou i. ~ _ 4 9t 0)

=> SELECT page, hash_page_type(get _raw_page('t_n_idx', page))
FROM generate_series(0,3) page;
page | hash_page_type
+

0 | metapage

1 | bucket

2 | bucket

3 | bitmap
(4 rows)

rggt_t;]%_ [bucket 0] [bucket 1} bitmap

i 4 140 Ot A T b 6 A T a. Db e v HOb  XKQ

P n” 7 a:
=> SELECT ntuples, ffactor, maxbucket
FROM hash_metapage_info(get_raw_page('t_n_idx', 0));
ntuples| ffactor | maxbucket

+ +
0] 307 | 1
(1 row)
— d A« 2av ffactor 4 07 a. XN NJ'E | fillfactor ( | X 75) OK"
AXKA, Q 0~ a.h o bt ) a - m 4v Ad & [ X fillfactor
X, T a2 h T " 4hvu A—E° . b> 7 a.
1 4d M T Ul h o A LX Ta. bJdY_Q dw
A KX X, Q a,mt h bLn — 4 60E— a0vAl I N & V°

7 . ) . .
370 backend/access/table/tableam.c, table_block_relation_estimate_size function
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K eA " a.n 1
“a. 1l 44— E LU

JY

° X

| © v ntuples t 4 o)
A J— A— B0 N f

a &

=> INSERT INTO t(n)
SELECT 0 FROM generate_series(1,500)

=> SELECT pagehash_page_type(get_raw_paget n_idx' , page))
FROM generate_series(0,4) page
page | hash_page_type
0 | metapage
1 | bucket
2 | bucket
3 | bitmap
4| overflow
(5 rows)

overflow

™

”Bgé%' [bucket OW Lbucket 1} bitmap | || bucket 1

®t 1d AOT @, — Oxed o,@t
T a. avf 47 9,UA v 1— 'E

L X
[uny

o
(@]}

N

°Q

c

=

<

D]

=> SELECT page, live_items, free_size, hasho_bucket
FROM (VALUES (1), (2), (4)) p(page),
hash_page_stats(get_raw_page('t_n_idx', page));
page | live_items | free_size | hasho_bucket
+ + +

1] 0] 8148 |0

2| 407 | 8|1

4] 93 | 6288 | 1
(3 rows)

I
1—+
[
<
N
=]
o
O
=

Not s ou & 7 a

— AAl o, 6 O tn" " a v |- ab Ji b3 — 4d 4«0

ffactor XX, O x Qe ~a.J, 4v Pk — 9, ffactor v 307 0 'E 615_
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=> SELECT ntuples, ffactor, maxbucket, ovflpoint
FROM hash_metapage_info(get_raw_pagée(n_idx' , 0))
ntuples | ffactor | maxbucket | ovflpoint

xxxxxxxxxxxxxxxxxxxxxxxxxxx

=> INSERT INTO t(n)
SELECT n FROM generate_series(1,115) n

=> SELECT ntuples, ffactor, maxbucket, ovflpoint
FROM hash_metapage_info(get_raw_pagée(n_idx' , 0))
ntuples | ffactor | maxbucket | ovflpoint

xxxxxxxxxxxxxxxxxxxxxxxxxxx

615 | 307 |

(1 row)

maxbucketkK 2°E b6 41 N0 E
o T S |

K

s v 9,

04 v 2,
Aav P L §A

LbOH Ltk

a:

=> SELECT page, hash_page_type(get_raw_page('t_n_idx', page))
FROM generate_series(0,6) page;
page | hash_page_type

=> SELECT page, live_items, free_size, hasho_bucket
FROM (VALUES (1), (2), (4), (5)) p(page),
hash_page_stats(get_raw_page('t_n_idx', page));

page |

live_items |

free_size | hasho_bucket

385

+
0 | metapage
1 | bucket
2 | bucket
3 | bitmap
4 | overflow
5| bucket
6| unused
(7 rows)
meta- [bucket 0} [bucket 1} bitmap | || bucket 1 {bucket 2} ‘
page
o "ED Uus — 24 Ji 6 Hao Vv J en o —
6w ~ a.



+ + +

1] 27 | 7608 | 0
2| 407 | 8|1
4| 158 | 4988 | 1
5| 23| 7688 | 2
4 )
wGO b, 0 A & 4+ | * v mQ N'Et Qkd 6 45pv

£, N1 ] 8 _4x QN U d vy

u LoP 2a_4 dévd  §fk nu E do a

i Pb L t, — *4d ta 70 N vb «e
s

=> SELECT maxbucket, highmask::bit(4), lowmask::bit(4)
FROM hash_metapage_info(get_raw_page('t_n_idx', 0));
maxbucket |  highmask | lowmask

+ +
2] 0011 | 0001
@ )

— _ v highmaskl d v ° t e E 0" a.. YVUON — _
0 ( ,maxbucket O v Ad)lowmaske b i 67 a.*" Ab41vt
J 04 1 3 X, 47" a;. YU Q1 0DOL3 14a@b !X

3d — 1 It " a

Ab4v L 4P (e «a A— E )b A
b 4v M oED bbb T A V177 a:

=> SELECT spares|[2], spares[3]
FROM hash_metapage_info(get_raw_page('t_n_idx', 0));
spares | spares
2|2
(1 row)

3 backend/access/hash/hashutil.c, _hash_hashkey2bucket function

37z include/access/hash.h, BUCKET_TO_BLKNO macro
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=> SELECT mapp[1]
FROM hash_metapage_info(get_raw_page('t_n_idx', 0));
mapp

xxxxxx
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N bw v L yox | ° WNnp 0~ a b (t

2 46 0 a As 1 'E Oy 0P ad U <« T A2 8x Ao

- a.

. yvu I v = 2a4" " a. _ dbéo | v O A 4Q 6 V77 a
v Ah O | -Nedl — 4Ad NE db6” a. 2 A4A— "E

v e G4 6a Ji6a "7 a@d— 451b3) I A .0 v ©

“ N REINDEX VACUUMFUBIEE, i Ja > ®wt vwu ~ a

OAE 4v | °° 1d L4777 a:

=> CREATE INDEX ON flights USING hash(flight_no)

=> EXPLAIN (costs off)
SELECT *
FROM flights
WHER#ight_no = 'PG0001'
QUERY PLAN
Bitmap Heap Scan on flights
Recheck Cond: (flight no = 'PG0001":bpchar)
. > Bitmap Index Scan on flights_flight_no_idx
Index Cond: ( flight no = 'PG0001":bpchar)
(4 rows)

373 backend/access/hash/hashinsert.c, _hash_vacuum_one_page function
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24.3 A Operator L’J
PostgreSQL 10 4v > I "BLE 6 VYA T a. ,7 4d %
YA, x4 Jf ve & 8 Y47 a., YU, Y4l o o
b 0b " a “Med xXvo [ide NH O0. 1
h ° 4d Ah - a0t a v wvMvMA4 T oa.. YU
V"7 a. , _ AN v M7 "H PostgreSQLX o "ED h °
A, xfq4° edény T a.wls, v - 1" NE u*-
° 07 a. > a2 v U «+ 2A'E 0 a.
=> SELECT opfname AS opfamily_name,
amproc::regproc AS opfamily_procedure
FROM pg_am am
JOIN pg_opfamily opf ON opfmethod = am.oid
JOIN pg_amproc amproc OMimprocfamily = opf.oid
WHER&mname ‘hash’
ANDamprocnun¥ 1
ORDER BY opfamily_name, opfamily_procedure
opfamily_name | opfamily_procedure
aclitem_ops | hash_aclitem
array_ops | hash_array
bool_ops | hashchar
bpchar_ops | hashbpchar
bpchar_pattern_ops | hashbpchar
timetz_ops | timetz_hash
uuid_ops | uuid_hash
xid8_ops | hashint8
xid_ops | hashint4
(38 rows)
At X 32e A0Q ~“a.nks 6A Yy 0 d° X,
sh I 6a -
AD t A, textops Y&v hashtext 20 i~ a:

=> SELEChashtext( 'one' ), hashtext( ‘two' )
hashtext | hashtext

1793019229 | 1590507854

(1 row)
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=> SELECT opfname AS opfamily_name,

left(amopopr::regoperator::text, 20) AS opfamily_operator

FROM pg_am am

JOIN pg_opfamily opf ON opfmethod = am.oid

JOIN pg_amop amop ON amopfamily = opf.oid

WHERE amname = 'hash’

ORDER BY opfamily_name, opfamily_operator;
opfamily_name | opfamily_operator

aclitem_ops | =(aclitem,aclitem)
array_ops | =(anyarray,anyarray)
bool_ops | =(boolean,boolean)

uuid_ops | =(uuid,uuid)
xid8_ops | =(xid8,xid8)
xid_ops | =(xid,xid)

(48 rows)
2447 £
: 4ad v 12 Et. O T a7 a
“—'t

=> SELECT a.amname, p.name, pg_indexam_has_property(a.oid, p.name)
FROM pg_am a, unnest(array|[
‘can_order' , 'can_unique', ‘can_multi_col'
‘can_exclude' , ‘can_include'

’

1) p(name)
WHER&amname= 'hash’
amname | name | pg_indexam_has_property
xxxxx "Bopopos 8 8 0 0B 8 8 0 6 0 B B 0 0B 6 B 8 0068 88 0008 8¢
hash | can_order | f
hash | can_unique | f
hash | can_multi_col | f
hash | can_exclude | t
hash | can_include | f
(5 rows)
[ A4 i 6247 a: av h 086" T CEe”C
a° A4 x|l 46 ¥V T a., YU °~ |‘w Nox, o2
abny ' . oxnA, ENa® & 00KI 67 a:

=> ALTER TABLE aircrafts_data
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ADD CONSTRAINT unique_range EXCLUDE USING hash(range WITH =);
=> INSERT INTO aircrafts_data

VALUES ('744','{"ru": "Boeing 747  -400"},11100);

ERROR: conflicting key value violates exclusion constraint

"unique_range"

DETAIL: Key (range)=(11100) conflicts with existing key

(range)=(11100).

- Z ~

a N 1° b INCLUDBE| + 08 Y 7~ a.

1 ar "
=> SELECT p.name, pg_index_has_property(‘'flights_flight_no_idx', p.name)
FROM unnest(array[
‘clusterable’, 'index_scan’, 'bitmap_scan', '‘backward_scan’
1) p(name);
name | pg_index_has_property
clusterable | f
index_scan | t
bitmap_scan | t
backward_scan | t

(4 rows)
| o | Oe a° OP 4+ " a
o Yvu 10 i Ne Y° v o4 B " a. v
Of®d NE A DE <« Neg, xA400 T a
Yar - &

AN T EN | ’ T L «\E 6'™H «n X, b 7
=> SELECT p.name,
pg_index_column_has_property(‘flights_flight_no_idx' , 1, p.name)
FROM unnest(array[

‘asc' , 'desc' , 'nulls_first' , 'nulls_last' , ‘'orderable'
'distance_orderable' , ‘returnable’ , 'search_array' , ‘'search_nulls'
1) p(name)
name | pg_index_column_has_property
. A
asc | f
desc | f
nulls_first | f
nulls_last | f
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orderable | f
distance_orderable | f
returnable | f
search_array | f
search_nulls | f

(9 rows)

A XK TbOF

e
4 Jd 24177 a
|

- a.

No 07 0y v

A
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25. B-tree
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backend/access/nbtree/README
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375 backend/access/nbtree/nbtsearch.c, _bt_search function
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metapage

800

_

N

_
)

ROV

/

SVO

]

=> SELECT data

VX

@G
/

ef'/ﬂ

FROM bt_page_items('bookings_pkey',290)

WHERE itemoffset = 2;

398

W) w1
<

L A0
"high key" b

6 "HOa

AER E KZN 0)1:] ROV
BZK A | HMA Vs Al RTW |
KZN OVB ROV VO
1 b & Mo N . T wOAdpa’y a.Par

ot 4 v Ot fa Yxuw T 8v b
a A, U4 »highkeyv 3 6N T a.

AN _ 0, Q\'Ed O° [ 0 pageinspect
T a.j 41 D ® @Gr _ vo ftas’
61 77 a.
=> SELECT root, level
FROM bt_metap('bookings_pkey";
root | level

290 | 2
(1 row)

L5 QA 6O v ® "E CB0E a & V77 a:

TIM

)

VKO

[

Jd 0O

(@]
oD

)b Y




sssssssssssssssssssssssss

Of 30 43 39 41 42 31 00

(1 row)
Xt L .7 s > a0 & 4 7 a.ot
45 N \ a Q, A 4d v A w

=> CREATE FUNCTION data_to_text(data text)
RETURNS text
AS $$
DECLARE
raw bytea := (* \X'[|[replace(data,'',"))::bytea;
pos integer ;= 0;
len integer;
res text := ",
BEGIN
WHILE (octet_length(raw) > pos)
LOOP
len := (get_byte(raw,pos) -3/ 2
EXIT WHEN len <=0;
IF pos> 0 THEN
res:=res ||, "
END IF;
res :=res || (
SELECT string_agg( chr(get_byte(raw, i)),")
FROMenerate_series(pos+ 1,pos+len) i
)i
pos:=pos +len+ 1;
END LOOP;
RETURN res;
END;
$$ LANGUAGE plpgsql;

i of ., O 1 2 a:

=> SELECT itemoffset, ctid, data_to_text(data)
FROMt page_items(‘bookings pkey',290);
itemoffset | ctid | data_to_text

1] (3,0) |

2| (289,1) | 0C9AB1

3| (575,1)| 192F03

4| (860,1)|25D715

5] (1145,1) | 32785C
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17 | (4565,1) | C993F6
18| (4850,1) | D63931
19| (5135,1) | E2CB14
20| (5420,1) | EF6FEA
21| (5705,1) | FC147D

(21 rows)

ay  d'E Q4v b477 a.ctdAN E Q

E2D725 44, vasab T n~ " a Ab 19_ Q(E2CB14<=E2D725<EF6FEA)

@ 5135 "Eo AL T a.

=> SELECT itemoffset, ctid, data_to_text(data)
FROM bt_page_items(‘bookings_pkey',5135);

itemoffset | ctid | data_to_text
1| (5417,1) | EF6FEA . < - high key
2| (5132,0) |

3|(5133,1)| E2D71D
4 (5134,1) | E2E2F4
5| (5136,1) | E2EDE7

282 | (5413,1) | EF41BE

283 | (5414,1) | EF4AD69

284 | (5415,1) | EF58D4

285 | (5416,1) | EF6410
(285 rows)

1 514 n Qd © 4 L" Ad xQa n,

CI R - ) a.

J. 50 G Q3(E2D71D <= E2D725 < E2E2F4), o 5 11919

=> SELECT itemoffset, ctid, data_to_text(data)
FROM bt_page_items('bookings_pkey',5133);
itemoffset | ctid | data_to_text

1] (11921,1) | E2E2F4

2| (11919,76) | E2D71D

3| (11919,77) | E2D725

4| (11919,78)| E2D72D

5| (11919,79) | E2D733
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363 | (11921,123) | E2E2C9

364 | (11921,124) | E2E2DB

365 | (11921,125) | E2E2DF
366 | (11921,126) | E2E2E5
367 | (11921,127) | E2E2ED

(367 rows)
I ) Ta. _ QX highkey ™M ad @t QKX . b 7 oa.
e d, o AN "7 oa:

=> SELECT * FROM bookings
WHERE ctid = '(11919,77)";

book_ref | book_date | total_amount
E2D725 | 2017 01 25 04:10:00+03 | 28000.00
(1 row)
v AN tEAN, 4o X! X&r 4% AU kU " a:

=> EXPLAIN (costs off)
SELECT * FROM bookings
WHERBoOK_ref = 'E2D725';
QUERY PLAN
Index Scan using bookings_pkey on bookings
Index Cond: (book_ref = 'E2D725"::bpchar)

(2 rows)

I Y
ea° | v rEabd L b vox 1 0 a1 " a.ea’ bLP_ <«
U U, xfd40p, Q 0'E T x ~ d IDQE™, s B 1 QN
"E 07 a. (1 yGa )y |° 0 «d a "7 a

QMVCC x4 L1 1. o R S Ne ot — 4d

0° ~ a.HOTA h i~ X o Q NE X2, b — . J
[ vhI N 62 Qx"Ev T a4d4v Adl| “a. AbD 1 yvu
T4 0o b o . Qh O “p,’'A 2 "7 a.

R YV, x | y4 a4, 9e vV NA, 4 U L éeat n
R ANOHQ “ba 87 a¥ Yo b 01 v, Up, 7 e &0

376 postgresql.org/docs/14/btreemplementation#BTREBEDUPLICATION.html

s backend/access/nbtree/nbtinsert.c, _bt_delete_or_dedup_one_page function
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i X o . a a. "Q 1 tn Ad deduplicate_items Ok " 20

a l‘u 1 ¥6 4 \1~'§1, O I N nLJ#_ 0 a BT
exE N avuy T a.M ot h © Y NEex86a v uNx9v ~ a.d
O0tA,an*2a + (float” doubleprecisionyv 04 d PL ab - Y
| * (numeric)® a0 | 4 bn + 0V va v Qejsonb® x Y *+ 0 i
a1 " a.eM A v A4l 0 T ad Il ybsab3 ~a. von

babod ° ' E A 1E 7 oa( AN M ).
| ab 1 ° "7 w AN4d I yv 48 YN'HINCLUDEEaANO | 4
d I <086 V77 a

16 17 yOo i a v A di allequalimage t 0
a "7 oa

=> CREATE INDEX ON tickets(book_ref);
=> SELECT allequalimage FROM bt_metap('tickets_book_ref_idx');
allequalimage

xxxxxxxxxxxxxxx

t
(1 row)
allequalimagetb t ® | yb « O, 0 ~ a.. ®s  E Kk ID(htid) 0 b
I © QO IDQTE(tids), b Q On 0t a2 "7 a:

=> SELECT itemoffset, htid, left(tids::text,27) tids,
data_to_text(data) AS data

FROM bt_page_items('tickets_book_ref idx',1)
WHERE itemoffset > 1;

itemoffset | htid | tids | data
2 | (32965,40) | | 000004
31(47429,51) | | O0000F
4| (3648,56) | {"(3648,56)","(3648,57)"} | 000010
5| (6498,47) | | 000012
271 | (21492,46) | | 000890
272 | (26601,57) | {"(26601,57)","(26601,58)"} | 000BAC
273 | (25669,37) | | 0008B6
(272 rows)

378 backend/access/nbtree/nbtdedup.c, _bt_dedup_pass function

379 postgresql.org/docs/14/collation.html
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I y0 1 ) 48 Ox Q, af a2 T a Qd Lo
dao é Ol b oo ) 0 a 452 06U h \ Y P
o, A NE 06, xn4aKk b " a
°a Q4v ] b 6 A 0. KXyo A T ®o0M  vhQ
lio aa A | Ab  _ el L Ok)L b A, Q] o T a.ab
BN Wp, ~ |~ a1 7 a.
Y o] oxo bo 6x Qo "Hog, b o 0af 4 x Qo
- 380
a.
Fsaqrie sd xt@e" — 0 T /AT TMuw., . F &
T Er rCEEesT: O ounfAvo. nr @i . YN Q Ayo.dmd
c LT "EaVn <t +£1TELS& H: vyo.
AODt A, AN UK Y, sA4d 4 O I T ®b Q
.

=> CREATE INDEX tickets_bref_name_idx
ON tickets(book_ref, passenger_name);
=> SELECT itemoffset, ctid, data_to_text(data)
FROM bt_page_items(tickets_bref _name_idx',229)
WHERE itemoffset BETWEEN 8 AND 13;
itemoffset | ctid | data_to_text
8] (1607,1) | LA98A0
9](1833,2) | LE57D1, SVETLANA MAKSIMOVA
10| (2054,1) | 220797
11 | (2282,1) | 25DB06
12 | (2509,2) | 299FE4, YURIY AFANASEV
13| (2736,1) | 2D62C9

(6 rows)

a | Q4P _ "&£ 4davwu, 1t a "7 a.

dn 11,® v ot " £ OINCLUDE X( v Ad) ° N T a..a YN
| - a4° 7 a.’ AU v highkey ~a. vao NE 62 77 a.

380 backend/access/nbtree/nbtinsert.c, _bt_split function

403



N4 a2 “a. A
_4 6— §381
U o Y, <, =UM b« 2 N"Hn °
“ n alt "7 a.
J, bool ops Y& btree “ ot A U 4 <

=> SELECT amopopr::regoperator AS opfamily_operator,
amopstrategy
FROM pg_am am
JOIN pg_opfamily opf ON opfmethod = am.oid
JOIN pg_amop amop ON amopfamily = opf.oid
WHERE amname = 'btree’
AND opfname = 'bool_ops'
ORDER BY amopstrategy;
opfamily_operator | amopstrategy
<(boolean,boolean) | 1
<=(boolean,boolean) | 2
=(boolean,boolean) | 3
>=(boolean,boolean) | 4
>(boolean,boolean) | 5
(5 rows)

5k ex A PRX U U4 d TH®, v G0

less than: 0 Q

less than or equal to:

equal to: K,

greater than or equal to: <«
greaterthan: O

B-tree A U° 43 JYK 4 2l 0" a

af a Ad 1 Q N e, _ abL P _ af a NAD -1, Q

KXxAD O Q N 7 a.

381 postgresql.org/docs/14/btredoehavior.html
382 postgresql.org/docs/14/xindex#XINDIEXRATEGIES.html

383 postgresql.org/docs/14/btreesupportfuncs.html
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ab 4+ 2vae | 01t “ k3 < " a
fo- & e, 1 A |t vobn 7, a
v 15 a%® 4pu ‘QCE £61 " a.a | B-tree /A U
Ii v 2l NOEbLS pB A 00t A n"
I I \'B
T B 4d ol B Rt
=> CREATE TYPE capacity_units AS ENUM (
'B', 'kB', 'MB', 'GB', 'TB', 'PB'
)i
=> CREATE TYPE capacity AS (
amount integer,
unit capacity_units
);
o*® N, b Ne Qt o XNE D7 a:
=> CREATE TABLE test AS
SELECT ( (random()*1023)::integer, u.unit )::capacity AS cap
FROM generate_series(1,100),
unnest(enum_range(NULL::capacity units)) AS u(unit);
R 0 = *x | T eE ASvh, AD AT YDTR K
=> SELECT * FROM test ORDER BY cap;
cap
(1,B)
(3,GB)
(4,MB)
(9,kB)
(1017,kB)
(1017,GB)
(1018,PB)
(1020,MB)
(600 rows)
0 & U'oQtA? n” " a.dbeiy, & E CR- )

=> CREATE FUNCTION capacity_to bytes(a capacity) RETURNS numeric
AS $$

38

4 postgresql.org/docs/14/xindex#XINDIEEXAMPLE.html
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SELECT a.amount::numeric *
1024::numeric ~ ( array_position(enum_range(a.unit), a.unit) -1);
$$ LANGUAGE sql STRIGMMUTABLE;
=> SELECT capacity_to_bytes('(1,kB)"::capacity);
capacity to_bytes
1024.0000000000000000
(1 row)

U' o + 20 QU™ a:

=> CREATE FUNCTION capacity_cmp(a capacity, b capacity)
RETURNS integer
AS $$

SELECT sign(capacity_to_bytes(a) - capacity to_ bytes(b));
$$ LANGUAGE sql STRICT IMMUTABLE;

=> CREATE FUNCTION capacity_It(a capacity, b capacity) RETURNS boolean
AS $$
BEGIN
RETURN capacity_cmp(a,b) <0;
END;
$$ LANGUAGE plpgsql IMMUTABLE STRICT;

=> CREATE OPERATOR #<# (
LEFTARG = capacity,
RIGHTARG = capacity,
FUNCTION = capacity_|It

);

adf k 1 e” “NE 67 a.

=> CREATE FUNCTION capacity_le(a capacity, b capacity) RETURNSboolean
AS $$
BEGIN
RETURN capacity _cmp(a,b) <=0;
END;
$$ LANGUAGE plpgsql IMMUTABLE STRICT;

=> CREATE OPERATOR #<=# (
LEFTARG = capacity,
RIGHTARG = capacity,
FUNCTION = capacity_le
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=> CREATE FUNCTION capacity_eq(a capacity, b capacity) RETURNS boolean
AS $$
BEGIN
RETURN capacity_cmp(a,b) =0;
END;
$$ LANGUAGE plpgsql IMMUTABLE STRICT;

=> CREATE OPERATOR #=# (
LEFTARG = capacity,
RIGHTARG = capacity,
FUNCTION = capacity_eq,
MERGES can be used in merge joins

);

=> CREATE FUNCTICGapacity ge(a capacity, b capacity) RETURNS boolean
AS $$
BEGIN
RETURN capacity_cmp(a,b) >=0;
END;
$3$ LANGUAGE plpgsql IMMUTABLE STRICT;

=> CREATE OPERATOR #>=# (
LEFTARG = capacity,
RIGHTARG = capacity,
FUNCTION = capacity_ge

):

=> CREATEUNCTION capacity_gt(a capacity, b capacity) RETURNS boolean
AS $$
BEGIN
RETURN capacity_cmp(a,b) >0;
END;
$3$ LANGUAGE plpgsql IMMUTABLE STRICT;

=> CREATE OPERATOR #># (
LEFTARG = capacity,
RIGHTARG = capacity,
FUNCTION = capacity_gt

i

400y 0Ty, ex 2 a:

=> SELECT (1,'MB')::capacity #># (512, 'kB")::capacity;
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?column?

ssssssssss

U'betde Al A<dE 0 . >~ a

=> CREATE OPERATOR CLASS capacity_ops
DEFAULT FOR TYPE capacity to be used by default
USING btree AS

OPERATOR 1 #<#,

OPERATOR 2 #<=#,

OPERATOR 3 #=#,

OPERATOR 4 #>=#,

OPERATOR 5 #>#,

FUNCTION 1 capacity _cmp(capacity,capacity);

=> SELECT * FROM test ORDER BY cap;
cap

xxxxxxxxxxx

(1002,PB)
(1013,PB)
(1014,PB)
(1014,PB)
(1018,PB)
(600 rows)

Il “bekdx .1 NEOO® N

a:
=> CREATE INDEX ON test(cap);

=> SELECT * FROM test WHERE cap #<# (100,'B")::capacity ORDER BY cap;
cap

ssssssss
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(46,B)
(57,B)
(68,B)
(70,B)
(72,B)
(76,B)
(78,B)
(94,B)
(12 rows)

=> EXPLAIN (costs off) SELECT *
FROM test WHERE cap #<# (100,'B")::capacity ORDER BY cap;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Index Only Scan using test_cap_idx on test
Index Cond: (cap #<# '(100,B)"::capacity)
(2 rows)

MERGES X b ° 4d 3 " a

a N |1 o A

JYAN | A, e t O 7tnoa

A, L O0OaAN xA TH0 & vy 00 0O T a o4 bh AN
_ N4 a, P_ NE n o, 81 &£ ~adYAN |1 v 1nod X
b _ Na s A ON T w0 v AD4Q gy o, | a "7 oa
_ A, _ PA, _ T t_ n| T UOK & T oa. i x° Nabd
AwOb 1 1 XK, Q vhQt a2 " a

J, tickets Ned o£ O | ° _ O 4 v 1 Q Teb 77 a. 1

CAu AN UK OY 81 77 a.

=> SELECT itemoffset, data_to_text(data)
FROM bt_page_items(tickets_bref name_idx',1)
WHERE itemoffset > 1;
itemoffset | data_to_text
2 | 000004, PETR MAKAROV
3| 00000F, ANNA ANTONOVA
41000010, ALEKSANDR SOKOLOV
51000010, LYUDMILA BOGDANOVA
6 | 000012, TAMARA ZAYCEVA
71000026, IRINA PETROVA
8] 00002D, ALEKSANDR SMIRNOV
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187 | 0003EF, VLADIMIR CHERNOV

188 | 00040C, ANTONINA KOROLEVA

189 | 00040C, DMITRIY FEDOROV

190 | 00041E, EGOR FEDOROV

191 | 00041E, ILYA STEPANOV

192 | 000447, VIKTOR VASILEV

193 | 00044D, NADEZHDA KULIKOVA
(192 rows)

Adb 9 Yo XA T 7K OYNTE y Y AA ON"EL3 7 a.

=> EXPLAIN (costs off) SELECT *
FROM tickets
WHERE book_ref ='000010';
QUERY PLAN
Index Scan using tickets_book_ref_idx on tickets
Index Cond: (book_ref ='000010"::bpchar)
(2 rows)

=> EXPLAIN (costs off) SELECT *
FROM tickets
WHERE book_ref ='000010' AND passenger_name = 'LYUDMILA BOGDANOVA';
QUERY PLAN
Index Scan using tickets_bref name_idx on tickets
Index Cond: ((book_ref ='000010"::bpchar) AND (passenger_name...
(2 rows)

QK Y, . EM  aodt T oa

=> EXPLAIN (costs off) SELECT *

FROM tickets

WHERE passenger_name ='LYUDMILA BOGDANOVA';
QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

Workers Planned: 2
. > Parallel Seq Scan on tickets
Filter: (passenger_name ='LYUDMILA BOGDANOVA'::text)
(4 rows)
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Oxb 1°° . & 801,60t
EMOO @ v hof Oavu,

.81

—a0 =

. s
=
§
QD

MK 8/ Y1 wn Q" > v,vy .., vwF BlE, ¢,

an o 3NET WY rcol®2R = CHcylBy_cyor " U7 by

Apo.od’ Ewy/

coll=v,; ANDcol2 = >
coll=v, AND col2 = >

coll=v ,AND col2 = >

F01 1 T EME EGN & & Fa” leH, @i
C®eQdUETK YOAN_ 4d 1 betdo X
pat I v 48 i7" a:

=> CREATE INDEX tickets_name_bref_idx
ON tickets(passenger_name, book_ref);
=> SELECT itemoffset, data_to_text(data)
FROM bt_page_items(tickets_name_bref_idx’,1)
WHERE itemoffset > 1;
itemoffset | data_to_text
+

HR Q Ayo 3%

YQA T K YOAN

2 | ADELINA ABRAMOVA, E37EDB

3 | ADELINA AFANASEVA, 1133B7

4 | ADELINA AFANASEVA, 4F3370

5 | ADELINA AKIMOVA, 7D2881

6 | ADELINA ALEKSANDROVA, 3C3ADD
7 | ADELINA ALEKSANDROVA, 52801E

185 | ADELINA LEBEDEVA, 0AOOE3
186 | ADELINA LEBEDEVA, DAEADE
187 | ADELINA LEBEDEVA, DFD7E5
188 | ADELINA LOGINOVA, 8022F3
189 | ADELINA LOGINOVA, EE67B9
190 | ADELINA LUKYANOVA, 292786
191 | ADELINA LUKYANOVA, 54D3F9
(190 rows)

=> EXPLAIN (costs off) SELECT * FROM tickets

385 backend/access/nbtree/nbtsearch.c, _bt_first function

386 commitfest.postgresql.org/34/1741
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WHERE passenger_name ='LYUDMILA BOGDANOVA';
QUERY PLAN
Bitmap Heap Scan on tickets
Recheck Cond: (passenger_name = 'LYUDMILA BOGDANOVA'::text)
. > Bitmap Index Scan on tickets_name_bref_idx
Index Cond: (passenger_name = 'LYUDMILA BOGDANOVA'::text)
(4 rows)

NTsi 41l o |0k x MATHAI 0, 6Jd+ “a.. 1 NEXXAY T

(ASCN'E A6 @ O Ado @ T(DESCN'EQ a3 "Ta. 1 "bB AT 4 d

OAD Ah \NCEL a . xn4 1 b V177 a. QJYAN 10 Ad T

bb 0 ~a.

OcEet O |0 i JPANOPO, N'Eb 0AY T Uo@ TNE AO <« 'E
yo a "~ 7 oa:

=> EXPLAIN (costs off) SELECT *
FROM tickets
ORDER BY passenger_name, book_ref;
QUERY PLAN
Index Scan using tickets_name_bref_idx on tickets
(1 row)

=> EXPLAIN (costs off) SELECT *
FROM tickets ORDER BY passenger_name DESC, book ref DESC;
QUERY PLAN
Index Scan Backward using tickets_name_bref_idx on tickets
(1 row)

[y
C 1 —
D‘ -
0]
-

\
QD

A 1 "vP_ "&,. NE b A 0§ ao NE AOh o N T oa:

=> EXPLAIN (costs off) SELECT *
FROM tickets ORDER BY passenger_name ASC, book_ref DESC;
QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

Incremental Sort
Sort Key: passenger_name, book_ref DESC
Presorted Key: passenger_name
. > Index Scan using tickets_name_bref _idx on tickets
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(4 rows)

NULLX ~ v A, ~ L0 F a2 vsA4l A .0 “a.,1 NE AQ

NTENULLXKX QX a"é "uN'Ep 64, ATsbAY 7 AdD ® A0 4,°00
T AdYT 47 ~ a.NULLX v NULLSLAST NULLSFIRST, i J" A a
- a

a,. A4 5, | 5ORDERBY , Q ° Q 0EMOv  ABAA T oa:

=> EXPLAIN (costs off) SELECT *
FROM tickets ORDER BY passenger_name NULLS FIRST, book_ref DESC;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Gather Merge
Workers Planned: 2
. > Sort
Sort Key: passenger_name NULLS FIRST, book_ref DESC
. > Parallel Seq Scan on tickets
(5 rows)

Q v TBH0WOY |0t o, | b Jibuw " oa:
=> CREATE INDEX tickets_name_bref_idx2
ON tickets(passenger_name NULLS FIRST, book_ref DESC);
=> EXPLAIN (costs off) SELECT *

FROM tickets ORDER BY passenger_name NULLS FIRST, book_ref DESC;
QUERY PLAN

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx

Index Scan using tickets_name_bref_idx2 on tickets

(1 row)

2557 &

B- & TR, O 5T A
1+ “ Tk

=> SELECT a.amname, p.nameyg_indexam_has_property(a.oid, p.name)
FROM pg_am a, unnest(array[
‘can_order', 'can_unique', ‘can_multi_col',
‘can_exclude’, 'can_include'
1) p(name)
WHERE a.amname = 'btree’;
amname | name | pg_indexam_has_property

xxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxxx
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btree | can_unique | t
btree | can_multi_col | t

btree | can_exclude | t

btree | can_include | t

(5 rows)
B- ®v h 0 A o, 9% & 71 a " a. Y "&£, b ° “ T a
QN “t  a Y 10 4 QB ®O4 b XKt A A xn4 1o

n: N'E X a5 Q v AU x4 64 n,8° N xO° | " a
! 8° A4 x, T v 1end T aB ® | vyod | Vv b
INCLUDE Y N\ °E 6al "7 a.

1" a2 Tk

=> SELECT p.name, pg_index_has_property(flights_pkey', p.name)
FROM unnest(array[

‘clusterable’, 'index_scan’, 'bitmap_scan', '‘backward_scan’

1) p(name);
name | pg_index_has_property

clusterable | t
index_scan | t
bitmap_scan | t
backward_scan | t
(4 rows)

=> EXPLAIN (costs off) SELECT *
FROM bookings ORDER BY book_ref DESC;
QUERY PLAN

ssssssssssssssssssssssssssssssssssssssssssssssssssss

Index Scan Backward using bookings_pkey on bookings
(1 row)

Y a Tk
=> SELECT p.name,
pg_index_column_has_property(‘'flights_pkey’, 1, p.name)
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FROM unnest(array[
‘asc', 'desc’, 'nulls_first', 'nulls_last', 'orderable’,
‘distance_orderable’, 'returnable’, 'search_array’, 'search_nulls'
1) p(name);
name | pg_index_column_has_property
5 5 sBessssooossssossses 8 5 8 8 5 8 5 8 8 5 8 8 8 8 85 s
asc |t
desc | f
nulls_first | f
nulls_last | t
orderable | t
distance_orderable | f
returnable | t
search_array | t
search_nulls | t
(9 rows)

ORDERABLE X B- (4 Oh b A6A avwu, Y t7 aQp ., fb * E(ASC
DESONULLS FIRS® NULLS LASR Y4b ° TH0 Ta. AT 4hv YK

t A'Y TNE ASHNULDKN Q Q4UANO™ a.

SEARCH NULLE X NULDK 4 o b3 JabVU t7 a.

(DISTANCE ORDERMBLE- {""a.e’E 0L AV 1L A, A

B- ®¢ Ao JYO® 0y4yoc v w(SEARCHARRAY) + 'H "1 MO 0
Q 2 "~ a(RETURNABLE

387 commitfest.postgresql.org/27/1804
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26 . GIST

26.1 k U
GiST(Generalized Search Tree) ***s X «d ~ L a4 v T 4o
&) Q Os a2 v 7 ¢ T aB O i b3 EXNeXx toovas 0 4
8 Q Y ° 4d a X0OD Y " a.GiST A, U v ®o b
o 4d _ a | a.GiST | “ v Np b 07 R &,
RD- &,  ®a ° w 0 0 ot h © oo T ®obat a 7
a.
£ Fo 4,PostgreSQLA » o 4 0 N'E a ©'ED ‘L9
£ 2 " a..YYU,o E _ YE vuidl, 4 Mo, Y oU,. ®e
WAL 4 N T a. Ot ux3 A "E.Up 1 O0O«d & A 0E 7~ 3
GiSF Y AN, BT Heot a2 1 |, ® eyqoMed Q n " a
o"Eb h 0 oGiST “, I ApdUA K 4 20
‘0 b ., Q w06  a.B- ®4 WNév BT 0" " B®, Y J' 4vdao
S 614 "7 a. w4 »GISP o'ED T ¢ ) & > “Ep
8a 7 a.
Q T ACEa W0 ft(@® Q4" v R AON x(k® x)O ID
0 Ta. | vox., Q 4 H L Q a Jav b T
o2 (°Pa Q) P Q4v A xO ~ft4d b 07 a; YN ®
t o Oh v X. @ 4 Ta.g’a ,oa Q  xx,  Qt &t x
-y 0 GIST " £xXB &b |t #pB T~ M .,  Q n - a.
GiIST ®yaoXN O 24 v h, U U 4 O 4 2 u - a.
Ot av | Q4 d & N Q X 4o x(o Mo
e "0 B “Ta.oa Q Abd, dv* OE° Ab A Q
Abd, wu 1 b ox. Q@ v 04| " a
YoN QY- T ft4s> 67 a® e avAh " ftt T
644 o9ANhuwt xxEA a2 v OM ~ a. Ya, v QUOR  f i 4
d Q 67 a;B- ® B®GIST | “ v JYK Y ftd0b a "7 a. &t a2
s O ft Qt MOEQ 6 a
yoX <« 0O& " a:Mod NbLS AR 41 As ~ a.wO»h,®E
MOO Q | ° a3 NH v Jf b L, % Q BE xQx 00b T oa.

388 postgresql.org/docs/14/gist.html

backend/access/gist README

389 backend/access/gist/gistget.c, gistgettuple function
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GiST &4 0 "ED XK, a bu o et a0 I a7 a6 ov u o f
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B-® Ad" Q bt Ee Oft4J° Mp 4,323 NH v, "E A - a’*
ANXPK b 20 O0E " a. Vv Qt,, ft oft | 4o v
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Y "E k bLxT ® lto a NTH E XA U 4dao

Xn4,0b A0 N n” 7 a

26.2 T R ®
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AF <4 0 H xNa, OK 82 "~ a: XN AE<« o4 "7 a

R & 1 v JYKk Ir t0 2l ) Ta. T fttNa@ftAiv g
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4 U é P ) , M 4 b OR ® tar, o 7 n ~a Ao
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filfactor (| X 90)X. A~ " a;, | XXNO®41 B & ®O W w T a

=> CREATE TABLE airports_big AS
SELECT * FROM airports_data;

=> COPY airports_big FROM
‘fhome/student/internals/airports/extra_airports.copy’;

390 backend/access/gist/gistutil.c, gistchoose function

391 backend/access/gist/gistsplit.c, gistSplitByKey function
392 You can download the corresponding file at  edu.postgrespro.ru/internals -14/extra_airports.copy (I have used the data

available at the openflights.org website).
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a.

M ONE O °a8[ 4-PAE< v B b af

=> CREATE INDEX airports_gist_idx ON airports_big
USING gist(coordinates) WITH (fillfactor=10);

Gr 46,0t tXJYK (ao NE v)AE« A

ar 465, [P txé NN [JP tEo 07 a:
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