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PostgreSQL 12h'EOL

Version Current minor Supported First Release Final Release

17 17.2 Yes September 26, 2024 November 8, 2029
16 16.6 Yes September 14, 2023 November 9, 2028
15 15.10 Yes October 13, 2022 November 11, 2027
14 14.15 Yes September 30, 2021 November 12, 2026
13 (EAL Yes September 24, 2020 November 13, 2025

12 12.22 No October 3, 2019 November 21, 2024
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XERCEATY bODMICKDFT

. BRIFEICO(Kk). k=4 (TJOvIESD/\A hY)
o >( - I.J (JA RT@EEE (:ébﬁtﬁﬁ BII;:I_I:. EI"J (:Eﬁﬁ ARTful Ingll:irgdﬁgslﬁmﬁiiznrfgi;: Databases

Viktor Leis, Alfons Kemper, Thomas Neumann

Fakultdt fiir Informatik
Technische Universitiit Miinchen
Boltzmannstrae 3, D-85748 Garching
<lastname>@in.tum.de

Abstract—Main memory capacities have grown up to a point digit 1
where most databases fit into RAM. For main-memory database
systems, index structure is a critical b A
Traditional in-memory data structures like balanced binary digit 2
search trees are not efficient on modern hardware, because they
do not optimally utilize on-CPU caches. Hash tables, also often
used for main-memory indexes, are fast but only support point 5
queries. digit 3
To overcome these shortcomings, we present ART, an adaptive D, T Y E T
radix tree (trie) for efficient indexing in main memory. Its lookup
ptrl‘ormnnce surpasses highly tuned, read-only search trees, while leaf nodes
supporting very effici linserli ns and deletions as well. At the
same llma, ART is very space efficient and solves the problem

N R

Fig. 1. Adaptively sized nodes in our radix tree.

of t space which plagues most

radix trees, by adaptively choosing compact and efficient data

lnm ures for internal nodes. Even though ART’s performance = 3
is comparable to hash tables, it maintains the data in sorted {he long pi P°1 of modern CPUs stall, )’Vhwh causes addi-
order, which enables additional operations like range smad tional latens aﬂ very second comparisor ( erage).
prefix look up. Thes pmbl 'ms of u'ad tio dl search trees wel u kl d by

recent research on dat: lrulrcpﬁllydgd\b
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EITIFRDIEV(~V16)

=# create index idx1 on test|(id); .

=# delete from test where id % 10 = 0;
|DELETE 10000000 | —

=# vacuum (verbose) test;

INFO: vacuuming "postgres.public.test"

INFO: finished vacuuming "postgres.public.test": index scans: 1

pages: @ removed, 636943 remain, 636943 scanned (100.00% of total)

tuples: 10000000 removed, 90000000 remain, @ are dead but not yet removable

removable cutoff: 745, which was @ XIDs old when operation ended

new relfrozenxid: 731, which is 1 XIDs ahead of previous value

frozen: 0 pages from table (0.00% of total) had @ tuples frozen

index scan needed: 636943 pages from table (100.00% of total) had 10000000 dead item identifiers removed
index "idx1": pages: 274194 in total, @ newly deleted, @ currently deleted, @ reusable
avg read rate: 95.265 MB/s, avg write rate: 94.991 MB/s

buffer usage: 1911087 hits, 274193 misses, 273404 dirtied

WAL usage: 2184215 records, 179 full page images, 178320700 bytes
system usage: CPU: user: 13.24 s, system: 1.18 s, |e1apsed: 22.48 s| “

VACUUM
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EITIFBEIDEV(Vv17)

=# create index idx1l on test (id);
CREATE INDEX

=# delete from test where id % 10 = 0;
DELETE 10000000

=# vacuum (verbose) test;

INFO:
INFO:

index scan needed: 636943 pages from table (100.00% of total) had 10000000 dead item identifiers removed

vacuuming "postgres.public.test"

finished vacuuming "postgres.public.test": index scans: 1

pages: @ removed, 636943 remain, 636943 scanned (100.00% of total)

tuples: 10000000 removed, 90000000 remain, @ are dead but not yet removable
removable cutoff: 753, which was @ XIDs old when operation ended

new relfrozenxid: 750, which is 12 XIDs ahead of previous value

frozen: @ pages from table (0.00% of total) had @ tuples frozen

index "idx1": pages: 274194 in total, @ newly deleted, @ currently deleted, @ reusable
avg read rate: 209.752 MB/s, avg write rate: 217.129 MB/s
buffer usage: 1911088 hits, 274193 misses, 283836 dirtied

VACUUM

aws

N7

WAL usage: 2184215 records, 179 full page images, 178957643 bytes v16: 22.48
system usage: CPU: user: 8.38 s, system: 0.84 s, |elapsed: 10.21 s |

VACUUMDEITEE BN E L

(AEUE
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AEVUEARAZEDEVND(~V16)

=# delete from test where|((ctid::text::point)[0])::int % 2 = 0;
DELETE (200000056 |
SET

=# vacuum (verbose) test;
INFO: vacuuming "postgres.public.test2"
INFO: finished vacuuming “postgres.public.test2":|index scans: 2]

pages: @ removed, 1769912 remain, 1769912 scanned (100.00% of total) _ . \
tuples: 199997344 removed, 200002656 remain, @ are dead but not ye

tuples missed: 2712 dead from 12 pages not removed due to cleanup lock

removable cutoff: 747, which was @ XIDs old when operation ended

new relfrozenxid: 732, which is 1 XIDs ahead of previous value

frozen: 0 pages from table (0.00% of total) had @ tuples frozen

index scan needed: 884944 pages from table (50.00% of total) had 199997344 dead item identifiers removed
index "idx1": pages: 1096762 in total, @ newly deleted, @ currently deleted, @ reusable

avg read rate: 817.252 MB/s, avg write rate: 530.109 MB/s

buffer usage: 2752140 hits, 6060334 misses, 3931025 dirtied

WAL usage: 3 records, @ full page images, 613 bytes
system usage: CPU: user: 47.61 s, system: 9.03 s,|elapsed: 57.93 s

aWS © 2024, Amazon Web Services, Inc. or its affiliates. All rights reserved.
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AEVUERAEDENO(Vv17)

=# delete from test where ((ctid::text::point)[0])::int % 2 = 0;
DELETE 200000056

=# set maintenance_work_mem to '3GB’; “
SET

=# vacuum (verbose) test;

INFO: vacuuming "postgres.public.test2"
INFO: finished vacuuming "postgres.public.testZ":|index scans: 1|

pages: @ removed, 1769912 remain, 1769912 scanned (100.00% of total)

tuples: 199995988 removed, 200004012 remain, @ are dead but not yet removable

tuples missed: 4068 dead from 18 pages not removed due to cleanup lock contention

removable cutoff: 755, which was @ XIDs old when operation ended

new relfrozenxid: 740, which is 1 XIDs ahead of previous value

frozen: 0 pages from table (0.00% of total) had @ tuples frozen

index scan needed: 884938 pages from table (50.00% of total) had 199995988 dead item identifiers removed
index "idx1": pages: 1096762 in total, @ newly deleted, @ currently deleted, @ reusable

avg read rate: 820.899 MB/s, avg write rate: 828.955 MB/s

buffer usage: 2751753 hits, 3867189 misses, 3905143 dirtied

WAL usage: 3 records, 2 full page images, 6819 bytes

system usage: CPU: user: 28.53 s, system: 7.02 s,[elapsed: 36.80 s]m

1GBOFHIEN R L I Tefzsb. 1> 5 w2 XVacuum®DEIFHY 30N
(XAEUEMASE: 1.1GB vs. 62MB)

aWS © 2024, Amazon Web Services, Inc. or its affiliates. All rights reserved.
\—/‘7

17



AEVUERAZEDELNQ(~V16)

=# delete from test2 where|(ctid::text::point)[1] > ZZG;M
DELETE 7964598

=# set maintenance_work_mem to '64MB’;
SET

=# vacuum (verbose) test;
INFO: vacuuming "postgres.public.testZ"

INFO: finished vacuuming "postgres.public.test2":

pages: @ removed, 1769912 remain, 1769912 scanned

index scans: 1

(T 00% oT total

) “

tuples: 10619220 removed, 389380780 remain, O are dead but not yet removable

tuples missed: 246 dead from 41 pages not removed due to cleanup lock contention
removable cutoff: 746, which was @ XIDs old when operation ended
new relfrozenxid: 732, which is 1 XIDs ahead of previous value

frozen: 0 pages from table (0.00% of total) had 0

index scan needed: 1769870 pages from table (100.00%

tuples frozen

of total) had 10619220 dead item identifiers removed

index "idx2": pages: 1096762 in total, @ newly deleted, @ currently deleted, @ reusable
avg read rate: 541.233 MB/s, avg write rate: 542.360 MB/s
buffer usage: 3079680 hits, 3327416 misses, 3334341 dirtied

WAL usage: 2 records, @ full page images, 425 byt
system usage: CPU: user: 40.37 s, system: 7.48 s,
VACUUM

aWS © 2024, Amazon Web Services, Inc. or its affiliates. All rights reserved.
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AEVBHAEDELO(V17)

=# delete from test2 where (ctid::text::point)[1] > 220;
DELETE 7964598

=# set maintenance_work_mem to '64MB’;
SET

=# vacuum (verbose) test;

INFO: vacuuming "postgres.public.test2"
INFO: finished vacuuming "postgres.public.test2": index scans: 2 _
pages: @ removed, 1769912 remain, 1769912 scanned s 0% )

tuples: 10618752 removed, 389381248 remain, O are dead but not yet removable

tuples missed: 714 dead from 119 pages not removed due to cleanup lock contention

removable cutoff: 754, which was @ XIDs old when operation ended

new relfrozenxid: 740, which is 1 XIDs ahead of previous value

frozen: 0 pages from table (0.00% of total) had @ tuples frozen

index scan needed: 1769792 pages from table (99.99% of total) had 10618752 dead item identifiers removed
index "idx2": pages: 1096762 in total, @ newly deleted, @ currently deleted, @ reusable

avg read rate: 716.248 MB/s, avg write rate: 540.848 MB/s

buffer usage: 3079364 hits, 4424421 misses, 3340939 dirtied

WAL usage: 2 records, 2 full page images, 6406 bytes

system usage: CPU: user: 35.91 s, system: 12.24 s{:elapsed: 48.25 s
VACUUM

AREBEITILDODHMICEL D TEIEDZLDATEIZFSCEE
(AEUERAS: 48MB vs. 70MB)
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« pg_upgrade
» BEOT—IR-RIOSRFIZT7YVITITL—RITBHDOY—IL (AN R)

« LW =23 >DF—AIR-RITSAFCT—TINIT7AILEZIE-TD (BELEFUZTTD)
ETRHRIEITD

. LU —>3>R0Owv h&Epg_subscription_relF—4(E5| AN o1
= pg_subscription_rel>XFAHF0OYT : EOFT—TIVICHITIEEEZTIET DN, HEEINTND

| IRO5AN
v16

pg_subscription_rel

relid state

12345 ready
23456 data-sync
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« pg_upgrade
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m 30GB 80GB

100GB 100GB 100GB 100GB 100GB 100GB 100GB 100GB
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$ pg_basebackup —D sunday
$ pg_basebackup ——incremental=sunday/backup_manifest —D monday
# ——incremental AT 3> ZIBEIT D ETERD/\WOT7 Y T ZEUS

$ pg_basebackup ——incremental=monday/backup_manifest -D tuesday

pg_basebackup --incremental=xxxx

pg_basebackup m

100GB 100GB 100GB

aws
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pg_combinebackup

#t N— BN ZHHENDTE TY R S7EEEIR) \w D77 v T ZVERK
$ pg_combinebackup sunday monday tuesday -o tuesday-full
# B )I\w o7y TZBICHAIENDE D EEREE

$ pg_combinebackup tuesday-full wednesday thursday friday saturday —-o week-full

pg_basebackup --incremental=xxxx

30GB

30GB

pg_basebackup pg_combinebackup

v

100GB 100GB 100GB

adWs
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wal summarizer2’ 0t X

[summarize wal = on] TicH
= BRI\ OTYTE=ESCHIC(FoniA
EDTOY INEEBSNTZON ? Z&HE T DIEHICWALZEMT L T<NDT0O1EXR
$PGDATA/pg_wal/summaries>« L2 RUDWALOYY U I 7 AL Z2EEHT
=  wal_summary_keep_timeTHO~YU T 7 A )L zFxEFI DEEIZIEE
WALBY U I 71 )LIEpg_walsummary N> RTHRIT D EH0JEE

$ ls $PGDATA/pg_wal/summaries
0000000100000000090000280000000016000028. summary 00000001000000001B000VV28000000001DVVVV28. summary
00000001000000001F0000280000000021000028. summary 0000000100000000220000280000000024000028. summary

$ pg_walsummary $PGDATA/pg_wal/summaries/00000001000000001B000028000000001D000028.summary
TS 1663, DB 5, REL 1259, FORK main: block @

TS 1663, DB 5, REL 2619, FORK main: block 21

TS 1663, DB 5, REL 2696, FORK main: block 2

TS 1663, DB 5, REL 16411, FORK main: blocks 0..4424

TS 1663, DB 5, REL 16411, FORK vm: block @

aWS © 2024, Amazon Web Services, Inc. or its affiliates. All rights reserved.
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. BRBDIIATORSHOZI32ZRURBHES, NNy Iy ITZBIETD

— X1 : INSERTDFH

pg_combinebackup incrl incr2 incr3 incr4 —o full (FI7HTET

4r—2X 2 : pgbenchzx£179 3

o—X1

Y4 (MB)

2000

1500

1000

500

1E8 2[EH 3EH 4EH

W oWy ITFYT BANvIFYT @ ZWN\yIFyT (KH) @ BIN\vI7v7 (KH)

IRigRRE (1)

To—X2

aws
~—
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HER - |KoLWWkeCL

——incrementalA 7> 3> (C(E. RIBES U IILEESED/\WvO7Y T ZIEET D
(auto)vacuumBER—ZZFZBE I D EITER
tarleA CTES U2/ \w O 77w T (CW UTH. 187/ \WT77v T DR SILAIEE

« 272U, pg_combinebackup(dtarfzz=H7R— kL TLVRLY
summarize_walIEZEEE J 7 1J)LDUO— RTon/off h ] &EE

WEDIED )\ 07y T 1 DOED)\w Oy T (CEFESHDZEE (FL) YRk—bhE=nTu)
72NA

$ bin/pg_basebackup -D bkup ——format=tar —--gzip
$ Ls bkup
backup_manifest base.tar.gz pg_wal.tar.gz
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COPYIY > RDiE

. ON_ERRORAT = 3> hYENN
« LOG_VERBOSITYAT = 3 >HhYENN
o IT>O—F+ 20 DEMNAEIRIGEDRENE
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ON ERROR. LOG VERBOSITYAZD>3>

o RIERT—H (WURINDT—HENZHTE/AN) ZRFYVITEDLDICRDE
« ON_ERROR = STOP | IGNORE
T—AEMIS—HREEUCESOEBEZIEET D GINEDRL. EF—BEQRE(FMKATS—)
« LOG_VERBOSITY = DEFAULT | VERBOSE
 AFVITUEITE. T—HFREDKRKRITD
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ON ERROR. LOG VERBOSITYAZD>3>

$ cat /tmp/test-data.csv
1,1
2,a
a,a

’
’
’

=# create table test| (a int, b int);

CREATE TABLE

=# _copy test from '/tmp/test-data.csv' with (format 'csv');-
ERROR: invalid input syntax for type integer: "a"

[EXT: COPY test, (ine Z, column b: "a.

=# copy test from '/tmp/test-data.csv' with (format 'csv',|on_error 'ignore');
NOTICE: 2 rows were skipped due to data type incompatibilITy
CoPY 1

=# table test;

=# copy test from '/tmp/test-data.csv' with (format 'csv', on_error ‘ignore’, [log_verbosity 'verbose')
OTICE: skipping row due to data type incompatibility at line 2 for column "b": "a"

NOTICE: skipping row due to data type incompatibility at line 3 for column "a": "a
NOTICE: 2 rows were skipped due to data type incompatibility
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T=~Y > Dk

. pg_stat_progress_vacuumtE 1 —I(CA 27w I RXVacuumDEHB ERREND LD (CIRDTE
= indexes_total¥l&indexes_processed?!

. pg_stat_checkpointertz —hH%4ENN
» pg_stat_bgwriterEa—(CESFENTULZW DHDIINEBEIL TL\D

- pg_wait_eventtE 1 —hHYNENN
» FEANRD MDA AT EARY NEO—EBNENBZEDT—

=# select * from pg_wait_events limit 2;

type | name | description
__________ +________________+_____________________________________________________
Activity | ArchiverMain | Waiting in main loop of archiver process
Activity | AutovacuumMain | Waiting in main loop of autovacuum launcher process
(2 rows)
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PostgreSQLIFEE=BI#R
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¥hI\—=3 > DR

2024/7h'5 9 TlCPostgreSQL 18DHFEN RS — b
= JU—X(F2025FNFTE

o INFTIC111I0FN I TICOZY MNEH

K2 1SFERE. CNERNFRM AL CUNEI

Commit Fest(C (X300 U AT > KU
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PostgreSQL 18BFICADIHE? D

. FEREIHAI/O (Asynchronous I/0)
. YILFAL W MME
. Skip Scanxtits (Btree)
o« SQLEEREEDIENN
= Row Pattern Recognition

= SQL/PGQ
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PostgreSQL 18BFICADIHE? D

. EZHUIHE

» Vacuum®difstIaik

= J\WOTIT> RBODI/OHETIEHR

NTUPSAXR - E2—DEDEH

. Bl TJUT—2 3> DiE

= BIZEARA]. ARIR

« ST ALTUG—-23>

» DDLLTO UG -2 3>
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PostgreSQL 18BFICADIHE? 3

. ETIBHRDA > R—b - TOXR—k
. FILANILDSEENIESAE
. COPYOX> bDsg it (MRILTA—W . JISON/RE)
. J\SL)LoTY
« J\S L) LVacuumas#it
= GIN- 27w RDVERK
. BiEE)2 U Tshared_buffersOHY A XZ2ZET D
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PostgreSQLEFE & ZI§>9 HD fHsr

Google Summer of Code (GSoC)
» FEDTOZ T U MZIRREL. FIRESNNIEA S A —WDEIRHWSHENTEDI(FEMIT ?)
Advanced Patch Feedback Session at PGCon.dev 2024
» IZvARNME T/ FICDODWTT RINARE<NBDT—0>3vT

Mentoring program for code contributions
s JZWARASI—-ELTRVWTNBZTOT S A (Bl

PostgreSQL Hacking Workshop
» BH. $¥FEDT—YITAD TPostgreSQLOKREEVWSE R TESIE CEm I D (Bixil)
= Discordb—/\&H D, [ERICOAZTVAZFICEBRETED
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= el )

. VacuumME&EATU N DRI (CENE

. WmIELTUT—2 3> 0DkE

= s VAN SO S

. COPYD%gEM L. HEEEEND

. SQL/ISONZEZE DL

- MERGEZIN> RADEEEENN

. 5w hITH—LFHEIFDCollation (FBEIEF)
- IREESmTP DHEE B DBI/REDIEND
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EHDFEDE [PostgreSQL 17 GAFTEREIRAILIGER |

https://h50146.www5.hpe.com/products/software/oe/linux/mainstream/support/lcc/pdf/Postqg
reSOL 17 GA New Features ja 20240930 1.pdf

PostgreSQL 17 #&R5EL7/R— b
https://www.sraoss.co.jp/tech-blog/wp-content/uploads/2024/10/pgl7 report 20241021.pdf

Waiting for Postgres 17: Incremental base backups

https://pganalyze.com/blog/5mins-postgres-17-incremental-backups
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https://h50146.www5.hpe.com/products/software/oe/linux/mainstream/support/lcc/pdf/PostgreSQL_17_GA_New_Features_ja_20240930_1.pdf
https://h50146.www5.hpe.com/products/software/oe/linux/mainstream/support/lcc/pdf/PostgreSQL_17_GA_New_Features_ja_20240930_1.pdf
https://www.sraoss.co.jp/tech-blog/wp-content/uploads/2024/10/pg17_report_20241021.pdf
https://pganalyze.com/blog/5mins-postgres-17-incremental-backups

Thank you!

=H M2

sawadamm@amazon.com
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