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Abstract THE DESIGN OF POSTGRES B

This paper presents the preliminary design of a new - \
database management system, called POSTGRES, that 1s y POStgreSQL WEEHLE{KH@%U
the successor to the INGRES relational database system Michael Stonebraker and Lawrence A Rowe 1, (BRHRARKIHE—Ffh
The main design goals of the new system are to ’ "

Department of Electrical Engineering %@E/J%ITE E:F
1) provide better support for complex objects, ?]"d CO"‘P";‘Q’(} Slcwnces
newersity of California “ TSN e
2) pt;o:ld: dus:r e:tenf:;g;ty for data types, opera- Berkeley, CA 94720 o [HZE2TRAT AT DAMCEE & R0
N=oY ==" HE L)
Btand e st o AR AR R

3) provide facilhities for active databases (1e, alert- PostgreSQL /L E—FeniE BT
ers and triggers) and inferencing including E"J*%ﬂ*ﬁﬁﬂglﬁiﬂl

forward- and backward-chaining,

5 1) =ixl] A 7|y
4) simplify the DBMS code for crash recovery, TH:*’Z‘:RE:RHEE%ZEQ@E&E) fml‘ﬁjﬂﬁ ° iliﬁ%ﬁﬂ Apache
13 PostgreSQL - M&ER (TFiE51ZESE)
5) produce a design that can take advantage of opti- %BIEHI?@%?i&&*&%ﬁt*/u\%ﬁuéﬂ-n OpenDAL 1) PostgreSQL
cal disks, workstations composed of multiple 8, Service %Bﬁj\
tightly-coupled processors, and custom designed o
VLSI chips, and Atk, FrERINF PostgreSQL BY IR FF APACHE
%, AR EREEERUER T

6) make as few changes as possible (preferably iy s
none) to the relational model g%éﬁ%g%&ij’?gg%gﬁ# E:\Jog%%so@l‘ O p e n DA L

XL 2E
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let op = Operator: :new(builder)?.finish();

OpenDAL [¥] PostgreSQL fk 553
a3, A b2 AR R T B
PSR B

let content =P AP T I S AR IR,
.reader_with("postgres.txt") HEWEATEAE XHRN
.await? L ABEERAEKEE PG RS E ik

SEPEIE ) B EEAA)

_ e < ARSLEE ISP (A OpenDAL
let bs = content.read(@..16).await?; B PostgreSQL) — ¢

op.write("postgres.txt", "Hello PostgreSQL").await?;

.
I

postgres=# create table example ( postgres=# select * from example;
filename | filedata

______________ e

\x48656cb6c6f20506f737467726553514c

/* AT 1Ff& OpenDAL X & */

filename text,

/* AT TF{E OpenDAL M #IE */ postgres.txt |
filedata bytea, (1 row)

/* OpenDAL E3X filename E B UNIQUE £ FE =*/
unique(filename)

)

CREATE TABLE
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MySQL & “Table”

Writing a Procedural Language Handler - Chapter 12. Writing a Custom Storage Engine 7 "Index’ Bt
Writing a Foreign Data Wrapper I J—_— ‘Zﬁes; ‘;?f%glﬁ”
o : .1. Introduction o
ertlng . Table Samp“ng MethOd With MySQL 5.1, MySQL AB has introduced a pl ble st i hitecture th kes it #;Fmﬁ—ﬁ»
R = 1L iy as mitroduced a pluggable storage engme architecture that makes 1 08-
Writi ng a Custom Scan P rowd er sible to i:{rcate new stirage engines and add thempm Egrunning M%zSQI% server without recompiling thI:a
Genetic Query Optimizer servertisel %}ﬁfﬁﬂ&%ﬁf :
i This architecture makes it easier to develop new storage engines for MySQL and deploy them. Yy
Table Access Method Interface Definition e R
R This chapter is intended as a guide to assist you in developing a storage engine for the new pluggable %ﬁ%g lﬁéﬁ’m‘ﬁ[‘
Index Access Method Interface Definition storage engine architecture. F PostgreSQL
Write Ahead Logging for Extensions Custom storage engines can be built in a progressive manner: Developers can start with a read-only stor-

age engine and later add support for INSERT, UPDATE, and DELETE operations, and even later add

Built-in Index Access Methods support for indexing, transactions, and other advanced operations.

Database Physical Storage

Transaction Processing o XFMEITEA, KB AZ APl B

System Catalog Declarations and Initial Contents w2 T A B N AZ Rt API
Vi F U B L

R B

Relation I P Tuple (i
--> Tuple —.. AIRSZPRAEEHE  (Index-Only Scan)

--> Index » [AIIFSEH, XPE MySQL PostgreSQL ZEX 7 THIHY A

EHL HBEILE” ‘
VIX LS
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8 Table Access Method

FKIARHGIVE T M2 B

Index Access Method

REpRAME T NS

#iE&R (Relation, Table) EI = [CACHE
Buffer
4l )
X475
AR
X RFG UG —HIREE SN
- BEFREURA LR,
§ J

- UEHFRIANEIRER
HIERPTA

BRNANEARMIER

»

~

Hash Index (B3%FEZH3S])

IHRS I BHEP—MKIt
Index Access Method SEEREY
EYSES

§ SFHRITREFT N MR A {E
IR T AN W BYTTEH

4/

AR, FedrdkeEt ok
FENZBtAS B E

IDAKIE, AR S
b Eal e BEE HYRE .

FATHFEIE Index-
Access-Method X 4% “3=

7 BER] DA D P b
Hash Index 11 3Z 31,

Rl A 12—~
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pg_am

[ FERSREI0EIRGE

)

-

X B RAEAZ
SRS

{
oid => '405', /* IR F RS FAX R OID &S */
oid_symbol => '"HASH_AM_OID’, /* OID B9¥Ri2&#k: R#HZES| OID ¥/
descr => 'hash index access method', /* &R : MFEZES|HIRSGE */
amname => 'hash’, /* REURIFIRFEBTR: I8F

| amtype=>"i"/* RERXE—FEMERIIFZENER */
}

typedef struct IndexAmRoutine

I FE—EREXZRS| EtET (NRTESHEE)
I .

Oid amkeytype; // F5| 4B Fh{FfERV R EIRER
/...

I+ EMZRIINBEXEOXLH (LLLTFBLAST) */
ambuild_function ambuild; // #9252 R
aminsert_function aminsert; // ¥ i NZ5|

amrescan_function amrescan; // BEh (BXEH) FE5|1HE

amendscan_function amendscan; //

i i s /| BBREE |k
I ...
} IndexAmRoutine; /

amhandler => 'hashhandler’, /* TZ{i&*} @8 RIMSIE OIS R SR */

B
— BYH pg_am.dat (dat X{4=Z PG %D&ﬁ%ﬁ%%i%ﬁﬁﬁﬁiﬂ'ﬂﬁ?&i#\

pg_am {7 & P Y Index-
Access-Method B MHE B

(71833 pg_am.dat EH %5
)

i1k amhandler Firdg[a] A
MCIES e, BInJ AR
KRGS L O

IndexAmRoutine Z5 4R E
—DRG s Z LI 5 R PASE
PR Rk, e

PostgreSQL Ko H i B (et

%8
VIX TS
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B
postgres=# select * from pg am;
oid | amname | amhandler | amtype . 3T select ... from: 1 2
------ R R R E TR T S \ b N
2 | heap | heap tableam handler | t g;g;ﬁ—;—ﬁﬂﬁgfégg
403 | btree | bthandler | i PLALRI TN, T AR
405 | hash | hashhandler | i ik, S
783 | gist | gisthandler | i
2742 | gin. | ginhandler | 1 o FfE BKI XX, pg_xxx.h
e [ aelst | opefiEndler | i SO SR, X T
3580 | brin | brinhandler | i PR B O 228 |
(7 rows) e -
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postgresql -pg_am.h

CATALOG(pg_am,2601,AccessMethodRelationId)

{
0id oid;

NameData IENIER

char amtype;
} FormData pg am;

src/backend/catalog/pg xxx.h

§5 PostgreSQL 13 R EHER

A

src/backend/catalog/pg_xxx.dat

postgresqgl- pg_am.h
regproc amhandler BKI LOOKUP(pg proc);

amname => 'heap',

oid => '403',

l $55 PostgreSQL EFEIERIRP

', oid symbol => 'HEAP TABLE AM 0ID',

descr => 'heap table access method',

amhandler => 'heap tableam handler',
oid symbol => 'BTREE AM 0ID',

amtype => 't' },

XLEHFET InitDB y/ﬂ:‘cﬁf/

BN

PostgreSQL f{ “3%
ERitb G EI’JJE[E'\,*EI_J
Frz MBI RGHE R
R I

« catalog H g
pg_Xxxx.h ZIHEZL £
ZLRM IR

(Perl JIAR: 2111
L E AT IR
1) pg_xxx_d.h JEI5)

* pg_xxx.dat KF&+5

FIARFGERIEE
AR E

X LT :
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postgresql - hash.c hashhandler @ﬁ

e 15 1E Relation 13
patun AL PRAS A 2R |

hashhandler (PG _FUNCTION ARGS) b
{ AL PR RN

IndexAmRoutine *amroutine = makeNode(IndexAmRoutine);
amroutine->amstrategies = HTMaxStrategyNumber;

PG _RETURN_ POINTER(amroutine); ¢ *ZJ L\-‘\ Eiﬁﬁjﬁx‘%ﬁ\ga_‘
: WNTE, A0

IndexAmRoutine %%

postgresqgl - pg_am.dat 1:@ ;E':)l%:a:fi%%ﬁ:
{ oid => '405', oid symbol => 'HASH AM 0OID', PO,StgreSQL

descr => 'hash index access method',

amname => 'hash', amhandler => 'hashhandler', amtype => 'i' },

-

y3X EE3

M
v
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e RN

IS AT RIS, R — R RR 2] M
S —RNHIFS, PR,

N R R, BT AR AR IR R
RERS TFT ERBHRAORE, AEAPLE A0 T
BT, TG T A 4

Definition at line 58 of file hash.c. @%J'g’\ﬁﬂ:, lﬂﬁmfﬁﬁ%m%%%%?m,
R, WA ZRAROME S A% HE RS Ao L 2

BRES SR

59
g? { IndexAmRoutine *amroutine = makeNode(IndexAmRoutine); 7’5&*}%’ W\&EHF}*?%I,T/E, ﬁ&%
62 tine->amstrategies = HTMaxStrategyNumber;
63 ZmFgﬂtiﬂi-igﬁiuggofglisHASHNp%cs;ra cOyTHIREr PostgreSQL M5%E 5| A Z#F ORDEY
64 amroutine->amoptsprocnum = HASHOPTIONS PROC;
65 amroutine->amcanorder = false; BY E‘JE\‘EO
uintl6 amoptsprocnum; o

/* does AM support ORDER BY indexed column's value? */

bool amcanorder; p ‘((— \
VXIS
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msmene: DYyNamic Hash Tables  srfmig sk dispsions sk, sk
Daniel Sleator _ %ﬁ“ﬁgjﬁ/l\ “'&”, %ﬁﬁﬁﬂﬂ&?
ESka R T R/ A R 10— T SR

KEREENEIEN EACREREY TF +
' ’ XA T BRI TR f R MEEE

! - 1
Lol Tels[«fs[elrTo]o]in: e , T
T . JRR T TG EARZ BRI
Epilet b e l/:_OStgreSQL IR G R AR XA B A 2
: : : ﬁéﬁ‘g;.\o

FIGURE 2. An Example of Spitting a Bucket = € A
IXEEE
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An Efficient Wait-free Resizable Hash Table

ta Fatourou Nikolaos D. Kallimanis
To implement a hash table that complies with these design rules,

we propose an algorithm based on extendible hashing, a dynamic g 17 arL
hashing technique that considers keys as bit strings [5]. An ex- ;:’EFE EE?E% A
s _— =]

tendible hash table can be seen as an array (the directory) of pointer — o ot

to fixed-size buckets. In its sequential implementation, every resiz- REARE N St el
ing operation is local, e.g., one bucket can be split into two without

modifying the other buckets.

Thomas |

- AHRRIEHRREEM
hT prefix=0 h.t-> prefix=0 1ﬁi§-%i§,§ﬁmé 5 'ﬁ'lljé;ﬁ
ok L s aras8E
prefix=1 prefix=1
T R S ) T WX
DState Bucket BState DState Bucket BState P t SQL
g o ostgre
(a) Initial state (b) After inserting item 1100 X .
HighMask 7Zfi&Fa94"
T prefino FRNMREHESE, ™
prefix=00 E prefix=001 |_>I mm | Lo‘.IXMaSk JI-IJJ%IE E’\JH*
o] | [ [0 g HHER
m prefix=01 011 —_

e [0 | 10

0

prefix=

=1
f— | oot [100]|

Bucket BState

(=
—_

I g ?&?E%?Eiﬁﬁgai "
e — HashKey B9
el B (Key, Value) &
by

T

DState

110

VAl

111

DState Bucket BState

(c) After bucket splitting (insert-
ing item 0010)

(d) After directory resizing (insert-
ing item 0000)

B

The Tiny Encryption Algorithm (TEA)

One of the most secure cipher algorithms ever devised ...
... and certainly the simplest!

void code(long* v, long* k) {
unsigned long y=v[0],z=v[1], sum=0,
delta=0x9e3779b9,
n=32 ;
while (n-->0) {
sum += delta ;
y += ((2<<4)+k[0]) = (z+sum) ~ ((z>>5)+k[1]) ;
z += ((y<<4)+k[2]) ~ (y+sum) ~ ((y>>5)+k[3]) ;
} /* end cycle */
v[0]l=y ; v[i]l=z ; }

amroutine->amkeytype INT401ID;
PostgreSQL 4 it TEA B HHREEH 5 HashKey
Fi[A TID #3&  (Key, Value) HEX) (X2 mtt4

amkeytype /& int)

/* set up */
/* a key schedule constant */

/* basic cycle start */

VPAARNBBEESE (HE PG W2 E o818 k)
WRAEE)Z (Page) S5 HE R (Wal) | HILAEE Y

BT LT, (HEA A S 3wk \
I A hENKE
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o item' JH TR AEE T U R — S EdE (B R BER R TR —1T, BiE R — AR ER)
« IEMEHERASSHLEREZ P, TEFICE T wal HEFAS, FHEEENE RNE
o F—TTHACTHRLA (offset,length) IERAEE T ItemldData #5434

Item

PageHeaderData

[temldData

Free space

Field Type Length | Description
pd_lsn PageXLogRecPtr | 8 bytes | LSN: next byte after last byte of WAL record for last change to this page
pd_checksum uint16 ‘2 bytes ‘ Page checksum
pd_flags uint16 2 bytes Flag bits
pd_lower Locationindex |2 bytes  Offset to start of free space
pd_upper Locationindex |2 bytes | Offset to end of free space
pd_special Locationindex |2 bytes | Offset to start of special space
pd_pagesize_version | uint16 ‘2 bytes ‘ Page size and layout version number information
pd_prune_xid Transactionld |4 bytes Oldest unpruned XMAX on page, or zero if none
PageHeaderData ItemId ItemId [-------- -}

Item

Item

Special

[tems

Special space

A tuple ID is a pair (block number, tuple index
within block) that identifies the physical location
of the row within its table.

(TID EYBEFEMENIRNEER)

Description

24 bytes long. Contains general information about the page, including
free space pointers.

Array of item identifiers pointing to the actual items. Each entry is an
(offset,length) pair. 4 bytes per item.

The unallocated space. New item identifiers are allocated from the start
of this area, new items from the end.

The actual items themselves.

Index access method specific data. Different methods store different

data. Empty in ordinary tables.
- ‘(e R
VX EET
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o item' TR T U TP B — SR s (BB R EIRR T 1T, BE R —ARTNER)
o BB IEELYFHSAERmZF, THHFIdFE T wal HEFIS, FH5EBNE XHNE
« B—FIudAlskARLA (offset,length) HYE A (7% T ItemldData /)

® ® @ Access Method WilFI{ERIIEF T PageHeaderData &#frh

A HI%3E Access Methon /) H & X BB EFE T W H R "Special Space" (FFikFik X I)

opaque = HashPageGetOpaque(page); #define PageGetSpecialPointer(page) \
(\ —/HashPageGetOpaque 7 _I-ZiZH pg_special X1,

_./l\ E ﬁ@ppj%mﬁﬁﬁg%? PageValidateSpecialPointer(page), \

((page) + ((PageHeader) (page))->pd_special) \
pagetype = opaque->hasho_flag & LH_PAGE_TYPE;
if (pagetype == LH_META_PAGE)
type = "metapage";
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£ $mar.c src/backend/storage/Smar Smarc mNSmar Dy & M x - % )\J—:_(:

typedef struct f smgr - Smgr (Storage Managers) , EATZEYHEE
'ijSMgrRelatior; ;é{ﬁ,lI;;;F;Il\.lL-lmt_J-ér-_Iforknumfi; (Page) _%Wﬁ’%m:lz (Buffer) H‘Jﬁ%

} f smgr; ° —ﬁﬁﬂé‘?ﬁﬁgl)?%ﬂ:ﬁ???lﬁgﬁﬁ Buffer )%:J:T

A, RBEE

postgresqgl - hashpage.c

VWL

static const f smgr smgrsw/[] = {

o page = BufferGetPage (buf);
—— opaque = HashPageGetOpaque (page);

gr.c/ & ExtendBufferedRel(BufferManagerRelation, ForkMumber, BufferAccessStrategy, uint32) {_;‘ {Eﬁ M x -

Buffer

ReadBufferWithoutRelcache(RelFileLocator rlocator, ForkNumber forkNum,
BlockNumber blockNum, ReadBufferMode mode,
BufferAccessStrategy strategy, bool permanent)

SMgrRelation smgr = smgropen(rlocator, INVALID PROC NUMBER);
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PostgreSQL
Hash Index Pages

O

] \

- -

Primary Over
et | | Bucket | F'°W\

Subset

N =

postgresql - hashpage.c

buf = ReadBuffer(rel, blkno);

if (access !'= HASH NOLOCK)
LockBuffer(buf, access);

_hash checkpage(rel, buf, flags);

B

- Buffer 22 PostgreSQL 77T WAFHRIETE, R T HE Rk
HRS5EHBAE

» PostgreSQL BWIRF[IIN_FRT], WIRTIAT I &) HE L
Bis 5 Y BRI AR 2 ) AT

+ WAL H &R HBBARRIF T, H 2 b 5 ik
551 DA 1 % L

postgresql - hashpage.c

XLogBeginInsert();
XLogRegisterData((char *) &xlrec, SizeOfHashInitBitmapPage);
XLogRegisterBuffer(0, bitmapbuf, REGBUF WILL INIT);
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/ iﬁ%ﬁﬁ%ﬁ i i&id ExtendBufferedRel ¥ 7& ‘\ B
itH data, item B9 width ] > Index Relation By Page, EINEHTXEE
it & ffactor J HB4ZH BufferGetPage JREXF 53 EcHY Page, . 45—/ Bucket X}
\_ HRENE y NE—4 Block
¢ Number
AEA Bufc':_Tket r ~N
[ #N344k Bitmap Page, RS ) iﬁiggsaﬁg?ﬁﬁ% kit wal BEEO, BFERNEHXHIAR - &—4 > Bucket
157 wal B, 88 < HFEA Xlog BE ﬁ%ﬁ%ﬁ% TID,
33 R TE thia SR LSN B (i E (fk$t XlogBegininsert, XLogRegls/t\erData, Epﬁ%ﬂ%ﬁﬂ%ﬁf
\ ) % XLogRegisterBuffer, Xloglnsert T4 & %K) y RBEERTCH
v
1 [o] SR 22 NEE Wal HFEMRIET MG
\ IR[EFR£2H) Bucket BIEE / E?@'lﬂ@ﬁﬁ'ﬂﬁﬁ

hashbuildempty(Relation index)
{

postgresql - hash.c = S

amroutine->ambuildempty = hashbuildempty; _hash_init(index, 0, INIT_FORKNUM);

}
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B

postgresql - index.c

0id « Index Relation ] T1Z#Z 5 | B A HIEHE,

index create(Relation heapRelation, IXMKEL[T PostgreSQL %%[é&f}%'ﬁ#@fﬁ%&ﬂ%

const char *indexRelationName, R
0id indexRelationId, FHE ST T A

0id parentIndexRelid,
0id parentConstraintId, « accessMethodld X/ 7 ANa|FpZER) &S|,

RelFileNumber relFileNumber, PostgreSQL $fF& i@ of pREFE £ I Y,
IndexInfo *indexInfo, Pk 228 [ & [ T 52 e | M E i T AR

const List *indexColNames,
0id accessMethodId,

postgresql - index.c - 0O X

indexRelation = heap create(indexRelationName
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IndexBuildResult * PE MR R SiE

ambuild (Relation heapRelation, szmEs=

Relation indexRelation ,E"‘J;"”E

IndexInfo *indexInfo); &MY 2
FoIHE3

ARG IR HIERELLIE, BIHSAERE

Build a new index. The index relation has been

4
/*

© mEmEsH, miHKELE
/* Estimate the number of rows currently present 1in the table */
estimate_rel_size(heap, NULL, &relpages, &reltuples, &allvisfrac);
/* Initialize the hash index metadata page and initial buckets */
num_buckets = _hash_init(index, reltuples, MAIN_FORKNUM);

do the heap scan *, JoHIIRL meta BIERIHMIAHIGHR

physically created, but is empty. It must be filled retltuples = table_index_build_scan(heap, index, indexInfo, true,

in with whatever fixed data the access method

true, |hashbuildCallback, (void *) &buildstateL NULL);

requires, plus entries for all tuples already %Eﬂ‘zﬂ&iﬁﬁ%‘ﬂ& FEAMSIERLTE — PostgreSQL REWILEA
i — = MERS|IHE K271 I2TH TCE Ay - ardeod
existing in the table. Ordinarily the ambuild iz )\ 22| #igsEth BHIEAFIRFES | s SEPRE =

function will call table index build scan()
to scan the table for existing tuples and compute
the keys that need to be inserted into the index.

postgresql - hash.c

ERZzH EEKHfEFMmIEEEA5| A
BIEIEMf “xxxstate”

B
O X « hashbuildempty 5 hashbuild B EXHET, — R
TEFEEAER, —TEZEFERASRUNETEET

amroutine->ambuild = hashbuild: &

* hashbuild B R EBIES . KEHEF 2 OBOTHHEF S
WAMNEDL, B LE NS 2y -

XL 2
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postgresql - hash.c

if (buildstate->spool)
reltuples = table index build scan(heap, index, indexInfo, true, _h_spool(buildstate->spool, tid, index values, index isnull);
true, hashbuildCallback, (void *) &buildstate, NULL); else AR heap_fill_tuple Fi&O
postgresql- hash.c { EMIRTEE R SIRE AR A REiE

itup = index form tuple(RelationGetDescr(index),
. index values, index isnull);
/ typedef struct itup->t tid = *tid; FAEH IndexTuple BRI L FFR—%5% Tuple ID

static void X
{ - - - ~ _ .
hashbuildCallback(Relation index, Hspool  *spool; BURHEA *?aSh*qomS?r;(i?;f\?;{,ﬁltw’ ATELCRIENSRE LIS iy LS,
ItemPointer tid, FalRMTABE ) PTree(1tup); AfTMAN
o double indtuples;
S AL EHGAH IR

bool *isnull, Relation heapRel; i '
) ; buildstate- Itupl = 1;
bool tupleIsAlive, HiRREHERT S E——

void *state) (3E Index Relation)

HashBuildState *buildstate =
Datum index values[1];

bool %I?EJ' Iiﬂ%iﬁ%%ﬁ/\ (?ﬁf\ﬁ%ﬁéﬂﬁgi‘iﬁif%
IndexTuple itup; /iggziﬁxiﬂg} UInt32GetDatum(hashkey); *B%E%—% ﬁtxﬁ‘iilﬂ:\gﬁ)

if (! _hash_convert tuple(index, [FEi&scAEIE PostgreSQL W%BﬁE%E% B@ﬁ/\%ﬁ%”ﬂ%

{£F/ TEA E;%iB4d values, isnull, Zo|#iE
YV E®
/72 = "ﬁ ¢

#IEIEHE 7D HashKey index values, index isnull)) E]/‘Jﬁ% I , ﬁéﬂﬂl;}?ﬁl%

return;
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if (! hash convert tuple(rel, Eg?;f(.
£/ TEA B EIBEIB4%H6 ) Hashkey  values, isnull, Wh e

index values, index isnull))

return false; « hashinsert pRZR] DABEE N

I ) & %N > /\ _—
itup = index form tuple(RelationGetDescr(rel), index values, index isnull); hashbuild ]T_“&E&EP ;IZ l E/\E
itup->t tid = *ht ctid; 7Y Index Tuple, FH1B tid IREHFRE tid gﬂ"ﬁg%ﬁl\#ﬁgifm
hash doinsert(rel, itup, heapRel, false);

Bf ree(itup); HATHENIRLE . R%ﬁ*ﬁ\'ﬂjﬁAT—‘%ﬁéﬁ
amroutine-=aminsert = hashinsert: . ‘ ,
o HIREFEREEEEETH,,
MA SR REAET: (HIk
BASBERBE)

- H#%Z#& hash_doinsert 23
R RTX G

IYL2 T
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Bucket G BRI AT | TR e R B 1, B

hash hashkey2bucket(uint32 hashkey, uint32 maxbucket,
uint32 highmask, uint32 lowmask) X = X | SET_ON;

Bucket bucket; ﬁmﬁﬁﬁ\?ﬁﬁmﬂgmﬁﬁ:ﬁ%ﬁﬂ?ﬁ@%éo ﬁﬂjﬂUFﬁﬁiﬁi[aw—ls “tty Ay ao:l

YIS FHE AZ{0, 1, =, w—1}, HHra,=1 BHNY €A, #HlGEEHRIN LA

S CIIEELL OO ILEEL I . | S 7E 4, M e EEAM), IHE a=[01101001]FRESH A={0, 3, 5, 6},

RIS & IR i 6==[01010101 1R 44 B=1{0, 2, 4, 6}, MARFMBEEL QI Ai/KEH | A
bucket = bucket & lowmask;

& S RIX R FEESKIHME, M~ FFEESW4. BRHATEABNH T, B8 adob

return bucket; 8347 &[01000001], W ANB={0, 6}, g)ﬁ

- iBiisE R K73, HashKey 5 Bucket
Hr BB (& Bl T HashKey 5

{

metap->hashm lowmask = metap->hashm highmask;

metap->hashm highmask = new bucket | metap->hashm lowmask; HighMask A [a] {43543 )
T I8 FAT&E T M T RS L —HEHIA, 5 « AR, MHEHTHY Bucket 4 'S B A F
HighMask ', T1fiiIHR LowMask NJY{F
n=ndé& 0177: IHAY) HighMask g

R N SRR 7 M HER AL A 1 O /zé gg e %
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When a new bucket is to be added to the index,
exactly one existing bucket will need to be "split", with some of its
tuples being transferred to the new bucket according to the updated

key-to-bucket-number mapping. This is essentially the same hash table
management technique embodied in src/backend/utils/hash/dynahash.c for
in-memory hash tables.

i ) 4 1 , ; ) . PostgreSQL %] SplitPoint A<
ko ¢ X 8 4 t T LR AR A T A
) L Lo Ll | e L1 gy, HRkT US4
v v ] ) Il 120 |[ 311 ‘L l l 3¢5 | (Dynamic Hash Table)
120 || 311 - ' : v ¥ . ' v (B AR) —X.
Y v ' : ' 770 || 606 : : : 605
oy G A A B2 T A
e [ Hash ™% i K 1 53 Al
¥ Hash functions: ho(K) = K mod 5 YN AI NS IR = eV NS 1 (1]
770 h(K) = Kmod 10 j%ﬂé—gz%o

FIGURE 2. An Example of Splitting a Bucket /%Z ‘ é l‘%" W K ';%
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R

splitpoint fXFE MG AT 2K EL
(BT AT DAE I B 1 e e 2 )

total buckets = (1 << (splitpoint group - 1));

phases within splitpoint group = HHE)
(((splitpoint phase - HASH SPLITPOINT GROUPS WITH ONE PHASE) & ‘ _ _
HASH SPLITPOINT PHASE MASK) + 1); -« RIVEEFAFE: (Extendible
total buckgts = B B ' Hashing-A Fast Access Method

for Dynamic Files) X1t

(((1 << (splitpoint group - 1)) >> HASH SPLITPOINT PHASE BITS) *

phases within splitpoint group); PostgreSQL ¥ I 2| Wy fifk ik 11
G, PN X

If the new local depth of P is bigger than the current directory depth, then do the
following.

a. Increase the depth of the directory by one.
b. Double the size of the directory, and update the pointers in the obvious manner.

¢. (Optional) Set to zero the entry giving the number of entries on the leaf pages P
and P*.

INSERT all (K, I{K)) pairs one at a time from the temporary area .
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postgresqgl - hash.c = O X g){_;—(

hashkey = hash get indextuple hashkey(itup);

metabuf = hash getbuf(rel, HASH METAPAGE, HASH NOLOCK, LH META PAGE);
metapage = BufferGetPage(metabuf);

buf = hash getbucketbuf from hashkey(rel, hashkey, HASH WRITE,
&usedmetap) ;

typedef struct HashPageOpaqueData
{ FiEle HmiRERTPE — 1IN EIEIR R S

BlockNumber hasho_prevblknox—gpysiEbim e, ;84 MH InvalidBlockNumber
BlockNumber hasho nextblkno;

Bucket hasho bucket; A RFRRRS

uintl6 hasho flag; iR =TIk

uintl6 hasho_page id; BFRSREZ=S|
} HashPageOpaqueData;

AR, M
HashKey 5%kHl Meta
RH MR | 2
) — 35 T AE

A TUTH 4% IR — 5 1 &5

T (R 2

—PHERSTA T

RIStz b, B

gjﬁﬁém%ﬁ:‘&‘ “ER
”)
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ifT (H BUCKET BEING SPLIT (oopaque))

#define H NEEDS SPLIT CLEANUP(opaque) (((opaque) ->hasho flag & LH BUCKET NEEDS SPLIT CLEANUP) != 0)
#define H BUCKET BEING SPLIT(opaque) (((opaque) ->hasho flag & LH BUCKET BEING SPLIT) != 0)

#define H BUCKET BEING POPULATED (opaque) (((opaque) ->hasho flag & LH BUCKET BEING POPULATED) != 0)
#define H HAS DEAD TUPLES(opaque) (((opaque) ->hasho flag & LH PAGE HAS DEAD TUPLES) != 0)

if (PageGetFreeSpaceForMultipleTuples(npage, nitups + 1) < (all tups size + itemsz))

{

nbuf = hash addovflpage(rel, metabuf, nbuf, (nbuf == bucket nbuf));

npage = BufferGetPage(nbuf); . x . .
hesaviertsestsenisenpImmRN | Nere is currently no provision to shrink a hash index, other than by

rebuilding it with REINDEX. There is no provision for reducing the

number of buckets, either. B#AE{EMA REINDEX 5<%
%3)\5\( IS AR R R B

PostgreSQL M4y it [ 111 flag e E AR g [WIRE, i SPLIT @M1 2 HAE

o PEXEZ) PostgreSQL H B HG A e 1 H AP IR S E 29 sh ok 1Y) TID, e s k% sh,  [F A
PostgreSQL R s gy OverFlow 1 i A PASE P 2 #1E

«  OvewFlow WIIRMMEIEYT S ChHfhaiX a8 447 W B EAEE, Brihbit A

-

Y12 Y
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while (PageGetFreeSpace(page) < itemsz)

{ B

BlockNumber nextblkno;

nextblkno = pageopaque->hasho nexthlkno; . —Fﬁli/l\ for f}ﬁf$ﬁ/ﬂa H‘J?}EE:‘F, iﬁia?ﬂ*/l\ﬁf
DMERI LI, F7fi TID (HashKey A DAjHE I
'if (BlockNumberIsValid(nextblkno)) ﬁ—ﬁﬁ%zﬁu, %%ﬁm%gﬁ HashKey)
N — N jéia Mz A‘ 0
buf = hash getbuf(rel, nextblkno, HASH WRITE, LH OVERFLOW PAGE); ;F/jwﬁﬁj\jﬂﬂg}““%%ﬁﬁE$%EZ%ﬁEU%ﬁ§U
page = BufferGetPage(buf); ﬁéiﬁLﬁi

} o AFEEET Wal HERITFR60 TAE

?% 5N OverFlow G E RS BEGK G Ay R A Al
ok
buf = _hash addovflpage(rel, metabuf, buf, (buf == bucket buf)); ey T = 4
page = BufferGetPage(buf); o HILEEBARTIE AR TR ERAE

’ (R E P, FATBARIED)

pageopaque = HashPageGetOpaque(page);

itup off = hash pgaddtup(rel, buf, itemsz, itup, sorted);
MarkBufferDirty(buf);

PageAddItem(page, (Item) itup, itemsize, itup off, false, false)

IYL 2T
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postgres=# create table test (id integer);
CREATE TABLE -
postgres=# insert into test values(generate series(1l, 2560000) * random() * 100); *EA 256 H%l&i

Igi’ERle(é):;SgSO?gin analyze select * from test where id = 256; m,_ '-' *%% (%M#%gl)
PostS P ’ QUERY PLAN 17 = = AL R

Gather (cost=1000.00..25661.43 rows=1 width=4) (actual time=39.210..41.454 rows=0 loops=1)

Workers Planned: 2
Workers Launched: 2
-> Parallel Seq Scan on test (cost=0.00..24661.33 rows=1 width=4) (actual time=37.380..37.382 rows=0 loops=3)
Filter: (id = 256)
Rows Removed by Filter: 853333
Planning Time: 0.079 ms

Execution Time: 41.469 ms "Iiir‘%_ = E*%Hq 41 _469 ms

(8 rows)

postgres=# create index on test using hash (id); Eﬁﬂﬁﬁggl

CREATE INDEX
postgres=# explain analyze select * from test where id = 256;
QUERY PLAN

Index Scan using test id idx on test (cost=0.00..8.02 rows=1 width=4) (actual time=0.010..0.011 rows=0 loops=1)

Index Cond: (id = 256)
Planning Time: 0.165 ms

Execution Time: 0.022 ms ﬂﬁﬁggl = E*%Hq 0_022ms

(4 rows)

postgres=#
-«
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ostgres=# create table test (id text); 3
postgres=# insert into test values (generate series(1l, 1280000, 1)::text); LX?%*%E!E)\
INSERT 0 1280000
postgres=# explain analyze select * from test where id = '256';

QUERY PLAN

Gather (cost=1000.00..11061.20 rows=3852 width=32) (actual time=0.189..39.131 rows=1 loops=1)
Workers Planned: 2

Workers Launched: 2
-> Parallel Seq Scan on test (cost=0.00..9676.00 rows=1605 width=32) (actual time=22.676..34.860 rows=0 loops=3)

Filter: (id = '256'::text)

Rows Removed by Filter: 426666 y.l?i- ! *gg
Planning Time: 0.066 ms

(gxiga‘;i_on Time: 39.143 ms #?i‘"lﬁl?*ﬂ*ﬁ*%ﬂj 39.143ms

postgres=# create index on test using hash (id); | ﬂ!ﬂ‘*
CREATE INDEX ﬁJL n#ggl
postgres=# explain analyze select * from test where id = '256°';

QUERY PLAN

Bitmap Heap Scan on test (cost=177.60..6190.95 rows=6400 width=32) (actual time=0.012..0.013 rows=1 loops=1)

Recheck Cond: (id = '256'::text)

Heap Blocks: exact=1

-> Bitmap Index Scan on test id idx
Index Cond: (id = '256'::text)

Planning Time: 0.076
Execution Tine: 6.021 ms "% R5I(IEIZ5 1$3fE#E8T 0.021 ms

(7 rows)
-«

(cost=0.00..176.00 rows=6400 width=0) (actual time=0.007..0.007 rows=1 loops=1)
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Hash Table

HASHSEGMENT*

HASHBUCKET*

¢ R —KEHR

postgresql - relcache.c = [0 X

static HTAB *RelationIdCache;

RRANTIER A

« PostgreSQL R4 %L br il e — Ik 4R
KB ASIG A

© RSN R T ATAEN N ER, S UH A
HPEEN Smar 1, H AL F3REUTE

lRmERESERAR, Hl

HASHELEMENT™

) > SRR ARk

pETEAnmsEs, m P4 PostgreSQL e Z I, FriAs
F iR R R AR PG RN, X5t FreeList fA1EHY
A% TR BB E IR JEH

M ANTEEBNE5E

SRR P EIBER S AR

postgresql - relcache.c

typedef struct HTAB HTAB;
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B

Fork ‘
B _ , « WTEERRRPEE, YHUFEE RIS
A concept describing the type of a relation's physical storage %ﬁ //gi jﬂ FileNode Fﬁ‘jﬁ‘ )-'— E‘Jﬁ? _f [/\/(Tf
In PostgreSQL's data directory, each relation's data is stored in a so-called fork: pg_class.relfilenode H& %)
?:;nsfggér:gaspugz)fﬁy- fsm) ) Xﬂ‘ﬂ:‘ﬂ{ﬁﬂﬂ‘ﬁﬁ'ﬁ%‘, LA 2= VA BBB_FFF i
visibility map (suffix: vm ) JE\fi1E (BBB 4 PostgreSQL ##2 id,
initialization fork(suffix: init) FFF ﬂi[ FileNode ﬁ%&%ﬁﬁ)

The main fork, which contains the actual data (possibly split over multiple files), is always present. SR ﬁ%)u h% BT S 2

o XTEREREZME BB, A
ME44 (B main fork)

»  _fsm JEBAACRIRSU G KRR T

65.1. Database File Layout

65.2. TOAST i 25 PRt X s
65.2.1. Out-of-Line, On-Disk TOAST Storage . vm |5 B EE < R BRI XA T
65.2.2. Out-of-Line, In-Memory TOAST Storage gﬁﬁﬁ{g B ([d MVCC #Li#ilfa k&)
65.3. Free Space Map . %i%i’%é’lﬁ/ﬂﬁﬁﬁﬁ%? _init
65.4. Visibility Map }:%’ EI’J A

65.5. The Initialization Fork

Y123
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Mangrove AR EIEZS

Mangrove @—m&TF Python FI{ER PostareSQL B1E1E3E, BaiBEERE T AtomGit F& 2z E, MBRMBIRE

TR PostgreSQL AT LI e SHE AT I, {E#HHE PostgreSQL {TIE{AKFHIRF

# python -m mangrove -i [#HEREM PostgresQL hE]
python -m mangrove -i vector

wenyi@192:~% python -m mangrove -i vector

Extension Source Repo Description
@ vector PGXN PGXN Open-source vector similarity search for Postgres
1 vectorize PGXN PGXN The simplest way to do vector search on Postgres
2 vops PGXN PGXN Vectorized Operations
3 aggs_for_vecs PGXN PGXN Aggregate functions for vectors (arrays) of numbers
Which extension to download? [@ ~ 3]
(4]

This extension may need higher privilege to install, make sure you give these privilege

(SEFRTfERRIER D 8E)

B

o FEERKEEZ K, WS TLREE
[¥] PostgreSQL @A git BHAIR
RS EH

- PGXS {#i15 PostgreSQL B LE R

PTG, JLT-#ERZE “./configure --- make

--- make install”
* pgxn.org PR RN EE 50, P R BT
R E A e

python -m mangrove pg_hello_world

wenyi@fedora:~$% python -m mangrove -s pg_hello_world

Extension Source Repo Description

@ pg_hello_world MANGROVE magv-index PostgreSQL Hello world HEREF
wenyi@fedora:~$%

(ATLLAI, BiMNitEEEEEFLUEREIFNM pg_hello_world HET)

IXLZS
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About PGXN

PGXN, the PostgreSQL Extension network, is a central distribution
system for open-source PostgreSQL extension libraries. It consists of

four basic parts:

PGXN Manager

An upload and distribution infrastructure for extension developers.

PGXN API

A centralized index and API of distribution metadata.

PGXN Search

This site, for searching extensions and perusing their documentation.

PGXN Client

A command-line client for downloading, testing, and installing

extensions.

. PostgreSQL E= N RS ERAEA K, B
WA — AR
« RR—IHEAREH

% PostgreSQL i B Has - AEESE, [FIBTHEAR
FEIEE S pgxn.org £ RA AT
PostgreSQL i BRI CHFAR M B, WEREBE
BEMHLEE

HN BHEHES

P EARER

=N AR R ) N AZ A EMK TH KD
BEEARMBGAEKIBRS, FRREAE “HRY
BREHARE (HIEFRMEDR e SRR, 2
WHEER T AL

7] fi P20 ) RS 41 X (G Apache OpenDAL |
Kiwi 17514, TiDB #1:IX) E#hid/ (HEXH
A ARBRA K —HA K)

RS AT HE,  SEOEUE G T3 R E £l

VIX LSS



Ak : ManGrove IHS PG £5BEN—REH

CHINA
POSTGRESGQL:
ASSOCIATION

QO & https://github.com/arana-db/kiwi?tab=readme-ov-file#readme B ¥ | 290%

README Code of conduct BSD-3-Clause license

Requirements

e Linux or OS X or FreeBSD

# Rocky Linux, Fedora Linux, CentOS

sudo dnf groupinstall -y 'Development Tools'
sudo dnf install cmake g++ autoconf perl -y
git config --global http.version HTTP/1.1

{n} IvorySQL / IvorySOL Advanced Feature / Installation

+ Installing dependencies

$ sudo dnf install -y bison readline-devel zlib-devel openssl-devel

5 sudo dnf groupinstall -y ‘Development Tools'

R

PostgreSQL WRHIBHA TAE, A LAMRBHE BT HAF

512, PG, BIEEMER (LA, Kiwi f7445]
EREE TR, MEXE T IvorySQL/PostgreSQL 14
)

FIRERS, HEREXA] DI{ER# PostgreSQL A5
(25 Kiwi 7R85 ERBF AR T HX T
PostgreSQL FHf#)

Al PA I —2e AL T (WOTR TR S) | A
PNIEBEARBIBH A FEAR I 7 XA R T H (8] AR
ERBTES

IR, AT S R R R b TF
HRFAREGSITHR, RIRRRR, BIE

R Z A ENKE
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(ZRIEES

HEit T N ek, ManGrove Wi HAEE, TEiT
BRI O 2F T —E M SHRER.

Blog: https://haorongx.github.io

H74r: “To remove all barriers in the way of computer

science” (IEFr a1 EN R 2 PRI FER)
| st pi

Y12 T -
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X — IR AT e A R 15280, IRKIBEE T aS), R ATEN (WMAaRgmiER, SR
PN S AL, HEEr TR, 44703 PostgreSQL & if)5 [ A/DHIRE, 1 2L
s N2, ERAERR, SR EE) | AEAIH AT AR B85 PA— DB RN F B
PostgreSQL 5725 .

RO BEE AT DAL 152 (PostgreSQL WAZSEIL ATy , PostgreSQL SCE A W 1|5 7 R 5 [ 1Y
A R IATIRI (L2 EATFRHBIGH, PostgreSQL HIMRZ A RS A S 5 IR IR R T IEBIRT b
HIEIE S0, Ol 2 H CRBINA R REEMR .

FATTEIHIIR Al N ACRERS BEAH TR, b N aOPRE, s, A mshife ok, I idy
A — R = T HATH B ARS8 .

FAVARF TR R BE 23 “HSSE NPT R T8, BT FBIEET I », okdh
T NATRIME—IME, SRR RIS AIE 2 E AR, DA B ERY R e B 2

R, o
FhEN RS
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B, FRHHEPERFREREAEXFE—I1ES!
HX, FEZLanNER, BBAASEREAEHNXSEF, EXEREFNFZSARZIILR, H LK

INERISR .

RASENREA, URENAREEN, RETREREM, XiFHE PG oK., ERAEIH, X
BAREFHRESSKE . BBH. HALENREEIT, LUKk OpenTenBase 1t X555 . Mark &I,
lvorySQL #t X{EHr . 44k ZIT, SFESSKIFEIMNE S,

BOR N ERI AR FERBEIRRNAE, URBLRERHBASHEIHN @Makio, @I AE, @dbal&k

7, @bitstring, @_Alex, @XuanWo, @QI##ES, @A, @miE, @EXE, @QF/IMEEIN, @ik
g, @QUH, @M%, @QFIE, QTIT, OFE, OF=F, QEE, QHER, OPE, @FTm, @=
L=zlll, @™0%, @5xI, @IMEUN_~K, @FER, @QXIEX (AREXUSERDIERER)

IR RE SAHEMK, AR ITIEIRT, HHi5!

-

VX L E

M
v
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& — HEl, FATEAEBCE SR T TP TR & 2T RIZ S €K AY

gL H- AL IX  (https:/datapromoto.atomgit.com)

WTr S A2 e W, WA BEERE R AR AR R, Bk

EEE:E' ::=.=-:E @ Tl g ga PEA & 1 Tk
2, e, Wl 0 AR A P E,
el WE Lo lsense



