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o IHARAM#EA! (relational model) ZfiREE &kl E/EAE ) B TR EER ) 28k > IF
fiffE Codd ) &AL E LI -

o FEREMEFHBASE ~ JAH ~ JEIE - 8~ Hh B STV B SRR

o FllFHpR#AH K (functional dependency) B IERIALFREE > A0 58 BSR4

o DIBAMIRE (o~m U~ — > p%) K5 SQL #5l) > A% 6 EMEMHREMITIE -

o [EATRABHRE (FR)FN) BB NS (B0 - W SQL ry i g3 e -

o L OLTP Bd OLAP ARG H » B E M 2] BN A [F) 1 Rl AR B T it

& J

1.1 (EERDIEEER

1970 4£ E. F. Codd £ <A Relational Model of Data for Large Shared Data Banks> H1# H : JiE
MR EZFE B eSS N B RS o B ERREX (IMS) B4R (CODASYL)
R R > BRADENTE R TEN A RIUSER > —BERM RN > BEXRGES - Codd
RSB R BER ERIREEE (4545 P relation) » FEAH & Nl TEAE) > BA
e [EEE ) —EE0MEIEES RAM R IR FEM B -

ZHEEIIE (Data Independence)

o EIEERIBIIN | OB RO - 175) LB AR OB view ) -

o EESTRVBIN MG ONES] BRI « HRIE) PR R
BB  -

AREME 4 2-6 TRtRE— ] (B - B+Tree - S - BUTAHE) HOMIELERE 5 BIBH

SR LA PR A AR P R 26 L 15— (ELER8 B b 300 bl LS -

(. J

1.2 FABMERIRERARTR

1.2.1 BNk ~ sotREAREY

o BNt (relation) : YF#E: F R T EFI, (domain) fi-REMEMN—E T4 > r C Dy x Dy x
- x Dy, ; 7E SQL ¥} EFR (table) o

o ST (tuple) : BABEHFEI—EICE (v1,...,vn) 5 HIEF (row) -

o B (attribute) - BHEHANE b Bt — 1 iy 22 L S HE 264 5 B IEM (column) o

o BABKMHE (relation schema) : R(Ay: Dy,..., A, : Dy) > & THI5]) ; BABEER (relation




E1E PEERERY 3

instance) JERE—RFZIMERRAZ > & [ME] -
o £ (degree / arity) : JEVE(ES ; B8 (cardinality) : JCAEE——FH & BAE LG H K
ENOEEAIN

MR EES WA EM I - WHERF - SQL XA EZEERS (bag) » AFFH
# ~ H SELECT “ANJill ORDER BY HEJEHJTARE S o BHZERIEN 6 Mol S EANRREZ : £4
AREUP) F L ZE UAE bag BERE T LA KA. ©

1.2.2 #§#

o B (superkey) : fEME— kB CAH MBS -
o fRZEH (candidate key) : W/ NIUHBHE (ST B MR ATHE—) -
o X8 (primary key) : f¢ fise g8 M —18 > 1ER TEEGRA X FEEH L A TR
#E (surrogate key > 4l id BIGSERIAL) °
o HME (foreign key) : B R MBS S - HALWEMBITERB: S 1R gt
BREEM -
FREEEEIERSEMEFSIZ
7 MySQL/InnoDB H1 > &R IR EHHEFH B+Tree (FEHERT| > AHE 3 E) 5 LI
UUIDv4 5 = g e a4 A Sff 2R > i oK B H 4> B4R Mt B 8) - PostgreSQL fY £
& heap » T HE [ME—%5] + NOT NULL BRifil | - Bt E s AERN - (BRG] A5 —
BREIEAR - 55 2 - 3 HEMREL RIS -

1.2.3 STEMFR

{253 SQL &% B

EFRIEH AR~ CHECK (age >= 0) JEVEAELZE B 7 8 Fe 38
S R ) PRIMARY KEY ~ UNIQUE firagt g —

EH R FHEERS NOT NULL FHAT % NULL

2 M5E# e FOREIGN KEY ... REFERENCES AM{EMEGFIERIZIRE (AL ON
DELETE CASCADE)

— i CHECK -~ fifj#§ &% ~ EXCLUDE 55 B 185 3¢ ) i S 45 1)

FEUHS 1.1: DL PostgreSQL FE A R 8 & 50 B M B il it 4 2L

CREATE TABLE departments (

dept_id SERIAL PRIMARY KEY,

name TEXT NOT NULL UNIQUE
)i
CREATE TABLE employees (

emp_id BIGSERIAL PRIMARY KEY,

name TEXT NOT NULL,

age INT CHECK (age BETWEEN 16 AND 100),

salary NUMERIC(12,2) NOT NULL,
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dept_id  INT NOT NULL REFERENCES departments(dept_id) ON DELETE RESTRICT
);

1.3 BREMEMEIERME
1.3.1 REHRMK

EEAES X RBORE Y GEEX —Y) » BER  TEEMAEER D > mETHA7E X b
% BIE Y B4 o s K e Re K — R (K YOEFTRM) HAg/h -

Armstrong A (5 HIERE)

o HfE (reflexivity) : HFY C X > H| X —» Y o
o M (augmentation) : H X Y » Q| XZ Y Z o
o ERfR (transitivity) : F X Y HY - Z> Hl| X —» Z -

PSS X MBAE X R F AR TA X RRUCERETE o FHE AL R ) i i B IE AR
A TH

FEFURS 1.2: J& 1t PH A i R0
closure(X, F):
result = X
repeat
for each (A —> B) in F:
if A ¢ result then result = result u B
until result REBHE

return result

1.3.2 IERA

EFRAREY H R - 2 1R R TOBR & ok i) B L B (update / insertion / deletion anomaly) °

IEfR= &4 (% INF ER L)

INF AR B VEAE AR AT 2 B SR (EEAERE ~ SR8 18 L
BESRBIAR SQL A#F array/JSON - {HIR %I B S ERAL) o

2NF IEFBIEARE 3R MR s s (REEH A NG ERE) -

3NF ¥E FD X — A @ X g > 8 A 2@ (8RRt
gt) -

BCNF $HEIETFILFD X — A @ X WAZE 8k o bh 3NF fighs - Hn]
REMEVE PR FFARIRYE

ANF / 5NF RS (EMIREGEHAR K - B8 LB 2 ROER -

DEE—EBAE R 7% R, Ro W AR A W2
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1. HRIBEIR (losslessjoin) @ Ry Ry = R~ M : (RiNR2) — Ry 8 (RiNR2) — Ra »
2. HBIRIF (dependency preserving) : JEAHf{H FD #RAETE S — M RZ I K LA > b
join o
g6l - R EF 3NF
1’ % Orders(order_id, customer_id, customer_email, product_id, product_name,
aty) > H customer_id — customer_email ~ product_id — product_name o — L% )R T
email > AR MG T Y] EFHEE) 5 MisREEMNRE —ETH > ERhARHD
HERT (MEEEE) o 4rf# %A Customers(customer_id, email) ~ Products(product_id,
name) ~ Orders(order_id, customer_id, product_id, qty) &> =g £ % BCNF > H
MEAR ~ AHIROREF

& J

IEFR{E BN AERVERES
IERAL A TR > R —HE REREMTEEL join - OLTP & &t 8 ¥ 4 Fr

3NF/BCNF ; OLAP [ 2JRA1E (star schema) HIlZIRHEAE B S IERLRE L > DIRBGH
MR (13 5) » TEIERML > BABAERHSIES L) Al

1.4 FEAHCE

BRI — AL DA Bk R A ~ BRI i KBS T - B RN —E R
BT HIIE P —— P A i e B ER B AE TR — B g R K i S R
P S ECHIARAA |
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1.41 EBXEHF

o8 e H= SOQL ¥ipE
op(R) BAE selection (RS I HE p AUJCAL (KSF4) WHERE p
&)
A, (R) B projection  HRRATsEmM: (EEYIFH) SELECT DISTINCT
EAERETAE Al,...
Rx S R P A TCAH C 3 FROM R, S (ML)
R S i3 theta-join ~ og(R x S) JOIN ... ON theta
R S H SR LU 2 B P 45 B i fFlE 25458 NATURAL JOIN
HE
RUS~RNS~R—S #H4EE T A EAR A UNION / INTERSECT /
EXCEPT
ps(Bs,..) (R) B 4 rename MR T A (AR AS
W)
R+ S [ division TR S #RATHCE ) ) R T4 DLBEE NOT EXISTS #
i

142 RREHET
o JMEREIE : RN S (&)~ RS (F) RIS (&) > A —HIH NULL -
o HEE R S (R Rh [7E S ALY MT4l (EWHERE EXISTS) ; RIEHE (anti-join)
$SJENOT EXISTS o S A af)  HI Pl e EoRliR s (5 14 %) -
o DHEARS ¢, p(a)(R) : B GROUP BY G #4L SUM/COUNT/... °
o HEF 74(R) ¥ K& 6(R) : 1 bag Rl 4 FHE -
o BMET « F : TR EALKY IS > ¥ CTE (WITH) -

1.4.3 fit SQL ZIEAEHTE

SELECT e.name, d.name AS dept
FROM employees e JOIN departments d ON e.dept_id = d.dept_id
WHERE e.age > 30 AND d.name = 'Engineering';

HRRE GRS
Tename, d.name (0’ e.age>30 A d.name='Engineering’ A e.dept_id=d.dept_id(E X D ))
BAALSEECR R TR R & K ) WS CREATHE > Fo %)
Te.name, d.name (Uage>3o(E) Ddept_id Uname:’Engineering’(D))

W AR > R3S 7R R AT D A B0 T R R — 5 ——E e e V8 B i B T A
PR A BB S




%15 EISREpRLY ’

‘ Te.name, d.name

Ndeptiid
Jage>30

‘ Te.name, d.name

Oage>30Aname='Eng’A...

(a) E&# : CIEEE (b) #MFA TR FEE

144 FERSERA (REESRNIRME)

L OBEEFTHRAY ~ WA ¢ 0y ppy (R) = 0y (0, (R)) = 0y (0, (R))

2. BB EEAE - ma(rp(R)) =7a(R)» #H ACB -

3. BEFREEEEAR Gt S ) : 0pp(R>aS) = 0pp(R) S o

4. BN HREEAESFE - R<S=SxR; (RxS)xT=Rx(SxT)

A O(n!) LI EREEIENT - 255 6 7 NEEHE ) W Si2EH -

B THE : mA(R <y S) = ma(magueg (R) ™o Tagues () > $F&P-RIEATERIMILL o

6. FRE AR R — A A R B AL A 5 1R UA7E TNULL 4E48 ) (null-rejecting) #ltwd N
JF REHE AR AR

il v A

o1

1.5 PRaliETE
PAETE. (relational calculus) EEHIA  FA R4S B oA 2B -

o JCAHRAESETE (TRC) : {t| Je € Employees (e.age > 30 A t.name = e.name) } o
o ERBEABIFTHE (DRC) : SHMAKBEILEMITH : {(n) | Ja,s,d ((Ln,a,s,d) €
Employees A a > 30) } ©

Codd = : BER (KRG RM) BAG AR BAIEE IR - SOL fEsE ik L #:
3t TRC (WHERE EXISTS (SELECT ...) jij& 3) > T RHE N IR SEHE SQL By B WA stst (i
B > MR —E IR 5 B -
1.6 SQL BY#ITEEY

HEZX SELECT R 7ESR AT - SQL Y BEBRRIRIRFF H &2

Y

2. WHERE

Y

3. GROUP BY

Y

‘ 1. FROM / JOIN 4. HAVING ’

i
7. ORDER BY [«— 6. DISTINCT |< 5. SELECT ’

A

‘8. LIMIT / OFFSET

i R T AR RN AR - Rt WHERE NREFT A el CEIRAL) ~ FyfJE SELECT HfI



(o]

F1 5 FRETBRIAHK

AANRETE WHERE ff ] GEIRBUY) > LK R HH/E ORDER BY W LIMIRI4 (ERRGY) © HERUE &
BENEFE 5 ERPITIERF HRE(LEE - HEAIRGEN -

SQL f#i fi =1{&# 4t (TRUE / FALSE / UNKNOWN) o NULL = NULL & UNKNOWN ifijJE
TRUE ; WHERE 2 {3# TRUE %] ; NOT IN (FZEFE NULL) ki A e FEATA 5] 5 B4
PR B 2% NULL {H COUNT () N o 45 Seih i A LA #R0E IR TR » IR ET 2 45 (4 IR
Fia TNULL EA48 ) A fAF: -

N J

1.7 OLTP £1 OLAP

OLTP (#RL3XZHEHE) OLAP (4 L7 rEEIE)
PR REEEEARY] - R IR - 8 BT AR S k- B
A vagiil
B AR % KB % GB %] TB
R BERE ~ B~ WIEATEA 7 ~ 2t - DREA ik
HA)
HARTEE Wi ~ 5% (TPS) ~ ACID kit ~ BRAEE - i e
A2 1ERME (BNF) BAR/EAE (RIEHUL)
M H)®, (row store) + B+Tree 172, (column store) + [B#5E + [
i {4
RFERSG PostgreSQL ~ MySQL ~ Oracle - ClickHouse ~ DuckDB -
SQL Server BigQuery - Snowflake » Redshift
FLAHEHIEL TPC-C ~ TPC-E TPC-H ~ TPC-DS

FFE TAE A W EHRTES | A BoR 4 A © OLTP FHEte s B ir B e —5) (55 2-4 %) »
OLAP FEZELIEA 1/0 @ B —hL (55 13 ) o Al [ IR ARk i # B R S &% HTAP (Hybrid
Transactional/Analytical Processing) > #% LA [5)XE /G + 770E 4 B (4 TiDB 1Y
TiFlash - SingleStore) o

PostgreSQL #M{a & EalH

PostgreSQL 8 I Bl | B A S EIFAIEHBUE « £~ K5~ B » view ~ ¥k view #i&
pg_class fif)—%1] (relkind [#4) r £ ~ i &5 ~ S JF4 ~ v view » m #J{k view ~ t TOAST
) > BYIETE pg_attribute > [RHIFETE pg_constraint » GFHEFAIFELE pg_statistic o
RE H 8 B 548 ) heap % > W DI E A
SELECT c.relname, c.relkind, c.relpages, c.reltuples

FROM  pg_class c JOIN pg_namespace n ON n.oid = c.relnamespace

WHERE n.nspname = 'public';

relpages Hi reltuples W& 6 TR B bas i B Im i B E R, -

G J




#£15 FEREE BRI E 9
MiniDB i#%% : v1 fY Catalog
% 19 %P MiniDB v1 FTFE—E /N R4 H 8% : Schema (B4 ~ BUF ~ (if) B
TableInfo (F4 — B H pageid) o {UERGEN K [171E page 0 BI4F5EE | - BLAERE & Post-
greSQL [ A% H gt it ® ) WHEE (bootstrap) & o
L J
rEHRE
1. #i% R(A,B,C,D)#L F ={A — B, B— C, C — D} » 3Rk A" BIfjr s ; R &5
7 BCNF ? 515 > 4 488 HARORFRY SNF 43 o
2. DIBIBHREE H : THH P A SRPIHA B TAEES K 30 HIERI AR ) > IEaR B 2 fn] 75 22
PRk E R E -
3. IR G : 0p(RIS) = 0p(R) NS fE p RiF K R BIERRAEAL 2 5 p A
K S JEBYEVE 2

4. fEbag FERET > maA(RUS) = ma(R) Uma(S) RAEMAL ? ma(RNS) W 2

5. (B)F) 7£ PostgreSQL # 37 A F2f employees/departments > {7 EXPLAIN SELECT ...
B AR LA T SR > B IRUR T B BB > SR 8 R R o

6. ELBH = (B R U 3, WHERE x NOT IN (SELECT y FROM t) 7E t.y 4 NULL i[5 &
ZefE R > EBUE K NOT EXISTS o

. _/

e E.F.Codd, A Relational Model of Data for Large Shared Data Banks, CACM 1970. J§ 3 PDF :
https://cs—people.bu.edu/mathan/reading—groups/papers—classics/codd.pdf

o CMU 15-445 Fall 2025, Lecture #01 Relational Model & Algebra ~ #02 Modern SQL :
https://15445.courses.cs.cmu.edu/fall2025/schedule.html

e Database System Concepts 7th ed., Ch. 2 (BW##) ~ Ch. 6 FBERLEHFES) ~Ch. 7
(IE#4k) : https://db-book.com/

o RelaX #x FEIWH MG A (AT ARBGUIEE 204 R BB : https://dbis-uibk.
github.io/relax/

o PostgreSQL 344 Ch. 5 Data Definition (PR ~ #7K ~ 43#]) BL Ch. 7 Queries : https:
//www.postgresql.org/docs/current/ddl.html

-
&



https://cs-people.bu.edu/mathan/reading-groups/papers-classics/codd.pdf
https://15445.courses.cs.cmu.edu/fall2025/schedule.html
https://db-book.com/
https://dbis-uibk.github.io/relax/
https://dbis-uibk.github.io/relax/
https://www.postgresql.org/docs/current/ddl.html
https://www.postgresql.org/docs/current/ddl.html
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F2E f#FcIZ2EHEEGE

e 3B HDD -~ SSD » NVMe FHURHE » DL THEFF vs Bl 1/O ) Zyfe] 80Ok E I
A REHR o

o FRTEERLE A LI /NI EE (page) 154 1/O B IHILATENL - 0F LB R4
BT R/ o

o I slotted page HI4iHE - fRE slot [fi51] (line pointer) 754K H [ H2 & A (1 E 4 B

o fiuli—ZERTSR (tuple) TEE AN M) : A58 ~ NULL fclE - $7EA - SRR 015
TOAST -

o LA heap file B free-space map HEEMETT R > W5 BIBHE [ — 5 BRI V% B WERE ) -

o fifi[f| pageinspect 7t B 14 PostgreSQL [ B i A 2 o

N J

2.1 HtERTIEHEER

Bkl [ LR A E ) (disk-oriented) | B RE © BRI E B R IR BT F R E -
PO LU - WL FTA GRS RS R 5 aT B AR AT RN ER 1/0 R > Ik CPU 154
B o WHfFE B LB XML

B4R BRIGEE  AB¥IHS L1 tREX
L1 HeBy ~1ns 1x
L2 / L3 {JeHL 4-40 ns 10x
DRAM ~ 100 ns 100 x
NVMe SSD (pE#% 4 KB #E) 10-100 us 10%-10°x
SATASSD (Pt 4KB i) =100 us 10° x
HDD (Bt - &59H) 5-10 ms 107 x
[f]— &k O A B R ~ 0.5 ms 5 x 10°x

2.1.1 HDD - SSD &1 NVMe

e HDD : #iEHE) (seek > 47 4-10ms) fn B8R HEESERE > BEM 1/O &80 - UF %) 100-200
& (IOPS) > {HAF )7 i# % I 100-250 MB/s o I B LA 718 (e 24k | 2 48 B+ Tree -
WAL -~ 1§ it st iR o

o SATA SSD : BT > Bt IOPS 3### 5 {5 NAND flash (55 ALAZHSEHRER (LLER
KA block A5A47) > B ABK (write amplification) EZJE#$E ; FTL (flash translation
layer) 7EAHRI T4 LSM ) HEEX B A -

11



F£2F RFESIZEAEGRE 12

e NVMe SSD : it PCle i ~ £3E 64K fE {75 > Bt IOPS iE#+# 2 H# > RS 10
ps SEER o BRSSP 2E BEAR /NI B > S random_page_cost &5 AN ST 2 HUHT I 4
(%6 6 &) °

BI{$7E SSD L > B AALLEIR

SSD Ky THEME | FEBUATRASHE FTL &% ~ W REES B £ NAND die ; 1 KEIRHEF /O
W LLEBERER ~ AR AT EE o HAMESE RSH read-ahead ~ ¥ H}HER) 1/O &0
(PostgreSQL 18 f#}] io_combine_limit) #fEHEFFIARL o KL MBI R ERHTE—
# (locality) | J& i HIIE SSD IRFARURIR AL

& J

2.2 EREEM

% RGUEMR (block) CGE% 4KB) RHEHEGFGFEERE ; BREAEL LEXACH
BEE (page) :

EX FREREEAD B

PostgreSQL 8 KB A 15 B BLCKSZ » W% 1-32 KB
MySQL / InnoDB 16 KB innodb_page_size 1] 3% 4-64 KB
SQLite 4 KB n] % 512 B-64 KB ) 2 H) %

Oracle 8 KB ##{F tablespace T] A~ [i]

SQL Server 8 KB 8 H4H K 64 KB [ extent

RocksDB (SST block) 4 KB BR&FRTFR/S 0 FERE R A

HHE = S m AL BRER 1/0 BB - BEECEMEM (55 4 %) - SHEH WAL
RCERTEHULRYEEAL (3 8 3) o ETHIK/NErE B+Tree S5 ~ MHHBHSHLH_ETT 5 KR HR L
HREEL I/O MR AEA T MR L > wiinE ARCK -

B A (torn write)

OS [# 4 KB > PostgreSQL Y E{ [fi /& 8 KB ; #5765 A 8 KB HE B P i 78 > fiik L
AIRE ERT TR 4 KB o JE M [rles ) BB E T >0 WAL FOekiY 22 B0 B k7
H FIEMEEM - PostgreSQL i & full_page_writes : £¢K checkpoint 55— K IE K
FEE AR > U E RS WAL (58 8 %)  InnoDB HI| | doublewrite buffer ## | [A] k% H
[ o

A J

2.3 1844 : Heap File

BB — R R E B A 2 > R H AL AL © Fehy RAYALARE heap file : H 1
Z B AN > —SERLek AT DUBCEAL A A5 22 [ 0 B« AR 3R AT (R BEPE 7Y sorted file (R
RAE R > BH LD EER T LR 21 H) hashed file o

ZAE heap file sppREHE] [TH—FEAZEM | AR



F£2F RFESIZEAEGRE 13

1. AESEEGPET « e A (M) BT OmEE ) WRRS) > HRE M R EE
W% H e

2. HEB# (page directory) : ) H 5 B it #5758 B0k} B A0 v 2%
Free Space Map RJJ& L4 -

PostgreSQL HItE RS

EE R Z B E G R HEE T base/<db oid>/<relfilenode> fiIA% % » #8318 1 GB ¥,
1 2 % EB (segment) o FHEBIHHEA L HD X (fork)
e main : ERHE AL -
e fsm (_fsm) : Free Space Map > Pl 1 byte si#k%: E AR 25 (R 1/256 H) > #H A&k
MR Tk ol TH—EH 24 nbytes 22 | KT O(log) K E I AEH °
e vin (_vm) : Visibility Map > # H 2 bits (all-visible ~ all-frozen) - fit VACUUM H&
index-only scan ffi ] (559 #) -
e init : unlogged table F#IAA{LS> 2 -

PostgreSQL ]

SELECT pg_relation_filepath('employees'); —— base/16384/16399
SELECT pg_relation_size('employees', 'main'),
pg_relation_size('employees', 'fsm'),
pg_relation_size('employees', 'vm');
N J

2.4 HHES : Slotted Page

EORLE E 2T ER H slotted page (LA slot array &, line pointer array) ffiiJs :

Page

Heagc,ier slot | slot | slot | slot Free Space tuple | tuple tuple | tuple
go

camy | 1| 2|34 (FTFRZR) 4 3 5 ]

t 4

pd_lower (slot fEFI>Rif » MGME) pd_upper (tuple BFEE; > MARE)

o IRERFCER EUIEIN T OB} « W 2 IR REALR ~ BRI ~ RS L WAL £ % (LSN)
a5
o slot B B B 1M 14 R > M1 slot MR8k (HiF% ~ B - IRRE) -



F£2F RFESIZEAEGRE

RCERAE B R I TR o Wi b BT T I 22 > % pd_lower 4B I pd_upper ELTHIEEIG 1 ©

ATEEZ—E slot ik ?

-

SMEREFCERI 2 B (Bl 51I8) i TID = (B, slot 3i%) > M A2 EWALCHNE - 38
BEE RLSR T A ~ B E A B (compaction) TiAZEhEE » HE 3T slot FINLFS
%5l BT LB E) o MIBRFLEH AT slot B2 % unused /dead ;5 2% [ A FEFE 74 A B 2 v [m]
W - PostgreSQL i) HOT B Hr (5 9 #2) HiE— i slot Ay [HE [ (redirect) | 5 [F

HHHTRAS

J

PageHeaderData £ ItemldData

PostgreSQL ) H AT §H [E % 24 bytes (src/include/storage/bufpage.h) :

-

v X BE

pd_lsn 8B Ik BHUE P WAL Fifk4s 2 LSN
(WAL £ I BELAE J5 F) A g - 565 8 %)

pd_checksum 2B HEHmEAEFM (initdb -k BY pg_checksums B{H)

pd_flags 2B jEAE : HE ] slot ~ £ HH K (all-visible) %

pd_lower 2B slot MiAI&5 AL (A] 22 M LR

pd_upper 2B WHZEMEERAE (tuple HEE:)

pd_special 2B RPERIEAEES (KRG EARBOLHEIEES ; heap

pd_pagesize_version 2B

pd_prune_xid 4B

HAHE)

I R/NERRA (H A2 4)
HNREARPUE BT XMAX > $275 2 3 {EHA il
HOT &5

44 slot (ItemIdData) A 4 bytes : 15 bits {iif% lp_off ~ 2 bits ikfE 1p_flags (UNUSED
/ NORMAL / REDIRECT / DEAD) ~15 bits & 1p_len - 5| HH special space HIJJL

BTPageOpaqueData : Z£45 W20 EL 5% ~

JERR ~ AR o

.

2.5 ECENE

AR RL SR F I P B SR At 2

RCERRER — NULL fiutlE — ¥EIRM — WAIEH -

EERMAL (INT ~ BIGINT ~ TIMESTAMP) FEHKAIRIE BEAFIK -
S RWML (TEXT ~ VARCHAR ~ NUMERIC ~ JSONB) LI JEH[#R (PostgreSQL ## varlena AZHH - 1

o 4 bytes) 5 HEBRAE o

NULL Ml g0k 22 [ > JUfE NULL iz yolil fra—(8 bit 5 585134 NULL » i yolE ol LL4

Mg o

BT &7 CPU HE#HEL 8-byte BURIEH 72 8 A% (PostgreSQL )
MAXALIGN) > KM AR AV I 3 € 5 2 S A lE——(boo 1, bigint, bool, bigint) }k (bigint,
bigint, bool, bool) ZiR% 14 bytes o
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M 2.1: PostgreSQL 18 [ heap tuple 1258 (Fig%H src/include/access/htup_details.h)

typedef struct HeapTupleFields {

TransactionId t_xmin; /x FEALRRABIZRZ S 1D */
TransactionId t_xmax; /* MIBRSNEHEUCARAINR S 10 (0 RRMAER) */
union {
CommandId t_cid; /x RN LFER «/
TransactionId t_xvac;  /* B5T\ VACUUM FULL {$F */
} t_field3;

} HeapTupleFields;

struct HeapTupleHeaderData {
union { HeapTupleFields t_heap; DatumTupleFields t_datum; } t_choice;

ItemPointerData t_ctid; /% BERRASSEFTARASEY TID (block, offset) */

uint16 t_infomask2; /x WU + TEAE »/

uintl6 t_infomask; /x TEAZ © B NULL ~ BEEME ~ xmin/xmax BIRRIBMRUTT... */
uint8  t_hoff; /x [EAEEREBIAMUE (& wiL (ITESRETE)

/* ~ A EEE 23 bytes ~ x/
bits8  t_bits[FLEXIBLE_ARRAY_MEMBER]; /* NULL {i7ciE (EE) %/
/x ZBIERUER +/

FEGA AR A t_xmin ~ t_xmax ~ t_ctid IE/& MVCC (%% 9 %) [JFERE——PostgreSQL EfRA
Bl e — S > 52 B H InnoDB  (JitAJ7E undo log) FHARAH ERZ — -

TOAST : #8847 2 KB FIHNIL{E

—%4 tuple ANRES H > 11 8 KB Y B I £ L4545 (TOAST_TUPLE_THRESHOLD %) 2KB) °
A I PostgreSQL € RNz ) storage 5% (PLAIN / EXTENDED / EXTERNAL / MAIN) : J5E &
VL pglz 8% LZ4 B4 - A KRt 84) 2 KB By chunk 173 B 5 TOAST 2 (pg_toast. pg_
toast_<oid>) » JEMANL R T 18 bytes BT o 45 i A 418 SELECT * bk SELECT id #5453
Z—— KDL 5 A5 2 TOAST 2 HUJE] SIf: i Jig

& J

2.6 FIHZEMEEEBARRE

AT INSERT I > EAF S| TR B [E Rt ik —H 2)

‘ INSERT —££ tuple ’—)‘ & FSM : IIEA > len NZER ?

\ﬁ . EAZE (Buffer Pool) ] B R FETAE ]
\ /
‘ PageAddltem : & slot -~ #82 tuple }—){ Z=T dirty » B WAL Eﬂﬁéﬂ

PostgreSQL [#] heap_insert() (src/backend/access/heap/heapam.c) Jife :

L SEal Byl AR —H CHZE BB - HAER R -
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2. fHIE FSM $—H W 228 > tuple £ (I L fillfactor TR MZER) -

3. AFIME MR —H (lfifE FSM i) -

4. 3% i % 1y 1t WA BT G0 B 8 - WE ] PageAddItem() E5A slot B} HHT pd_
lower/pd_upper °

5. fEE A 2 dirty > %5 1 WAL Fi#% (XLOG_HEAP_INSERT) » LB} pd_lsn 5 A% ac sk
LSN -

6. LERFEREIEERCISEE ; '© & 1E checkpoint ~ background writer B 4% & it Ik A HIEE
BIERE (554~ 8 %) o

CREATE TABLE ... WITH (fillfactor = 70) 3 INSERT HIEZ| EH M 70% > FF 30% {5

H#a R H i) UPDATE $ihicA > $2f HOT B (5F 9 3) ~ iR IR - $EHHE
BRI AR s BIIRAS T R AR R 2 -

2.7 EHfthE{Z4EE : NSM « DSM £ PAX

AFRER T —F R P RO A ) #§% NSM (N-ary Storage Model > #13X) - 754t
AR A 13 BIRA ¢

e DSM (Decomposition Storage Model » 17{) : AR AL % 375k > OLAP firfli J Gl R 20
i EAR

e PAX (Partition Attributes Across > Ailamaki et al. 2001) : H @825 X (—EHNE#
F)) > HEANRIAL2 47 (mini-page) - 3R 1/O Ja#fEEL CPU HRIZLR - Parquet
ORC HJ row group IF 4= ff B o

2.8 ENFER : pageinspect

2 2.2: H pageinspect & R E T A

CREATE TABLE t (id int, name text);
INSERT INTO t SELECT g, 'name_' || g FROM generate_series(1, 5) g;

-- EEFER

SELECT 1lsn, checksum, flags, lower, upper, special, pagesize, version, prune_xid
FROM  page_header(get_raw_page('t', 0));

— lsn | lower | upper | special | pagesize

—- 0/1A3F2B8| 44 | 8032 | 8192 | 8192 — 24 B 1258 + 5 {& 4 B slot = 44

— &M slot Bl tuple 1ZEE

SELECT lp, lp_off, lp_len, t_xmin, t_xmax, t_ctid, t_infomask2, t_hoff
FROM  heap_page_items(get_raw_page('t', 0));

— 1lp | lp_off | lp_len | t_xmin | t_xmax | t_ctid | t_hoff

-— 1| 8160 | 32 | 7421 | 0| (0,1) | 24

-— 2| 8128 | 32 | 7421 | 0| (0,2) | 24
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— BN EFENE (block, slot)
SELECT ctid, * FROM t;

B2 H B - tuple 1% 8160 HAEHIHE (lp_off #EJH) ;5 t_hoff=24 F/R 23 bytes 122 5HH ¥ 75 2
24 ; t_ctid M AC > ERB RIS © $1f7—7K UPDATE t SET name='x' WHERE id=1 F§
% FEIERAR t_xmax #{IE L ~ t_ctid $5 M HTARAH) slot—— &2 9 TAERS -

MiniDB #%% : v1 By DiskManager - Page £ HeapFile

MiniDB v1 FZE ={F%E5 : DiskManager (L) pread/pwrite ;HE % n {f 4 KB 5{ 8 KB B
i) ~ Page (slotted page : #Z5H + slot [#51 + f¢ B il £/ tuple [&) ~ HeapFile (GERHPT
AHE ~ DI THf—HE%E) RIEHEA) o ilsP oMbk [ RMM EEER - 25
AL 4-byte | BERTAR | BIWT o 565 19 Tk i) T BRI

FEHRE

1. —{# 8 KB f) PostgreSQL H IR % e % A4 [ A —fE INT 4L 1) tuple ? (JE/K
15 5A 23 bytes ${75 5] 24 > %k} 4 bytes H7 5] 8 > HHENI—1H 4 bytes slot - EA%FH 24
bytes ©)

2. ##t# (a bool, b bigint, c int, d bool, e bigint) » &4 LI JIE T B DL & A5 IE
FPAETRR: 457 I SEA bytes

3. BRI T IEAE TID MIEEH A ALF% 5 WRIA slot [ HE » UPDATE — 44 RALHR&
1B A S R 2

4. PR TERISEAS RS ) B T ETA H $% | RifE heap file ZE[HEBESRIR /L (a) #iA (b) it
(o) WATHATHIES -

5. (B)F) s r& TEXT HHNIAYF > #A—5E 100 KB By > B pg_relation_size H2
SELECT reltoastrelid::regclass FROM pg_class WHERE relname='t' #; %] TOAST
F WA F chunk & o

6. (BF) Ll fillfactor=50 BLFHE(A&E—RE > BT R UPDATE T/E& % » b
BY pg_stat_user_tables [ n_tup_hot_upd BEF K/ o

FE{RRHREEAEIR

o CMU 15-445 Fall 2025, Lecture #03 Database Storage I ~ #05 Database Storage II (&35
PDF Ed$%5) : https://15445.courses.cs.cmu.edu/fall2025/schedule.html

e PostgreSQL A4 Ch. 66 Database Physical Storage : ¥& Z fi J&j ~ TOAST ~ FSM ~
VM -~ B /H ~ HOT : https://www.postgresql.org/docs/current/storage.html >
¥F Bl & §66.6 Database Page Layout : https://www.postgresql.org/docs/current/
storage-page—layout.html

e Hironobu Suzuki, The Internals of PostgreSQL, Ch. 1 Database Cluster, Databases and Ta-



https://15445.courses.cs.cmu.edu/fall2025/schedule.html
https://www.postgresql.org/docs/current/storage.html
https://www.postgresql.org/docs/current/storage-page-layout.html
https://www.postgresql.org/docs/current/storage-page-layout.html

F£2F RFESIZEAEGRE 18

bles : https://www.interdb.jp/pg/pgsqlol.html

e Alex Petrov, Database Internals, Ch. 3 File Formats (slotted page - cell layout ~ check-
summing) °

e A. Ailamaki et al., Weaving Relations for Cache Performance (PAX) , VLDB 2001 o

e PostgreSQL J& #5 f : src/include/storage/bufpage.h ~ src/include/access/
htup_details.h ~ src/backend/access/heap/heapam.c ~ src/backend/storage/
freespace/README -



https://www.interdb.jp/pg/pgsql01.html

8 3E B-Tree : B+Tree EiZES|

o LR TS A BT AT A S R 0 LUK B-Tree ffaf A [ — {6 B = — {8 B
R o

o [i5) B-Tree B B+Tree > il fif R 2317 £ 7 Fr 5 B R B & 5 #J2& B+Tree o

o ME M A/NESER BRI (fanout) BRI > M — KB AT EHLIK /O -

o FEIYATHIBI A (split) BLEHF (merge) » PR MFFL RAEZIBAMEDE -

o f#FE Lehman—Yao B-link tree ] i i BN %% 7 AN 75 28 > lf ¥ M PostgreSQL )

nbtree o
o IWIRERRGIHIEERRL] ~ WMBERT| - WA RII W ATASLA > I B R R 2
gERg -
N J

3.1 W iiFHE B-Tree
TEFLIERE T - —ooEe (BST) BRH-PETAA (AVL ~ AL RBFHAFZRG] - H—
BB L -
o AR U —ESE > BlE log, N 5 N = 107 Wi BEA) 30 > REIRE — Y& il AR 22 30 K ME
#1/0 -
o HiBHR/N (31 bytes) » T I/O Hifii 2 8 KB W HH——& KA —HAUUHHh—fEg -
‘{E% 990/0 °
o PHRAE (o) B EAEE - SREERIMIH TR A -
Bayer 52 McCreight 7 1972 4F{% i) B-Tree §t [#iRh | HMORM [—RMEHI ) - SR
TRBE MBS - Rl log, N (f R « f =400 ~ N =10° K fER A 4

10 20 30’ ‘60 70 80

LRER) B-Tree : BEENRSEE « 28 FE0F

19
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3.2 B-Tree Ei B+Tree

o B-Tree : fR{EFIEE (SR #6948 (SRFCERIRIE) 25l vl BEAE N AR
e B+Tree : NERETE N7 D BRE (separator key) Hi1-HiBLIEIE » prA (EERFELERT R, 5 SR
B T LB ) S A ER RE AR o

B+Tree MIME# i B EIZ#E (PostgreSQL ~ InnoDB ~ SQLite ~ Oracle ~ SQL Server
#J& B+Tree » FMESCAEREZ 7 B-tree) :

L AERETRS A - REEEE S Imat - BILEX - %% -

2. EEEHRHA A TIREDEREE - R LR BIAEE > A B LJE -

3. PR A (FREIZE) » AT T

4. syRsETT DL BEMRBRIRIERIS (suffix truncation) » E—HRFEFH -

Root Page
(DIR#E + FHE5R)

‘ Internal Page ’ ‘ Internal Page ’

Leaf Page |- Leaf Page Leaf Page - Leaf Page
-‘-~~~“‘~; \\‘A L’// 4——"——‘—_—

‘ actual records (heap tuples » &3|EEZ TID 15[MEE1H) ’

SE hBERE -4 BMAERS M TEE ; EELQHELE = ERRHATEER

3.3 ENBNGE - RIHERNE

3.3.1 HIFAR

o PIEBEREE : (po. k1, p1, ko, D2, - s ki D) © T i HRTE B ki < key < kipq ©

o EEBNBN : (K1, v1), (ko,v2),...) B EZEA WBRAEHE o B v; fRZEBIMEALE TID (PostgreSQL fy
secondary index) ~ E#{E (InnoDB secondary index) =(E% GEHEZRF|ZEH) -

o HBEAS B 2 2H slotted page : 4L slot HEF > SZHEE N — 4344 = - PostgreSQL 3 it
o B9 B 4] i7E special space °

3.3.2 BHESEME

P PostgreSQL () 8 KB E T ~ BIGINT ## 4 ] : HE & 5]IH = 8 bytes &3] tuple 1 (56
bytes TID) + 8 bytes ## + 4 bytes slot ~ 20 bytes > #134 H{ #Z 5 B special space £ W i f ~ 400
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TH (FE#X fillfactor 90% W% 360) © /& BE h BAR[ R 5|8 N FIRR

N=~f" = h=/[log;N]

=E f =400 AJB4EH =100 (E#E > 80 UUID/XF)
(R

AR) 400 100
2 160,000 10,000
3 64,000,000 1,000,000
4 25,600,000,000 100,000,000

—REAEHERFR EERX V0 ?

AR B P SR 2 A 2% B A F) 1% M E T (PostgreSQL ST« [#Bi8 99% M E I RZEE | ) »
K I 46 - 7k S FE 4B 8T L o — YK WHERE id = 123 7 A 2 : 0-1 REBIEE1/0 + 1
R heap B 1/0 ° E#li A 1/E OLTP R4 FEFE SSD 1 B Fb 3128 R B Al o Sl
Ea [AEMAETHE LR Mg -

N fE
2

3.4 HF A oR - RERESH

341 HE=
search(key):

page = root
while page FREH:
i= BRIDES  HBRAN 1 F58 ki<=key (FEKAZIE i=0)
page = read(p_i) — EBEE
ERAZDES key  ENSHBIOM (3 AR )
EEFH [lo, hil : search(lo) EEEE®%  JHANBIEZRIEETIRE > hi

3.42 HHEAEDH

1 BBFUEARIEE L - % L A% > BAGARIFNT (818 -

2% LB RUEHTE L/ 0 L 0SEARAE (L RAE - L) 8 1 MENE (K
SARBTATAL) 20710 5 AR SO » 7 54 53 B o

3. SNBEALIT » MR RS BB — i B+ Tree W —@ R BT > FFLL
T -

[30] [20 30]
. \
N split
10 15 20 25 (3#) ’ 30 40 — ‘ 101517 o‘ 20 25 }o

A 17 ZAl FHOR - DIRHE 20 LRI RERRY

}H&#
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DHERESIBR ET - MIERAAE (0 SERIAL ~ BRRIER) 4% 50/50 432 » £2 2k B ki
e P > 22 A F 2 A 50% o PostgreSQL 3] AR B AZEE ) Bk FZ 90/10
2 (IEA fastpath HEAREURAIEE) » InnoDB WA KU I6 716 A AL -

3.4.3 MIFRESH

HORL AL © MR SR A LR tE — s (i) B L S LR
ACHT R 2 B S > b BURFIE AR o

BH LA TR AMBH BN

B O 75 B R IR R B o BR A B % - BRI A7 46 A\l € e . o TT ELTMBR ¥ FEBERT I AE A > &
HBEAA NG5 o PostgreSQL ~ InnoDB #EREL [ ZEEEIUR | : il Bk SRR b iE B v (1) 3E
H RAEBEZZR > 4l VACUUM (PostgreSQL) &{ purge (InnoDB) #l5% EH fi¢ 15
BRI T S - REEM S E N REERELENZRL H (REIER) > HE

REINDEX B pg_repack ¥J o
\_ J

3.5 Z5|iifTi%EHl - Latch Crabbing Ef B-link Tree

SAEPTAE R R 8 R — A > 53 latch ({1 Ea R4S HE R S A8 - BT 5 S 4R
# lock AN > 25 10 32) o

e Latch crabbing / coupling : {1 b1 F » HU5 7-#ii Bl latch 12 A4 A i B latch o B A BFF
THiE T2 GEANEW - MBRAE22) BB A H5ER latch o BB AR R

o B# crabbing : EHBEEAF SR > — i H & latch > FIFEEH A EH latch ; R E
;{6 °

e Lehman-Yao B-link tree (1981) : £ EH A R BIGIELH high key (EN#EH) FR) o 53249
B (Gerdn BN LA AL > PR ACHETEY) o EE A BB high key > il
(ABE ) —H—R & ZAE FRERRAEMHERIE o 557 PostgreSQL nbtree LG o

nbtree : Lehman & Yao B9EE

src/backend/access/nbtree/README BHAEE & ¥ E/E T Lehman & Yao & W {7 & >
WA T A E AR - (1) R IL S AR 1 1 & A & i A8 2K > PostgreSQL 7w B I IRp 7 45
FrAEE RS (L&Y FEABRATE) 5 (2) M EAERBIBRRL R 7 5 (3)
% 22 E 4% A} Lanin & Shasha M féi{biRk > /iR (SERERTESE ~ Bl VACUUM [EY) -
PostgreSQL 13 2 ARE (deduplication) : i [F #{E L2 TID &6 i—1# posting
list » AR IMEIE B AL R 5 o




%5 3 &= B-Tree ~ B+Tree 13| 23

3.6 Z5|aYtEY
3.6.1 HEZRS|HIFRERSI

InnoDB “#R%3| | b PKEEE—Z% Pk [ InnoDB #ER3| (PK)
BE-R3@+PKE | | EE-EER

(a) MySQL/InnoDB : K2 B+Tree ; “#RES|E:H = MRS T

PostgreSQL %3| (& PK) | Heap & (BEFEM)
EH-R38+TD | ‘TID = (block, slot) ET{EELE

(b) PostgreSQL : FIERS IR ZHRRS| ; RZE heap » FHRAZHEIFHMFHIL

o BMEFSI| (clustered) : KL RILR T EHIFHIN o FIREGEHA A o K TG
B AR HHAF A ED) 5 ARUMER R LA B EE R TH)F54E) » iR —
ARG BAE > LR T S A B K 28143 2 o InnoDB ~ SQL Server (73 PK) ~ SQLite
(WITHOUT ROWID %) $RFHIZ -

o JEFREZES| (non-clustered / secondary) : &5 ELE RIS > 4 EH 77 TID  PostgreSQL
B Z 51 #B RN » CLUSTER iy 4 FU2: [—Wkth ) IR Z 51 EHE heap » Z A0S AN 4ERRIE
B o

3.6.2 #ZE%35|E Index-Only Scan

HA T BRI T A L EREE R B o AL e #——E % index-only scan > & 5| #§ A
E &35! (covering index) o PostgreSQL 11 A2 ] ] INCLUDE U JE4a M A it FEZE B -
CREATE INDEX idx_orders_cust ON orders (customer_id) INCLUDE (total, status);
EXPLAIN SELECT total FROM orders WHERE customer_id = 42;

—— Index Only Scan using idx_orders_cust on orders (cost=0.43..8.45 rows=1 width=8)

— Heap Fetches: 0

PostgreSQL A9 index-only scan H—{EZEIMEF

KEIEA A RAT BEEER (58 9 8) > WILBATR A Visibility Map : #575% heap B
WeAR 2y all-visible > FEAEBkIE R K 5 & RI)T 38 heap EARA W] M4 (EXPLAIN ANALYZE &
%N Heap Fetches: N) o VM fii7c H i1 VACUUM &% 5€ ~ AEMMESER & E 6k > LS AME
% ~ VACUUM A K % > index-only scan € iR {b il —#% index scan o

-

3.6.3 HEERSIHERETRR

5| (a, b, c) WEELIFHFHES] > HILAEA R $E WHERE a = ?2~a =? AND b = ? - a
= ? AND b > ? > (HRBEARL4E WHERE b = ? (8 a iiEHLENL) ca = 2 AND ¢ = ? A
Al a ENL ~ FEFIE NI NE ¢ - SRR ZIB L ENL ca > ? AND b = ? HEEH
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a o BRMEARTIMTER  FERLER - BERLIER - SIFRUZRZHEERA -

3.6.4

HithZR=5|85 (PostgreSQL)

iyl EHA s

B-tree H ~ #E - ¥B/F ~ LIKE 'abc! THEL ; AEEM

Hash {BEH PostgreSQL 10 &4 WAL {3
# 5 [t B-tree /N—B ~ fh—
B,

GiST Fefo) ~ FEBIR] ~ 23~ FAH (KNN) 0] 45 78 1 P05 44 SEmE 42

SP-GiST PuCHE - BEEOE - e FEPHE ~ 22 48

GIN f4i%1 ~ JSONB ~ &3Cka%k (S EMAL) BlHEERS] 5 BAE ~ AR

BRIN HEMIER B EMBENRE (REEFS)) SEm IR EE L
min/max > #i/»

a2 5| CREATE INDEX ... WHERE HERG| 4 > BZEMEE A

status="'open'
#3025 CREATE INDEX ON t (lower(email)) AR ZH S HAH ) i X

3.7 E5|MNME

B RS HBEBAAK : —4 INSERT THH £ E4&—18% 5] (PostgreSQL fJE HOT
UPDATE JR ] ) 5 - 2% 51 #RA% 4% fl ith BEL R B 2 1) > Sl EE A2 WAL o £8Bgid:H -

o EIBMEALAIMALL (40 boolean ~ H4:R1]) B EZR 5@ IR H
6 FEMRREIRIA) o

o BEHEANE > RIIHMBEETH ; FEHS R IRERER -

o JH pg_stat_user_indexes.idx_scan $HEARWE B R S| BB EER -

o % 5| CREATE INDEX CONCURRENTLY #f REFHEHE (RERTFHMFKAARERLSN
A7) °

3.8 B+Tree EE2RE

e Copy-on-Write B-Tree (LMDB - BoltDB ~ Build Your Own Database H]§i5]) : 1585 At E
5o MR L EERHLE > RERR TR IS o KARFEALH RS 1B 2 4 >

ATE WAL 5 ARERR ATBOK B Z2 [H] B

A s R (58

e Bw-Tree (Microsoft Hekaton) : D) delta record ##Ed mapping table EHi lock-free ; Ffi S iE
SHAHEAEIREE > CMU [ Peloton ASERBURALREA W B N $H 1) B+Tree o
e Fractal Tree / B¢-tree (TokuDB) : 7E N HRE B AGGRE ZME R > HLIK FHER A > /& B+Tree B
LSM Z HHJHT & -
o BUSRER4RER suffix truncation : [u] B Y SIS RTAUUE— IR 5 4 Wi L OR TR R DU 43 ZE A5 Y
RFLHTAR

HEREIL (bulk loading) : CREATE INDEX AR A - & sesMmEE 7 a (4, TID) »
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PP TS T S o b e A LB I
3.9 E)F#HE : pageinspect B EXPLAIN

T2 3.1: Bl%% B-tree L H ~ JERHIETANE
CREATE TABLE big AS SELECT g AS id, md5(g::text) AS payload FROM generate_series(1l, 1000000) g;
CREATE INDEX big_id_idx ON big (id);

SELECT * FROM bt_metap('big_id_idx"'); — root BEEE - level (#i5-1) - fastroot
SELECT x FROM bt_page_stats('big_id_idx', 1); — ®H : type (l/i/r) ~ live_items ™ free_size

SELECT itemoffset, ctid, data FROM bt_page_items('big_id_idx', 1) LIMIT 5;

EXPLAIN (ANALYZE, BUFFERS) SELECT x FROM big WHERE id = 500000; —- Index Scan
EXPLAIN (ANALYZE, BUFFERS) SELECT x FROM big WHERE id BETWEEN 1 AND 50000; —— Bitmap Heap Scan
EXPLAIN (ANALYZE, BUFFERS) SELECT id FROM big WHERE id < 1000; —— Index Only Scan

BUFFERS &7 shared hit (EfEjidrs) Bl read (EE:1/O) ME—E BRI
H B A8 5 ¥ BB - Bitmap Heap Scan j& PostgreSQL [ [ 350 : SEH R BB BFA
TID {5 BRI > 16 B 5 HE P 1% P67 heap - $UBEME 1/O BBOEWIET 5 EAFE T BRI
SO 5 43 bl e 1) )2

MiniDB &%t : v2 B4 B+Tree 3|

v2 £ v1 [ page manager & {E B+Tree : WHRE (key, page_id) ~ ZEHE (key, RID) JiI
KA 5 e AT U4 Y search / insert / split / range-scan > fllkRER [ AEHF - A
e A fiE o o 55 19 TaaR IS « PEMIRA T EERERE (a) PFEH AT ~ (b)
FHEZE H AR fillfactor HEA ~ () WEAFE [log, N » MATHRA (crabbing) # 2| v4 Z
1% o

FEHRE

1. 16 KB ) InnoDB E i ~ BIGINT =8 ~ %41 200 bytes : {i H @& 5| 15 HEH A I H
B IR — BRI o R8N 36 FIoH UUID 78 » 4k %5 (4 8 bytes)
HHIETHE £ H 2 4 bytes ?

2. DImH 4 /) B+Tree {RIFHEA 1.20 » HH B RS> RENE 5 FLIBEMIEFIEA - ik
HEFHE -

3. f##% Lehman-Yao [#] high key BilA5 §i4% tnful 38 [ EXE FIERYERS | TEBB)IEAT 0 2
PREFR B IEFERZEH -

4. 753 WHERE a = 1 AND ¢ = 5 ORDER BY b JE@IFEE A% 5] ?WHERE a > 1 AND b =
5We ? SERAB A -

5. Ffi{E PostgreSQL H SELECT COUNT(x) FROM t Bffif J: 4 & 5|t vl A5 B m £ 2 £+
JEAGAF T fiE 5242 3E index-only scan ?
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6. (BF) H—R—EHEIWMERERTIE > H bt_metap i level > HHATAAME -
FEE L o P23 DELETE 90% HY%1 il VACUUM > A pgstatindex #1%% avg_leaf_density Ei

leaf_fragmentation °

E(RRIREEER
e CMU 15-445 Fall 2025, Lecture #06 B+Tree Index ~ #07 Hash Tables ~ #10 In-

dex Concurrency Control : https://15445.courses.cs.cmu.edu/fall2025/schedule.
html ; Project #2 Database Index °

e PostgreSQL X Ch. 11 Indexes (https://www.postgresql.org/docs/current/
indexes.html) ~ §11.9 Index-Only Scans and Covering Indexes ~ Ch. 65.1 B-Tree Indexes
(https://www.postgresql.org/docs/current/btree.html) o

e PostgreSQL Jf 477§ src/backend/access/nbtree/README (Lehman—Yao & 1E 4 i
B o R s 2 E) > https://github.com/postgres/postgres/tree/master/src/
backend/access/nbtree

e P. Lehman & S. Yao, Efficient Locking for Concurrent Operations on B-Trees, ACM TODS
1981 -

o G. Graefe, Modern B-Tree Techniques, Foundations and Trends in Databases, 2011 (B-tree
R E R

e Markus Winand, Use The Index, Luke! (1| PH2EE MR HE > 5 & GREHH)
https://use-the-index-1luke.com/

o Alex Petrov, Database Internals, Ch. 2 ~ 4 ~ 6 (B-Tree 3LHE ~ E1E -~ 8§%) o



https://15445.courses.cs.cmu.edu/fall2025/schedule.html
https://15445.courses.cs.cmu.edu/fall2025/schedule.html
https://www.postgresql.org/docs/current/indexes.html
https://www.postgresql.org/docs/current/indexes.html
https://www.postgresql.org/docs/current/btree.html
https://github.com/postgres/postgres/tree/master/src/backend/access/nbtree
https://github.com/postgres/postgres/tree/master/src/backend/access/nbtree
https://use-the-index-luke.com/

&g 4 E Buffer Pool

o SRR} Ay OV EUE PRI > AR BRI ESE RS page cache 5f mmap ©

e = buffer pool f%5#% : frame ~ page table ~ dirty bit ~ pin count ~ B HTLER} -

e L LRU ~ Clock ~ LRU-K ~ 2Q - ARC 25 & #1560 » I R RE [ 16774t Btk (sequential
flooding) | FHIfEBLEIK o

o iiH dirty page HJ% [FIREHE ~ WAL BRI (SE5 HEtF S HIE) B steal/no-force B o

o fEFE pin (]fF) Hi latch Mfffa > DI TERE (read-ahead) MIMATHERERE 1/O %5 516 7

I/O -
o SZ¥LIN|% : [9fF SELECT * FROM users WHERE id=123 [ > &k EE MM 74 SSD BfE &
¥ 2
- J

4.1 AB{tEEE Buffer Pool

EORHE AN T BE AR IR AR EUER S A B o Buffer pool (3 buffer cache - buffer manager) &7t
e h— B ER . B SR E PRI AR BTT 5] B EE R H :

. Database age i Buffer Pool KB |/
Application |<«— <> <>
(Executor / Access Methods) (frames + page table)

YRR RBAARA page cache » Kyt ERHHE 2 H O ? WA EREIER R GE
TRBCHNFEER - il A OS Mk (i IEREMET K -

o BEIERHASZE - WAL HHIZLR [HbeER > BREA %S (58 83) - OS page
cache YEALEIE MM E S 1 > ErpEBEIEI L 5 10 nmap /) B PAZ.O 8 W > Gk
TR AHE -

o BIVRIRTEET : BRYEMIE NER&—KIEM 2RI > DS mIE ) » 152 B+Tree
RE > KEEE 5 OS HEFIEAR 4 KB @ -

o FRAEFRENG : Rl HAIE B+Tree B ESEAS ) N — E &M —E - bitmap scan % F K 25
WELE heap H ; OS ) read-ahead 8N N —fEEHEAER I ) -

o SEERERIEEARTERAINE : mmap [ /O $f3 DL STGBUS HiB » JEVLHZITHHI I 45 22 5) 5 pin 518 ~
i AR GE G U B B PO R 2 o

27
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l'Are You Sure You Want to Use MMAP in Your DBMS?

Crotty ~ Leis B Pavlo 7E CIDR 2022 #3& f5 if SC R AL TEHIEEH T mmap BRIRE - 25 %4
(JEypedlz ) ~ I/O 45 1H (page fault ASA[FEE]) ~ $53REH  2HE (TLB shootdown -
BT page eviction) - MongoDB (MMAPv1) ~ LMDB ~ B4 InfluxDB #R ki i3 L&
Y 5 2R H AR E 2] B &1 buffer pool o FiSCHL# R ¢ https://db.cs.cmu.edu/

mmap-cidr2022/
. Y,

4.2 Buffer Pool f9%51&

frame 0 frame 1 frame 2 frame 3 frame 4
page 17 page 3 (empty) page 42 page 8 frames :
dirty=1 pin=0 use=@jrty=0 pin=2 use=5 S dirty=0 pin=0 use=d|rty=1 pin=1 uses4 N {& 8 KB HJ:CIEEE1E
page table (hash map) Replacer AZS
Replacer (EiR2) N —

page 17 —> frame 0 B ToyEsky B9 frame : raad/wrlt
page 3 —> frame 1 pin=0 F 7 21&E
page 42 —> frame 3 {& Clock / LRU-K / ARC # victim

page 8 —> Trame &

o Frame : [ & K/NARCARASHE > — R — H - PostgreSQL [] shared_buffers & —1{H
frame [#%] o

e Page table : f page id ¥} JEEF| frame id FJHEiEF - PostgreSQL & Y1 ik 128 431 (NUM_
BUFFER_PARTITIONS) > %& [ _F44 IR LT -

o EHE frame KITTE Rl (PostgreSQL [ BufferDesc) : B HIEES (WMERIWHIWE—E) ~ dirty
f7JC ~ pin count (refcount) - usage count ~ I/O #Ef7H A « N % latch » PostgreSQL 1

BRVERE G NS -
4.3 tZICMEE

F23U5 4.1: Buffer pool fPUEEEAERIE (F45%)

fetch_page(pid):
if pid in page_table: # a (hit)
frame = page_tablel[pid]l; frame.pin++; replacer.record_access(frame)
return frame
frame = free_list.pop() or replacer.evict() # e : ¥Z° frame ZEK victim
if frame is None: raise '"no unpinned buffers available"
if frame.dirty:
wal. flush_up_to(frame.page.lsn) # wAL FRBI : LRIBEE > AREEEE
disk.write(frame.page_id, frame.data)

page_table. remove(frame.page_id)


https://db.cs.cmu.edu/mmap-cidr2022/
https://db.cs.cmu.edu/mmap-cidr2022/
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disk.read(pid, frame.data) # BIER 1/0
page_table[pid] = frame; frame.pin = 1; frame.dirty = False

return frame

unpin_page(pid, is_dirty): frame.pin——; frame.dirty |= is_dirty
flush_page(pid): wal.flush_up_to(lsn); disk.write(...); frame.dirty = False
new_page(): pid = disk.allocate(); EX—1{@& frame FEIEEC

Pin £l Latch 2fMEIE

Pin ($]1F) AafF B fds [E HIEERAEA - AHERIR ) EAR#ENE o Latch (PostgreSQL
i buffer content lock > FEESH) (R B 1 A A AHEF RHEE o —E 8 B BURFE © pin
— B latch — I — J4#E latch — unpin ° Pin W LAPAERA (FIANTFEEISESE HD -
latch WAZEMRSE o &HE unpin 4 buffer pool EAE#H ¥ KA bug

buffers available | -
N y,

4.4 BAHER

WA % frame I o DAZHE—(F victim JEIK o FAHREE (Bélady 1) OPT : j&iKE A LR
AERBIME) FEHEMAK > B LLELIEL

R IEE [no unpinned

SRS & %8 / RAE
LRU HEREAR IO R IR PO ER 1) > YRIK P BGR ZR B B B R (7R
wARME 81 5 BRI 2B A KD
7

Clock (second chance) frame HEKIR > A —1F reference LRU f g5 {pl 5 PostgreSQL HY
bit ; f5EMHRERFHE 1% 0 ~ %] 0 5ti  clock-sweep (usage count 2[R 5)

Ik
LRU-K FLEREOR K RAFHURE IR > DUEIBOR K R — IR E Gedli) ki
R EEREHE T HEFEB:4% ; BusTub HIRRAER
LRU-K
2Q / midpoint LRU BrESeEE TRAE ) » BREECHF InnoDB : LRU 43 young/old /i
A [ER | B> BrEAETE 5/8 JiE > innodb_
old_blocks_time Bjj 35 Yy
ARC AR TR i) B THEA#M ) Megiddo & Modha (FAST 2003) ;
WifEl LRU fin_L ghost list > FEE#H%E  CMU 15-445 Fall 2025 Project #1
i M ARC ; ZFS ffi [

LFU RAFHUEAR MK EHERAFBUPIIK (TR
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4.41 Clock B&:%

@ IE @ $58T4EM frame 3 : ref=0 B3k pin = K °
Href=1: 550 WaE MHKEF_RHK) -

PostgreSQL &Y usage_count 2 0-5 AUET 823 »

N SR +1 - B —1 - 2 0 F7K -
an

4.4.2 {EFFfFERHKEER

— IR R E R R R H R R PR A - B EUN R - EAL LRU T EEiEr A R
IEAMBEE (RFMRE ~ FHHNE) 20 1 £——E8UE sequential flooding  ¥3 :

e MRU : ¥ AN TR -

e ring buffer ((RWER) : FH E—/ MR A K frame THENFEEREF o PostgreSQL ¥}k
i shared_buffers/4 [ 15 74744 F 256 KB 1Y ring (BAS_BULKREAD) > COPY/CREATE
TABLE AS F 16 MB (BAS_BULKWRITE) > VACUUM A 2 MB (®] [y vacuum_buffer_usage_
limit §{%%) -

o BFRARIRR : LRUK ~ 2Q ~ ARC KA [ HEREE—K ) W EHEFENE KRR o

clock-sweep E ring buffer BIE{E

src/backend/storage/buffer/freelist.c HY StrategyGetBuffer() : g7 strategy ring
ABRATEMK frame > FEG free list » FfZHEA clock sweep HH[E : DL - #2AF 5
nextVictimBuffer > ¥ frame # pin #tBki > #F usage_count > @ Jfjsk—#E4 - HHILL
CAS {8 pin {11f [ f# - BM_MAX_USAGE_COUNT &% 5— st f# S ARG « [HB B4
¥ LRU - (B I %4 6 A A3 2] victim > FrLAAREARK o

L J/

4.5 Dirty Page FIE (D]

PAE O B T AR R A dirty » R & A5 BIREEE (write-back T JE write-through) ——iE &
RAERIBASE - —H T REHOEAIE R EH IR > ARE I —K - BEEE =R

1. 8L victim BF (AiRE M > SHRAH) -

HEBAS (PostgreSQL ] bgwriter ~ InnoDB f page cleaner) &M 165 H B G wiE

IRHIRRE > RS A -

3. Checkpoint : {1518 57 [ Bl 2 57 0 B A #i L 2RE o IR RN ] (388 ~ 11 %) -
PostgreSQL ] checkpointer €155 A 4> #(E checkpoint_completion_target (FH# 0.9) )

N
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FEEA > #5170 g o

WAL #REIE steal / no-force

-

BB E ) o ZHSEREOR THdta EE ) WAL Risk ) SR8V (HTH A pd_tsn
< BRI WAL fii8) - 7ER MR MR (8 11 &) -

V- A R A0 B8 R} B R steal + no-force > 75 IF & WAL [A] 75 2E redo B2 undo 8 J11#)
JRIA (PostgreSQL P MVCC Z AT undo » 55 9 #&) -

o Steal : RFFI A XL G BEBUAK B E R MERE (K% victim 7] R8T H s %)
= % undo &l °
o No-force : f2 &I RMHE LRI R > N2 WAL BF BRI = T2 redo &ifl -

4.6 FRIEEIIEED 1/O

B R FHRE - 15 /7 47 305 5 4R Wi 28 72 268 B T A9 35 B - PostgreSQL 18 Z Hif £ %5 OS read-
ahead ; 18 25| A read stream 471 BLE IEH)JE[R 4 1/O (io_method = sync | worker |
io_uring) > HERNEH CYE MERERE ) (RKETH o/ ARdr B LB e ) - e
ARAR B T A ff B K io_combine_limit ¥ —1/0 -

F 5| BEENAYFAER - bitmap heap scan A1 4% AR ZFHPFLL heap H - effective_io_
concurrency il [a] K55 H #Y TEE B —FF SSD kvl LUk #) 100 DL L -

AIO B95 —EULFE : 3% double buffering (] — E [ ¢ {i# OS page cache i
shared_buffers) - #4[i¢ direct I/O KF& ¥l DMA H#:# buffer pool » CPU fbE
# o InnoDB £l 0_DIRECT fjl -k buffer pool (5% RAM ) 70-80%) ; PostgreSQL {#
%Ak shared_buffers % RAM HJ 25% ~ HExZ 45 OS cache » i) effective_cache_size
L LA P -

4.7 STEEFE—3IE : SELECT * FROM users WHERE id = 123

=

1. Parser / Planner 2. Executor 3. 8% 35| root B
12 Index Scan on users_pkey | | [Tl index AM : btgettuple(123) | | buffer pool : hit (Ki&E7E)

A
A

v
6. F TID (blk, slot) & heap B 5. i8 leaf B
hit 8 miss = 1 ZX I/O miss ? = 383K victim + pread 8 KB

4. i& internal B
17

hit (& KETE)
1m§umeﬂ%ﬁ(mmm%»

8. IRFMNL ~ unpin BEE
2 slot ~ t_xmin/t_xmax

EE-IGEFin

. FRITEIE SQL H A 5 B b e F B B > 1 5H index scan FASEK R seq

scan (%5 6 ) > @4 Index Scan using users_pkey
BATAS LB T 5 i B > WE B-tree fEEUT VAHE Sk 123 -

. B-tree 7 metapage JU45 root E %5 > [n] buffer pool Z5% H : page table #irH (root 7ik & 2 2

H) > pin ~ B latch ~ 854 8] 1 H 5% -
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4. NERE R A T2 5E A o

5. ZHAAEARM P : buffer pool L) clock sweep 3% H victim (5% dirty J&k WAL FEH) »
S/1% pread () ¢ SSD & 8 KB (%) 100 ps) o {EZEH |4 123 (%K 5[IH » HUfF TID > £
#in (block 1592, slot 3)

6. $iT#+ & TID Ji] buffer pool 3 heap B 1592 (ReadBuffer) - iz Z2HIEEN » ANEHEHE
Eﬁ o

7. 1§ slot 3 Hif% tuple » A4 t_xmin/t_xmax B H it BP E AT e (359 %) 5 AAR R H t_
ctid FEIAHTARAS > BEHSHEIEHE -

8. UTHFEMIMALA (P EEZEE TOAST ) > unpin FiE > [E{HA5 R

gzt BT 0 R 1/0 » BENER 1-2 FREEME - i 4K page table Z4% 5 latch it
i« ZFARHALE relpages IR — 2 HE LR 6 2 HABI B -

4.8 EHFEIZE : pg_buffercache

FERHE 4.2: FF shared_buffers #{3:& 5

SELECT c.relname, count(x) AS buffers, sum(CASE WHEN isdirty THEN 1 ELSE @ END) AS dirty,
round(100.0 * count(x) / (SELECT setting::int FROM pg_settings WHERE name='shared_buffers'),
2) AS pct
FROM  pg_buffercache b JOIN pg_class c ON b.relfilenode = pg_relation_filenode(c.oid)
GROUP BY c.relname ORDER BY buffers DESC LIMIT 10;

SELECT usagecount, count(x) FROM pg_buffercache GROUP BY 1 ORDER BY 1; —— clock-sweep BIETELD

— EENtaPER (BEENE)
SELECT blks_hit::float / NULLIF(blks_hit + blks_read, @) AS hit_ratio FROM pg_stat_database WHERE

datname = current_database();

MiniDB #%% : v3 Y BufferPoolManager

v3 1 vl1/v2 Z [#4 A BufferPoolManager : fetch_page / unpin_page / flush_page /
new_page / delete_page > &L &) Replacer /11 (Jefit Clock » Fiflt LRU-K B{
ARC) - {8 v2 ] B+Tree % [ % buffer pool FEEXE T | - A —1H [ Pl B A 5

+ —REFR ) EA TAEREELE LRU 8 Clock/LRU-K #firH R——R Er Bl A 2
sequential flooding o

N J
FERE

1. 3 @ frame ~ #EUFH) 12314125123 45: 482 LRU » Clock ~ LRU-2 &}
S A REOIE S 25 1) frame Y o

2. —5k 100 B H K ~ buffer pool 1 #H » #FI/NEAL 500 K  FHAAE LRU F—k &%
B AP /NE B R e AT 5 ring buffer DL o
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-

3. ZfHEEIK dirty victim ATEZER WAL ? 2R G5 HRALEY » B0 0 th B —

£

. f#FE pin count & latch [l 51 - W3 HAE bug 1 fetch Z 4% T unpin > 2 &5 €& i

BT BAEAR ?

. 41 shared_buffers 5% RAM i 90% 7E PostgreSQL 3l % R 2 47 £ » Ji R &4 2

[l B s E 7 InnoDB | A& % 5, 2

6. (B F) 4T EXPLAIN (ANALYZE, BUFFERS) ¥f[r]—fH &f 7w S MU i /K > FL#K shared

read 8 shared hit ; F¥—ik K # M SELECT count(x) > ] pg_buffercache By
HAEH T #) 256 KB | ring °

J/

FE{RRHREEAER

o CMU 15-445 Fall 2025, Lecture #04 Memory Management ; Project #1 Buffer Pool Man-

ager (ARC replacer ~ disk scheduler ~ BPM) : https://15445.courses.cs.cmu.edu/
fall2025/projectl/

A. Crotty, V. Leis, A. Pavlo, Are You Sure You Want to Use MMAP in Your Database Man-
agement System?, CIDR 2022 : https://db.cs.cmu.edu/mmap-cidr2022/

Hironobu Suzuki, The Internals of PostgreSQL, Ch. 8 Buffer Manager : https://www.
interdb. jp/pg/pgsqle8.html

PostgreSQL Jf 477 src/backend/storage/buffer/README ~ freelist.c (clock sweep -
ring) ~ bufmgr.c ; src/backend/storage/aio/README.md (PostgreSQL 18 JE[H 4 I/O
sat) o

PostgreSQL X §19.4 Resource Consumption (shared_buffers » effective_io_
concurrency > io_method) Ed F. pg_buffercache : https://www.postgresql.org/
docs/current/pgbuffercache.html

N. Megiddo & D. Modha, ARC: A Self-Tuning, Low Overhead Replacement Cache, FAST
2003 ; E. O'Neil et al., The LRU-K Page Replacement Algorithm, SIGMOD 1993 o

MySQL 2% F-fiit Buffer Pool (midpoint insertion ~ young/old sublist) : https://dev.
mysql.com/doc/refman/8.4/en/innodb-buffer—-pool.html



https://15445.courses.cs.cmu.edu/fall2025/project1/
https://15445.courses.cs.cmu.edu/fall2025/project1/
https://db.cs.cmu.edu/mmap-cidr2022/
https://www.interdb.jp/pg/pgsql08.html
https://www.interdb.jp/pg/pgsql08.html
https://www.postgresql.org/docs/current/pgbuffercache.html
https://www.postgresql.org/docs/current/pgbuffercache.html
https://dev.mysql.com/doc/refman/8.4/en/innodb-buffer-pool.html
https://dev.mysql.com/doc/refman/8.4/en/innodb-buffer-pool.html
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B5FE EHWT

o iffiult—/m) SQL f¢ 5 B B 45 R S BE 5 43 © Parser — AST — #HEGTH — RfEfb — &
AR — BT — EFIE -

o [E4pEIRER T (Join) HE#EEH T (Hash Join -~ Nested Loop ~ Merge Join) °

o MLk =AHEpEHMIA : Volcano #%/R#8 (tuple-at-a-time) ~ &k (batch) ~ #E3% AR
A K, o

o UL 1/O AN 43 #T nested-loop ~ sort-merge ~ hash join > KE % B i F A& 5% o

o STHASMI A DFHE P BLHE R G ] FE T IR I AN R S B

o %1 EXPLAIN ANALYZE fy%HE—17 » W IRBI AT A E S+ -

- J

5.1 it SOL ZBERIELR

} Parser N AST Analyzer N SBEEETE N Rewriter
TF T @38% + 30%) [ | (raw parse tree) || (278 ~ BIBIGHE) | | (BABHFEELE) | | (view - rule)
\
_ FEAE Executor E82:t2E | | Query Optimizer
1 EUED (ol ]* (heap / index AM) *‘ (Volcano / m&1k) N (GEE 1) (66 5)

PostgreSQL #4 7 {EFEER

PostgreSQL %5 50 # Overview of PostgreSQL Internals B ja ¥ 43 % - (1) parser
(src/backend/parser/gram.y > bison % > @4 raw parse tree) ; (2) analyzer
(analyze.c > & 2% HSRfATH 4 ~ WAL ~ B4R ~ HE T > EA Query £5##) 5 (3) rewriter
(src/backend/rewrite/ > JEBH view Hi rule) ; (4) planner/optimizer (src/backend/
optimizer/ » AEH: PlannedStmt) ; (5) executor (src/backend/executor/) o #%E debug_
print_parse / debug_print_rewritten / debug_print_plan = on BJ7E HEEh &R —
Rt B FR A o

. /

5.2 Parser Bl AST

Parser 4} WiJE : RAEDHT (lexer) HFH PN token (BASEF ~ 3AIF ~ Wik~ EHT) >
ERD TR B4 ISR EE A (AST) o L SELECT name FROM users WHERE age > 30 %
f :

35
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SelectStmt

/

\
targetList ‘ fromClause ’ ‘ whereClause ’

ColumnRef RangeVar
name

users

ColumnRef A Const

30

age

AST Hizs % » BAKIE users ZHFRE ~ age BT /ERFH|—F & analyzer i) T.1E >
B RS HICEE LM E ] OID » If R E 5 75 HHIEMER B /E (int4gt) o Prepared state-
ment FJEELEE M © MTEONT (ERHEE) Jit—Rk > XBUSEEEIIT

5.3 EEEFTEHETREHE

o BEEETE LN 1 HMBAMHMRES © Tname(0agesso(users)) o B HF TAEE)
o BERFIE LS REES T ¢ ERIEMFINIEE : 0  Seq Scan Ml Filter % Index
Scan ? < ffl Hash Join ~ Nested Loop 3 Merge Join ? §iii B BEAEHEF 2 TARTET ?

— R B T ] AR E L B HEE T > 2 IRSR (Index Scan [F] RE5E A%, o BLERIHAFHL) o
ks (GF 6 %) @iRfEEstEEHpE: -
54 RIEER
BT A PR T 2 R R R > BRI ez —
5.4.1 Volcano / ZE231&EEY

Graefe [ff] Volcano (1994) E#&HZFHEIEE T HEAE open() ~ next() ~ close() : R EEFENY
T-HEE) next () RiHC—4E tuple > T-EiBLF A TEIBEPL > BB EEE B R - HIZ0 (pull-
based) - —R—E o

F215 5.1: Volcano %R #8 A1 i B —1{1 Filter jE & 1

class Executor {

public:
virtual void Init() = 0; // open
virtual bool Next(Tuple sout, RID xrid) = @; // [BfE false =4GR
virtual ~Executor() = default; // close

b

class FilterExecutor : public Executor {
public:
void Init() override { child_->Init(); }
bool Next(Tuple *out, RID xrid) override {
while (child_->Next(out, rid)) {
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if (predicate_-—>Evaluate(xout).GetAs<bool>()) return true; // REREEES
}
return false;
}
private:

std: :unique_ptr<Executor> child_;
const Expression xpredicate_;

1

R - il AAERE (EFDER TR REBAEMDER T) - B8RIE CRTW L BAER) -
LIMIT 7] ISR A5 0L o Bl © B4 tuple #TEEACHA £ 8 B s HEIE Y > CPU 43 SZ TEHIE ~ B
SRR ——FE B R E RS S A IR R S - PostgreSQL ~ MySQL ~ SQLite (L) bytecode
VM ER) ~ RIIZ H ARG HZ Volcano

5.4.2 MR (Materialization)

THEE AT — OB B 2 SR A ~ AR S AR L P SRR ACHR R - RO A > il OLTP Y
ANGERFHLFLIRH E R (VoltDB ~ LY MonetDB) ;5 {HH R4 R AT fEMG K > A5 OLAP -

5.4.3 M=ZtERE (Vectorized / Batch)

MonetDB/X100 (Boncz et al. 2005) [l . : 175 Volcano f# next () » {H45 7k o E—H#E (4
1024-2048 4£) [F]—#HOLANE () &) » S I LLS R0 P B PR L Ok o R SORR Y el e
) T4 BT AR R H B SIMD b ~ & REHE CPU it - DuckDB (STANDARD_VECTOR_
SIZE = 2048) - ClickHouse - Velox » Snowflake ~ Databricks Photon #}-& m & k5|2 (% 13
) o

5.4.4 HENETENEEA AL

Neumann ffj HyPer (2011) JzHiEWiFT : ¥ (push-based) —ZEHiBEE tuple HEAA A
figh s WA EL (pipeline) #mmEREERER (LLVM) > &kl SR AU o H BB S
pipeline breaker (#)7 ~ HZEHE ~ BH) - EANELHEEFEH C++ - ERFZLTE (2
FORR > B AR BLEERE R - PostgreSQL 11 L) LLVM JIT A & i& X KALHL tuple
fERE (Jit = on > HUEAFIHE jit_above_cost #iil) » {HIEHF1/542& Volcano -

=R Bk E =2 KRR
Volcano 3% # —Z tuple fif % ~ WA ~ Bk PostgreSQL ~ MySQL »
SQLite ~ Oracle
L4 A v ] 2R R ST ) 2> VoltDB ~ FLfi MonetDB
B4 —H#t (1k—4k) ;.  CPU PREUAE - DuckDB -~ ClickHouse
14 SIMD - &5 81k Velox ~ Snowflake

W+ R —%F (BAEYHES) BT EmmEE HyPer/Umbra ~ Spark

Tungsten ~ SingleStore
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55 FEAE

T B A U BRI AT 5 B R 2R

e Seq Scan : {kJ7i# heap & —H > ¥}99% tuple £EH Filter » A& ~ H# x &7 /O - 7k
ET o BN AR A S e

e Index Scan : DA% 5| #F] TID » Z 4 [0] heap HX tuple - f kR - {2 heap 77 HUZHE
H1/0 o

e Index Only Scan : &N #FEZRFIH ~ H VM E/xEH all-visible Ff > 5 2 ANl heap
(353 %) -

e Bitmap Index Scan + Bitmap Heap Scan : g —8 2 EZ 54 TID 2k BhpiE (o] %
ZE %5 AND/OR) » {RESEHE P28 7 il heap 5 A5 SR A e FEAR o JBf e JE K K IR
RISy (4 H—fF bit) # 1058}’ *ﬁ_ﬁ T E AR AT

e TID Scan : WHERE ctid = '(0,1)"' » HHEEHE

5.6 Join BE%

HRAME ~-m%tuple> SH N H ~n % tuple » ZEMATH B H - LTIRALITI/O H
it o

5.6.1 Nested Loop Join

for each tuple r in R: -— 9ME (outer)
for each tuple s in S: -- A& (inner)
if r.key == s.key: emit (r, s)

o BENL] : A& M +m- N o 454 tuple HIUAER—E > BTP AT

e Block NLJ : —ki#—BSME (B -2 H) > WERH K M+ [M/(B-2)] N -4
JEiE /N o

o IndexNLJ : WA RG> FFFESME tuple it KK IIEHK : M +m - C (C K —IREHL
A % 1-3 H) © jgsk OLTP Hri i [ join : SHEERE - WEA L#%5] -

NLJ RS - AHREEEGS (THIER 05oin) ~ TTEARAL ~ SHER/NREE A BE

5.6.2 Sort-Merge Join

L 23AV% R~ SR join #EF CECATFEARTITEM)
2. WEYFIEIR D B SRR St Y GRS ) » /N — 7 A -

A = sort(R) + sort(S) + (M + N) 5 #EF LSRG GHEFRT (F—#) - B A ST - i
H T ZLK join ##4HE)T (ORDER BY ~ 448 merge) HERRAIRIGH. &ET%{E%# (<) ZA ) sEE
join A Z AL ©
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5.6.3 Hash Join

Build : #E/)\M R
A h(key) BEEER

A ~M+ N (MREE—R) > AIREMERRSER

Hash Table (in work_mem)

bucket 0: 73
bucket 1: 1,77
bucket 2: 74 ...

e In-memory hash join : 4 M + N > JEZ{H join A p5 3 o
e Grace / partitioned hash join (GEZERLA ) : 5L i B R~ S KA EE B — 1 EHH
B > FEMECYE WA he B3R o A 3(M + N) - SR &K E ~ Hil— KA

Probe : #&# S
HEE s B h(s.key)
ap A B b 8l

S8

e Hybrid hash join : FC{RHE A0S —(H /0 1% B2 FERC RS » AREryE -
e Bloom filter : &£ FJIEE bloom filter » probe 3 5t H ‘B i I8 K L BN S ECH Y tuple »

TR AL AR BT HE S ARt
o % join HSHRSF(E MM ~ HAMZHA build I 4 i 5

Al 45 —4¢ (pipeline breaker) o

PostgreSQL {9 Hash Join

MEIR

-

src/backend/executor/nodeHash.c L) work_mem % IR : BAEF AT > {8 build #54]
B batch (2 FZEAE) > HER batch {7 BB HEAE 5 probe b K [ AR 3% Y] batch -
EXPLAIN ANALYZE € B/~ Buckets: 1024 Batches: 4 Memory Usage: 3 kB——Batches >
1 AP B #E R - PostgreSQL 11 4 Parallel Hash Join : £ worker Jt:[a] gt —iR L=

5.6.4 =7& join HYiEIE

Nested Loop Sort-Merge Hash

fhefth 4 (593 SE{E -~ R {84 (H

B SHER/NHAEE RS WACHY /AP WRER - R
i/ FLIREEAR /N eI TR /N

RN EES I NER ] LEEGZSS HrRHER Clagms) -

L R A A 25 i i
g4 p Ptz build [ BFH 28
PRI TAEEE OLTP R af B KA« - CREE  OLAP KEBH

k¥

5.7 HIFEES

5.7.1 SMBEHEERE

GRS B—RE U B B EE M run (J5 [M/B] ) ; Z{ESH
DL B — 1 B4 - 4088 1+ [log,_, [M/B]] > #8388 2M & - Ll B = 1000 & (8 MB) %
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% > FIEEELAEHEF B(B — 1) ~ 10° B (8 GB) - Top-N heapsort (ORDER BY ... LIMIT 10) H
THEE /N N 3 > — IR TT > PostgreSQL €5 H B A -

572 B&
o HEF®EE (GroupAggregate) : JLfK GROUP BY HEHE/F » A R SEARMAS - —BEFIBEI AT 5 it
RKAFF -
o MERS (HashAggregate) : DI AR R G2 MG RFHIREE s A/ ~ @H
Bk > (HAEAH BOK 22 W 3 12 2 &S work_mem——PostgreSQL 13 FE & /) [ it H B Ak (2
i & B R ) -
o DISTINCT AVH %A B4 BBk 434l 5 COUNT(DISTINCT x) B A4S ML AR -

5.8 HfthEE FHEFITHIT

e Materialize : {{! 7-fli B4k & 17 > fit nested loop N JEg EEARIFH -

e Append / MergeAppend : UNION ALL ~ Z}E| 0T £l

e Limit » Unique - WindowAgg - SetOp ~ SubPlan (M &5 > HEIEHIT —IK—
HRMEEHRT) °

e Gather / Gather Merge : Volcano i XX H Y exchange 38 —— & {0 P47 Ji #4545 i —
BB AR > T8 28 worker & #l—1{/ (Parallel Seq Scan DL B % #¥i.{i4> T. ~ Paral-
lel Hash Join L2 5= %) » 4558 i leader L4 - max_parallel_workers_per_gather $5
worker #f o

5.9 iE1E EXPLAIN ANALYZE

FEFM 5.2: —{H MR HI R join 7l 3
EXPLAIN (ANALYZE, BUFFERS)
SELECT c.name, count(x)
FROM  customers c JOIN orders o ON o.customer_id = c.id
WHERE c.country = 'TW'
GROUP BY c.name;

HashAggregate (cost=4512.30..4515.30 rows=300 width=40) (actual time=38.1..38.2 rows=287 loops=1)
Group Key: c.name
Batches: 1 Memory Usage: 61kB
Buffers: shared hit=1730
—> Hash Join (cost=27.80..4388.60 rows=24740 width=32) (actual time=0.4..31.9 rows=24611 loops
=1)
Hash Cond: (o.customer_id = c.id)
Buffers: shared hit=1730
-> Seq Scan on orders o (cost=0.00..3670.00 rows=200000 width=8) (actual time=0.01..12.5
rows=200000 loops=1)
Buffers: shared hit=1670
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—> Hash (cost=24.00..24.00 rows=304 width=32) (actual time=0.3..0.3 rows=287 loops=1)
Buckets: 1024 Batches: 1 Memory Usage: 27kB
—> Seq Scan on customers ¢ (cost=0.00..24.00 rows=304 width=32) (actual time
=0.01..0.2 rows=287 loops=1)
Filter: (country = 'TW'::text)
Rows Removed by Filter: 2213
Buffers: shared hit=60
Planning Time: 0.35 ms

Execution Time: 38.4 ms

Py - BAMS s BTWLE o (1) ##4i customers SFAIEEIFK > 287 i A Hash g%
(build 32 /NFE > EME) 5 (2) F i orders 20 #4E probe ; (3) MEEA 287 4 > & eI
BU-ZR 5 (4) cost=startup..total f&{hE]l > actual time JZZFEW ~ rows {51 vs BT
FRB AT RIT 5 loops K 1 B¥ actual time B rows & & &k fJ-F1Y » 3 L loops ° Buffers:
shared hit ¥ » WHBR /O -

MiniDB &% : v1 A9#1T2%
vl Pl Volcano #i#! & {E SeqScanExecutor ~ FilterExecutor - ProjectionExecutor »

NestedLoopJoinExecutor ~ InsertExecutor ; & fH #8 2 A Init()/Next() - 5t &F &

HAFER HAK) #it CBR5] BEEWGMA IndexScan) > AKX RENLE
B v6e°v2 i A IndexScanExecutor > v6 P i HashJoinExecutor ~ SortExecutor »

HashAggregateExecutor °
AN

-

1. R:1000 B ~ 10 #4E ; S : 500 B ~ 4 #%E ; B = 100 ° 5155-f# % NLJ ~ block NL] (7
RV IR sort-merge (FEHEHEF) ~ Grace hash join 9 1/O fids > A48 R AE
¥ o

2. 75112 hash join () build HHEREE I 2 FHHE(L 3 A FHBRFIE build/probe 1
o BT °

3. Volcano %! F SELECT ... ORDER BY x LIMIT 10 {55 s se s i A » WpLsiE 4
T pipeline breaker ?

4. fRRR B AL B AT RER 30 e FE I B R B Ay 5 —{® WHERE a > 10 [y i &4k Filter 7N
AR THRLES )48 | ($27R : selection vector) ?

5. SMIAEHETF : M =10° E ~ B =101 B » TZ&# ? 48 1/0 £ 2 4 B 50 2

6. (B)F-) ¥/ T join 2535 H) SET enable_hashjoin = off + SET enable_mergejoin
= of f HRMA P I HAd I 1 > Lt EXPLAIN ANALYZE FEF BRI 5 T4 work_mem 3 %]
64kB #B1%¢ Batches (51 -

.
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FE{RRHRAEAE R

e CMU 15-445 Fall 2025, Lecture #11 Sorting & Aggregation ~ #12 Join Algorithms ~ #13—
14 Query Execution I/11 ; Project #3 Query Execution : https://15445.courses.cs.cmu.
edu/fall2025/project3/

G. Graefe, Volcano—An Extensible and Parallel Query Evaluation System, IEEE
TKDE 1994 : https://15799.courses.cs.cmu.edu/spring2025/papers/04-volcano/
graefe-icdel1994.pdf

P. Boncz, M. Zukowski, N. Nes, MonetDB/X100: Hyper-Pipelining Query Execution,
CIDR 2005 -

T. Neumann, Efficiently Compiling Efficient Query Plans for Modern Hardware, VLDB 2011 °
PostgreSQL 3 ff Ch. 50 Owverview of PostgreSQL Internals (https://www.
postgresql.org/docs/current/overview.html) ~§14.1 Using EXPLAIN

(https://www.postgresql.org/docs/current/using—explain.html) ~ §15 Parallel
Query °

e Hironobu Suzuki, The Internals of PostgreSQL, Ch. 3 Query Processing : https://www.
interdb.jp/pg/pgsqlo3.html

e PostgreSQL JFE 157 src/backend/executor/README (17 #s 22 4% ~ tuple table slot
JIT) -

e DuckDB Y/} Execution Format ([ E#&=,) : https://duckdb.org/docs/current/

internals/vector



https://15445.courses.cs.cmu.edu/fall2025/project3/
https://15445.courses.cs.cmu.edu/fall2025/project3/
https://15799.courses.cs.cmu.edu/spring2025/papers/04-volcano/graefe-icde1994.pdf
https://15799.courses.cs.cmu.edu/spring2025/papers/04-volcano/graefe-icde1994.pdf
https://www.postgresql.org/docs/current/overview.html
https://www.postgresql.org/docs/current/overview.html
https://www.postgresql.org/docs/current/using-explain.html
https://www.interdb.jp/pg/pgsql03.html
https://www.interdb.jp/pg/pgsql03.html
https://duckdb.org/docs/current/internals/vector
https://duckdb.org/docs/current/internals/vector

B6E FHmfEL

AEBEBE

o EArRLEE. (BRI HEEEEAXRE > FEREERFE LS P S ANALE -

o SIS REYEEIHEE  uiis] THE ~ B T - TEREAHE ~ view &0f ~ SME join fE
1k -

o HHAFFT AR (n_distinct ~ MCV ~ B 718 ~ MHBAME) Qo st 45 S B IL g il 5t > DA
K St AR B o] R o

o ff PostgreSQL [ i A, 854 —1 Seq Scan Hi Index Scan il i A

o fii T Selinger B R #Y join PEFYLEL [interesting order | » DUK By £ 8K £ RF 2K
P RRCEE A B A -

o ZHEETEEERVETE > IEAVES ERE IETFB -

g J

6.1 ABtEEERELE

SQL BEHAFES « AR [BME) > RBRE TEEM ) o [F—E 20 A b i
AT > AT IEE I AT DUME 2 5 S R B A —— 3 10 2 join HUZETRRTEA 10! ~ 3.6 x 106 FEHk
H| > FIE_ AR join A B BLAE OIS 18R 4% o e b i) B ARG JEFR B sk 4251 E B4 St
#& NP-hard) » & 76 A] 3252 [ Ip [A] 1A 382 Bl A A2 69 21 & o

TR R EE L 25 4% P05 | IBM System R (Selinger et al. 1979) F{ZE4

L BEER : £ EARMRESEEER () -
2. RAIVIRE WO AT B AR AR A o R

6.2 EEER : MHNKREL
L R TR WA TR (1 ISR AL R ) -

o HEITH# (predicate pushdown) : 1 o i kifi o SE A G 8L FUBWERLES 5 AEME view - T
By # % (partition pruning) °

o IZRSTH#E (projection pushdown) : JHfE FETFEAIBANL - M/ b A R—81 X
HEZE -

o HEIBEMEENXIL : WHERE 1 = 1-x + 0 ~NOT (a > 5) —a <= 5;x IN (1) — x =
1o

o TEHiEIHR (decorrelation / unnesting) : X WHERE EXISTS (SELECT ... WHERE o.cid

43
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= c.id) BME L semi-join - G [HFEIGHIT—IKTEH ) - PostgreSQL €48 IN/EXISTS
T FHF B semi-join > NOT EXISTS A, anti-join ; {HAH B #4125 2 245 2L SubPlan
BT -

o View SHEFEMAITF : 1 view E RN HESME L) > s ltsi o] IZEK -

o 9MB join f1LE : LEFT JOIN ... WHERE right.col IS NOT NULL Z:{Ej# inner join ; th A
B2 E A o

o Join JHBF : 5 HH B 2L RMNL ~ A5 F LAF G/ ME—BEBABE - LEFT JOIN m] B4 B

e ORER : a = 1 OR b = 2 A A AHIME &K 51 ##Hi ) bitmap OR -

Tname Tname

O country='TW’Ao.amt>100 ’ X

—_—
[
‘ custom orders ’

‘ custom orders ’

6.3 #atE

AR ARA B REE 8 ET B - PostgreSQL (] ANALYZE (F-Bh =k i autovacuum fif %) B
BeahiE % (%4 300x default_statistics_target 41| » FHEX target 2 100 » R 30,000 %1)) >
Ry ALET S AEA po_statistic (P view % pg_stats) :

metE ESHAR
null_frac NULL FERf] 5 IS NULL 42K -
n_distinct AHEE B s BEFRREAETNER L] (i —1 RE A5

—‘) ° %{51%14:9,{]@:;‘&%%% 1/ndistinct °©
most_common_vals / freqs ¥ A(H (MCV) {EHEKZHER (F% target i) ; EkHHE

RHRFHIRCR

histogram_bounds HERE MCV 1% ~ DI%E (equi-depth) J5 Ik target i
bucket 35 FE 5 7 i deff: -

correlation TALAEE 7 BB S AP P A B R B (1~ 1) 5 8k 1 £
7~ index scan #7215 F 1/0 -

avg_width PRI - AT R A R KN (PE hash join 25 HG

#E work_mem) o

ZJE ) reltuples (F#k) Bd relpages (EH#) f#{E pg_class o ALTER TABLE t ALTER
COLUMN c SET STATISTICS 1000 W] ¥f 4% & il {2 & target ; CREATE STATISTICS (#RFEHEET -
PostgreSQL 10+) TJ ¥} % {84 W4 ndistinct ~ pREUM{K (dependencies) HLZHH MCV > &
1E T —#iA5E 2 08 Sk R R -
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6.4 EFREEHGE

EEE (selectivity) sel(p) €[0,1] an]pE%Jé%&H:{ﬁJE’JﬁJ Bih ; B8 (cardinality) J&
it A 28 o 2RlE (B selfuncs.c) MEAA

UL fhat 55ER
a=c MCV iy ¢« HAEAR 5 WAFHRFFERL 0.005 o
Bl (1 -
STMCV freq),/(ndisines —
|[MCV])
a<c HET B AT : c EERE M EMCV < c BSEE -
I8 bucket Fi{L &
p1 A Do sel(py) - sel(p2) W ERRER 5 AHBAB L& AR AY o
p1V D2 sel(p1) + sel(p2) — EEEE e A
sel(p1) sel(p2)
—p 1 — sel(p)
R>pga=s59 |R|- BERER  EHEB/NE SRR

|S|/ max(V(R,a),V(S,b)) #}4k join Hi#EfE -
LIKE 'abc%'  HEpL#i[E >= 'abc' AND <  'sabc' MEEEFETIE > FER{GEEER o
'abd"

 =@EERz® |
o HHBAMNL - city = 'Taipei' AND zip LIKE '10%' Wi i BEAH I » A 3R 420K Ak o

B4k EHUE T nested loop T B BL M T 4% 5 # IR o f# 1k © CREATE STATISTICS s
(dependencies, mcv) ON city, zip FROM t o

o Mz AY R BN SN E & : WHERE lower(email) = ... » WHERE created_at + interval

‘1 day' > now() RA LA > \ﬁﬁéiﬁﬁfﬁoﬁﬂ% iEFOENRT) (ANALYZE 7%y
EWESET) SR & sargable HIER -

o BRFEYMET : KEBMATEAR ANALYZE > reltuples 128 MH - M1k AR TH

ANALYZE ; ik autovacuum_analyze_scale_factor o

Leis et al. (VLDB 2015) f§ IMDB HE&E % ¥} (Join Order Benchmark) Bl : i &R
FEHAHFHEL £ join BH W ZE 102 ~ 10 £ > il et bb S A AR 2 ) 25 S 28 SRR
L YNCEA

6.5 RANIEEY

PostgreSQL M/ A R BEBMMNHEEE D—KkKFBEFE—HA 1.0 £HEE
postgresql.conf FH%k :
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2 AR BB

seq_page_cost 1.0 s —H

random_page_cost 4.0 PEWE—E 5 SSD _EHFAE 1.1-1.5 > FRIHFIE
{2538 FE R Bf Seq Scan

cpu_tuple_cost 0.01 pEF—%Z tuple

cpu_index_tuple_cost  0.005 jE¥—%XZ[IHH

cpu_operator_cost 0.0025 #fT—HIEE T B H %

effective_cache_size 4GB fEF OS + shared_buffers A {E i E ; HiE
% index scan P A EF > ASEC BT R

work_mem 4AMB R 7 /R AT ] R AT RS 5 R R
H

Seq Scan B A :
cost = relpages x seq_page_cost + reltuples x (cpu_tuple_cost + cpu_operator_cost x ngyqis)

Pl orders (1670 B ~ 20 #53)] ~ —fEum I M41:) A6 : 1670 + 200000 x (0.01 + 0.0025) = 4170 o

Index Scan FASHEHEME © KH[H D% B+Tree | & (B 1/O) i Bl it 38 B B % 5[ 18
H ; heap S MKABRAMELE 2 b8 (4K random_page_cost) 8 [ 2&4F)F ) Z M AT > if
F Mackert-Lohman /A 3% i B4 775U W — B Rp I PREGR (5% effective_cache_size fE2%%) o
BEFFEA A startup cost (i 55 —4E R A A< ) B total cost ;5 LIMIT £ R #F i startup f)
## (40 index scan TijJE sort) o

6.6 Join HEF
6.6.1 ¥=ZR

n % join MZESRM (FE(H join M43 RIELRESEARE) & n! HIER 5 L RBH (bushy) 1
g Co=Dl g 10 M 1.7 x 1010 - System R A% g A 5t CHAS4ML ~ WET %

(n—1)!

51 BRARB L B % IR HB LR -

6.6.2 Selinger EN&EREI

L BHEESL - FIER A UKL (seqscan ~ % A]) » 5L N AAE 4y B 7 I R B

2. BWEEKNG 2 HRES BT join JE/7BEA D > A BEEE (57# [ interesting
order |) Wit H—REFER R4 EN TR ELOEEE FEAW R -

3. EEER/Nn - HHE OB") (RE) HO(n-2") (AF) > E/ANR n! o

4. Interesting order : Hf/7i iy 51 FHEEIREL 5 > {H 7] G 3% L@ HY merge join 5 ORDER BY 4
B——F DA RE AR —E o

5. THE#E cross product (A join RIS ) - FRIEMHEMhISEIE
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3 E : =& join
528 : Fi’A pair
F£18 : FEERE

min({A,B} =1 C, {B,C} < A, ...)

/ A A

{B,C}
best: B >erge C

{A,B,C} |

{A.B}
best: A >Xhash B

{A,C}
cross product : B&i@

A} {B} {C}

6.6.3 REKZHF

PostgreSQL 7 FROM HfIH H 8 < join_collapse_limit (FHak 8) Wpfiise ¥ B A MiH
##H3H geqo_threshold (% 12) RN AEFEEEE (GEQO) Ptk - Hih RLIKEE (HIk
MMA A TR #) B Cascades HEZE (Graefe 1995 ; SQL Server » CockroachDB ~ Calcite fifi
M) — i EfF ~ DURetB s ssi B s > 10 K32 878 - Neumann B2 Radke (2018) JE/R
T ETEHOE £ join Y [ 1 i HLk -

6.7 BISFTEREMAR

o BGRHER 35 KAE R 5] AL ORDER BY 2 GROUP BY HYJIEFT - A% 51k A4 4k e
Bk 5 interesting order A EESEA -

o F4TE : £ KA min_parallel_table_scan_size (8 MB) A # & Gather ; worker #{k
RANLEBUR R -

e CTE : PostgreSQL 12 j# WITH & THi / g Ak (inline) > BRIEES MATERTALIZED 75
E2V

o FtEREX : prepared statement §j 5 (K HBEIFTE GEAEERZH) - 2HGZHHAE
(generic plan) FAASBHBETE S iSO € —— 28 iR ER T (parameter sniffing) >
W[ i plan_cache_mode 5§ o

o DEIER : HHMELHITH (run-time) ) partition pruning ; partition-wise join/aggregate °

6.8 FZENEMSIESHERRIGTE

1. EXPLAIN (ANALYZE, BUFFERS) : % rows= fili5t Bl B B2 fF i R £ B (L loops %) -
AR P IR - R e A B oK -

2. BAGETEE R B R AR AR MIBAMA L — RS Mk — FEKX KT LIKE
'%x' ~ JSON — # & GIN/trigram ; 3 — ANALYZE o

3. #%r Batches > 1~ Sort Method: external merge Disk
sion )

##H work_mem (B H¥E ses-
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4. BEME 1/O MR &AL : SSD | random_page_cost = 1.1 ; effective_cache_size
e B B RU R R 50-75% o

5. HfEFB - BUS A (PRHIBL ~ OFFSET 0@ PHAEHLF ~ MATERIALIZED) il ;£ 4T pg_
hint_plan ; enable_x 28§ H fEF A EE > AE/EA EBRE K A B ©

6. il auto_explain H BT #%12 A s i) B BXET# ~ pg_stat_statements ¥ FEE A A
AR ©

PostgreSQL 9 planner [RIHS

src/backend/optimizer/README 2 A58 L o F E i #2 : planner() — subquery_
planner() (HiFF & ~ f&{k FiE =, > prep/) — query_planner() — make_one_
rel() : 4% set_base_rel_pathlists() AfE LA F EH: Path (path/allpaths.c ~ path/
indxpath.c) > P standard_join_search() (path/joinrels.c) BjREHH#]| > geqo/ J&
B E A o ARYE path/costsize.c > IR R YL utils/adt/selfuncs.c o & plan/
createplan. c JE5{H H % Path §# % Plan £ o

-

MiniDB %5 : v6 FANRIE(LZE

v6 18 v1 R B R # & TH 4% 0 (1) ANALYZE #5442 i 4E n_distinct B 100-bucket % 5
BHITE 5 (2) UAREARXMGFHEIER 5 (3) AR R PostgreSQL Hy TLfEH# 5 (4) LR
Selinger DP #f join i/ (F# < 6) > FH LR KB interesting order A fRAE ;

(5) L EXPLAIN E[V i Alit BLE B A B o 5 &l U S B (A0t SRR AT T v B8O ) o

-
—

.

&

rEHRE

1. & t A 100 g% ~ status # MCV % {active: 0.9, closed: 0.08} » n_distinct =
5 i 5} WHERE status = 'active' > WHERE status = 'pending' -~ WHERE status <>
'active' HFIHEL o

2. 7K _E > created_at MY E J57E A 100 & bucket > '2025-01-01" % 7E%E 73 { bucket 1
40% j& ° {45l WHERE created_at >= '2025-01-01' EajJjj | AND status = 'active'f%
FIBVEL 5 8 H BT ARG

3. DIAFEMHBETA © £ 5000 B ~ 50 #F) ~ K5 EE 3~ fRfFEEER 0.001 ~ MBI 0
(ZPFEH) > Index Scan HAHES K4S &% 4> ? Bl Seq Scan #f Lkfuf # B3 i » % random_
page_cost = 1.1 ¢ ?

4. 4 FHR join A< B C < D (AR join &4F) > 5| H Selinger DP 2% 2 Jg B
5 3 ARG TG (FEBR cross product) -

5. B} )8 WHERE date_trunc('day', ts) = '2025-01-01' BE#EVEMH ts FREE| - 4
Ft SUANHE 2 53 %5 E H 7] sargable # {44 o

6. (BYF) 7 WA o5 BEAH BA A A 6 00 BN &R > LRI CREATE STATISTICS Fijf% EXPLAIN
PRI T2 5 B e P ) join JEAALI o

.
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o P.G. Selinger et al., Access Path Selection in a Relational Database Management System, SIG-
MOD 1979 (AR EAEILBIBI L ZAE) : https://courses.cs.duke.edu/compsci516/
cps216/spring@3/papers/selinger—-etal-1979.pdf

S. Chaudhuri, An Overview of Query Optimization in Relational Systems, PODS 1998 o

V. Leis et al., How Good Are Query Optimizers, Really?, VLDB 2015 (Join Order Bench-
mark) : https://www.vldb.org/pvldb/vol9/p204-1leis.pdf

G. Graefe, The Cascades Framework for Query Optimization, IEEE Data Eng. Bull. 1995 -
CMU 15-445 Fall 2025 Lecture #15 Query Planning & Optimization ; CMU 15-799 Special
Topics in Database Systems: Query Optimization (HEREER) o

PostgreSQL {4 Ch. 14 Performance Tips ~ Ch. 72 How the Planner Uses Statistics (https:
//www.postgresql.org/docs/current/planner-stats-details.html) -~ §20.7 Query
Planning %% -

Hironobu Suzuki, The Internals of PostgreSQL, Ch. 3 (& AT A E S /~#) °
PostgreSQL Jii 457§ src/backend/optimizer/README ~ path/costsize.c ~ utils/adt/
selfuncs.c °

Markus Winand, Use The Index, Luke! (& 5|ElHiE{Las B T5m) : https://

use-the-index-luke.com/
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o JihfEE 2 ACID PUfEMRE » 5160 A8 R B ply 0o A MR A o £ B (LA B R B R
JEREAXREAE) -

o U1l 58] P 4L B St B A E — (B HEAR A 75 AR o

e #iR dirty read ~ non-repeatable read - phantom - lost update - write skew ~ read
skew 455 MR N EBUE MM R o

o A ANSI DU {5 FF ik 45 4% 1 5€ 38 ~ Berenson % AN ¥ EHIH#LETE > DL & PostgreSQL /
MySQL / Oracle & H I E AT 5 -

o JHf#E snapshot isolation A fi] A& FH4L > DL K U] i #E serialization failure -

_ J

71 RBRME

R (transaction) &—AHWAH KB — TAEBEALA R B ERAE © TR ERAER » B 2A
R o B R ERHE S E R R E R A MR —— B B B e T A B AT RE o BRERL T—IR
AR W HERERgME — ) MirSE% -

MG 7.1: 5 ¥k (PostgreSQL)

BEGIN; —— Y START TRANSACTION

UPDATE accounts SET balance = balance - 100 WHERE id = 1;

SAVEPOINT before_fee; — BB [EliRES

UPDATE accounts SET balance = balance - 5 WHERE id = 1; — F4&EH
ROLLBACK TO SAVEPOINT before_fee; — BUHFES » BREBE—FEEN
UPDATE accounts SET balance = balance + 100 WHERE id = 2;

COMMIT; —— B ROLLBACK WEZEES

A WA BEGIN I > A% % i autocommit : FHEFER H L —%ER G o

:— #1475 Partially %

H 5558
) —>{ Committed
Committed
i 8/& (undo

#8552 / ROLLBACK

51
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7.2 ACID

Atomicity (FEF1%)
G HERE T2 A8 424 - B (undo &H) 5 shadow paging Bl ; PostgreSQL
FE MVCC——H1 1L 5 Fir B I ROAS L R AR A AL AR B IRIEE (B9 &) -

Consistency (—1%)
A G R BAE — 1 G iR e B 5 — (R SR B BB BRI € e g YRR (8
4hgE ~ CHECK ~ 35 48) 5 B8R (TIRFAFTE) ) 2RRAEXNERE—C 2
ACID Hrfe— A8 56 4 {1 OB B DR Y - B o

Isolation (FEREETE)
WEATBATII AR SRR A B 7 P BR84SR E A SRR P8 9T o phabiT4sl (8%
MVCC ~ OCC) £#i » AR M E i -

Durability (¥ 1%)
—H commit > B E# ~ BiEHW A EEL o i WAL + fsync (55 8 3 ) & ; PostgreSQL
f) synchronous_commit = off FFLL [ | EREELEZW CHEMIINLZ S | HRE
15 )

7.3 HEzEARTRSIUME

HEFE (schedule) 2% 5552 B AR A SHIE P - FPHIHERR R A 5 — (B —EPUT 5 —EHEFE
LIRS ERFAE T I HERE > FARIFINE (serializable) ——& & W14 ) 3 AL HE -

HEEREERAGM: - KRARRR S ~ FHUR—&FIE » HED—EREEA o« ZHEfEiz%e
e R-W (unrepeatableread) : Ty i AR TL B A-
e W-R (dirtyread) : T1' EH AB T A -
e W-W (lostupdate) : ' B AT HE A-

BRAIFINE : AEF B IR A o R AR RV ESE T N HERE - FIE i ik « EBFKE (prece-
dence graph) —— i & 5 > # T; WIEERAER T MR EE 2R H T, 7687 > T, - T - IR
& BRAIFINE > 7S S E T HET -

A

A, B
S1: RI1(A) WI(A) R2(A) W2(A) R2(B) W2(B) R1(B) W1(B) m () ’@

S2: R1(A) W1(A) R2(A) W2(A) RL(B) WL(B) R2(B) W2(B) g : z53m ’BKEH%@JH: S2: EE =TT

View serializability & Z5 M EFE (fuiF blind write f4545)]) > {53 %€ /& NP-complete >
B RKHE )P A B o

AR B EAERY 5 T @ T Ty B A > Ty WHFE Ty Zf% commit (recoverable) ;
R Ty kI Ty © commit ARSI ENFEIERE R E o B3R strict HFf2 (NEBAE S
K commit &R #EGIEHALE (cascading abort) ilfii# undo &4 ¥ ——E R L M AR EHE
PR
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53

74 RBERZE

T UMERL S Ty ~ To WREHE 23 (R g L)

2%

(515

®’R

Dirty read

Non-repeatable read

Phantom

Lost update

Write skew

Read skew

Ti: UPDATE x = 10 (3K commit)
Ty: iHE x = 10

T7: ROLLBACK

Ty: i x £ 5

T5: UPDATE x = 7; COMMIT

Ti: T x 137

Ty: SELECT count(x) WHERE age >
3015 10

T5: INSERT (age = 40); COMMIT
Ty: [ —&#fs 11

Ti:i#8x = 10

Tr: 58 x = 10

Ti:x =10 + 1; COMMIT

T5:x = 10 + 1; COMMIT

KR - 22— BRHEYE - BAp
Alice ~ Bob #B{EIF -

Ty: &3] 2 NfHIE > Alice FIE
To: #%5) 2 NfHYE > Bob F¥E
Wi commit

Ti: FEIEF A =100

To: A — 50 ~ B — 150 $EEIf

commit
Ti: & B =150

Ty B BEARLSFAERE -

72 5% Py G — 95 SRR -

AR ATERE : S T

g1 5 e

RYHN— T —K

F AR AR - S REAGE A ;
MER ARG > H W-W IR
2 o

T B IR 250 > Ay o

75 [REESE4R

ANSI/ISO SQL-92 F 2% |- Wkt Bs | S DU 254

E&

Dirty read Non-repeatable

Phantom Write skew

Read Uncommitted
Read Committed X
Repeatable Read X

X

Serializable

A fig

i

o> amd
[

> X

Al g ki

A g ] fiE

T fig g
X X
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ANSI EFHHIFEEE : Berenson et al. 1995

A Critique of ANSI SQL Isolation Levels 5 H} : ANSI [ 5E F6 2 LISH & O BRI BT ) ~ $HRH
A A 528 - 1 Hi$ T lost update ~ write skew Z5HI5t - 3% L€ T Snapshot Isola-
tion (SI) : 433 5 F B IR A —SUPR > B AR B8R —5) Sl 72 5 Bos Al
Hrk (first-committer-wins)  SI %4 dirty/non-repeatable/phantom read > AIS85F write
skew——Jif LL'E A4 serializable > {H Oracle ¢ SI #% % [SERIALIZABLE | > PostgreSQL
9.1 ZHIIRA °

- J

HRBWERATE

EX FEERER Repeatable Read KIE Serializable FIE{E

PostgreSQL Read Committed Snapshot Isolation : &2 Z# SSI (Serializable Snapshot
(T 25 &) BTk el ;5 4 phantom ; B3t Isolation » 9.1+) : {&HIfE

) 1Er 7€ 4 40001 baasREE L > FLIE R TS
4
MySQL Repeatable Read MVCC i + ZEREM S $5 (2PL)
InnoDB gap/next-key lock [
phantom ({#¥%}$H % )
Oracle Read Committed AL (EaEpkE| HER S > 3 write skew
Serializable)
SQL Server Read Committed Fi=Gay X 2PL; AA
(853X 5 "B RCSI) SNAPSHOT %4%
CockroachDB  Serializable — TR AL (9%
/ Spanner SSI s g e 2PL +
TrueTime)

PostgreSQL % Read Uncommitted % i Read Committed jg Bl——MVCC 28 FARA R &
FEFIR commit (fRAS o

7.6 Snapshot Isolation Ei write skew

F23CHS 7.2: 7E PostgreSQL REPEATABLE READ T EH write skew

— M@ session [EBFHNIT
BEGIN ISOLATION LEVEL REPEATABLE READ;

SELECT count(x) FROM doctors WHERE on_call; -— MBEER 2

UPDATE doctors SET on_call = false WHERE name = 'Alice'; —-— session 1
UPDATE doctors SET on_call = false WHERE name = 'Bob'; —— session 2
COMMIT; - WEBERRIN : 0 MBI !

WER S B RE R B > first-committer-wins A € 2§ A= 1 2¢ - 5 &6 77 % 0 (1) %A
SERIALIZABLE——SSI €& {EH b — 7 commit W] 2] rw-conflict 15 B 45 50 [0l # 40001
serialization_failure ; (2) #8 [F&E& & 28] ¥ME : SELECT ... FOR UPDATE #4{F Fr i M 1A
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PEF ~ BiAE—5R shift #_Ff¥ UPDATE g W-W fi5%€ 5 (3) HAIR (n# T=24— N{EIE) &

S B A B exclusion constraint) o

FERRTEX N ARIE serialization failure

TE REPEATABLE READ i SERTALIZABLE | > PostgreSQL w] £ L SQLSTATE 40001 (&,
40P01 deadlock) 1 IEAET 4 5) - BFREE - TRBEN—S | IR TRAEE
X% (EEFEIO - RS R BOR A R B - HEZRH 14t @Transactional(retry)
M T H - MpiEaRRS - BB VACUUM ENLE A (559 3) » iR 26X ;
idle_in_transaction_session_timeout 7] L} H BhAk$i 5 R0 commit [JELAR o

-

7.7 AITEEFIN=KZEE
BT A SRR SRR BB AR > AR M

-

ERE sl {258 K&

AW WREBGE TS 85 - HETHUX 8 0 mEE R SQL Server ~ DB2 »

(2PL) commit RF—ffBEK ;5 FHE InnoDB (55 A)
BIZEAS

44l - OCC W/ B TEFAA 2 AT HRER 35 B ERE (Hekaton
commit B SE AL IR Wl 45 Silo) » FoundationDB
o SRHEHE

A MVCC B AEAMA > #EER #EE2Ed PostgreSQL ~ Oracle
WUKARHIER & 5 #50 2PL InnoDB  (;#HL) ~
g, SSI JEHLE i 7€ CockroachDB

e P R 7 R G BB E BT > & BEERILHE ; 28 Spanner (TrueTime) ~ #

(T/O) Bk X H 4 NewSQL

PostgreSQL 932 5 % 5l

BEE AR S ES—E 32 (i ciERE XID (txid_current() / pg_current_xact_id()) ;
MEFE RS 5 AN AR XID (A S XID) > g 2 ) [MEsE 2 3 ) M E iR gl %) XID
%% - 22 55 IREE (in progress / committed / aborted) 7#{E commit log (pg_xact > 518
clog) > £ XID RifH bit - Savepoint PLF325 (subtransaction) Eff > &4 H K XID ;
pg_subtrans FLERALFRAMR o i 64 H 132 5 M2 5 B sl LR 132 5 DB Y > 3 i
W AR IR(b——ORM 1) [ - 5EA) —1E savepoint | 3 4RI & o

A

-

MiniDB &4 : v4 X5 ETERE

v4 Jii A TransactionManager : Begin() Bt B4 txn id ~ Commit () B commit FC#%IF &5

WAL %8 ~ Abort () 1 undo &&RFITE - #IiRFRAELIF S 2PL B3 (5§ HE(HIEME) - v5 #

B MVCC el o Hisip B S AR AW ETNA > MEREREMNEESS T E
R ek -

-
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&

B7E RFHHACID
B&HE
. iR R1(A) Re(B) Wi(B) Wa(A) C Cy = SHEESEE > AR EEZE)FHb 5 &7 re-

1

coverable ? /&7 strict ?

. B H—1F view serializable {HJE conflict serializable fJHffE (#2/~ : blind write)

. TF Read Committed F > UPDATE accounts SET balance = balance - 100 WHERE id
= 1 WEWATHAT S A lost update ? 77 M0 plE FHF23X /% SELECT F UPDATE ... SET
balance = : FT5{E W ? HiH] PostgreSQL 7£ RC FHEWHEH M TEHBMA ) 1T
%%o

- 7y write skew il gtat = AE A F A5 7T N0 LB MEHIEAT BRI R

. B2 PostgreSQL f#] Repeatable Read % A phantom > [fif ANSI f2.#F RR A phantom ?
15 A% PostgreSQL i RR [t ANSI i) RR 58 %2 & 55 ?

. (BF) BHRIfE psql > 7£ RC ~ RR ~ SERIALIZABLE T 43 3l B3 A% i 45— F 52
LR MRLE S5 A AR AL T PR LE S -

J

FE{RRHREEAEIR

H. Berenson, P. Bernstein, J. Gray, J. Melton, E. O’Neil, P. O'Neil, A Critique of ANSI
SQL Isolation Levels, SIGMOD 1995 : https://www.microsoft.com/en-us/research/
wp—content/uploads/2016/02/tr-95-51. pdf

PostgreSQL 3 ff: Ch. 13 Concurrency Control (FRifds#k ~ SSI 74 ~ WAMESHE) © https:
//www.postgresql.org/docs/current/mvcc.html

PostgreSQL Wiki SSI (S {EHEEERTZE &) : https://wiki.postgresql.org/wiki/SSI
M. Kleppmann, Hermitage: Testing the “I” in ACID (/& &k} o Fs ik &5 45 2 3 0 4%)
https://github.com/ept/hermitage

Jepsen, Consistency Models (bR 55 4% Ho— Z AR ) %5 —HifE ) : https://jepsen.io/
consistency

CMU 15-445 Fall 2025 Lecture #16 Concurrency Control Theory °

P. Bernstein, V. Hadzilacos, N. Goodman, Concurrency Control and Recovery in Database
Systems (%% PDF) : https://www.microsoft.com/en-us/research/people/philbe/
book/

J. Gray, A. Reuter, Transaction Processing: Concepts and Techniques, 1992 (£8$LE =) o
M. Kleppmann, Designing Data-Intensive Applications, 2nd ed., Ch. 8 Transactions °



https://www.microsoft.com/en-us/research/wp-content/uploads/2016/02/tr-95-51.pdf
https://www.microsoft.com/en-us/research/wp-content/uploads/2016/02/tr-95-51.pdf
https://www.postgresql.org/docs/current/mvcc.html
https://www.postgresql.org/docs/current/mvcc.html
https://wiki.postgresql.org/wiki/SSI
https://github.com/ept/hermitage
https://jepsen.io/consistency
https://jepsen.io/consistency
https://www.microsoft.com/en-us/research/people/philbe/book/
https://www.microsoft.com/en-us/research/people/philbe/book/

B8E FAEIAHE (WAL)

o SIHHAM TEFHE  BEERE) fERFFRMLE TR AT - df 8 steal/no-force
SR SR LAY

o [iult WAL HRIf5kR B BE LSN ~ pageLSN -~ flushedLSN 2 [ A&, o

o LLEZEHE - i - AP (physiological) =#8 HubrtEk > %N PostgreSQL i€ 1 Wf—7&
AT o

o f#FE full-page write {0l ik torn page > LA K checkpoint fi4u] R il 18 5 bR [ 0 38 H 56
A

o iE1# PostgreSQL [ LSN 4% ~ pg_wal H #H pg_waldump ¥ Hi > I IF # 5% &

synchronous_commit 25228y -
~ J

8.1 AEZEEHHR

55 4 LR SR steal 5k commit B E P[5 H) B no-force (commit KA LAES 1]
BERE) RIS REHUFER S AR ~ A0F > (HHA5 s i (1 [ 7

o steal = EHHIFRERE LT REH & commit 22 Z BB > FFE undo °
e no-force = HEHEIE T commit 32 Zy BT BRI %8 > 5% redo °
fR R TEE A T BB BRI N B — (RS i H 5ERE R fsyne——1F 75 LLBEH S h— %)

W E B AR > T H— K fsync AEE — L HFA - BRIEALS W DIGE - S0 o Eil
2 FAER B (Write-Ahead Logging, WAL) -

8.2 WAL iE

F4E HsERUsA — R B ERE A HESFSR (Log Sequence Number, LSN) (A V7
Has B ALc M) o B8 &R E B AR BERC 8% pageLSN : & —KIEHUE H I H 56 8%
LSN o R#i#E# flushedLSN : B AL BIERER H 565k LSN -

WAL B9 %38l

I RERAl: R E PR BB > WAESHER pageLSN(P) < flushed LSN——iilt

B EBKATA HiE %% o (fR#E 1 undo / W[ redo)
2. Commit B : [P 5 N2 0 » %2 S WA Hebité (B8 commit 7i8%) WHEE

57
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L i o (REREAME) J
LSN 100 LSN 120 LSN 180 LSN 230 LSN 250 LSN 300
T1 UPDATE T2 INSERT T2 UPDATE
T1 BEGIN T1 COMMIT CHECKPOINT —> -
page 7 page 3 page 7

flushedLSN = 230 : T1 B [E#RAIH

page 7 B pageLSN = 250 > flushedLSN
LB A BB [E] page 7

8.3 HEFGENAR

R SR :VEFS
E#% (physical) B AL w & AL eAH A~ B (HRSERK > HIEW:
it 55 T 4R
#EfE (logical) I EEAE (T¥f users i AEEE RLER/N 5 AHE ARG RN HTE 2 — 5L
tuple ) (PHEENE ~ WATAC 8 RELL ) - 18
JEtg
A3 (physiological) DIE &AL ~ HN DU M BIEHTR > TiEERE (ARIES -
it ([7E page 7 1Y slot 3 ffi A PostgreSQL ~ InnoDB)
tuple |)

HARFEERMAL - LSN ~ 225 ID ~ prevLSN (Jal—%2 5 i —4Ere 8% - B 8% 28 5 1 el gk )
FUEREERY ~ BN AR ~ IBHTE  (before image » fit undo) ~ B EWUE (after im-
age > fit redo) ° PostgreSQL KA MVCC 3% undo Hik » R&C redo Bl

PostgreSQL A9 WAL 5%

8% L) XLogRecord FETABHTE (x1_tot_len Z8JE ~ x1_xid ~ x1_prev ~ x1_info ~ x1_
rmid ~ x1_crc) > &#EZF| £ 1H block reference (Z#ZEM H > 1] & full-page image) Hi
BREHREBER - BREES (rmgr) (KT R%i#4% : Heap (INSERT/UPDATE/DELETE/
HOT_UPDATE/LOCK) ~ Heap2 (PRUNE/VACUUM/MULTI_INSERT) ~ Btree -~ Transaction (COMMIT/
ABORT) ~ XLOG (CHECKPOINT_ONLINE/FPI) ~ Standby ~ Gin/Gist/Hash------ rmgr $ it

rm_redo PREL > 18R EHK x1_rmid 43K -

& J

8.4 Full-Page Write £ torn page

8 2 TREF 8 KB HE# HIRi 4 KB R THEM MR > BiEr e i FEMEEMWE -
A3 H 5 AR — (BRI A B redo (HNASHEC AT {F) - PostgreSQL Hf# k2 full-page
write (FPW) : #{f checkpoint Zf% > % — RASHCH B RFERE L5 5 i WAL ;5 18R R B 3%
MG E % - HERAGENEE RS - /REJE checkpoint [l 45 K WAL 2584 (7] wal_
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compression = on JB%4g FPI) o InnoDB HI|f] doublewrite buffer : 5% B & 2| — P 18 45 7 55 ~
HEIEENE  WEELHE M5 -

8.5 Checkpoint

HE A RESE PR S > 182 R A B A8 A AL BA AR FE 4K o Checkpoint 11 4% 7 ith Y 4 B 55 [l fik
i AF T —fH redo point : 85 TEHE M BB G o S EMBIEREIEIERS ~ BHL#E
Az 5 B LA fuzzy checkpoint @ 50 T B4R IERY LSN » 7E1E % AR# Y [A] Ip 12 12 18
HRBEER M > SEEA I redo point B A$ERIRE (55 11 3 ARIES € k5 o 2 HOEAENE) o

PostgreSQL checkpoint 2&{

o fi##% : checkpoint_timeout (FEHEX 5 min) B WAL E3# % max_wal_size (FHZ 1 GB) ;
Ho 7] F-Hj) CHECKPOINT o

e checkpoint_completion_target (FE5% 0.9) : checkpointer 85 H#EF7E 90% B [H kg
A S 1/O SRl

e redo point HLi#HT checkpoint {1 & & A global/pg_control (pg_controldata AJ#%) o

o HzEHiFH checkpoints are occurring too frequently F/& max_wal_size /)
IR checkpoint #E H FPW » KA MK WAL & o A EIREH 3% max_wal_size
# GB ~ checkpoint_timeout 15-30 min > PL{E J5 I #A B2 ) 1/0 o

& J

8.6 Commit BIRLZS : fsync Bl group commit

—IK fsync 7E NVMe E#) 20-100 ps ~ 7EE Al B B0 LT B Z R —— B B 5 )
fsync > FH:_FRRE 1/fsync 1EiE - Group commit : Z 1 [5] i commit 132 55 e — K fsync o
PostgreSQL i & : commit #) backend ## B A NIEFE flush » & FEARIK flush 52 KK
(WALWriteLock) ; commit_delay RJZ|E L% —BEIIET L2355 o BA S 5 walwriter £
(wal_writer_delay > 200 ms) 2 i WAL #&7& & -

synchronous_commit  [E]1$R A% THAY A

of f WAL 3E A FC RS A2 1 ) B 5 M 2 824 3 wal_writer_
delay (%25 » (HAEHRIEER (M fsync = of f R[]) o

local A% WAL fsync S2h ©

remote_write kb FER#EEEREIEE A OS R fsyne) °

on (FHREL) -k [F %S fsync o

remote_apply ik R HEECERE > EEELERE -

fsync A9B&ERH
o fsync = off & checkpoint t N& & RIS - A IZ ERHE 1] GER IR H B IAREN

— L BB A VT IR B A R BB G
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e wal_sync_method 7E Linux JHEX fdatasync ; JEUkE R R 4% / R BERABER) fsync 7 AR
A& ([fsyncgate | F4F: : PostgreSQL 12 Z Fif & 7E fsync [H #ighER & Hak > /H Linux &
TH R EOIRAE > EEEREE LS ; BITEBE fsync JRMUE B PANIC) -

o JH# 4% SSD W] RETE I #8558 i BORMP TEIR A VE L 5 AR R#E (PLP) M{ZERK
TR e 22 4 ROH 85 AVPREL o

- /

8.7 PostgreSQL i WAL EEMHF

o WAL fii /> $PGDATA/pg_wal/ > ¥JIj%, 16 MB f{E&#E (segment) (initdb --wal-segsize HJ
B0 > BN T4 8KB H o

o 144 000000010000000000000003 [ =1 8 {7 B AL : timeline (PITR / failover
% iIEHE) ~ log id ~ segment no -

o LSN LI & 32 /8 32 fiL 17N #7R > 41 0/16B3748 ; pg_current_wal_lsn() HUf3
HAEAE ~ pg_walfile_name(lsn) ¥}EEAE ~ pg_wal_lsn_diff() FHENICAHZE (BIFEE
TR FERE) o

e wal_level : minimal (HAEBBEE) ~ replica (FHEK ; XA REE B PITR) ~ logical
Cim A 228 Wi PR B T 7 L)

e #17F (archiving) : archive_mode = on fjjl archive_command (&Y archive_library) %%
R B LB SR > FEICSEBE R 4 B T i Point-in-Time Recovery o

o B EWEIRER (rename ZAKMFEA) MIEMER > /it min_wal_size Bl max_wal_size
ZI[H o

2301 8.1: i pg_waldump #i%¢—4 UPDATE jEA:f) WAL
$ pg_waldump -p $PGDATA/pg_wal -s 0/16B3748 -n 4
rmgr: Heap len (rec/tot): 54/ 218, tx: 748, 1lsn: 0/016B3748, prev 0/016B3710,
desc: HOT_UPDATE old_xmax: 748, old_off: 2, old_infobits: [], flags: @0x20, new_xmax: 0,

new_off: 3,
blkref #0: rel 1663/16384/16385 blk @ FPW
rmgr: Transaction len (rec/tot): 34/ 34, tx: 748, lsn: 0/016B3828, prev 0/016B3748,

desc: COMMIT 2026-10-08 10:12:31.448521 CST

%—4 & heap ) HOT update (#7 full-page image > K&/ checkpoint B KIEINFZH) »
5 4 & commit FREE 5 prev HlE[R — X B IFELEE o TN —-stats F 4 rmgr ] WAL &40 »
ol R E WAL B8 L ) E—5 -

»

8.8 HfthA#RIHSERE
e InnoDB : redo log & & & K/NYIRARAE (innodb_redo_log_capacity) » B AL ZE 58 K,
checkpoint ; undo & & f#7E undo tablespace (fit MVCC Hi[a]3%E > 25 9 %) ; innodb_flush_
log_at_trx_commit HE synchronous_commit o

o SQLite WAL 23, : S5 EUE M E] ~wa LA > —shm 2 E 95 2] WAL i B %3] 5 check
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point $EE A m] 4 o GEH GE WAL R IRA > 5938 ARHEE @S —— DL E b
i MVCC -

e RocksDB : £:{fl memtable ¥})#E—{E WAL > memtable flush ¥, SSTable & WAL B A] fifi i3
(3512 %) o

8.9 WAL HMHEfR&

WAL B&RES [TFASFE 4T > RILEMEEER R - BRERENERNE (68 14
# streaming replication) ~ PITR A&+ - #BEEAFES (logical decoding) Ei CDC (Debezium 4t
WAL #8 %, Kafka F4:) AR o B WAL S5 [a] e R A8 118 J ~ 4355 B4 o L o

#2305 8.2: MiniDB v4 fif) LogManager 47 [fi

class LogManager {

public:

// EIRHIREREEE  BEH Lsv; RMrEER

1sn_t Append(const LogRecord &rec);

// BBZEEZ flushed_lsn_ >= lsn (commit EAZEEEERFINEIY)

void Flush(lsn_t 1sn);

1sn_t FlushedLsn() const { return flushed_lsn_.load(); }

private:

void FlusherThread(); // BSRHITH @ THISHMEERT write + fsync » BYE group commit

std::vector<char> buffer_; std::mutex mu_; std::condition_variable cv_;

std::atomic<lsn_t> next_lsn_{0}, flushed_lsn_{0};
b

MiniDB &4 : v4 WAL

v4 [ B0 4% %5 % : BEGIN ~ COMMIT ~ ABORT ~ INSERT ~ DELETE ~ UPDATE (4 Dbefore/after
image) » NEW_PAGE ~ CHECKPOINT - BufferPoolManager: :FlushPage() &I log_
manager—>Flush(page->GetLSN()) DL ~F# HI 1; TransactionManager::Commit() %
COMMIT 7% Flush DUBESFRLAN 2 < fnA TEZ]—2f kill -9 #HIEL - BERZITA C Uk
DIHI 38 Gy #RILJEAFTE > R commit FFFAZETEER o

S

.

FERE

L. # H R no-steal/force 5 - #2752 H 5N ? F5% undo %2 redo ? & 8 HME AR AE
B AEWE 2

2. #iH pageLSN < flushedLSN 7 #8%5 H J #fn [A] IR i# undo B redo WIEMEN: © #
e B RS TRAE R 2

3. —Hz G T F—H 1000 ¥k : B H ~ AEH HES - full-page write K& EA: % A
%k ? Eyf] PostgreSQL HYE checkpoint £ B I & M IR FPI ?

4. fRFEE ) synchronous_commit = off ANEEIEER}E > 1fif fsync = off &
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5. R 20,000 /NS, ~ fsync LI 0.5 ms o B AT group commit B AT IS
> ? 4 group commit IRFHSHE# £ HFHE 2

6. (BF) $47—9t UPDATE Hij#£H pg_current_wal_lsn() Bi pg_wal_lsn_diff() #f5&E
ER] WAL %t 5 #R7% CHECKPOINT 2 FHi—1k > LKL pg_waldump ——stats 1 FPI fLk
) -

IEHRREIER

e PostgreSQL ¢4 Ch. 28 Reliability and the Write-Ahead Log (& WAL #¢5€ ~ JE[ 2 com-
mit ~ WAL NER) : https://www.postgresql.org/docs/current/wal.html

e PostgreSQL XA pg_waldump : https://www.postgresql.org/docs/current/
pgwaldump.html ; §20.5 Write Ahead Log Z¥§ -

e Hironobu Suzuki, The Internals of PostgreSQL, Ch. 9 Write Ahead Logging : https://www.
interdb. jp/pg/pgsqle9.html

e PostgreSQL JR 457 src/backend/access/transam/README (%255 ~ WAL ~ 18 JR iYEEHET
ZEE0) ~ xlog.c ~ xloginsert.c » src/include/access/xlogrecord.h °

o CMU 15-445 Fall 2025 Lecture #19 Logging Schemes °

o SQLite, Write-Ahead Logging : https://www.sqlite.org/wal.html

e MySQL ¢4 InnoDB Redo Log 88 Doublewrite Buffer »

e T. Munro, fsync() errors 7} 8l PostgreSQL 12 [ PANIC 47 % : https://wiki.

postgresql.org/wiki/Fsync_Errors
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https://www.postgresql.org/docs/current/pgwaldump.html
https://www.interdb.jp/pg/pgsql09.html
https://www.interdb.jp/pg/pgsql09.html
https://www.sqlite.org/wal.html
https://wiki.postgresql.org/wiki/Fsync_Errors
https://wiki.postgresql.org/wiki/Fsync_Errors

£9EF ShrAATES (MVCC)

o I MVCC Y =i rt #EFE « RO AN 77 ~ 8 e e s vl L ~ 85 oA ] [l
W e

o [k PostgreSQL [ append-only R 4cgii Bd InnoDB/Oracle ) undo 2 247 » PLE4
H AR -

o El# PostgreSQL tuple i xmin/xmax/ctid/infomask > if T84 nl R HY] -

o fRFELRIRIGEHE - Read Committed Ef Repeatable Read [ 2551 ~ 5 31l 2€ 1T 24 -

e #HHHOT - heap pruning ~ VACUUM 145 i Bt B autovacuum 28 > 2 i (bloat)
A o

o JEF 32 fii7C XID |5l E 1 JaEBg ~ TR A5 4 ] A P B 4% o

o iffiult SSI 4nff i rw-antidependency {HHIIEF] JEHI L #AT ©

& J

9.1 ZVEE

SR TN (58 10 %) A BE H AP % - SRRALMITIES (Multi-Version Con-
currency Control, MVCC) K& H| : EBAREBEEE > MEBELIRE ; 5% 5 EI—F
I 5 W [ B A 1R ER o A

o EHEMKEAMERE - EHEWAMERSE (BEHEZMEIBTFRH) o
o MEFEAR GV LIE R —3W TP ) AT E(E#H—WF & L OLTP A7 o
o 1% THpMIRfT ) #&#) (Oracle flashback ~ CockroachDB AS OF SYSTEM TIME) o

RAEA - 220 (BRRA) ~ B AE T/E (garbage collection) ~ LUK % 5| W78 i B 2 (E R
7 o AR MVCC BEHE 2% =(HHE : iRASTFHME ? EEWNEHET R ? BRRAIFEYX ?

63
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9.2 WRAfHFI=1EERE

=N

BxXn

A

224

K&

Append-only
(PostgreSQL)

Delta / undo
(InnoDB -~
Oracle ~ SQL

Server)

Time-travel #

B A B 3 [ —1{ heap »
BERRAS AR > DL ctid

HRRASE (B — 3

FER IS HH A > B ER

# B undo log /
rollback segment /

version store > & hR A<

#5 undo §iE g

BEA AT Bk TR

#)

BR G (A2
YERE) ~ B RAA
e A~ B

EREE - R As
o) —fE AL ~ T
JA f e

FERRE

UPDATE = ffi A + 1=
ks > FKEZETIZIR
£ VACUUM ;
iEl Z 5 #BEEHS W #T AR
A (BRJIE HOT)

AERREFEER (B
2o MR1g) ~ R
£H undo ~ undo %
[l 55 ik (purge)
Oracle /] ORA-01555
snapshot too old

BABAME: 5 A
RHHFAH (5 sQL
Server - HANA #}43)

Fi AR S 1) 77 1) WA R 9 - PostgreSQL fE TR M #r (oldest-to-newest) > iEH W REE LB L

HEFERA A 25 5 InnoDB f#fiE M8 (newest-to-oldest) » i fHT AL O(1)

o Wu

A

(VLDB 2017) $Fae s Eopk i Bl BN - A R skat - RSO TAE A SRR

W sk o

9.3 PostgreSQL fY tuple s

ol EH 5 2 #[Y HeapTupleHeaderData » MVCC AHEAMANL :

Rz B8

t_xmin gL IEERRAR 22 55 XID (INSERT 5 UPDATE f# A

t_xmax MR / EHEMERARIAE S XID ;5 0 Zaifi g otk 5IEE
(FOR UPDATE #1 4 CA% XID 25 3 xmax iifi % HEAP_XMAX_LOCK_
ONLY) ©

t_cid [l —2 S W4 75 (cmin/cmax A& F—{EOL > & 285
combo CID %) » #i[R—3c 5N [4E INSERT 42 SELECT | FE3H
CAE A ~ {H INSERT ... SELECT AEEF A CIEERMARS -

t_ctid H CBGRTARAS I B (block, offset) ; # UPDATE 1448 A # A »
TE LR ARG -

t_infomask hint bits : HEAP_XMIN_COMMITTED ~ HEAP_XMIN_INVALID ~ HEAP_

XMAX_COMMITTED ~ HEAP_XMAX_INVALID ~ HEAP_XMAX_LOCK_ONLY »~
HEAP_XMAX_IS_MULTI ~ HEAP_UPDATED ~ HEAP_HOT_UPDATED ~ HEAP_

ONLY_TUPLE ------
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ERRZA (txn 100 3EA > txn 105 BFAFIZEE xmax) #ihRAS (txn 105 #17)
(0,1) xmin=100 xmax=105 H}i$§5§\ (0,2) xmin=105 xmax=0
ctid=(@,2) name='Bob' age=30 g ctid=(0,2) name='Bob' age=31
REBER 105 R 5 : BREEMRA 105 commit & FIIARYIRER « BEIEERR
N

DELETE HJER% A€ xmax ; UPDATE & [E5 A xmax + i AFIRA | o &8t A T E Post-
greSQL [ [l 15 44 -2 i AR ——rp 1R B 28 55 ¥ R IR AS R & xmin 3R 22 SR BE &y aborted 1
HEIARA R o

9.4 'REE

tRER (snapshot) #iiult [ YEHRAGRIRIABEE > WRLE3E ) AR5 A o PostgreSQL [ I iy =
YR4r4H % > pg_current_snapshot() L) xmin:xmax:xip_list B/~ > {540 100:106:101,104 :
e xmin (100) : ffAA XID < xmin (RSP EEE R (committed BY, aborted) -
e xmax (106) : S—fE M ARAEER XID ;5 Frfg XID > xmax W52 5 TE PR BRI N FELE > — 1
R -
o xip (101 ~104) : /rARIE Z [ ~ PRERIG A 47 FIIAL S 5 BIMRIS AR R (AR
commit J) o
XID 102 ~ 103 ~ 105 45K > W RE SRR E M commit & J& abort——# commit log
(pg_xact) > MAEAHLL hint bit %5 7] tuple 2~ LIFAH A3 -
Read Committed : £ & & BHAGFFIGHT L IR ; Repeatable Read / Serializable : #4757
GyES—EE AT IR — PR IR o St 18 2 AR 2 AR 2231 -

9.5 ARMEMRAI
$FPLIR S B tuple t(fEALIR > 522 heapam_visibility.c f)j HeapTupleSatisfiesMVCC) :
A 9.1: MVCC 7T A€ (fE1k)

visible(t, S):
— B3 BUERS HERMSE commity

if t.xmin == my_xid:
if t.cmin >= my_current_cid: return false — ARZHENGLTIEA
elif t.xmin in S.xip or t.xmin >= S.xmax: return false —- |REBEF{NTEETT / BKREFE
elif status(t.xmin) != COMMITTED: return false - BRIk
— B8 HRERS HEMSE commity
if t.xmax == @ or XMAX_INVALID or LOCK_ONLY: return true -- ;BAMIE
if t.xmax == my_xid: return t.cmax >= my_current_cid — BCHI : ZEING<SEARE
if t.xmax in S.xip or t.xmax >= S.xmax: return true - MIRREIREBR AR © NEEE

return status(t.xmax) != COMMITTED — MIERE commit THAEARE
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W B SR 5 - (1) o7 R HU5E tuple A B IMANL ~ PREREE clog MiAERE > ATEEEE 5 (2)
[ Feie XID K/ ) FE 32 fii el g8 T /E F#EEE (TransactionIdPrecedes) > FHTE &K o

9.6 BAFHR

428 5 BT IR — B IR > 5% A B 5 B B A 1 xmax R AT A 5 - L E BT
AR (B2 MVCC HME— g fLZER S —)

e ¥}J5 abort : $#F » IEHHEH o

o ¥f77 commit > Read Committed : PostgreSQL H#7 i55% 5| I e #ThRA > & #73F4& WHERE
&t (EvalPlanQual #il) 5 AFF & BLE BT HMAS 58wt 7t /8 RC '~ UPDATE ... SET n
= n + 1 /g lost update -

e ¥} 77 commit > Repeatable Read / Serializable : £ i ERROR: could not serialize
access due to concurrent update (40001) > KAt E AN HIRA > BT HEE

PRI

first-updater-wins °

SELECT ... FOR UPDATE / FOR SHARE / FOR NO KEY UPDATE / FOR KEY SHARE 53538 xmax
BIEVI8E 5 2H %2 5 80 % W] — 1 f xmax 5§ [a]—ff MultiXact ID (pg_multixact) o

9.7 HOT i heap pruning

Append-only I KA SES © 8K UPDATE AR ZAE & — 8 & 54 ATs BT AR IEE - B4
FHT NI % 5] - PostgreSQL 8.3 5| A Heap-Only Tuple (HOT) : # (a) AL % 5]
TALPEEE) ~ (b) FRABAFHER — & > RIFTRA AR G| 5 K5 545 8 U4 line pointer >
B TR E AW ctid $E BB o BMUASER% > heap pruning ({7 %7 #% E Y backend
R AR NE TN HOBE R A< 1 2% B 1L ~ line pointer 2% redirect » #&(HiE R N EE ERE K B LA
£33 VACUUM -

i# HOT &4

o NERBIFHEWHMIMAL (40 updated_at ~ 5T %) ; pg_stat_user_tables.n_tup_
hot_upd / n_tup_upd #H7~x HOT LLf] »

o WEHIHHER KR fillfactor = 70--90 > 7EH N THHE 2 MAAHTRAS -

e PostgreSQL 16 #E£ » ## 5 H i & 5 7 & summarizing % 5| (BRIN) HL A€

HOT -
- J

9.8 VACUUM

HOT JEHA T B HE IR A B & 5] IHE > 48 & VACUUM K LAE - —ik (lazy) VACUUM
MR -

1. & Visibility Map Bki# all-visible i B > i H Ak heap H : prune ~ I4E5E tuple Y TID (7
A maintenance_work_mem > PostgreSQL 17 #E H radix tree KIE&FCLIEAE) ~ W45 HER
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tuple ~ B #f FSM/VM -

2. ffifE RG] - MERTEIEL TID #IEHE (index vacuum ; REHEFERFH—H) o

3. [%] heap > f83E tuple f line pointer #% % LP_UNUSED o

4. AR REB W A& % BB R KEE OS; B #H pg_class.reltuples/relpages »
relfrozenxid e

VACUUM AE 2 MBEAER RS (EREmAY) » g R F MR LIE 5 VACUUM FULL
GHEEHERE (F5% ACCESS EXCLUSIVE $HELRR % 22H) » 4 FIRBIMH po_repack IR ELF -

autovacuum launcher E# (autovacuum_naptime > 1 min) ##& &R E : JE tuple ¥ >
autovacuum_vacuum_threshold (50) + autovacuum_vacuum_scale_factor (0.2) x | &t Ex
&) worker (#% autovacuum_max_workers > 3 ) o ¥+{E5 ) # > 20% & FIRIESE tuple
—— R FEEE FHE scale factor FHF| 0.01 B AL » IFF/E autovacuum_vacuum_cost_delay
(FER 2 ms) EEHIFFH IR - PostgreSQL 13 #EALHH A M # L & il %E (autovacuum_vacuum_

insert_scale_factor) » PIf#EEE VM i# index-only scan %X °
\ J

f+EEEFE LE VACUUM [E1IX

VACUUM H g SRR TEENRBE AT R A > B ARG HEH xmin KOLRE © F
RETKDBRAE 1 RIE - €25 (4 idle in transaction) ~ [ E ) replication slot (f#Z5{
CDC {HE&Wi4R) ~ AR5 A PREPARE TRANSACTION ~ DL} hot_standby_feedback = on
i1 _EEA G o & pg_stat_activity.backend_xmin ~ pg_replication_slots.xmin »
pg_prepared_xacts o Uber 2016 4E [ i PostgreSQL it ] MySQL | 1 3C £ 1F 2 [# 4% UPDATE
R EL VACUUM 17 B ISR » 2 B2 A (HOT M ~ index deduplication ~ bottom-
up index deletion) RJI % [a] & -

-

9.9 XID [o]4E e 4

-

XID J2: 32 i 76 » #1 42 {1 > PostgreSQL fI1E # iR : $HT— XID > Hg [/ 1 21 fifH
T~ TR 21 fBEREARK - B HEEE tuple ) xmin BEE AEHIB 21 (BEKZ S » ©E5ER
SR TR T AR R—% R B MR -

it i R4 (freeze) : VACUUM E4iE (1 tuple 12 7% HEAP_XMIN_FROZEN (#5 it 7~ /4t xmin
BURH B 2) » Fon TRFTA AR R~ A -
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2% fAER BE

vacuum_freeze_min_age 5000 #  tuple [ xmin 4EEHEEILE > VACUUM RpJIE 3 R 45

vacuum_freeze_table_age 1.51& M relfrozenxid 4FiEEIL{E » VACUUM ik A&
1BER (CFBk@ all-visible B > Hpkis all-frozen E)

autovacuum_freeze_max_age 2 1% 3&HIRE) anti-wraparound autovacuum > B

autovacuum FEER

(T B ) #1218 FfR 4000 AR BAAGE 2 5 FIfR 300 # R OB HTE 4R
Fe T XID > LAZH DLEAT AT X VACUUM
(PostgreSQL 14+ ¥ failsafe #&3X, & £ % 16 &7 Pk
FHHBL A2 T4,

FEURG 9.2: BAPE [l 6% g

SELECT datname, age(datfrozenxid) AS xid_age,
round(age(datfrozenxid) / 2147483647.0 x 100, 2) AS pct_to_wraparound
FROM pg_database ORDER BY 2 DESC;
SELECT relname, age(relfrozenxid) FROM pg_class WHERE relkind = 'r' ORDER BY 2 DESC LIMIT 10;

MultiXact ID 142 32 {5 7C ~ FEZEH4S (autovacuum_multixact_freeze_max_age) o Post-
greSQL N ELA 64 7 JCHY xid8 (£ epoch) » 1H heap tuple #ZHAAA 32 (0 5 8 E 1 AZTE
Ey#5 epoch ) 64-bit XID 24t 3¢ % 4347 H i TAE »

9.10 Serializable Snapshot Isolation

PostgreSQL 9.1 ) SST (Ports & Grittner 2012 » %% Cahill 2008) 3 ST £ i 2 1F 1 J#44L >
1 HAMEFIBRZESH - 12085

e rw-antidependency (T} ~5 Ty) : T il T H &k > Th ZHE TERHRA (T EAEF) -
Ty TEF S H b ZEHETE To 207 -

o iEM (Fekete etal 2005) : SI FHrA IR FFFMLIIBAT » HFFIMLIE th#777E — 1 FE RS
BT T ™ T3 Riffik 4 rw-antidependency » H. T3 5. commit o

o SSIiAHE rw # (] SIREAD lock——RFHZEAEAT ARY [altwige | > Fossa S kLt tuple /
H /&) —BENBGEERRS RS —T (40001) - &HDRBRH (MR ER
AR > B ERA o

@ w >@ w Ty (4% commit)
BMBHMGF: T EERER B

ice ¥ ; Ty sBEWZE 71 B Bob T
T T =% 1y ™ Ty 8938 5 SSI F1ETE commit BYBE—F

ERERL  SIREAD lock fE7EL =50 (E# > max_pred_locks_per_transaction %522 8f%
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Wil LR GEEBE TR AE / FRE > BmsRA) ;5 #isE R 5 E S BEGIN ISOLATION LEVEL
SERIALIZABLE READ ONLY DEFERRABLE J & | —fl 2 4 P B & 52 & A2 B 5 [P A Z
R R TAE R 2L - B BRI R -

9.11 HhRZHKERE

o InnoDB : 4% 4 &5 A# DB_TRX_ID ~ DB_ROLL_PTR (3517 undo #C§%) ; read view 4§
[P ; purge thread [l A F 2/ undo ; SHOW ENGINE INNODB STATUS [ history list
length /& lundo &8 | $51% ; £ 5 & i# undo tablespace 27k > M IEF A -

e Oracle : undo tablespace K/ undo_retention HiERERIHIZ A ;5 HEIEHE ORA-01555 o

e SQL Server : RCSI/Snapshot {1 i A% iE tempdb HY version store (2019 #£7] H ADR
FEAMAAEIR) o

e CockroachDB / TiDB : MVCC # ¥ LSM #{E @ F——#E % user_key@timestamp > i
H GCTTL (FEz% 4 /N / 10 438%) Hi compaction JERg (55 12~ 16 %) -

MiniDB %45 : v5 MVCC

v5 1 tuple FZFFA I _E xmin ~ xmax ~ next_version > TransactionManager #E#ETEEI X B 4E A
W EAE LR 5 SeqScanExecutor DAIAEEAY W] B4 K oM E ; UPDATE & append-only ; RR
G50 T B & 2€ 0l #t serialization error o P B /E—E % fiff LAY VACUUM : K H xmax /N BT
THEIPLER xmin H 2 commit B iRAS I B slot o HkERAE - i A HOT $#iEE heap pruning °
RHUB R SARRE -

S

G

FERE

1. pRid 100:106:101,104 > tuple A (xmin 103, xmax 0) » B (xmin 101, xmax 0) ~ C (xmin
99, xmax 105) ~ D (xmin 102, xmax 104) o clog : 103 ~ 105 committed > 102 aborted °
2 € W] T B A o

2. Bt PostgreSQL 7£ RC T UPDATE ZE #iFfl WHERE > T 7E RR N H 388 2 47 RR
t, TEHFHA AR BE AT ?

3. —IREFREMN 1 HIK - HUH BB RGIRIBAL o 55— REARISE tuple BLEF[IH
H# s 55 HOT BAME A LT > DIRARE/EEK schema o

4. #B llong-running transaction #% Ji§ bloat | 7E PostgreSQL Ei InnoDB 4} Jl| 2 37 1E W
P W AR AT AR R B B 0

5. —fi 10 TB i3 relfrozenxid 4E#A T 3% 1.9 {5 > {HHHIHY VACUUM 3 B8 &5 /N L R
JEHE 200 GB o gr#g AT ? JRA HFLLERIE ?

6. EH write skew | FBFEFbE > EHERMG rw & 5 & 77 2% SELECT ... FOR
UPDATE > [l sk 5 2

7. (Bl F) B pageinspect [ heap_page_items ¥ %¢— %I & INSERT - UPDATE -~
DELETE » VACUUM 4% t_xmin/t_xmax/t_ctid/t_infomask % k > i f§ heap_
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tuple_infomask_flags () fi#EHEIE o
J

IEHRIEREIER

Hironobu Suzuki, The Internals of PostgreSQL, Ch. 5 Concurrency Control (R] F: ~ Peig
SSI [ SE¥EHEE) © https://www. interdb.jp/pg/pgsqle5.html ; Ch. 6 Vacuum Process-
ing : https://www.interdb.jp/pg/pgsqle6.html

PostgreSQL ¢/ Ch. 13 Concurrency Control 5 §24.1 Routine Vacuuming (& Prevent-
ing Transaction ID Wraparound Failures) : https://www.postgresql.org/docs/current/

routine-vacuuming.html

D. R. K. Ports, K. Grittner, Serializable Snapshot Isolation in PostgreSQL, VLDB 2012 :

https://drkp.net/papers/ssi-vldb12.pdf

M. Cahill, U. Rohm, A. Fekete, Serializable Isolation for Snapshot Databases, SIGMOD
2008 -

Y. Wu et al., An Empirical Evaluation of In-Memory Multi-Version Concurrency Control,
VLDB 2017 : https://www.vldb.org/pvldb/vol10/p781-wu.pdf

CMU 15-445 Fall 2025 Lecture #18 Multi-Version Concurrency Control »

PostgreSQL  J& #f fi§ : src/backend/access/heap/README.HOT ~ README. tuplock
heapam_visibility.c » src/backend/storage/lmgr/README-SSI - src/backend/
access/heap/vacuumlazy.c °

E. Klitzke, Why Uber Engineering Switched from Postgres to MySQL, 2016 : https://www.
uber.com/blog/postgres-to-mysql-migration/ (&ML PostgreSQL #H#H Bl FER &)
MySQL 344 InnoDB Multi-Versioning : https://dev.mysql.com/doc/refman/8.4/en/

innodb-multi-versioning.html



https://www.interdb.jp/pg/pgsql05.html
https://www.interdb.jp/pg/pgsql06.html
https://www.postgresql.org/docs/current/routine-vacuuming.html
https://www.postgresql.org/docs/current/routine-vacuuming.html
https://drkp.net/papers/ssi-vldb12.pdf
https://www.vldb.org/pvldb/vol10/p781-wu.pdf
https://www.uber.com/blog/postgres-to-mysql-migration/
https://www.uber.com/blog/postgres-to-mysql-migration/
https://dev.mysql.com/doc/refman/8.4/en/innodb-multi-versioning.html
https://dev.mysql.com/doc/refman/8.4/en/innodb-multi-versioning.html

£10F REAWITIES

o %4y lock (%2 5 JE@#k ~ #EEEM1T:) B latch (BATARTE AR ~ FCIE#EAGHE) > LI PostgreSQL
) =JE# - heavyweight lock ~ LWLock ~ spinlock e

o S HI S/X/IS/IX/SIX AR FERE > MR 20 B S B 3 1) SH Y H Y

o FHIRIRE B (2PL) [RaE1E 2€ W] FFHIMb » S0 R 2] BOH f A strict 2PL -

o D)5 FEE ML 4L « DL wait-die/wound-wait JHEH JE 45 » AF %A 4 PostgreSQL [
deadlock_timeout il o

o AT PostgreSQL [f) 8 Fii 7 4k S5 Bl 4 T 41 4 S 1) 1 JE BRI 1% » 2 % DDL SAF 8 (i R AR
Hif o

e /f pg_locks ~ pg_blocking_pids() iZ2HisH%ZEHr o
- J

10.1 Lock Ed Latch

Lock (R5iH) Latch (F58H)

RIS R - 5~ KRG - FLIEHEASHE © buffer frame ~ JE
e M ~ B+Tree

R 25 PATHE / BT > — /N A

FiA IR ] BB oy 4EW (2PL) B gEmLE (P4F)

ik Zf (S~ X~ &g ) i WA read /write

HEs {E ) B TS ISR AL A S (BN ~ A

1)

PostgreSQL #4#%  heavyweight lock (pg_locks I]  LWLock ~ spinlock - buffer pin

")

% 3 ~ 4 3 latch crabbing ~ buffer header $H#F)& 7% latch ; ARFEH A 23X FEH o

10.2 HEENBIZHEH

BEAMFEES  AZHES () HPHRE X (5) - Bk EREIER > WITERE ;
TGS > —H 4 R R SR - SR - Gray N (1976) 2 ZHIEHEER
#§ (intention lock) : 7£ LJEfi%y (&RVE — £ — H — F) B THRITHAE N EIUEMEE) -

71
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B\ Ak [ IS IX S SIX X
IS VA
IX SO/ XK X X
s S OX /X X
SIX oOX X X X
X X X X X X

o IS/ IX : 4THAE TGS / X o TFAILS X Z i » SefER EHCIX ~ fEE B IX -

o SIX =S+ 1IX : EIRRE » FRFEHH A DT -

o BRFAMAER LIS » WIEM IX CG NTEBILS)) i 76— IERMEMRE I TR 2L S RTIREE
T8 IXHZ > BORFS AL S BA T (DI g% 518 -

o SHFHER (escalation) : FISH KL Wi R K $ LI A K E (SQL Server ~ DB2 & ; PostgreSQL 5
> WRIISHAFTE tuple #UAMGE{R)

10.3 mIPEEEH

WPSERER (2PL) : 452 5o R R RAR (LIS ~ AisH) BAMEimRR (Ues ~ AI) -
— EURRUEAT S > WA RE PRI BT -

FARHE
B RHA (growing) #@FHA (shrinking) Strict 2PL : |

commit BF—RIER ’/ u

lock point commit

TEHR : 2PL EA MR AR 2 T P AL - SR « &995E 58 511 lock point % HL
e —EENRZ ; & T — T; Alges > A T, DA BRBGZ R ~ T; A REHUS > i)
lockpoint(T;) < lockpoint(7}) o # B /GE A ER > &l lock point FIBASIERGER > FJE -

{BFEAR 2PL AFFFEAR IR i X S M N B i & commit ({E = g1k o Strict
2PL : X $8## 4 %] commit/abort ; Rigorous (strong strict) 2PL : R #F A B4R - B A
LA strict/rigorous 2PL » A fE AT BERF K BAEAY

10.4 FE4S
10.4.1 {&3

HESHE (wait-for graph) : T; — T; FoR T; 7% T; FAMSH - HIRMIEAS - #—EH%
EE I (R - ORI TAER  Fa M8 - EROKEOR R -
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PostgreSQL HYFE4AE (A

PostgreSQL A~ REV: Mk A 2 155 [ : — 1 backend %5 $H#i% deadlock_timeout (FHE1s)
%> AHT g Tl —IRERFEME (src/backend/storage/lmgr/deadlock.c) ; #aEFIR >
BINFB S A2EL > L3 ERROR: deadlock detected (SQLSTATE 40P01) > #fE €%
v K AR B A | 2515088 o 3% log_lock_waits = on A #UZ5E4%#i# deadlock_timeout
I (B RIE4S) BEEHES -

A\

10.4.2 FEBH

VA G IR IR (B B ) R aess ~ WA - (R 55 e B B

o Wait-Die (GHf ) @ X HELEWAY) 5 AL HBEE LG EEPIE (die)
e Wound-Wait (38 /7) : 5 5 B8R HAEIEAER KA & 1k (wound) 5 4EBExE G ER G ©

1k 3 5 ERL R B TR B R &Y > S HI & ke - X R % (W38 Spanner ~ CockroachDB
PR SELEREAS) AR IF TR - K 2% 5 0 A Ao A v o

&R B ikt R JE4S

o EIEMNFINER : £ % 54K F 947 1% F ¥47 (UPDATE ... WHERE id IN (...)
ORDER BY id A#-# )8/ F——H] SELECT ... ORDER BY id FOR UPDATE 4#H) o

o G SEMLT ; M E BB SR APTIEIES HH 32 5) o

e i lock_timeout ;E&E{FHRIAE KBGO E R » A HERE

o Hhg  HHIAR K E M A T EIEHE 5 T RSO & 5 e 4 £ I
TR R FR8H

(& J

10.5 Phantom Ei#lizaH

Strict 2PL $H{E A2 & A £ o T1 $14T SELECT count(*x) WHERE age > 30 #4 /&1 10
5 > Th fi A—7 age = 40 A& BLALA] 41 2€——phantom HB - iRk

o iizAEH (predicate lock) : H{EMRMF age > 30 ANE > BAATAN AT BEAT A B4R AT 2€ 5 H ikt
FM R D R EEELE -

o RS|EE[EEH / gap lock : $H{E%F| E (30, +) AYEH ° InnoDB ] next-key lock (7t ##H
+ R T gap #4) BiAZiE E o B #J2E InnoDB (] RR %4 phantom (H88 &M E) HIRK
(B RAA T2 A S g ) AR R

e SSI B9 SIREAD lock : PostgreSQL Fjfif i
%) HEEPIEE (BIFE) -

ABHZE > HRiskER A EE (tuple / H /
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10.6 PostgreSQL HERKH

PostgreSQL ' 8 A AR FM » HAEIHA L » ALK (ROW EXCLUSIVE 2 A AR 8

Fon TRELH 1) - £38 SQL fir & 1 By HUF SR > ARk S fr

B \ ik |AS RS RX SUX S SRX X AX
ACCESS SHARE (AS) X
ROW SHARE (RS) X X
ROW EXCLUSIVE (RX) X X x X
SHARE UPDATE EXCLUSIVE (SUX) X X x x X
SHARE (S) X X X X X
SHARE ROW EXCLUSIVE (SRX) X X X Xx X x
EXCLUSIVE (X) X X X X X X X
ACCESS EXCLUSIVE (AX) X x X X X X x X
#= HENSE
ACCESS SHARE SELECT
ROW SHARE SELECT ... FOR UPDATE / FOR SHARE
ROW EXCLUSIVE INSERT ~ UPDATE ~ DELETE ~ MERGE
SHARE UPDATE EXCLUSIVE = VACUUM (JE FULL) ~ ANALYZE ~ CREATE INDEX
CONCURRENTLY ~ ALTER TABLE ... VALIDATE CONSTRAINT »
%35 ALTER TABLE SET (...)
SHARE CREATE INDEX (JF CONCURRENTLY) —[H#EE A{H
i
SHARE ROW EXCLUSIVE CREATE TRIGGER - %[4> ALTER TABLE (1l ADD FOREIGN KEY)
EXCLUSIVE REFRESH MATERIALIZED VIEW CONCURRENTLY
ACCESS EXCLUSIVE DROP TABLE ~ TRUNCATE ~ VACUUM FULL ~ CLUSTER ~ REINDEX *

Z B ALTER TABLE (Nt ~ 22 ~ it NOT NULL:-----)
LOCK TABLE FHEX

DDL SH{EEEE R AAVEHT I

-

—fE#HEEMIEX orders LI ACCESS SHARE Tt 77 10 738 o TRERl#UT ALTER

TABLE orders ADD COLUMN ... “”%'%% ACCESS EXCLUSIVE > it 2 HER 1S - fE 2
44 2 ELACE 3 ” £ A HFH % ACCESS SHARE) ##E7E AL-

TER @%ﬁ A £ B M BLHERK H i) ACCESS EXCLUSIVE 18 %€ - 10 #0 Ay 2 A it FE 55 > B A
AR o ¥15K © BREIAIA—735E SET lock_timeout = '3s' > & LFSE B ER ;
CREATE INDEX CONCURRENTLY > ADD CONSTRAINT ... NOT VALID F§ VALIDATE - PostgreSQL
11+ A% ADD COLUMN ... DEFAULT (Y #(TERXAEEFK) HKHEH TR -
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10.7

PostgreSQL B451) 4R $H

ERAE \ R ‘ KEY SHARE SHARE NO KEY UPDATE UPDATE
FOR KEY SHARE X
FOR SHARE X X
FOR NO KEY UPDATE X X X
FOR UPDATE X X X X

e UPDATE APt F: 4k / ME— 4@ B FOR NO KEY UPDATE ; i 4#5% DELETE B FOR UP-
DATE -

o Slukig e ¥ 9k 2 A4 5B FOR KEY SHARE—f LB 8 A2 5 JEs iz (NO KEY UP-

DATE) A~y 7 M0 A AR ZE - 550 9.3 5l Ad s S5 8 i I K]

o JISHFELERAE tuple B xmax (KA & IF A MultiXact) > AME$HFE > FrDUSEE S5 A et
7 max_locks_per_transaction > {H&r A WAL B E -

o NOWAIT : £ % 7RI 5 SKIP LOCKED : kil w8 i 51— B 1 TVE(F U A e 8 3 o

WITH ne
SELEC
WHERE

#2305 10.1: L SKIP LOCKED EAEL i # #5175
xt_job AS (
T id FROM jobs
status = 'pending'

ORDER BY created_at

FOR U

LIMIT
)
UPDATE
FROM
RETURNI

PDATE SKIP LOCKED
1

jobs SET status = 'running', worker = :me
next_job WHERE jobs.id = next_job.id
NG jobs.x;

Advisory lock (pg_advisory_lock(key) ~ pg_try_advisory_xact_lock(key)) i 2=,

fEF OB AR S PR o AR O (A T IR)— R i B — (B R 2% ) -

10.8

SELECT

FROM
WHERE

ORDER

UG

e SR 10.2: FEFESF A

a.pid, a.state, a.wait_event_type, a.wait_event,
pg_blocking_pids(a.pid) AS blocked_by,

now() - a.xact_start AS xact_age,

left(a.query, 60) AS query

pg_stat_activity a

cardinality(pg_blocking_pids(a.pid)) > @ OR a.pid IN (SELECT unnest(pg_blocking_pids(pid))

FROM pg_stat_activity)

BY a.xact_start;
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pg_locks F| i A 84 (granted = false AZEfFH) ; pg_stat_activity.wait_event_
type = 'Lock' £RTEZER G EH > 'WWLock" HISEANERRY8E 5 A (4 WALWrite ~ BufferMapping »
LockManager) —— & 55— 8 (I/0 5t CPU ) » AR o $RBNRIEE ] po_
cancel_backend(pid) (HUH#F)) Bk pg_terminate_backend(pid) (If4R) -

10.9 HEALTTIZH

Kung i Robinson (1981) HJ OCC : &G {ERA TAE #% (GEEXFEER) - commit AR
EEERAWT commit 7R 5 H# (backward validation : LR A YEFRKEI 1514 commit ]
G IED) B EERA (BARE  BHE— R 2R A ) o 78 %E LR
GIEATEBHS s HmEZIFEMEAR > BREZESHES —HWFERALS B8l - iR gr
J& (Hekaton ~ Silo ~ TicToc) i FoundationDB $f | OCC %4 - ¥}i# : MVCC + first-updater-
wins HE R [HRAGEL B -

MiniDB #%% : v4 LockManager

v4d E{E LockManager : LockTable(txn, table_id, mode) - LockRow(txn, rid, mode) -
Unlockx » %2 IS/IX/S/SIX/X BAAZZ RIAE S4B » strict 2PL (85 %] commit/abort 4 FEJiK) »
HRPUTHE S 50 ms HHAFE 1R E A BRI 1L RARERIAE 5y o A - R A T 4 52 SRR RS 5
WEA— T B deadlock g H.o5—J7 ) 5 BRI FP A A SR © 48 IE& CMU 15-445
Project #4 %0 o

G

S

FERE

1. 225 Ty fE£ R FHUSIX > Ty 87 R MFESII X © T FREGTE R EHUHEESH 2 REARIN
15 2 T ARAHGEIESIE 2

2. #H—(EE S 2PL R A A gH vp R A HERE > TR strict 2PL 40l o o

3. ZHA S Ty (ts=10) ~ To(ts=20) ~ Ta(ts=30) » T} & T3 ~ T3 2 Tp ~ Tp 8 T) 5HH
$H o {F wait-die B wound-wait 43 I & 8¢ 4= {18k ?

4. %54t JE CREATE INDEX CONCURRENTLY T4 £ Wi R W0 R T A A X B 45 2 ‘B HUH
SHARE UPDATE EXCLUSIVE i £445 {EfE2€ 2

5. Bt —(FER A users.email i NOT NULL BaMk—# 7R » Bk 22 A FHIEHEE
i 1 - F S PSS -

6. JH SKIP LOCKED F¥J {74 7E M % ¥ E iy A& A ik 2 B 155 UPDATE #EC R 2 |
AHEE > W B RG] 2

7. (BF) BH={H psql ! DDL JEpxiEs SELECT 2 ERRHZE ) » FIA T 172 i A s 1
2% > SRIENNA lock_timeout FEA—IK °

-
N
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FE{RRHRAEAE R

o PostgreSQL {4 §13.3 Explicit Locking (F4% / 4% / H#$H ~ FE4L ~ advisory lock) :
https://www.postgresql.org/docs/current/explicit-1locking.html

e PostgreSQL J& 45 fi§ src/backend/storage/mgr/README ($ % B % &% 1) .
README. tuplock (#)$HEd MultiXact) - deadlock.c

e J. Gray, R. Lorie, G. Putzolu, I. Traiger, Granularity of Locks and Degrees of Consistency in
a Shared Data Base, 1976

e H. T. Kung, J. T. Robinson, On Optimistic Methods for Concurrency Control, ACM TODS
1981 -

e CMU 15-445 Fall 2025 Lecture #17 Two-Phase Locking Concurrency Control ; Project #4
Concurrency Control °

e M. Slot (Citus), PostgreSQL rocks, except when it blocks: Understanding locks :
https://www.citusdata.com/blog/2018/02/15/when-postgresql-blocks/ ; Seven
tips for dealing with Postgres locks : https://www.citusdata.com/blog/2018/02/22/
seven—-tips—-for-dealing-with-postgres—locks/

e H. Ringhus, pglocks.org (44 SQL iy & BV WFLL g5 ) BBy A& 7)) © https://pglocks.
org/

o MySQL 3244 InnoDB Locking (record / gap / next-key / insert intention lock) : https:
//dev.mysql.com/doc/refman/8.4/en/innodb-1locking.html



https://www.postgresql.org/docs/current/explicit-locking.html
https://www.citusdata.com/blog/2018/02/15/when-postgresql-blocks/
https://www.citusdata.com/blog/2018/02/22/seven-tips-for-dealing-with-postgres-locks/
https://www.citusdata.com/blog/2018/02/22/seven-tips-for-dealing-with-postgres-locks/
https://pglocks.org/
https://pglocks.org/
https://dev.mysql.com/doc/refman/8.4/en/innodb-locking.html
https://dev.mysql.com/doc/refman/8.4/en/innodb-locking.html
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e [ steal/no-steal x force/no-force [ 4E i & v 2545 18 JR 7KW > 4145 shadow paging °

o [t ARTES (=18 JfH : WAL ~ redo FFEE#JE 5 ~ undo & CLR -

o ffiilt ARIES f) &k} 454 (ATT ~ DPT ~ pageLSN ~ prevLSN ~ undoNextLSN) i fuzzy
checkpoint ] A %5 °

o — 4 ¥fT Analysis » Redo ~ Undo = B Bt > I3 B 2 0] 152 J5 48 A2 rp 7 U A A7 4K
1EFE -

o f#FE PostgreSQL A3 A undo F& Bt ~ RREIRELN A pg_control B WAL 4% £ —2(

IREE > DL K PITR Ei timeline -
~ J

111 KRRAVERBERNBEE

o RBRM : MR - AHUER ~ EEZELE—HTFHIREEELS (undo) -

o RIREHE : BFHI - OS panic ~ BiE—HE#MEFLIER (buffer pool ~ $H5£) 2Lk
WERESENF o ARFEIHE o

o WHARR : WIMERE—F MM + Hikllfr (PITR) 8UEA (BF14 %) o

BIREE N BRI RS WA E FBFME R commit B%2 520 R k) HIFAME (T
commit 5 G HRTFTE) ©

11.2 :%:1ZER] : steal/no-steal B force/no-force

No-Steal (& commit (B EH A~  Steal (W[E[H])

& )
Force (commit i | 5% undo ~ 5% redo - Ffifj F=undo ~ A5 redo
EEE R B> {H commit FEEEFEME A ;

buffer pool WAZH N AE 5y 2K

I o
No-Force (commit ANgE undo ~ F redo © 22 undo i redo - EER(E
AE ) (ARIES * ZHEARKR) -

Shadow paging (System R F.3 - LMDB ~ SQLite i rollback-journal #z{HE #HitH ) &
no-steal/force FXF# : B FFE R EH M (copy-on-write) FIFiE > commit T Hi Y1 EH

78
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SRR « IR R TE H Ak SRR
WA~ E A IO SR 1A

e B2 I commit B T A EIT fsync ~ B0k}
o IR R Y% TP H i +E steal /no-force + WAL o

11.3 ARIES B=1ERAI

Mohan 4§ A (1992) )j ARIES (Algorithms for Recovery and Isolation Exploiting Semantics )
ST AT LA LIRS ] A AR

1. Write-Ahead Logging :

2. Repeating history during redo : IREE (
A commit ZFHIMEH) > #R1EA undo Hi%K o Jg i redo MR > AR BE B0

5 8 TR R AR AN -

W > iU R T F BB E R 2R (R
®

MR E 454 (B+Tree 723 #3LLERERR

3. Logging changes during undo : undo i % —#

A #E H5E (Compensation Log Record,

CLR) > fifPl undo (7 E|—pFHEH > A& HEK undo -

=T
11.4 BREGE

e AE

Hakrc s LSN ~ type (UPDATE / COMMIT / ABORT / END / CLR /
CHECKPOINT) ~ txnId ~ prevLSN ([F3E 5 Hi—2%) ~ pageld ~ {if
# -~ before image - after image ; CLR 57 undoNextLSN : T —{§ %
undo HJFCEE ©

pageLSN BHEE R AR - A HNE R LSN o

Transaction Table (ATT)

Dirty Page Table (DPT)

HEWNENAL S txnld ~ JREE (running / committing / aborting) ~
lastLSN (FeHTacssR)

FHEWEH : pageld » recLSN— 3% — X JWEFFHEN LSN 5 3% H #iARk
AR5 4 recLSN Z Wi (I T 1B 8K o

Checkpoint BEGIN_CHECKPOINT + END_CHECKPOINT (& ATT Bd DPT $ig) ;
master record 7 T ¢ #1 BEGIN_CHECKPOINT fJ LSN © Fuzzy :
checkpoint ilH] 52 &) B HEAT ~ AEIILBEE -

11.5 ={EIFSER
® Undo : BIZ[C{E#HE - B CLR
@ Redo : EEEL (BWF) _
® Analysis : E3 ATT ~ DPT
I I I > wu (LSN)
=EMN =E—R HEE Rl
recLSN checkpoint (1)
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11.5.1 Analysis

# master record # [l fil ft % — X checkpoint B 44 ATHE 2] H 56 R - 2 5 4 Wk
ATT Bi DPT :
e ) checkpoint H1f] ATT ~ DPT A2 -
o BFIHAT G MFECEE  MA / FHF ATT [ lastLSN ; dBF] END : 7¢ ATT F% 5 #B%F| COMMIT :
JIRAEEK £ commiitting e
o BEEKE P WFts%H P A7E DPT : A > recLSN = 3% LSN

KN > ATT s S 28R (loser) (BT committing & > ‘B LT 4% END) ; DPT H
/NP recLSN & redo HFERS o
11.5.2 Redo

# min(recLSN) [EAT47#4 > ¥45—4E UPDATE 5 CLR #i§% r (B P) : # LA FE—HL
7RI BB > 5 B A pageLSN %% .LSN :

1. P AYEDPT (E#uicsEm) ;

2. P £ DPT {H r.LSN < recLSN (GE{E&k S e ) ;

3. A P 1%%8] pageLSN > rLSN (ILBXEFTE s B S HFEEREH) -
HE redo FEDBFME—Eit/e [FHEEEL ) o Redo A3R1E > B0k &5 [a] F 486 % 1 ) w1
BEARBE o ¥ committing {32 58 END Wfi# H ATT -

11.5.3 Undo

A lastLSN Ot ToUndo 4 RAIULEAH LSN (R4 4 5 undo
LI LSN 4R A e 7 32§ AT » AT — il ) iR 44 )
o 7% UPDATE : £H] before image » 5—% CLR (undoNextLSN = 3%FC &k prevLsN) » 8
prevLSN A ToUndo -
o /& CLR : Rundo ¥ (E#fiilth) undo E48A4RL) » #E'E M undoNextLSN Jiil A ToUndo -
e #rprevLSN / undoNextLSN % null : %38 5 524 MI1E > B END o
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11.5.4 STEEEEMI

LSN &C#f prevLSN  3RBR
10 BEGIN_CHECKPOINT
20 END_CHECKPOINT ATT = {} » DPT = {}
30 T, UPDATE P1 - DPT: P1 recLSN 30
40 T, UPDATE P2 - DPT: P2 recLSN 40
50 T; UPDATE P3 30 DPT: P3 recLSN 50
60 Ty, COMMIT 40 T, #E A committing
70 T, UPDATE P1 50 P1 &7E DPT > recLSN f 4
80 715 END 60 Ty Fo 1t ATT

(F#; BZP2ekES@ms > P1-P3 A5M)

Analysis (f# LSN 10) : ATT = {T}: lastLSN 70} ; DPT = {P1: 30, P2: 40, P3: 50} » #j5 = T} -
Redo (f{ LSN 30) : 30 Efff P1 ; 40 i P2 %3 pageLSN = 40 Bki# ; 50 F g P3 ; 70 il P1 -
Undo (ToUndo = {70}) : undo 70 B CLR 90 (undoNext50) ; undo 50 & CLR 100
(undoNext 30) ; undo 30 & CLR 110 (undoNext null) ; & 77 END 120 -

HIERSE CLR 100 Z A EE® © F—IK Analysis &F 2| T 137 ATT (lastLSN 100) ;
Redo ®HE fff CLR 90 ~ 100 (‘EfMt 2B EMHE#%) 5 Undo B 100 > B CLR » EH:BE
F] undoNextLSN = 30 > H3| LSN 30 %% undo - —# undo 52— %k—BF - 5k
7 CLR 38 + ARIES R TARRA E5 > AvEr PRSP A R -

S J

11.6 ARIES RS RE

o i##E undo B nested top action : B+Tree 7} 248 it [ &5HEAE ) » BMEBS AL SR EBE T IE
SRR G WA EIE (A Z TR BI#H) o ARIES L) nested top action (5 —%
dummy CLR BB B &SRS e i 7 B commit 5 5|38 H AR HI 2L 3EEE undo
(S mER) 1T > WA RRCHRIIAE -

o BB EIE : savepoint fE /LA undo 2 AE LSN A1k o

o MifTHEIR : redo MK E MK LN i VI L HHU T4 5 PostgreSQL i) redo %] 18 %y L4/
#i— startup process ({HT[fi] recovery_prefetch THEEH ) -

o IRRBIEIR : EIFEIE —IRSEEM 1% > MM BRI LSN E RS 770 H 56
redo FEBAVEESNF > & it PITR o

ZNZE R
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11.7 PostgreSQL I{ER

i2%A undo FEERRY ARIES

PostgreSQL $% steal/no-force B WAL > Analysis Bd Redo Fi¥E #i 82 ARIES M @ HIRE
Undo BEER : MVCC F > Hik s AR SEA 5 I8 I tuple filiA U R T R, (H XID ¥ clog
AL committed) > ANFHEYHEE > 2% H VACUUM #E#H - Ktk WAL H & redo &
Al WATFEE CLR o AREREFIER S E T HHIKESE VACUUM JE# » DI R3S, bl i
SRR SE A ~ (A SRR 22 o

FAEhifE (src/backend/access/transam/xlogrecovery.c) :

1. # global/pg_control : # Ak #E %y DB_SHUTDOWNED HIjJ&: &z B » ATFHEE 5 HHIEA
crash recovery (Hzt i3 database system was interrupted - database system was not
properly shut down; automatic recovery in progress) o

2. U E— K checkpoint Fi#%HY redo point > £¢3% iz BAUGIERF B WAL (StartupXLOG()) :
FFEERLERIK x1rmid Y & JRE PSS H) rm_redo ; £ full-page image ] block FH #:%
= BRI pagelLSN » HE M HEHAHLH (B ARIES B 3 4 -

3. BEA5EHEE, CRC SERRAYRCERA 2y Hat Bl (redo done at ...) o ILIRFEOR}EIR B 4S [H]
EAEBER > Ok commit 525 THB)) JHEK -

4. @57 —fE# checkpoint (end-of-recovery checkpoint > PostgreSQL 15 #E#/NF end-of-
recovery record) > FHRCHAR

Archive recovery B PITR : 5 777E recovery.signal / standby.signal > startup process
73 restore_command fif 5 77 H Bl BeiE FHE E AR > B P recovery_target_time / _lsn / _xid
/ _name $2E ML E. > RIEHEARTH) timeline (timeline ID fii— > .history BRCER5 B - ffE
{RHTEE E S ) WAL AN - Hot standby (28 14 ) iRk R&E IR archive recovery > ilfi
AT MERE A o

KEAEMNT R

pg_resetwal € {2t —fEHZ 1T checkpoint FEIEH #E B ——(HEERFMBREREN
WAL > &R E & TR E R A —EUIRRE (RE[HL heap F4F ~ clog #4k) - HAEC KA i
By ~ H B W28 RER 2 ERFIES B pg_dump BAEREEH] o [ > fsync = of f Z &M EH
BAEERETS -

N J

11.8 Hfthz4%

e InnoDB : T # k& ARIES— &t H 1% checkpoint % redo log » F LA undo log [Fl
RIEIAL S (BHRTEE S T > BB BT RS ) -

e SQLite : rollback-journal #32 [5G H it ¥ journal ~ L ERE ~ commit i jour-
nal] (undo-only) ; WAL #55{/& redo-only (% 8 %) -

e RocksDB : H#; WAL E# memtable > SSTable A& A4 > A% undo (4512 &) o
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MiniDB i#%% : v4 Recovery

v I 3% ¢ (a) 8% ARIES—E{E ATT » DPT » CLR EE=FEBL - ZRALERHRE (1

J& CMU 15-445 # i Project FJA %) ;5 (b) PostgreSQL =, redo-only——Tt A v5 B MVCC »
AT Analysis + Redo o #ExmH—FE > #RER —H [BEMIFZ] ki1l -9 14 55 RGBS A8 &
AR R R (R A AR SR - IR BOE K - )
rERE
1. Zyft)2 ARIES % [HAEEL | A2 redo faK 2 828 redo B & HEEHI 6T
(7R« WER BN R —H AR slot » HETEE#E M) -
2. BERAERD) > IBEEHET P1 DB BB (pageLSN = 70) » FHFHUT= (AR B
B AF—2 o
3. Fuzzy checkpoint ] DPT ftig [ et THECKER | ME > BJHiE checkpoint
WA R ) B E o i MR G L R T #R A B A 2
4. # CLR ASEl4% undoNextLSN > T 248 undo E/E—#% UPDATE 708% > 18 )5 rp F i i er
BEH A2 2
5. PostgreSQL %4 undo BEE » AEERZF| WA ? ¥k InnoDB > 75 110 @528 5 78
99% eIk ) HIIEEE T > RIE AT R 22 B8 M 2
6. (BhF) FuEh PostgreSQL #f7—HHt3 F > kill -9 postmaster 2 E K > B HsbH HI1E
JRHEE 5 P pg_controldata MLELHIf£) checkpoint {i & BLjR BEHH AL o
N J

FiE

{PREEIE R
e C. Mohan, D. Haderle, B. Lindsay, H. Pirahesh, P. Schwarz, ARIES: A Transaction Re-

covery Method Supporting Fine-Granularity Locking and Partial Rollbacks Using Write-Ahead
Logging, ACM TODS 1992 : https://cs.stanford.edu/people/chrismre/cs345/rl/

aries.pdf

CMU 15-445 Fall 2025 Lecture #20 Database Recovery (ARIES FZEfRIfEE) o

R. Ramakrishnan, J. Gehrke, Database Management Systems, 3rd ed., Ch. 18 Crash Recov-
ery (HIGZEM ARIES R} E3H) -

PostgreSQL 3244 Ch. 25 Backup and Restore (& Continuous Archiving and Point-in-Time Re-
covery) : https://www.postgresql.org/docs/current/continuous-archiving.html ;
pg_controldata ~ pg_resetwal B H -

Hironobu Suzuki, The Internals of PostgreSQL, Ch. 9 (§9.8 18 )5 /#i#2 ) ~ Ch. 10 Base Backup
& PITR : https://www.interdb.jp/pg/pgsqll@.html

PostgreSQL B OUh g src/backend/access/transam/xlogrecovery.c ~» x1og.c
(StartupXL0G) ~ src/backend/access/transam/README o

e J. Hellerstein, M. Stonebraker, J. Hamilton, Architecture of a Database System, 2007, §6

Transactions: Concurrency Control and Recovery o



https://cs.stanford.edu/people/chrismre/cs345/rl/aries.pdf
https://cs.stanford.edu/people/chrismre/cs345/rl/aries.pdf
https://www.postgresql.org/docs/current/continuous-archiving.html
https://www.interdb.jp/pg/pgsql10.html
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L o A. Petrov, Database Internals, Ch. 5 Transaction Processing and Recovery °
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F12E LSM-Tree

o f#FE B+Tree |5l B BT AR ATUORIE » PAJ LSM-Tree Wi LI [RCiEA8 4% + 1655
o+ HREH BRI AR -

e Jfiilt MemTable ~ SSTable ~ Manifest ~ WAL it £ {4, B2 SSTable ke Z4& =, -

o B B A ) B S A A ) U 4 > B Bloomn filter B block cache 4iif B Y
i/ N

o L leveled Bi tiered (universal) compaction £ A / fEHL / 2 AR _ERYEEE (RUM

=) o
o JHf# tombstone - write stall - key-value 43 55 B #5 k8 > 0 fEf##E RocksDB [ F %
2 -
o ] RF7% 3% LSM ~ ] Rf5% 3% B+Tree o
N J

121 HHEREXS—EEE

B+Tree f) 45 B AT ¥ 2 [RIME O —F B 1w« Rl % 100 bytes » fe &t ZEHE#E{E 8-16 KB
R MG (BABRK 80-160 %) - T Hiad S H # i & iE > BB A - 72 HDD a5
HEEH > 78 SSD L RIBIE A LB FTL A RRALER DI - BERE AR5 —ERE - MHEA
HIHREEHL latch ~ JEFI2E ~ 5§ WAL -

O'Neil £ A\ (1996) HY Log-Structured Merge-Tree (LSM-Tree) {4k
1. BAEARREPNHIFESE (IF append 3] WAL {##ERFA) o
2. WY B AR S E A S R
3. WRIELHREREHM (compaction) JETE KMIREZE » ik & MEEME -
P R AER AR RURIE T8 > s HU B A SRS 22— LSM JE A e 55 A v it 28] 5 B o B 5
5 TAE - Google Bigtable (2006) ~ LevelDB (2011) ~ RocksDB (2012) #'E i AHRE AEE
ARG PIEEEERCH

86
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12.2 4518

WAL MemTable ﬁ) Immutable MemTable _—
(append-only) (skiplist » ATES) (7% flush) e e
T Nwsh ()
Lo (4 fB#% - ‘ ’ ‘ ’ ‘ ’ MANIFEST
smmrmm) (o1 ° [ SSTE [ SST7 | |(smumemumgem)
\impaction P EFRERRT L1 A8
L1 (256 MB »
semrmn L )L I JC L]

L2 (2.5GB) [ ][ ][ ][ ][ ][ ][ ][ ]

C SEBMALE—BM 1018 (fanoutT = 10) » BEBE4 90% &K

e MemTable : FC{EfEH AHEF45HE > 85 2 skiplist (If4746 A &35 ;5 RocksDB FH#E%) > 1
W AT B4 Y, B-tree < Bl (write_buffer_size > 64 MB) f&#i4% ik immutable i #51H o

o WAL : 448 A% append %] WAL ; —{ memtable flush 5% i % %} EF) WAL B ] i o
BIR AT HESE WAL S memtable (35 11 %) o

e SSTable (Sorted String Table) : R[5 - SEHEFHIREE o B HBKAENR > HETE com-
paction H AR BRI R —— R AN 75 22 latch ~ 1376 torn page [l o

o Levels : LO f flush E#emA: » SEsHETEER ; LI U TEEANERBHELZAEE
G E R —EERPPE RS > AT 40485 MANIFEST Hr il g fiE -

e MANIFEST : fifixft H b4 (FEJERE R IEH) B HEE 5 #:K flush/compaction 38 fi—4
Ji A 4 i o

12.2.1 SSTable IR

Data Block @ b Block Filter Block Index Block Meta / P Footer
ata Block 1 . eta rops | . . )
(4 kB BFF Kv) (Bloom filter) | (& block &g - {uf3) (index & ~ magic)

Data block A1) 4 LIRISRERMERE 77 (15 16 {1 restart point fit — /348 5%) » #{H block
" LZ4/Zstd BR&E G CRC o 38— #E : footer — index block CGE% B EFPEL) — 4=
.3 data block — FEHL ~ f#B ~ 7£ block M85 o

12.3 FRHNERIE
B get (k) ATEIB T > AT AR R () -

1. MemTable — immutable memtable(s)
2. LO A —EIER (SREEEEE - JrLUIEEA 5 R Lo BRI R R) -
3. L1~ L2 ERL R (245 MANIFEST p##iE) -

FS LB TLO A%% + JE¥k ) {8 SSTable——i 2 REENAIAK - RAME BN -
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e Bloom filter : #}{f SSTable (=451 data block) —1{F ; 10 bits/key R HI KL 1% > EALF
TERZ S AR P g il - SAFETERN AR (B4 [insert if not exists |) JUIHCBHSE
Bloom filter %} 4 [ & 55 (ERIE M AR bloom)

e Block cache : HeHUf# B data block (RocksDB FH g% LRU > 8 MB——#AiK) » index/-
filter block 7 [& & FEPLEH o

EEE R 7L bloom filter » WHTER— GBI — A% - G HENRE (merging itera-
tor) (/) ARG 2578 5 JE#B % - tombstone B % > FEiHE - JE5t2 LSM 1 i
A% L B+ Tree 185 A

12.4 Compaction

Compaction & LSM F.C0 i - ‘B EIMRZER (F s ZRE A B T MER#2) - PREIE
AR (BAEEMERE) - EIFERERE - AERHHAE /O B CPU » MR BARK : [F/—
EEREA RN EHET LK

12.4.1 Leveled compaction

RocksDB / LevelDB H# - 4@ K/NER (L1 = 256 MB ~ 48 x10) ; By » $k
—EARRET gk T RIEEEA0 - BRHES F—/g - L0 2 4 [ERER#%E LO—>L1 -
K By N SN R > A5 UG A 10% B TR ) 28 > ZERIRAA 1.1 H—E & kgH T~ —
JER BRI N84 T = 10 {5 RER—RES > BARKN T'x B ~ 10 x L (FH 10-30) -

12.4.2 Tiered / Universal compaction

BEGAET T s E H AR run s BRER T E8EEME 0K —E run B2 F—/g - —%
B EE R ES —% > BARKOEREBH (K) > HEEEE T8 run - HHEZNEME
A REF R AE 28 run > REERBIZERIRAS (ZFMEHH 2x DL 1) - Cassandra [y size-tiered
RocksDB ] universal compaction ~ HBase #& 48 ; 5 AME ~ @I A2 B2 R -

R BEARK EIAK (B48) ZERBRA EE

Leveled WO L) ik O(L) (FH K~ 1.1 W~ AR (FH
bloom 3T 1) %)

Tiered / & - O(L) W O(T- L) R 2FHEZ BAWE - RFER

Universal

FIFO (MR =] & PRE ~ (R R E

B
B+Tree (¥I) WRKFEHEBEE O(logy N) ¥  HEAXK B2 A
~ 70%

Athanassoulis 25 A (2016) A RUM #5418 : Read - Update ~ Memory (Z5[4) =FEpHSS A
n] G [l B e AMb—— AL BT i 2 = AT _Lag—BE > LSM ) 4&-FE compaction RIS it & 7E
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EE=AF LB -

12.5 fHIB& * tombstone BlE {th EF5p5E

o MBRZETA : delete(k) 55 A—1H tombstone ‘&A1 I B H0E &K 8 IR A HH
PIRAEA e A5 5 KEMEREEN M (ZPkiE iR tombstone) » Cassandra
[tombstone %% | FIiE AL o BB tombstone ) — 28 5 S5 5 4 1 St T ] o

e Write stall : & A ZE B8 compaction [ > LO £ R HL1FE &R HERE - RocksDB 7E LO 3
20 i K g ~ 36 RS 1EE A (leveld_slowdown/stop_writes_trigger) > Dl soft/
hard_pending_compaction_bytes_limit o JE3E MG H 2K H B 5 B E R G A MR (rate
limiter) ~ #4ill compaction $f744 ~ Ak LO il {H -

o BHMSRE : LMYk LZ4 JHEES) - BIKEH & BRAELLI Zstd (90% HI& kR ~ R
HE) o

e Key-value 7B (WiscKey) : kX value 7|7/ value log > LSM H 17§ $84E » com-
paction A~ FHE) value (RocksDB BlobDB -~ TiKV Titan ~ Badger) - X {&E 2 #iEiFH 5L —
KFEME > value log H 772 GC o

e MVCC A : RocksDB f 445 A#—{E &%) sequence number > snapshot /& —1#
sequence number ; CockroachDB ~ TiKV ifi—25- 852 5) iy [H B4R 14 (keyets) > LSM K4
R Z A > B A BT compaction K GC FIRETERR (559 ~ 16 &) -

RocksDB R 2 81

write_buffer_size (64 MB) Bl max_write_buffer_number (2) JREFCIEHE 427 ; levelo_
file_num_compaction_trigger (4) -~ max_bytes_for_level_base (256 MB) ~ max_
bytes_for_level_multiplier (10) s target_file_size_base (64 MB) JkEE4k B
1R ; BlockBasedTableOptions : block_size (4 KB) ~ block_cache ~ filter_policy =
NewBloomFilterPolicy(10) ~ cache_index_and_filter_blocks ; max_background_jobs
P&l flush/compaction 7448 - B 5 Tuning Guide WIS —H)FEAREH - TEEN - F
S rocksdb.stats Hi compaction stats &4 Hi%E A/ ~ B - BB BEK
%
.

12.6 #RF LSM R A4

e i AT\ KV : LevelDB » RocksDB (Meta ; MySQL ff MyRocks ~ Kafka Streams ~ Flink jit
fEf&u ) ~ Pebble (CockroachDB > Go #& ) ~ Badger ~ Sled -

o DAXNEME : Cassandra / ScyllaDB ~ HBase ~ TiKV (TiDB) ~ CockroachDB - Yugabyt-
eDB (DocDB) - FoundationDB (1] Redwood B+Tree) o

o IFF /= : InfluxDB (TSM) - Prometheus TSDB (¥i LSM [#] block) ~ Lucene/Elastic-
search ff] segment merge 42 [f]—JEAH o

o ¥fiH : MongoDB WiredTiger FH#:{/5/& B+Tree (A[3% LSM) > PostgreSQL / MySQL Inn-
oDB / SQL Server / Oracle ¥ % B+Tree °
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12.7 LSMiER B+Tree ?

B+Tree LSM-Tree
BARFH BERE I/O ~ 495 latch ; 2 BFELO~ MK &
P O(log N) f&x ~ mI7EH EH& L ; bloom filter £45iT
B+Tree
i [ e A TEE A, o WE Z A ~ % tombstone 2 ; ¥
12
2% H] EIHAE ~ 70% 5 JRHIE P leveled ~ 1.1x ;5 BAHRCRLF (K
AR PR SR
WiERN R/ AOHERNMERE) compaction B write stall %& i B 4
Rl
WATHIRE 5 F5E latch crabbing 2646 H 7 & EEAT % > ¥ X5 2 HEE
BIE
AR OLTP Rk 8k} e BARE KV~ B 7~ 28R
I g

MiniDB 45 : FI3ER) LSM f#171&1R

TE v2 Z ] LI HeapFile + BPlusTree F#pl—1H LSM 75| Z&4E A & i 4> 57 : skiplist
memtable - fj ¥ SSTable (data blocks + index + bloom) -~ MANIFEST - leveled com-
paction ~ merging iterator » AL EE AR (B ARAITCAH + % B Ts) - CMU
f) mini-lsm 25 (Rust) ZMAERZESTER 5 56 8% 7 0 5E LR A AR & i 7E YCSB B
THIZR -

AEHE
1. Leveled compaction ~ 7'= 10 ~ &f}44 5 1 TB ~ L1 =256 MB - Fr &8 » (%%
BHEA sy B BE R (BABCR) < &5 T =40 ?
2. 44{# SSTable & 100 5 {E# > bloom filter 10 bits/key - (a) &M filter £k ? (b) sRHAIZK
KD 2 (o) ~RENFIERNERN > 72 6 J8 ~ LO A 4 (MR E I T &% data

block ?
3. BB LO PRE st v LIS - L1 DITNAIAT » B L1 WA EE > EElAkE
BJEEE 2

4. f#FE Ry tombstone AN AETE B K& L 1 558 5 4 —(EME R R RES [ C MR &R
W\iE 1 B -

5. —fE TAER# 95% ¥ 1 /NRFERHE INSERT ~ 5% & ¥HE I MR AR « /R
BEIRFE compaction ? 5 M0 K 5 1) A B R e 2

6. i RocksDB HY sequence number i B PostgreSQL [ XID ‘HRIR : & hiuAs 4y B F7E
WRFE ~ sk mEDi 2

7. (1 F) H RocksDB H) db_bench i fillrandom & readrandom > #§%% rocksdb.stats
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N

B IR /N W-Amp 67 5 FHHE compaction MK universal B b#g -

J

IEHRIEREIEIR

e P. O'Neil, E. Cheng, D. Gawlick, E. O’Neil, The Log-Structured Merge-Tree (LSM-Tree),
Acta Informatica 1996 : https://www.cs.umb.edu/~poneil/lsmtree.pdf

e F. Chang et al., Bigtable: A Distributed Storage System for Structured Data, OSDI 2006 °

e RocksDB Wiki : Leveled Compaction ~ Universal Compaction ~ RocksDB Tuning Guide
Bloom Filter ~ Block Cache : https://github.com/facebook/rocksdb/wiki

o LevelDB E/E#E B doc/impl.md Ei doc/table_format.md : https://github.com/
google/leveldb/tree/main/doc

e S. Dong et al., RocksDB: Evolution of Development Priorities in a Key-value Store Serving
Large-scale Applications, ACM TOS 2021 -

e N. Dayan, M. Athanassoulis, S. Idreos, Monkey: Optimal Navigable Key-Value Store, SIG-
MOD 2017 ; N. Dayan, S. Idreos, Dostoevsky, SIGMOD 2018 (lazy leveling) °

o L. Luetal, WiscKey: Separating Keys from Values in SSD-Conscious Storage, FAST 2016 o

e C. Luo, M. Carey, LSM-based Storage Techniques: A Survey, VLDB Journal 2020 : https:
//arxiv.org/abs/1812.07527

e M. Athanassoulis et al., Designing Access Methods: The RUM Conjecture, EDBT 2016 °

e A. Chi (skyzh), LSM in a Week (mini-lsm > Rust B)F-##) : https://skyzh.github.
io/mini-1lsm/

o CMU 15-445 Fall 2025 Lecture #4 Database Storage: Log-Structured Storage ; CMU 15-721
Advanced Database Systems FEAFRERLIK -



https://www.cs.umb.edu/~poneil/lsmtree.pdf
https://github.com/facebook/rocksdb/wiki
https://github.com/google/leveldb/tree/main/doc
https://github.com/google/leveldb/tree/main/doc
https://arxiv.org/abs/1812.07527
https://arxiv.org/abs/1812.07527
https://skyzh.github.io/mini-lsm/
https://skyzh.github.io/mini-lsm/
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FrEBBBEE

o 1t 1/O ~ JBA&H ~ CPU =1 £ B fg R 2l oA R A M ZE/T (column-oriented) fiff7 I
Pr— B FEERE AR -

o PG EE RS AR FRAHARAS (7ML ~ RLE - bit-packing ~ delta ~ bitmap) il E ] I
F -~ anfe] T E TR A R R -

o FHHHIM E/LHAT ~ SIMD ~ fEiEY)L (late materialization) ~ zone map Bk U 17 ) &
E -

o il Parquet KE 2451 > PRfE PAX / row group [T » LK Arrow Hf {4 o

o THMTX ARSI EIE A (delta store + merge) B HTAP [ FHAEHE » lf:%03E Post-
greSQL TE4HT £ R _ A sE THEL R ]

& J

13.1 OLTP i1 OLAP B9 1%

5 1 FHm iR R FE S 0 OLTP DL SA7 D88 1Y 2 3r i 7 10 A8 % 5 7 5 OLAP 4t &
& 78 Rl DAL > A & TR o FZIX (row-oriented » NSM) fi# 17l OLAP 5=
fEARAS R
1. I/ORE : SELECT avg(price) FROM sales HZE—i » A5 AB4E tuple (W AE 50 1) ©
2. BERAME - —EH IR SR B - 8 R RS B
3. CPU f&3X : tuple-at-a-time ] Volcano %5 4 #5ZL i M ML AL RS ~ ME4GE IR BOFIY > 53 X %
P E (555 %) »

13.2 FIETH

sales NsH (5t - —EEMATFIEE tuple) |
id date country amount 1]2026-01-03|TW|120
1 2026-01-03 TW 120 2|2026-01-03 | TW|80
2 2026-01-03 TW 80
3 2026-01-04 1P 300 psM (1T= » BiR—EEER) :
zéEzEé%—_lgl—M ™W 50 o WHERE id: 1234
sum(amount) coun- date: 2026-01-03 x2, 2026-01-04 x2 (RLE)
try ="TW . country: TW TW JP TW - SPBH {TW:0,IP:1}-0010
Oz g =
DSM R (:Suntry = a_l'Lnount mfEE amount: 120 80 300 50 - bit-packing (9 bits)
E% » BRJ7EFEAS R EEER -

DSM (Decomposition Storage Model) A B ZAFH 5 B —5 B &1 (E S4B R

92
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RILE (position / row id) BH - s (WA R) AHAMEM—EWIRER tuple id o IFpE¥HE b
SARRIRE - TR BN R AL A e R A R R~ R B IR AN RS TR A 1) B BR SIMD -
RAER : tuple BR (il L MINEHEEMIRMIEDF ) REBIIEMSE (Hk n FHREB) -

Abadi % A\ (SIGMOD 2008) Ry - AT RGE MR A (EEDIE -

&S 7518 —(He R —TR A PR RS TR E BT E S RN sks] - BRME - 3
EYIME - block iteration (JijE{k) Bl invisible join o

13.3 BRYUE4RTS

TR AGIRIFEER (lightweight) ARAE : MEEMT « 2 R0 MR ADES > HHRIEN
s 1L.74/7Zstd -

Ui % EA EEEH
FHt (dictionary) AHSR{EARSE > WAL 7R AT A (FHK > FEH/ SERER
15 5 TERE Ny #4175 GROUP BY H$:
(order-preserving) Pl374% i DI oy
2 L
RLE HGAREE R (R, £ R~ (KRS FEHERERE ; Bl
) B run % HAi
Bit-packing / FOR DU B0 i LT #AF R~ NGEEBUE SIMD — X fif 1l
(frame of reference : fE&H /N
8 + ")
Delta T2 (F5 bit-packing)  WpRHEE ~ 4EHY id TR 2 5 H R
BN base
Bitmap PR AH A — T ) & MAREES (A ~ i AND/OR H42E i
(Roaring % WE& i1 JE ) ) SE 5 A =
popcount
Null suppression  &Hg null / FijEE i i —

IR AR HL - SR 5-10 1% (Parquet + Zstd 1) » HLF A MRS ~ I 1/O K > &
4 [ IRp PR T B T JE S - SEFRAR AN H 24 H B RTUE S 5T e E (DuckDB » Parquet writer
e B AHH column chunk 3#38) o

13.4 $EF - zone map EAHkIR

g R H B MM AIEERE (ClickHouse ff) ORDER BY - Redshift [ sort key ~ C-Store H
projection) A EAR : HHF MM RLE RCRME - HAEEmEEKN &) / &KE (zone map /
min-max &5t) T LTEAEEORH TSI T 2 B B 75 7] BE4F & (R fF——Dlock skipping ©
[ #7f) WHERE date BETWEEN ... YEHFFHH L AT EAD#E M - PostgreSQL i) BRIN % 5| (4
3 %) L& heap LH) zone map o BiE— 5] PLAy—(H L AE# L HEFHIE| 4 (C-Store/Vertica
# projections) » DI ZZ [R5 A )
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13.5

BiT5IE

o MEML (555 %)  EHE T UEM —EMNALH 1k—4k EE ; BIEL5 R LL selection vector
GEiBE AL E RS SR EE - AERER -

e SIMD : AVX2/AVX-512 —f§&F5 4 Lbif 8-16 i 32 i ju# sy 5 7Ll ~ bit-packed #HARAE
BEHARA SIMD 5 45 2 3 8 B B0 Bl g B 8 ) =k > BASEER1EH A intrinsics F55 o

o JEEYIME (late materialization) : 7% & N E RN B ELLERNL > B BRAEEH L (8 join HIE

7 2R

78 B At AR o

TERLPE L tuple > /12T B %) -
e Morsel-driven 4T (Leis et al. 2014) : g AP /M (morsel » %) 10 #4E) B TAEHLT
4 ENRENUH > NUMA-aware > B #{ 3 ; DuckDB ~ HyPer/Umbra $f£H -
o HEHjoin : MEEHATEMOLH S LI/ E (radix partitioning) $2 & PRBURHME: 5 £ join
M invisible join / bloom filter SE7EHE LK » FHAELEE L -

13.6 Parquet » PAX i Arrow

BRI A TR B ERE TE - HEEML (—H

% DSM B A AR — RS %6 > 58— 1B n B ;5 Ailamaki % A (2001) ) PAX (Partition
Attributes Across) T : B (REBRN ) FWOL A7 > —EERAE SR —HA M rE
6z - Apache Parquet IF 2 i B %

Magic °

"PAR1''

Row Group 0 (%7128 MB - {540 100 E31)

|

Column Chunk : id
dictionary page
data page @ (RLE)
data page 1 ...

Column Chunk : date
dictionary page
data page @ (RLE)

| | data page 1 ...

Column Chunk : countr
dictionary page
data page @ (RLE)

|| data page 1 ...

Column Chunk : amount
dictionary page

data page @ (RLE)
data page 1 ...

Row Group 1 ...

Footer (Thrift #®f%) : schema > & & row group / column chunk B ~ min/max/null
count #izt * iS5 - BEAL

‘ Footer & + Magic '‘PAR1"' ‘

AR S footer » R A 7 T2 A A Bt 5 R ERAEBARY column chunk £2 page (projec-
tion + predicate pushdown) > & & E ¥ (S3) LI HTTP range request 7 & RHHARY
F50fE - ORC %5#EHMl (stripe / stream) o Apache Arrow HIJE3e %82 + AR HERAAiAE X (&
validity bitmap -~ offset buffers) > 3# Pandas » DuckDB -~ Spark ~ Polars 2 [H Z4E #1551 &k} ;
Parquet &A% » Arrow BRUIREERS K > & HFERC - Iceberg ~ Delta Lake ~ Hudi 4 3
31 1€ Parquet #%.Z A manifest ~ PRIGEL ACID $255 1% > ##% % lakehouse °

13.7 EAHE HTAP

B AR A / R A AE (E R E R AL B - HImBUEH AT &E) - M i

delta store + merge :
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o FE AL —E/NY 5 R e G fEBAS#E (Vertica 1) WOS ~ SAP HANA ff) delta ~ Click-
House HJ#T part) » 25 [F] It £ A7 52 delta AE50F o

o HRUEMIE delta HEFF ~ BEA - S OREEMAF (E LR LSM ) compaction——Click-
House MergeTree ft] 42 Bl LTI 26 )

o ik EL 5 357 LIMBRAITTEl (deletion vector) & tombstone A7 > merge FFEfRS R[5 (Ice-
berg/Delta ] deletion vectors 75 [H]) °

HTAP (REHA#) RFUAHMARHERN - 7| XERIANRY OLTP - BEid 5 AT AR AR
# OLAP (TiDB [#] TiFlash ~ Oracle Database In-Memory -~ SingleStore ~ AlloyDB f columnar

engine) °

PostgreSQL Bl & &

PostgreSQL 4713, heap f#1F » (HA—# THAT DIE AP ZH K (305 GB 2 TB) 5t
AR AEE © BRIN 5| BLRIEH 2 BIRIE SLBEIEEIR ~ F4TEM (Parallel Seq Scan / Hash
Join / Aggregate) ~ ¥IMEARE - JIT F3E X452 ~ work_mem 3 Kk G it ) o AR 5 (E A -
w2 R ¢ Citus columnar (USING columnar fRHUJT ¥ > BR&E BN HE R » (BA 12
R E]) ~ {EE kg H R Parquet B DuckDB / pg_duckdb / pg_analytics £ > B,
PIEE#E s / CDC [ 8] ClickHouse ~ Snowflake ~ BigQuery 55 ffl 4% -

- J

13.8 ZRARE

R BweE

MonetDB / X100 L4t 56HE © BAT (binary association table) ~ bulk gE# ~ X100 [r]
Bt (&5 VectorWise/Actian Vector)

C-Store / Vertica projections (ZAEHEFHEIA) ~ WOS/ROS i 5 7 #f ~ B4H b
pLik=

DuckDB A (T4Hr 5 SQLite ) ~ i) & 2048 ~ morsel “F17 ~ HEA
Parquet/CSV/Arrow ~ PostgreSQL H{ %55

ClickHouse MergeTree : #ZFHEHEFI parts ~ g ER 5] (4 8192 | —{FH 4%
fl granule) ~ A B R4 BEL ) AL ~ 8 A B RE AT BEL H 5

Snowflake A A BGET 4B ~ micro-partition (50-500 MB ~ £ min/max) »
HENLE - LB R

BigQuery / Dremel  HURERIHIFT7E /R (repetition/definition level » Parquet 4
)~ AR A ~ TR TAT

Redshift Fjid ParAccel (PostgreSQL 4r37) ) MPP 17 &f# > sort key /
dist key

Druid / Pinot BUREE I + BIHERA] + 173X segment » [ [ (K L€ 38 1) A4 43 B
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MiniDB 3&4% : v6 B9{T\ B8k

TE v6 BT A —1H ColumnChunk A&, (&M —1EREZ] + null bitmap > [} 2048 %1))
B W8 1) B LA T : VectorFilter (8iH selection vector) B VectorSum o ¥f[f—3E 1000
51 i 22 LB SELECT sum(amount) WHERE country = 'TW' ¥E%1 % Volcano Bd{7 2 i &1k
THIBATIREA > N B AR EL zone map BkUE - Bl — S o EE/NEERELL
AR ST BE RESE B AN T AR G Y o

rEHE

1. —5R 100 ## ~ 4 F-¥4 8 bytes ~ 10 {EF 1K o A 5 K& 3t o Al 525 X BT Al A7
HHRE e DER CRIEBME) 5 B170CP B4 6 £50E 2

2. WL status A 4 fEAHEME ~ 185 ~ RIEF o HLIRF I + bit-packing B2 bitmap # i
22 5 2 BORHK status HEFP1& M RLE ¢ ?

3. R A T B AR S BLAE 42 WHERE name < 'M' - {HFTEIH AR RETREERE ; RS
A A % % 2

4. =& H SELECT c.name, sum(s.amount) FROM sales s JOIN customers c ON ...
WHERE s.date >= '2026-01-01' GROUP BY c.name {EIEIEYI{b N & 1E & 1 EHE W &k}
(fLE 2 RfL ?) -

5. Parquet ] row group Bt 128 MB i3k 8 KB AHH i f& )2 2 KR KRB/ A A E 2

6. #yftJE ClickHouse f) MergeTree B& LSM-Tree A AH [\ ) 44 5 543 2 41 H i ARAR L) B
AR (BAOK=E) -

7. (8)F) H DuckDB #t—{fl CSV ## i, Parquet (COPY ... TO 'x.parquet')- D) parquet_
metadata() #2245 column chunk &R E ~ & K /N &5 5 B LB EXPLAIN
ANALYZE a7 BEANAE 368 TR VR 1 IR B % sl LAY row group 35

IE{PRIRREAE IR
e D. Abadji, P. Boncz, S. Harizopoulos, S. Idreos, S. Madden, The Design and Implementa-

tion of Modern Column-Oriented Database Systems, Foundations and Trends in Databases
2013 (AE B TMEEY)) : https://stratos.seas.harvard.edu/files/stratos/
files/columnstoresfntdbs.pdf

e D. Abadi, S. Madden, N. Hachem, Column-Stores vs. Row-Stores: How Different Are They
Really?, SIGMOD 2008 : https://www.cs.umd.edu/~abadi/papers/abadi-sigmod@8.
pdf

e M. Stonebraker et al., C-Store: A Column-oriented DBMS, VLDB 2005 o

e A. Ailamaki, D. DeWitt, M. Hill, M. Skounakis, Weaving Relations for Cache Performance
(PAX) , VLDB 2001 -

e V. Leis, P. Boncz, A. Kemper, T. Neumann, Morsel-Driven Parallelism, SIGMOD 2014 -

e M. Raasveldt, H. Miihleisen, DuckDB: an Embeddable Analytical Database, SIG-



https://stratos.seas.harvard.edu/files/stratos/files/columnstoresfntdbs.pdf
https://stratos.seas.harvard.edu/files/stratos/files/columnstoresfntdbs.pdf
https://www.cs.umd.edu/~abadi/papers/abadi-sigmod08.pdf
https://www.cs.umd.edu/~abadi/papers/abadi-sigmod08.pdf
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MOD 2019 ; DuckDB 4 Internals : https://duckdb.org/docs/current/internals/
overview

e Apache Parquet #% 3 # #i : https://parquet.apache.org/docs/file-format/ ;
Apache Arrow %3 : https://arrow.apache.org/docs/format/Columnar.html

e S. Melnik et al., Dremel: Interactive Analysis of Web-Scale Datasets, VLDB 2010 o

e B. Dageville et al., The Snowflake Elastic Data Warehouse, SIGMOD 2016 °

e ClickHouse < % MergeTree : https://clickhouse.com/docs/en/engines/
table-engines/mergetree-family/mergetree

o CMU 15-445 Fall 2025 Lecture #5 Storage Models & Data Layout ~ #6 Database Compres-
sion ; CMU 15-721 Advanced Database Systems ([Hj AL ~ #iiE ~ 17X BAT HOBF 28 Fr
2) o



https://duckdb.org/docs/current/internals/overview
https://duckdb.org/docs/current/internals/overview
https://parquet.apache.org/docs/file-format/
https://arrow.apache.org/docs/format/Columnar.html
https://clickhouse.com/docs/en/engines/table-engines/mergetree-family/mergetree
https://clickhouse.com/docs/en/engines/table-engines/mergetree-family/mergetree

BINE

SEAER

98



F14E PHAEREER

o M HLHI ZAEEIME BB ~ mT % ~ E28) BLE A ARHUARAC IR EE (BRor R ~ Aol 5E
%~ WA EBRE) -

o [LEREESHIEY SR - JRAUEE SRR > LIRS / FER AR E UGS B

o X E I B PostgreSQL A HB iR B BB i 4 & (slot > hot standby - syn-
chronous_standby_names ~ publication/subscription) °

o fRFEAIEE ~ MBS BB -BUEREE > DIRIRER S| ~ BT LA R o

o R CAP 3 (Gilbert-Lynch JitA) ~ ‘B H a2 pE > L& PACELC HIHi 72 °

o {E Jepsen [—F AR M & _E {7 linearizability - sequential ~ causal + eventual con-

sistency Hi serializability °
N J

141 AHEESH  URAHERE

AL LR E = A 1) LR R R AU - R (Rl RSB — S TR (—
ARG ER ) B (FHF 2R > SUEADR 150 ms) © /33 £ Qi SR PLUE LR
> BT B GRS = ARAHE

L BRDRER - FLLLARBAH T~ FLLLEEE > MAREERE A T T A TR -
2. RoJSERIAERE : FALE W RELEIE ~ % ~ K - BUF > 40# (partition) @A -
3. RARENNE  SHMMFEARE (NTP V¥ REZPDIHMEER) » %) FEAH
SEF
AR R (R B8] S —EVERE R 5 45 15 BRI - 58 16 BRI B AL
Gy ~ 55 17 R PR BT

14.2 188

1% (replication) 1[5 —y ERIKTEL MRS, > B AW FIYE - IO R B P IE I - 8
B ANEEEARERS -

99
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14.2.1 EESEEFE (primary / standby)

B & followers o

o AR : leader % % D —1f follower fEFR1& A ¥ commit—— i 2 EMERR I E R >
{H follower B s iR & REE A - E# LA [—EF S + HiRIEFR | (semi-synchronous)
g, quorum X[ (PostgreSQL [ ANY 2 (s1, s2, s3))

o FRIBHER : leader 1% o FEHLFEE AT > H leader I I 4 24 4 CUIERR I 28 5 7] A
4 (RPO > 0) o

o Failover : {8l leader 4% (timeout) — 3 H T leader (F:FHHY follower) — HEIE MK
Fiiy o fel : B2 (split brain) ——# leader HE St » Wiffl leader [MFHEZ B A - HE
fencing (STONITH - fencing token ~ fl%) Hi55 15 ZA) LA 22 4 M & o

EREENERE (5 follower ) :

o F5u L#EAEAS (77 read-your-writes : 5% —BxIRF[A] N 7% leader » (A LSN 4§13 fol-
lower 38 |) o

o BN UGEA R (R (% monotonic reads : [i]—fifi I35 & & &[] —1{H follower) o

o FRIFHZEANENEIME (75 consistent prefix reads : [KFAHMNE ARKEIET) o

14.2.2 ZEEHE

ZAE R L&A leader > JRILIERIS HAREE 5 SiEEAREEE (FHATHE) 45 B i leader -
BALE - ARG O > HEAERMEN G - 7 — 5 76 R R RS o i
o fB € (I fli FH 3% [ % % B B L leader) ~ Last-Writer-Wins (LRI > ErfFBRE SR
(R A RS 4 AR A 0F ~ S CRDT (R 584 F R 5] © PostgreSQL 16 FJ
IR A origin = none BEIH > 8 p A 5T A ey U B Y S T L Il & (B 7 28 SR AP
f#i F & #2245 BDR/pgEdge & il Fig—B) o

14.2.3 HEEEE (Dynamo EIE)

Amazon Dynamo (2007) - Cassandra ~ Riak » DynamoDB : ¥4 leader > & P (1
THERRE) AR RER N EEA > W ERERR D) EEUEE N E > R {E B ER ] o
W +R> N> #EEEGLEARE  #EEINEZDHE —EER A (DURAS %k ) & IR A B ) -
WAIFEE N = 3,W = 2,R = 2 - [ & : sloppy quorum B hinted handoff (i B;¥f K
ATEREEE BRI RS > Z%A ) - read repair GEZEMUAKEIEFE#7) ~ anti-entropy
(& LL Merkle tree [L¥HER) o AMER S (A W + R > N # A linearizable » &,
Kleppmann DDIA 5 5 B# S f5]) ~ 18 € 75 SRR -
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EREE ZEEE mAEE

A & Ao TRR Ao TERR

BALE 3 leader TR AHh leader > I B W EEA

— 5 T[ 3% linearizable ([d] K5 aEH (R~W) o i
W + i leader) H—3

KR failover #4# ~ HRE AU ER OB RIRE B R
e

R#E PostgreSQL ~ MySQL ~ % & PostgreSQL Dynamo ~ Cassandra »
MongoDB - Kafka (BDR) ~ CouchDB ~ 17 Riak ~ ScyllaDB

HIE[F A

PostgreSQL fIEE

hiiitEE (physical) : standby L) pg_basebackup 37, > #% i walreceiver #¢ primary ]
walsender FHEHIL WAL W ERE GRAGERIER > 5 11 ) o

-

Replication slot (pg_create_physical_replication_slot) : primary {&%4 standby
i A BUE F) WAL——standby B 43 K A & ZE/% pg_wal (max_slot_wal_keep_size i I
fR) o

Hot standby : standby 7 k% MEE &5 ; R A M E WAL B (40 VACUUM &
AR T BRI RAS) 1B 280 > K max_standby_streaming_delay MM A > BLLL hot_
standby_feedback i primary L& E B -

[ %5 : synchronous_standby_names = 'FIRST 1 (s1, s2)' & 'ANY 2 (s1, s2,
s3) "' » #5MC synchronous_commit B&E4% (545 8 #) o

Failover T H : Patroni (}) etcd/Consul/ZooKeeper {485 # % B2 # fencing) - rep-
mgr ~ pg_auto_failover ; pg_rewind ;## primary 4.5 5 i3 5f BE 2l BH & standby ; Post-
greSQL 17 H failover slot ;i 48 & FEVIIRAB T4 -

R pg_stat_replication (sent_lsn / write_1lsn / flush_lsn / replay_1lsn »

replay_lag) o

#BEEHEE (PostgreSQL 10+) : CREATE PUBLICATION / CREATE SUBSCRIPTION > 3% iff i #ig
%S (pgoutput) L JEAK KA > W5 KARAS ~ BEBVEE R 4 K 8% (row filter
column list) > FRT4k ~ Bk 4 ~ CDC (Debezium {#i f pgoutput Bf wal2json) < R

il

: A% DDL ~ J751) ~ KWt 5 WIIRIE A K KFENE 5 B5¢ (AnME—4) & 3# subscription

PR -

14.3 “El (sharding / partitioning)

HER SR A RS R s R D B 2 TR (BE S R )

o FEEDE : MREEMIEH ([a, ), [f, m) ) HEEM B ; (HIEFH (FEEE - A% id) &
A B AT [ —5 i —EREB4 - HBase ~ Bigtable » CockroachDB -~ TiDB - Spanner ##
M (85 23K H) range) o
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ot
y

%14

o MIRDE  WHIUEEFSI - AR ; HHEE M EBIE R A 5 o Cassandra
DynamoDB -~ Citus JHz R » P LLHEE 8 CGEZESE 580 ~ 5 580 #E) 345 © (user_
id, timestamp) o

o —HI4MIZE (Kargeretal 1997) : JUMEE MR AER > EVEEEGEHEZEBIER b > SRS IHEY
STEE—MEI A0 B 5 HUET B R TRE) 1/ N Mgkl o SICERRERRE (5 E E R A B IR LA
HfES) #EEHEIGA - Dynamo ~ Cassandra ~ 2 #FPEER ] -

o EIEDER : THALY HiEL NH A8 (4N Citus FE3% 32 fi shard - Elasticsearch )
shard) » F-PHIREEARE 2 R HRRS > AT EHTAEZ -

BORE - 88 n(k) BERL - BRI R E— B
A B-C: BEEEZ; A B~ C : EEIETZY 5 BEEE
HAEEZENEERR

%% B RA B BENERAIRR T — AR5
F

D EIRAVEE

o REBFES| : &bk 3 (WESHERBIACHER 5 &HIZE scatter-gather FIIA ) vs 2%
%51 (RERFIEDHE s BAEE SR EH > FEIMALS) -

o B REMEL join : FEHE (co-locate) ——p) tenant id 2> E| T % > iE WY join
VAER—4y ) (Citus f) distribution column) °

o B : 4 LI E AP BIARE ; Ha Tin— A B E ARG -

o BRE : F U~ RILEAB A CHE TSELENE ) —JCERHETE eted/ZooKeeper Z HiF)
AT

14.4 CAP Fif

Brewer 2000 4Ef 48 ~ Gilbert B Lynch 2002 4E#RH] - 7E—AIERIGHEEE P > 5HER
AN BE W] Rp DR
e Consistency : linearizability (4 1EE L ARG 7E L8 B i T Mo 8 B e — Rl A k) »
e Availability : #HEE ] & & ARG R B AR S GESEAY) HE
e Partition tolerance : 4% 7] L EEFE ©

it IR B - B AR > —PIRBIRA > BRI BRI TR iR o T
B W o HEEE A

o
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o PAZEIR : A E—EGHE > HENBRERAENHE AR CH A - TCA R%
TESHEGERE FIRAERE -

o CAP ) C £ linearizability (fR58) » A & [H{EFES i RE#RZE M | (IRFF5K) - ACID
[ C ~ — el TR (99.99%) 1 #iAK: CAP fEH o

o EHER— AU — A2 Bk B —42 K% - Kleppmann (2015) W) Please stop calling
databases CP or AP 151} : L8 EF RS AR CAP ZFEH CP AR AP -

e PACELC (Abadi2012) B EH : Partition Ff% A 5%, C ; Else (IEF#E/ERF) % Latency
%, Consistency > Dynamo/Cassandra #& PA/EL ; Spanner ~ CockroachDB J& PC/EC ;
PostgreSQL JE 6] #2557 PA/EL ~ [H] 4 &l PC/EC -

. J

14.5 —H4ER

[—3hk ) —FTERFIRYE N A AR o Jepsen FHiE LB / SMERNEFRE (4
W RHEL) ARDEREFR CErUEES) MAER —RE

Strict Serializable
(Spanner ~ FoundationDB ;

Linearizable «— achDB B 55),

(eted ~ ZooK Serializable
o oo cooneepe (PostgreSQL SSI + B 2PL)
] v ] Snapshot Isolation
Sequential consistency
v (PostgreSQL _RR ~ Oracle)
Causal .
M — | Read Committed
ongow’® causa (PostgreSQL ﬁ* )
Eve:btual TSRS
(Dynamo ~ DNS ~ i y#%#x%E’JBE%’&%ﬁ&
JEE & #E &) Ai5E © HBRESIEMERE

e Linearizability : Fi#/Efr—(H A T o5 bl — B 27 5 — BILEREEBHE - ZRI#H
WEE - HWE - FRERRERE o R EIGEKRSEE s CAPHCe.

e Sequential : & - HAFGREE P H CHRANEF > (BB & IR -

e Causal : JUE RURBIRIVERAEOR T 5 WIAEHI T ORFEAT A G 107 i AR AT AE S fH it ik
By z—)e

e Eventual : {#1LF AR > A RAKANCE - BCAMEMBR [ke) B[P EFBE] /8
i o

e Serializability 3k 1722 W1 2 % W45 (8 751 Il 7 ] SE-
RIALIZABLE ##F 4% commit 138 55 18 )7 54V IE qﬂiﬁli ﬁj Strict serializability =
serializability + linearizability > Spanner [J external consistency | Btk (CockroachDB T

XI55 0 Ay serializable fiji_I B4 linearizable) °




%148 DERAHEER 104

14.6 FFEEIER

WA IR > S RGUAS DU TFBE R [5ER) ¢

o Lamport FFEE (1978) : A & B —(H T #Es > 26 AR IRER b ~ B RFI max fil— 5 #a — b
(FR2RSeHY) I La) < L(b) > RZAIKAL ©

o MIERFIE : HEMB—ES R 5 R8H)E R F 2 F B ERIETT (Dynamo A& (e I %€
AR

o EEEIBIFIE (HLC) : EREIGR + MG - Bl s LIRS SUORRERR 5 CockroachDB
YugabyteDB DL HLC i MVCC K [H#; -

e TrueTime : Spanner fi] GPS + J5i Sl E R ETE ¢ (7 ms) N > commit FFEEAF e

(commit wait) #H external consistency (5 16 #) o

147 BRASBABRERNZRBD

8 A K&
Shared-nothing &4 range / hash 43/ > %  Spanner ~ CockroachDB - TiDB -
SH + #a 3t {84 B —{H Raft/Paxos #4l > 4>  YugabyteDB (NewSQL)

ik B 5 85 A
s + worker  7EREA B EORLE o — g % B Citus (PostgreSQL) - Vitess
vidal B G AR (MySQL) - ShardingSphere

Shared-storage / H—& Afi% » WAL %%,  Aurora » Neon ~ AlloyDB -
At S Ao B fbfeE s T EAEEEREM  PolarDB
¥){b (Tthe log is the database |)

Dynamo J&l#% MRSHIE S ~ — B - TR Cassandra - ScyllaDB »

quorum DynamoDB ~ Riak
ERER + SR B ERVEN failover EH A PostgreSQL + Patroni ~ MySQL
L] Group Replication / Orchestrator

MiniDB &#%% : v7 €%

v7 #— i REBEEEBIRES : leader 4 LogManager £ —f WalSender 3 WAL ;i4%%
il TCP #2645 follower > follower [ WalReceiver B AAH WAL if i redo #2)F &R (EH
vA PR EARERE) - AE B HERE AR o $24E sync_commit = on/off RIFEAE - BTN E
B HE—EE PRt 8 AZILZIE follower | #1%% read-your-writes [ > iAfF [Fff
#5 LSN ~ 254§ follower 38 I | BIFE - 55 15 Tl 5545 Raft -

AN

L N =33 (W, R) B AHE » fEHIREHE W + R > N~ RAMRA / @B i

P (TR B AEMRRA) HEE R -
2. W + R > N HEEEE RS (m « A SERRD H#i B IR R~
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AR AT ) o

3. —MELLEH id HERKITHERES K 16 H5 R o LB HEE S # - D H -
(customer_id hash, order_id range) =FfHskst{El B AZEL [ BEHL P EAFTE &
R ART B _ERREL

4. H CAP HurEHE € F0#47 - PostgreSQL H primary + —{f[r] 2 standby > ¥E primary B2
standby Z [F48#% 73 HIRF > KRR C &R A 2 mBURIER B E ? 4 standby B B 714K
& primary g ?

5. T FRAMHY RFE AT > FrLIT se gl 2 & Erh) B TFRAMAY R 4542 causal consis-
tent | S55—{IE 0 T B0 22 B AU 2 B A TR B B AR

6. fifTE Ay PostgreSQL ff) SERIALIZABLE A~/ strict serializable » g —@EH 1 : &
oy To (EREE R _ER T commit 24 BLG > AEFFSILIEFF P HRE T1 Z AT -

7. (81 F) H Docker #—1F primary + hot standby > 7& standby #4725 3 [&] 5 7
primary KB H il VACUUM » #1%% max_standby_streaming_delay FJBUHTT 2 5 B

i hot_standby_feedback £ #1%% primary FIRZAR °
N J

IE{RRHREEAEIR
e M. Kleppmann, Designing Data-Intensive Applications, 2nd ed. (2026), Ch. 5 Replication
Ch. 6 Partitioning ~ Ch. 9-10 Consistency and Consensus——A< 55 Bi1% =55 1 5 5800 -

e S. Gilbert, N. Lynch, Brewer’s Conjecture and the Feasibility of Consistent, Awvailable,
Partition-Tolerant Web Services, SIGACT News 2002 : https://users.ece.cmu.edu/

~adrian/731-sp04/readings/GL-cap.pdf

o E. Brewer, CAP Twelve Years Later: How the “Rules” Have Changed, IEEE Computer 2012 ;
D. Abadi, Consistency Tradeoffs in Modern Distributed Database System Design (PACELC)
, IEEE Computer 2012 o

e M. Kleppmann, Please stop calling databases CP or AP, 2015 : https://martin.
kleppmann.com/2015/05/11/please-stop—calling-databases—cp-or—-ap.html

e Jepsen, Consistency Models : https://jepsen.io/consistency ; Jepsen 4% % 4} B 1

SMTER4AS © https://jepsen.io/analyses

G. DeCandia et al., Dynamo: Amazon’s Highly Available Key-value Store, SOSP 2007 :

https://www.allthingsdistributed.com/files/amazon—-dynamo—-sosp2007.pdf

e D. Karger et al., Consistent Hashing and Random Trees, STOC 1997 o

L. Lamport, Time, Clocks, and the Ordering of Events in a Distributed System, CACM 1978 o

PostgreSQL {4 Ch. 26 High Availability, Load Balancing, and Replication : https://www.

postgresql.org/docs/current/high-availability.html ; Ch. 29 Logical Replication :

https://www.postgresql.org/docs/current/logical-replication.html ; Patroni 3
{4 : https://patroni.readthedocs.io/
o A. Verbitski et al., Amazon Aurora: Design Considerations for High Throughput Cloud-



https://users.ece.cmu.edu/~adrian/731-sp04/readings/GL-cap.pdf
https://users.ece.cmu.edu/~adrian/731-sp04/readings/GL-cap.pdf
https://martin.kleppmann.com/2015/05/11/please-stop-calling-databases-cp-or-ap.html
https://martin.kleppmann.com/2015/05/11/please-stop-calling-databases-cp-or-ap.html
https://jepsen.io/consistency
https://jepsen.io/analyses
https://www.allthingsdistributed.com/files/amazon-dynamo-sosp2007.pdf
https://www.postgresql.org/docs/current/high-availability.html
https://www.postgresql.org/docs/current/high-availability.html
https://www.postgresql.org/docs/current/logical-replication.html
https://patroni.readthedocs.io/
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Native Relational Databases, SIGMOD 2017 -
e R. Taft et al., CockroachDB: The Resilient Geo-Distributed SQL Database, SIGMOD 2020 -
e MIT 6.5840 Distributed Systems (iF ~ i i B HE Raft/KV H4E lab) : https://pdos.
csail.mit.edu/6.824/
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o JEF IR 2 VE BE TR RL > BB FLP 0] g4l R & BB Lises -

o fREFEHEEIRAEM (replicated state machine) Zyfif 2 gk 520 JE FHE K -

o JE—i Bi{H Paxos 1 R RS Bl A 22 SR a 2 R Rl 22 4 o

o SEREMMR Raft : fE ~ SEIEFH AL « HEkEE - commit B  BERRG > LUK Figure
8 IS Z I -

o FRfRAESATE ~ PRIR - MEFEA Y IEMERE L PreVote/CheckQuorum 45 THEIE -

o FTHHAAAAEH] ~ FLAHE fencing token > DL K ‘EM7E PostgreSQL & 7] A (Patroni + eted)
HR £, o

_ J

15.1  HHRE

—HEET BN S — B (A B8 VIR BB R ~ AR B A E o IERER
/\Hﬁfﬁﬁﬁ&i(ﬁ/@ .

o Safety : Agreement (Fir ke i B Rl —MB{E) ~ Validity (Perg m{ER 58 i B PE ki
H) ~ Integrity (RHE B 2 R E—IK) °
e Liveness : Termination (FA RIS B K ARG E ) ©

FLP RAJBE4SR (Fischer, Lynch, Paterson 1985) : ¥E5¢ &Ik M R > R REAH —E
BEEAME > IR AT AR R AR B AL - BB RBEREIDRS (timeout FHA G §E)
A BER AL (Raft ABERGEESEING) — S R 2 2 > TR RITEAERS [ 90T ) IREAR
ST o

ek~ R (A S B LR EIE P B AR [ FRUS) ~ linearizable f) compare-and-set #f
Fidn ~ IRAHE B BAERT S AE ) B EARSEE - BRI EAK - 2 GRAIEZR) ~ A HES
GREA—ED ~ R EBOE ) 7 B BRI -

107
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15.2 EBAEE

Consensus State Machine
Server 1 > x<—3 | y<1 | x5 P
oom‘“a“d Mogule (x=5, y=1)
Consensus State Machine
Server 2 > X3 | y<1 | x5 b
Mogule (x=5, y=1)
Consensus State Machine
Server 3 > x—3 | y<1 | x5 >
Module (x=5, y=1)

HAGEERFRSAARSBNEFATEIRFEEE ; BEMIIREEE
FAtEE) B SR AR NIEEARS -

=)

ERAEE (RSM) 3Ly goph e i R A © %7 iy & S8 AJGRAAR - ekl
BT A AR BEE—2 0 B AMAREBIET commit { H 6K FRAEEMMRER (TR
KV fiff7 ~ ER R WAL EHIES ~ BeEfifr) o HESWEREE - RS - B
AP A7 175 05 R PR S8 AT DU K

q«

15.3 Paxos

Lamport ] Paxos (1989 4E%5 i, ~ 1998 4E#8 % ~ 2001 4 Paxos Made Simple) J&: 25 —{E 4%
A IR B ki 57k o M {8, : Proposer ($23%{H) ~ Acceptor ($(% ; #% 2f + 1{H > 52
f 550 ~ Learner (34145 5%) - Bl (single-decree) Paxos 4> R Bt » 1R 4R TE n il ME—
HigHg -

1. Phase 1a Prepare(n) : proposer [ii] acceptors % H & 5% n °
Phase 1b Promise : acceptor ¥ n KJAE RIBHALMARSE > AR FHHZRE < n B3R5
AR e 2 R RS R (n/,0) GER) -

2. Phase 2a Accept(n, v) : W F| £ ¥ promise % > proposer #{H : FTA B B #A E 42 1)
B > WEARBAHEHPRERESN O SHFTHAECHE -
Phase 2b Accepted : acceptor # KKt i B m 4 5% > #e3Z (n,v) A% learners £ ¥ ac-
ceptor $%Z[F]— (n,v) HI3EE (chosen) -

TEMMRLD : THEZEEALAELE - #EH v EFEE (BHEZ) > ZRBITM
prepare(n’) [ % ¥ & s E A —{H acceptor F# v (BEHEHFEBEIEE v WK -
proposer I UTH v > T DLk i A €18 E 55 A - JE1ERIRE : Wil proposer B i LI & 4w
BEHAMME L (dueling proposers) ] i 7k AS#& 1k ——ff i 23 i —1{ distinguished proposer
(leader) > I il fUo ) A [m] GEAEL g s B2 > (HISRER AR B N B & (st P BTE ) -

Multi-Paxos : ¥ H 5 EE N B H—IK Paxos K& ; 1B2EH leader H 535 Ml — % Phase 1
FITAARRNLE > 2B FG4S R Phase 2 fJ—#nfiR o (Him O A #HLE leader $ 52 ~ HES
R ~ g BB ~ PRI ANES > BEEME (Chubby ~ Spanner ~ Neon [ safekeeper) #fH17%
Hl——Google ) Paxos Made Live wEltf i SCHI A2 i RS - J8 1E2 Raft g B -



25 15 & L3 - Raft Bl Paxos 109

15.4 Raft

Ongaro i Ousterhout (2014) DIRTERRRMEZRy it HAR « MOES - JERE R R - 1
R~ ARSI 0 WD term B H BER DR FHIR BB G B -

15.4.1 AREEEA{EHA

FIRNES term

BT : 7 term BB

(R ULENCEE) ] g EE

XIRIR(E leader IE S term

Follower

RE A D) B EE ) term (fE3) > B term DI— R ERBALS > % —1 leader o % RPC #
A5 term W BB term ()£ 2537, %) 58 B 16 R 1] follower 5 W BJ#AK term 753K BIFEAE o Term
#& Raft {2 RS > F AR B AR leader BLERE -

15.4.2 HEFELE

Follower 7¢BEHSME #% S iE ( 150-300 ms) AR ML F] leader My Bk (251
AppendEntries) > wtH 14 term ~ # % candidate ~ $ [ O —ZZ 10 7 T A i B 2% RequestVote o
HEHIBE—E term Y RIR—F GEFILB > HAERAL) > BESHER % leader I 3. %)
BBk o HEMGBIIG 4> 22 (split vote) R B 1T1Lf# - Election Safety : —ff term #:% —1{H
R % 2 BOEAS ] RE R REAR AN -

leader

15.4.3 HiftEE

log index 1 2 3 4 5 6 7
Leader ‘ 1 H 1 H 1 H 2 H 3 H 3 H 3 ‘ FIEREF = 5% entry B9 term ©
: Leader 1451 follower 43 nextindex ; Ap-
Follower A ‘ 1 H 1 H 1 H 2 H 3 ‘: pendEntries % _EBI—%#9 (index, term) #—2X
; MASE > FRFA nextindex IEHER - HFIHKE
Follower B \ ! H ! H c H 2 H 5 H 2 H . \ HERIE » AA1ETES follower Z7HY entries °
|
|

1

commitindex = 5
(index 5 B/ Z #1&N% : Leader ~ A~ B)

1. & J7 b fir 4 %] leader > leader 8 fN B H C M H & (Fr A Mb) v P AT
AppendEntries(prevLogIndex, prevLogTerm, entries, leaderCommit) %54 follow-

ers °
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2. Follower }3#f prevLogIndex fEfH term J& 752 prevLogTerm (—EMEREE) ; ZHEE T ()
R 1B 22 i 14 48 entries) o |85 K2 o

3. Entry #i S8 217 1% > leader #iifE commitIndex il %S A FRAEME - IR % P 5 follow-
ers £ F—¥& RPC Y] leaderCommit {51 EH -

Log Matching 18 : Ry HsE7ER: index [ entry HAH[F term > H'E{M7E3% index Z 1584
HR——Hp1 [Neader YE—1f term N ¥}—1F index L& —% | N E—H & EMHET -

15.4.4 Z24 : EZEEFIE commit Al

o EBRFI : RequestVote #5 I candidate F:E—24F entry fif] (term, index) ; $%Z= ¥ HFE can-
didate f) H 35 Z D ELE C—1R#R (5ef% term Bk > 5 term A R 1) H 3B ) A% © W%y
t commit f] entry FE7ER £ BB > T candidate F5 22 B > FrLUHT leader i€ HEA P
A E commit ff] entries——Leader Completeness - Raft f#] H 5t HL ¢ leader i) follower >
leader /KA EHH CH HGS

o Commit #3Al (Figure 8) : leader RHEME K % [ 2 term ] entry B4 #F L8 ) Ht commit &
—IBE S O] REFE Z B WA 5 term ) candidate 7 25 o Leader HE 5T # commit
& A term B entry 5 — HEH] term f) 4 entry commit > Log Matching fifi H. 2 R/ fr &
entry W[ #2 commit o B I leader AT ZIB il—4E & 1) term B9 no-op entry DLk
commit Fij{EiE & Y entries o

e State Machine Safety : 74 JEHiBE7E index ¢ B 73t entry » HABEIEE « A EH A

entry o

1545 TiELWARIENE

o FFRAME : currentTerm ~ votedFor ~ H sEJEYE B 7 RPC i fsync a4 Raft i) WAL -

o HitER4E : e E W4 REB (£ lastincluded index/term) » # B Z B Hik 5 7&BK
%2 i) follower L) InstallSnapshot 38 I o

o FNEEE : HEACH e VI B E T A6 H BRI E A A 1 2 8 - Raft $24I joint consen-
sus CEBEHFNEMAZHE) SR HMERMMEE (—KAmK—48) -

o EFImES : 4 AEC commit HFIEHEL > HE S HEEPAT 5 K7 ik BE ar & ik —
id > JREEME LT > A f linearizable FE& -

o MEFEER : leader HEEH C AR M T AL BHIE (ETTRECHRE AT AAM) o IEMEM
VTSGR i O B 32475 2 leader (ReadIndex) - mififi fIBEHHL (R
SRS ER A R > LN RO ;5 follower read 7] 3% i ReadIndex [f] leader HUf5:
commitIndex B HER

e PreVote 8 CheckQuorum (eted) : B4 EIfEEH AR BE term ARG - EIUBE
leader T N & (disruptive server) ; PreVote # & JGafI [ [ FSIRESHH ) > CheckQuo-
rum R 2L IR leader FB T A -

o HE : K (—fH RPC L4 entries) -~ pipelining (A% BIFHAIX) ~ P47 fsync LAY
3%~ leader RAFEZ L HAI Al commit (18 follower NER) -
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15.5 Raft Bl Paxos BYLE#E:

(Multi-)Paxos Raft
EEE A (BRTTARE) o AEATENE TR W TR AR leader
ik RHFE > & slotBALYE s WE ML > M
Hil ]
joe 5 SSCRBLE 5 BEE% B T 3% B AR AR
AEREH leader  (LAMERG - ZAEAHAF A entries  JUf H BRI RS
gt B s WEE 5 2084 2 RS A3 bug wnt F RN AT B 5 A TLA+ K1
s B E B AR
ShpE Flexible Paxos (quorum A etcd/raft ~ TiKV raft-rs ~
|Q1] +|Q2| > N) ~ EPaxos (f#¢HE  HashiCorp raft » Kafka KRaft

#) ~ Mencius

Howard B Mortier (2020) #5§H : #(BH #7530 > FE RO #-F- R RE - 285 3 2 HE
leader 78 51 SR B H 552 75 FURT 2510 - HAh KR % & : Viewstamped Replication (1988 > [t
Paxos #F B . ~ Bl Raft #R &5 AH{)) ~ ZAB (ZooKeeper HJ5i-f B #%)

15.6 K3EAI ~ FH49EL fencing

o ILVHEERIERT  nfE—ECR T B > (HAEEVRIE S (BT TAR1B ) T4EBKE 1) o MIERAE — 3R
BAHEOIRER 5 KR — RYEB R EATH -

o ¢ accrual {88} (Hayashibara 2004) : DR S0 BR I BRI A TREEREEE | TIEAR AR
{8 > JEAIFE B P 5 Cassandra ~ Akka R ©

e SWIM (Das 2002) : BEt# ping hnf#$% ping ~ DL gossip H#5 ik, & ik 5&
Ve 5 Consul/Serf ~ memberlist $f ] ©

o THZY (lease) : leader 7E— BtiH N B2 MEM o 5 IR T HRFSEIER A ) BB -

o Fencing token : $/JR 1 & RS HE R FARMGAR 5% - o A7 ¥E ARCEE 4R 95 1Y 85 A —— Bl depd
HR GC g5 ~ Mgz m (DA EFAH) WAgEiEF (Kleppmann ¥} Redlock
R EERNFERL © 3R A fencing A3 BSH MR VL R EE 224 ©

PostgreSQL Edt

PostgreSQL #0388 Wi tkak « MBS (RS ER K  (HAFABIEEE > AR (-
24 o A H AR T EAf 2 —Patroni {8 [ 3EJE: primary | 777E etcd/Consul/ZooKeeper
(#if% DCS) H)—4tua¥ TTL g : primary WZHFE TTL ARG HIHAT > SR E PR
(pg_ctl stop B¢ watchdog Bz ) 5 H AL BEE S DCS #5555 i 2% #F primary > il pg_
rewind ;8 primary |53 standby ° 82 [ DILGkGETFEE A 1% 82 + LAY + fencing |
IR EEF - Neon HIFE— > it WAL 5 A —#H1DL Paxos & [ safekeepers > 515
Ffi B AR BB ~ WA RERL o

\_ J

AU B2 A R
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15.7 HRAHEBHNRLG

o 1&EBRTS : etcd (Raft ; Kubernetes - Patroni #J#£¥i) - ZooKeeper (ZAB ; Kafka #Jj
HBase ~ Hadoop) ~ Consul (Raft) °

o PAANERIE (Multi-Raft) : £H %)/ (range / region) —1 Raft Bi4H——TiKV (8
1 region > O BEA ) ~ CockroachDB (leaseholder jzHiE L ~ follower reads Pl closed
timestamp) ~ YugabyteDB o

e Paxos % : Google Chubby - Spanner (%} Paxos #4H1—1# tablet) - Megastore - Azure
Cosmos DB ~ Neon safekeepers °

o B AR - Kafka KRaft (2022 #EU, ZooKeeper % B metadata) -~ Pulsar/BookKeeper
(quorum HA) o

o MongoDB : #{A s BB S 52 /2 Raft 15648 (pull-based %) -

MiniDB 4% : v7 A Raft #£% WAL

8 v7 1) Tleader B it WAL | FH#% % Raft : HER F 1) WAL 5té%k (334H commit group)
Y& £ —1F Raft entry > commit & 4" b 7 & )5 i ol £ H B A HUGE 751 2 o BRI EERIR
MIT 6.5840 Lab 3 : (A) #EEEELOBE ~ (B) Hab#EE 8 commit ~ (C) FpAdk ~ (D) Hefid -
R B AR )  FEIE R B ERNERL AR [ ORI RIS A K AR
42 ME—WZIH % —f@ leader i commit| WifEl N4 & o raft.github.io fif) H B #H & (b8
TLA+ Hitg 2 EREE IR I I

FEHRE

1. 5 il acceptor H} Paxos : proposer P1 A n =1 Al ~ A2~ A3 #5326 X5 P2 Lhn =2
] A3~ A4~ A5 fif prepare - P2 @132 (1)8 [EI B » W LISk B CHIE Y U5 » 2y ft
J& ?

2. # ) Raft 3 Figure 8 A5 (5 B ~ S1 ¥E term 2 ff] entry 4 5.5 874 S1
o) o AR leader L) T term entry SE L) % commit M i i i 22 4
M o

3. 3 fii®h Raft #4E - follower C BLHAh i 85535 10 73 S/ HHE I - 3L A PreVote &y
B A1 3% ? PreVote ] k¢ 2

4. Fyft)2 Raft ZORECESS THEA ¥ ) 1 candidate - [ii Multi-Paxos o #HEfa] i
2 leader ? 45 H BB AT ?

5. Leader W2 MEGRERHR GET x > BLH2 (A A Hh IR AR A o 3 —(E3E )% linearizability
AT 5 PR ReadIndex BRAH A RFEIE HEH Rk 22 22 -

6. —f Raft FEAHAE AEE M EUE 2 5 =R .0 (28 30 ms ~ 80 ms) #R%E 5
i 25 > leader JERFEMRFE ? follower Bt i & ifiag A PR B8 2

7. #it Patroni ) failover : primary HF1%) TTL %5 30 s ~ EHTHFE 10 s o FIEEHR T
H B 2 A 2 % primary BIFR P GC/#ERE 1/O RAE 40 BHRIKIR - &8 A AHE 2
fencing fEWR— 5 H4E2L ?
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FE{RRHRAEAER

e D. Ongaro, ]. Ousterhout, In Search of an Understandable Consensus Algorithm (Extended
Version), USENIX ATC 2014 : https://raft.github.io/raft.pdf ; Raft B4 (fi&
1t~ BYEWEE ~ TLA+) : https://raft.github.io/ ; D. Ongaro 1# L5 Consensus:
Bridging Theory and Practice, Stanford 2014 (i 8548 ~ & P BB ~ RCEERI SR PE) ©

e L. Lamport, Paxos Made Simple, 2001 : https://lamport.azurewebsites.net/pubs/
paxos—-simple.pdf ; The Part-Time Parliament, ACM TOCS 1998 -

e T. Chandra, R. Griesemer, J. Redstone, Paxos Made Live: An Engineering Perspective,
PODC 2007

e M. Fischer, N. Lynch, M. Paterson, Impossibility of Distributed Consensus with One Faulty
Process, JACM 1985 -

e H. Howard, R. Mortier, Paxos vs Raft: Have We Reached Consensus on Distributed Con-
sensus?, PaPoC 2020 : https://arxiv.org/abs/2004.05074 ; H. Howard et al., Flexible
Paxos: Quorum Intersection Revisited, 2016 o

e B. Oki, B. Liskov, Viewstamped Replication, PODC 1988 ; B. Liskov, ]J. Cowling, View-
stamped Replication Revisited, 2012 o

e N. Hayashibara et al., The ¢ Accrual Failure Detector, SRDS 2004 ; A. Das, 1. Gupta,
A. Motivala, SWIM, DSN 2002 -

e M. Kleppmann, How to do distributed locking, 2016 (fencing token) : https://martin.
kleppmann.com/2016/02/08/how-to-do-distributed-1locking.html

e The Secret Lives of Data: Raft HB)Z# % : https://thesecretlivesofdata.com/raft/

e MIT 6.5840 Lab 3 Raft (Go BEHEMFIHELZR) : https://pdos.csail.mit.edu/6.824/
labs/lab-raft.html

o etcd raft K = J&E : https://github.com/etcd-io/raft ; TiKV raft-rs : https:
//github.com/tikv/raft-rs ; Patroni X f} Replication modes B1 Watchdog °
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https://raft.github.io/
https://lamport.azurewebsites.net/pubs/paxos-simple.pdf
https://lamport.azurewebsites.net/pubs/paxos-simple.pdf
https://arxiv.org/abs/2004.05074
https://martin.kleppmann.com/2016/02/08/how-to-do-distributed-locking.html
https://martin.kleppmann.com/2016/02/08/how-to-do-distributed-locking.html
https://thesecretlivesofdata.com/raft/
https://pdos.csail.mit.edu/6.824/labs/lab-raft.html
https://pdos.csail.mit.edu/6.824/labs/lab-raft.html
https://github.com/etcd-io/raft
https://github.com/tikv/raft-rs
https://github.com/tikv/raft-rs

F16E THIARS

FESHBR

o W5y THFHesc) B 3Gk WfE R > BB % 2PC F5 2 &8 [F BT Paxos A%

# o
o SERHAMBEEAEZ (2PC) HUEIE ~ HEbR ARGB A — R RS TR » BRE
R g RHIE -

o LA 3PC HPHE BB TEAR I 43 F T A R A

o fRFETIAR R S ann] F IEkAE S i & ik BE  (Paxos Commit ~ Spanner) ~ Pl Percolator
/ parallel commit Ji/DFiR > DL R #E (TSO » HLC ~ TrueTime) {42t
g3 — S R -

o ) Saga B FEAR T » FIEEEE TAE (FREk) DURAHE - %545 - outbox HIFiLE
i -

o IEfffdi i PostgreSQL ) PREPARE TRANSACTION » &I F 52 prepared %8 5) B fE &

(& J

16.1 [H7E : IBEIRGAVE FIE L fm At

R B B EERR > —EL S RFRESD F A B R B (IR - AfEK B A
) o AT

o [RFHER (atomic commit) : 5 2 BLEH BN LU 43 commit ~ BEWi 4% abort—— M i
i BT R
o B RMERE - HMZ S ARER TATH -~ BARAL MR RRAE -t T 2 i B — 2

RFIRR # il

ek G 15 %) : fiBE ARl > SBUE BT IR E R > D Hol B L - R T
B FMESEER [commit| 5 labort | > {E{@]—Z= abort FiwAZH abort > f7 LT 2
M 5 — 82 BE SR A TR E commit o EAE [FRE 2 AR 2PC &R Paxos
— A —FRIE A 2 B E A S WA AR S (Spanner HIfifi%) -

(. )
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16.2 MiP&ERIE3X (2PC)

Coordinator Participant A Participant B

Phase 1 : PREPARE

PREPARE
= PREPARE it
ifi fsync ; $5AH

YES

i I

® PREPARE &t##

YES i fsync ; 355 8H
= COMMIT
iC #% i fsync .
(commit point) Phase 2 : COMMIT COMMIT
B MMIT ~ % 3
‘; co mi 2 COMMIT » B
ACK -4 . ACK H

¥ END (AIGHRCIR 5)

1. Phase1 (322%F) : 1#}#4 2% PREPARE o #HHZ B E AL 5 F] [ H 2 commit | — & Frf
& #l—4 PREPARE B8l fsync > 2 74 B 4 Bt A commit 5 SR72 1] YES (AR RE R A
¥ Jr & abort) BY NO o

2. Phase 2 GRRE) : 4:¥f YES Hit#%##% % COMMIT Batil 5L Z N commit
point ; Z %% COMMIT 5T S L4 o 4£— NO siail¢HI| % ABORT ilfi3% ABORT o 2 ELE #i
17~ BHEE - B - 11 ACK 5 WaRE W45 END o

16.2.1 KMo

1515 75
S B TERE ST WA &R — ABORT - 285 BER(Z W A PREPARE jité% > HT
abort o

SHER YES 5 HER{AE F PREPARE Rls#(HI A 45 R - WABARBREE (SHi
SHE) A RERE ; TEHZ AT AH -

R EER COMMIT ¥ R prepared JREHFREAERF (BEZE) : B AfE abort (B

i AKHE) WARE commit CREIAER) o SR A > HAB S s -
jE A 2PC F KN 558 o

i s COMMIT — HEZ#E Hak > Bk COMMIT » #5ROHMEE - JUREE -

% ~ 3% TR

| SR R ORHRE B 5 T Bl B H R Ty o

U8 - EHEBE 2 WK - BEEREA 2 1K fsync (2813 PREPARE + COMMIT ; 13
& COMMIT) - SHRHEA R AL 2 15 4 it 1) W P Bt o Presumed abort I : & AiC
% abort g > EHERLEREIM % abort » 4 F abort LAY H kB ACK - BB E1E 1] /£ Phase
1 F#:H READ-ONLY 3R H o

PostgreSQL fJ PREPARE TRANSACTION

PostgreSQL $2 it 2PC ) 22 4 (13 & AR 2 B #4810 JTA/XA -~ Citus ~ JEHI 2

XAH)




i

F16E PHARXS 116

BEGIN;
UPDATE accounts SET balance = balance - 100 WHERE id = 1;

PREPARE TRANSACTION 'xfer-20261008-0001'; —- R SREEIFRILE pg_twophase/ » FERUELF(B{REEEH
— HEEWREERAE YES & :

COMMIT PREPARED 'xfer-20261008-0001'; —— B ROLLBACK PREPARED

FE 5 max_prepared_transactions = 0 (ZhAERAPH) > K AHN5E prepared R 5 IEH &M -
ERAS - A xmin JKAL7# VACUUM Mg ~ fHIE XID B4 ——4%& T com-
mit [ prepared 32 5 Al DL 7E 2% 1 1% 38 R A8 2 4 K] 0] g OR o 1T A o o P ISP 2 B2 po_
prepared_xacts ff] prepared [ lF 5 E &4 - postgres_fdw ¥ in & AE A= 2PC (%
Vi A commit > W] BEERS L)) 5 Citus H)#5 shard 5 ARILL 2PC #4147 > A H1 pg_dist_
transaction RTEL i ERAE R IR AR S

- J

16.3 =PEExIE3Z (3PC)

Skeen (1981) £ PREPARE Eii COMMIT 2 [ i A PRE-COMMIT B B : 15388 1055 YES 18
JeERE T commit | o WP HERRIE % COMMIT - #f5E AR 7715 1) 2 i % W % F % PRE-
COMMIT #hAE A N#R# T YES » W LITE i W R B1TIRE CRRHZE) 5 B ANIE
PRE-COMMIT HI W[ %224 abort o /0fH : £ —#ufliR > T HEMRABABENE  REAKRSE
—— 5 BIRERT R T BB H AR AR SO o W 3PC # TP BB R SR 5 BIEMIRHZER 77
AT T D E O A -

16.4 A EFRFEZE

16.4.1 Paxos Commit £ Spanner

Gray §2 Lamport (2006) $5H : 2PC [ FHIE IR i fn ol & 2 EER8h - iU T A2 B E R ) B
[ & R E | #BLL Paxos #1552 2f + 1 acceptor » 14 E M2 (L] AN#TAETE acceptors
B B R E R 45 R ——Paxos Commit © f = 0 IR kA& 2PC

Google Spanner i {EAREFE AL © 484 7 (tablet) Hi—{ Paxos FEAHEE - /AL
Dyt Paxos R 482 Rl iy 2PC > fin il i Ho b — (B BEAHAY leader ; 22 8235 1) PREPARE B fi i 3%
ft] COMMIT Fe#5#8E5 HE % H #Y Paxos Hus » It MEA B —fi B R A & P ZE - $DL 2PL
BO(R8H) o MEE S5 R TrueTime IR ] RE MEEH PR PRI o

16.4.2 Percolator : AEZRIA G EiH:BE BiE

Google Percolator (2010 ; TiDB/TiKV $£H) #7E Bigtable FJ 857 F#/E L > A REE
IIERE BES

1. %251 TSO (timestamp oracle) HUf5 start_ts » Fia@E LI OEST > B A SC B E 1
% Pl o
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2. Prewrite : ¥ —{HE AjtZ primary > ¥5EEE ALK (A = start_ts) BL—IE#H (sec-
ondary F$8$517 primary) ; AF— 8§ O A5l 2 1) 8 5 B Y 55 A BI abort o

3. Btf5 commit_ts > ¥ primary B A commit 5C &I M BRE 8 —F (8 B4 5 At 2
commit point °

4. JE[ ) commit T secondary (& commit Fi#% ~ fHgH) o

FE# 8% secondary [ IEF > A primary : primary B commit Hl & fCHE secondary #i5¢ (roll
forward) > primary 8 I HIER (roll back) « Haf#E (%) WHAFHE —IRE
H#EERHE - TiDB 54 lasync commit | 88 [1PC | b 4 B Sk 1€

16.4.3 CockroachDB {4 parallel commits

CockroachDB ##{f range —f Raft #4l ; 3¢ 55 AJELL write intent (#5735 id BYE EhR
&) % F 4% range > LG RAEFF{E—4E transaction record o AR L ESE T intent 5 58 FHT
record K & COMMITTED (i ik 7€ 48 ) - Parallel commits (2019) % record # A STAGING
JIRBEALS H A intent (A E. > B intent A -FATH#ET 5 REETRHD) > 5 HEE S H commit
T—% P A FEE iR R o ZBIEF B record 14 COMMITTED - f##f7 intents o i |
STAGING T skHY B & B ATERE T intent JERFATE » IEE R S 45 (status recovery) o

2PC (XA) Spanner Percolator / CockroachDB
R EAR NG B H 56 Paxos F4H FIEERHE (primary / txn
record) > [ Raft 5
ol AL RH.%E ABHZE  (REAHSEHT APHIE (fLAnf & mT fbT)
leader)
commit 7E3E 2 fmfEiR + 2 K fsync 2PC over Paxos (##i#fy  Percolator 2 # ; parallel
PEREAH) + commit commits 1 #f
wait
e B & 283 (GE% 2PL)  Strict serializable (2PL  SI (TiDB) / serializable
+ TrueTime) (CockroachDB > HLC + &
Jil )

16.5 B7RKN—HIRE - ZiisER
B MVCC B S —(RIERNG XID #H0cis (3 9 %) 5 BARBEMAT AR > SRR -

o S TSO : —f (L) Raft #5 ~ HLRFLEER) R Bk —TiDB ) PD - Percolator
OceanBase - fifi ¥ ~ Wtk Bl 5 B HUIR B REE L5 L —IKF] TSO HAR -

e HLC + RIEFEERM : CockroachDB / YugabyteDB L) iE £ i i I 5 fir 28 I i 8% ek
R W 22 < max_offset (500 ms) - FEFIRFHIEELE [FM ts B ts + max_offset Z [ |
HE VR B 5018 W /EEBRIET (read refresh) E{EERL o ANFEFFHRATEL > {H {55 B p
linearizable ~ #£## serializable o

e TrueTime : Spanner F GPS/J5i 18 8 AN <€ I [ 4 81 % 2 # > commit S5 151 438 3¢
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(commit wait) > fifE{f RF B IE 5 B 5 8 R ] — 2(——external consistency (strict serializ-
ability) °
Calvin (2012 ; FaunaDB [258%) &5 — 1k - BEM LR E——R R a5 M A
P27 (sequencing layer) » P 4 i LM ) JIE 7 e PE BB T > BUT AR 2 2PC (%5
REBEFRE » SBiAe (8 ER)) - RMELLSMEREASUHBERIE (SeiEgE)
HBAZGHAHEH -

16.6 Saga : MERHNERS

Garcia-Molina i Salem (1987) % [H#/NERRER S | 11 Saga : {82 5 ifl— B 41
25T, Ty, ..., Ty > FARERSLRD commit 5 R T; & RMIERX S C; GER LM SURE - an TH
HRTHL) WIE TR ) o # T; 2R IRIFHUT Cjr, ..., C1 (RRIEIF) 5 508 B E sl 25 Bk
—HERAZ YY) (RBRIER) o MIRHEEHIEEEEBRE (325 ) MEER

s || fﬂzﬂjﬁ

sTes < BE |«
O, ETERRE AR H C, EHRETF Cs B

T, #II5]E
(pending)

Y

| 1, mE

B—FSHE commit; HEZRMNZZMIEL
B—HMAREEEED 20 BRE

Saga fRH T (RAEIERBEEIME) - (LB © 5582 0 R Ak 51 aT
H, > ol RE B lost update (WiflHl saga 22855 #1) ~ dirty read GEZIFHZ MM EIIRAE) -
R SR GTHAIEA pending > HAhiFEHE # pending & fFuE/E) ~ AIRIRAIERR
Chnigimi e () ~ BERA GUEK & NSRS E %) - ERME - TRIE @ & S8
WILERSE (GWER) - MRS REERK (BFANTAAS) - L outbox pattern 7£ [ —
A2 035 5y b 85 A 27 R B B S > i CDC  (PostgreSQL iR AR5 ) ok iy 30 7] 5% b 5%
Hoo e TERIE T B - W TN #EHE (orchestration) (—1{H saga &Ik AEH
# Temporal + AWS Step Functions) Bi4%%£E (choreography) (& R¥#BI%MEH: /) - TCC
(Try-Confirm-Cancel) &A% TH A BRH Saga £ > 4T 2PC HsE BAH i e AR & A -
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16.7 EEFHEEFIES

2PC / XA HE R Saga
JE1E g g e CBIBHiE)
iat s s ($H#547 2] Phase 2) i &
W& AL FH 7E ANPH 28 i IR RE T AL 5 AT
(/3
e 2 i + fsync 1-2 i B RRA I LML Sy > AR
(EREE s
ey RS HETEXA TR EERERSK R E  EREIRE
[ B FE 25
i ] —ALAA BB~ NewSQL A DR ~ SRR ~ &
Fiz 5 B [H] A2

|

RIFND AR ZEABENIB—E

Citus) » M AEFEMEE A CHF XA -

s

Pat Helland (2007) f#Es% =45 A% : LLERE (entity) &AL sGHER » i —F KR
BSEE—0 R/ B—%R N 5N (Citus f) co-location ~ DynamoDB ¥ single-table
design #i 25 ERGH) 5 25 B HE PR AE DL AHUE B 4 R A i A — 3L - TR B 4y
F R TR > R E N RS (Spanner ~ CockroachDB ~ TiDB ~ YugabyteDB -

-

fEZ) RS IR B B 0 PR Rl S o

MiniDB &4 : v7 B9 2PC BE§

YEWE MiniDB i 25 b8 /E 2PC : Jii A PREPARE TRANSACTION JRfE (4%t PREPARE it
PRIGOREASH) ~ —Ef AR EAE (& HEE) BL COMMIT/ROLLBACK PREPARED o JAIGK : 7EHH 3
# % COMMIT gk af B2 42 53 il kill ‘& - B2 B35 (22 AR 5 AR1Z TR H
RSB v7 B Raft BEAL > WIIFLIEINR © Sefk BEAE— (6 Saga §0) RTHL/ JifF / AHsk=

&

rEHRE

IR 1 B R 5 2 TSO »

1. 2838 A7 YES Z12BL A N Rk 30 438 - ‘BRES HATIRE ? AR BBk o —
H28% B HB# [T T NOJ W 25 Biit [k T YES) e ?

2. B 5 COMMIT Hikill fsync| /& commit point > Wi A2 [ E|HE—E
YES | B¢ 3£ H % —E COMMIT | ?

3. Bt 3 s IR Z1E 2PC (Wi &= —1E 4 /i) ~ Spanner #; 2PC over
Paxos (#3-fEFE4H 3 HIAS ~ 5 AR 2 ms) ~ CockroachDB parallel commits F#J &k
F commit & (DI R KR fsync i) o

4. Percolator W » % iR FE primary commit Z & ~ secondary commit Z FjE# > H—
E & &2 secondary HSHIRFUN BRI ? #57E primary commit Z Fif Ve ? 851 [
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5. #iHA Calvin Ry AFEE 2PC 5 ‘B jE 3 138 5 BL5e i LA A S EA Wk LL g | 1%
2

6. 18 [ T Btk Saga : FIHH P8R ~ Fi(E - B—PHREESE ;5 55 1 IRRIE saga
WATHEE KB lost update » il FFEESHIEIE -

7. (B F) B max_prepared_transactions » $(fT PREPARE TRANSACTION 7£ 7 [y » 8l
%% pg_prepared_xacts ~ pg_locks B Hfth session F{FHZE 5 HE 45 /N2 2 VACUUM
VERBOSE f)J dead but not yet removable | °

IE(RRIEELE R
e J. Gray, L. Lamport, Consensus on Transaction Commit, ACM TODS 2006 : https://

lamport.azurewebsites.net/video/consensus—on-transaction-commit.pdf

o J. Corbett et al., Spanner: Google’s Globally-Distributed Database, OSDI 2012 : https://
research.google/pubs/spanner—-googles—globally-distributed-database-2/

e D. Peng, F. Dabek, Large-scale Incremental Processing Using Distributed Transactions and
Notifications (Percolator) , OSDI 2010 ; TiKV Deep Dive Percolator : https://tikv.org/
deep-dive/distributed-transaction/percolator/

e N. VanBenschoten, Parallel Commits: An Atomic Commit Protocol for Globally Dis-
tributed Transactions, Cockroach Labs 2019 : https://www.cockroachlabs.com/blog/
parallel-commits/

e A. Thomson et al., Calvin: Fast Distributed Transactions for Partitioned Database
Systems, SIGMOD 2012 : https://cs.yale.edu/homes/thomson/publications/
calvin-sigmodl2.pdf

e H. Garcia-Molina, K. Salem, Sagas, SIGMOD 1987 : https://www.cs.cornell.edu/
andru/cs711/2002fa/reading/sagas.pdf ; C. Richardson, Pattern: Saga : https://
microservices.io/patterns/data/saga.html

o P. Helland, Life beyond Distributed Transactions: an Apostate’s Opinion, CIDR 2007 o

e D. Skeen, Nonblocking Commit Protocols, SIGMOD 1981 (3PC)

e PostgreSQL L PREPARE TRANSACTION : https://www.postgresql.org/docs/
current/sql-prepare-transaction.html ; Citus /4 Distributed Transactions o

o P. Bernstein, E. Newcomer, Principles of Transaction Processing, 2nd ed., Ch. 8 Two-Phase
Commit »

o CMU 15-445 Fall 2025 Lecture #22 Distributed OLTP Database Systems ; M. Kleppmann,
DDIA 2nd ed., Ch. 9 (atomic commit Ed 2PC) o



https://lamport.azurewebsites.net/video/consensus-on-transaction-commit.pdf
https://lamport.azurewebsites.net/video/consensus-on-transaction-commit.pdf
https://research.google/pubs/spanner-googles-globally-distributed-database-2/
https://research.google/pubs/spanner-googles-globally-distributed-database-2/
https://tikv.org/deep-dive/distributed-transaction/percolator/
https://tikv.org/deep-dive/distributed-transaction/percolator/
https://www.cockroachlabs.com/blog/parallel-commits/
https://www.cockroachlabs.com/blog/parallel-commits/
https://cs.yale.edu/homes/thomson/publications/calvin-sigmod12.pdf
https://cs.yale.edu/homes/thomson/publications/calvin-sigmod12.pdf
https://www.cs.cornell.edu/andru/cs711/2002fa/reading/sagas.pdf
https://www.cs.cornell.edu/andru/cs711/2002fa/reading/sagas.pdf
https://microservices.io/patterns/data/saga.html
https://microservices.io/patterns/data/saga.html
https://www.postgresql.org/docs/current/sql-prepare-transaction.html
https://www.postgresql.org/docs/current/sql-prepare-transaction.html

178 ENEERASHRHE

e L process-per-connection ~ thread-per-connection i 2 {4 i ) fih) 38 4R AR 7Y > 351 B
PostgreSQL 7y i i ZH A o

o Gl PostgreSQL Hijf&umtt & (v3) HYFEME  flj B A s B4k st & ) il A2 - pipelining
BRI B ) -

o IEfifEi542 PgBouncer i pool mode ~ % pool K/ > Wi4H13# transaction mode T HfLL
THRE | RAL -

o DIFRIREIEHE LR » 5at timeout ~ Fd ~ ARBEBLFLAG G -SRI T A5 ) 2RHE

e #iHH shared-nothing - shared-disk BL&1H.f# 774 Bt =FH2E4% » D& Aurora / Neon 3
FHESRVERE |~ PGl 2 R T Rt

G J
17.1 ELGIER
HEE {07 BEARL K&
Process per postmaster 24 45 ke (—{EiiE A~ PostgreSQL »
connection fork() —{f& backend #£)% > AR ~ FEfE B Oracle (dedicated
Fi R R RS MB GliE#E - server)

HESLRRAR T ~ BT AR
TRHFAR SR IR 53 B

K
Thread per FHE AR — AT 4 TR s DA Sz E MySQL ~ SQL
connection ] B AR Server (A[HC&

worker pool)
Thread pool / & ABE#ATHE LIIERZE [/O IR¥; AR BATHEMH 5 MySQL Enterprise
GR LUl KEHAR R thread pool

Redis ~ ScyllaDB

(shard-per-core)

A{t+EE PostgreSQL RYEGERSE
£ backend JEB L FEF - AAAFCIEM (work_mem JEAHEEE T~ HEEAS HEE)

catalog HREL ~ prepared statement PRI AILE ; KBS P IRE 4 ProcArray (T f
TEBHAR) » AL B2 (PostgreSQL 14 KIEM#E » {H{AIESHE) 5 max_connections 1

121
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B SH G LA R/ o ASBRTER - TRRERBUERSN CPU 08 24 £ > #T{H
JE AR OB AR D R A S ARt

17.2 PostgreSQL Fif&inRiHE

PostgreSQL [] wire protocol [ 7.4 %5 v3.0 » PostgreSQL 18 #4 v3.2 (FEMBUN 4 -
sl 5 libpq FERABLL 3.0 #4%) o FrAEE (BR4E—1# startup message) #3—2L : 1 byte
AERE +int32 RE (EBB) + A » B¥A KR » FH L NUL &2 -

17.2.1 ELREI

% i3 StartupMessage (1 %E M 4% - user - database ~ T 3% 2 #(41 application_
name) ; A 4E3% SSLRequest Jl4k TLS B GSSENCRequest o fa] iR #%/& pg_hba.conf [m| 75 52k o
3 (AuthenticationSASL & SCRAM-SHA-256 [ %t A # ~ AuthenticationMD5Password ~
AuthenticationOk:------ » 25 18 ) > $E3E L % {H ParameterStatus (server_version ~ client_
encoding ~ DateStyle:----- ) ~ BackendKeyData (F&J% id BAHUH4:#%) Hi ReadyForQuery o

17.22 HEEHRRRREN

Z . = $1 « R o sy () AT S 2
Parse (B -SQLZ$1 - SBEA) B - —H uery (Q) FEHE(ME SOL
Bind (portal + 28fE + BRHE text/binary) F& (IE2E:E) - B RowDescription +
> DataRow + CommandComplete + ReadyFor-
Describe (portal) Query °
Execute (portal ~ SAFIE) &7 & : Parse — ~ Bind/Execute 2% ; 8
> 278 SQL 2B (RZAB5 SQL injection) ; AJEK
Sync TR 5 sync ZBIROIEIRIRR BN 2Bk

Y

BEEIT—E Sync -

Pipelining (libpg 14+) : RELCIBBEEXZH
DataRow x n ~ CommandComplete Parse/Bind/Execute » LA—1[E Sync &%= » 1FiR
REUE n BEEI1 -

ParseComplete  BindComplete ~ RowDescription

A

A

ReadyForQuery (RXZiAE& 1/ T/E)

HAth-F1% € : COPY (CopyInResponse f£% F¥jii% CopyData B » HLUCHABIRAEELE) ~
BGH (55 B—Moii4R1% CancelRequest + 48 > K& FUBARIEIT) ~ FEEE AN (LISTEN/NOTIFY
i) NotificationResponse) -~ #B1E (START_REPLICATION 74 ) CopyBothResponse #|i] H8
7 WAL > walreceiver By #E# 55 % /5 i il Debezium #EE145) o WA B HAREW > B
LI PgBouncer ~ CockroachDB -~ YugabyteDB ~ QuestDB - Materialize ~ DuckDB H] pg fi] ik #s
BEAEFHR T3 PostgreSQL i€ | LA EE FiI#E {18 B B A= g -



£17 5 BENERBRADBIHE 123

17.3 E4RHh

FERA#E XK (HikariCP ~ pgx pool » SQLAlchemy pool) Ei {a] BR 23 i (PgBouncer >
Odyssey ~ PgCat ~ Supavisor ~ RDS Proxy) Wig#kH R o PgBouncer [ =FER Y

pool_mode {AIRFERIE(EIARERELR BR il
session &5 ity e A By BRI ST AR » ATl A 14 i 1 AR B
transaction FFEEASH4E R 5735 51 session #REEATEE © SET (JE

SET LOCAL) -~ session advisory lock »
LISTEN - temp table ~ Ji##% (WITH HOLD
&4t ) ~ PREPARE (PgBouncer 1.21+ 4%
1 %€ JE ) prepared statement)

statement  FH{EFERAIAE I PRFF LRI S 5 Ul f autocommit
Fih ] B £

Pool Ay : E 4R IR £ Wi - PostgreSQL wiki B HikarCP &8 Eg /A 2, connections =
cores x 2 + effective spindles » PR Bl B —— @B OBOR £ E il ir g &5 W & L F S
HBAGE T — a8 o JE R pool Z4FNE < 14U pool ) default_pool_size ; Z:£E pool
HIHEBX B timeout > 75 HI|— R0 75 30 & s R AR JIROBs R AT

17.4 #EiE - RPC EHF5I(E

o HRZRBEM : FHEMAIKRL 0.2-0.5ms ~ B 30-150 ms ; —fH ORM [ N+1 £ #]7£ 0.5

ms AR T 1000 5k 0.5 #5 o ¥5K : JOIN / IN (...) &0FEH ~ B A (L5 INSERT
. VALUES ~ COPY) ~ pipelining ~ 555 2| & BLE (CTE ~ pKi#) ~ prepared statement 44
parse °

o 183 : PostgreSQL 17 & nl 8 XC Fuf #E{ (timestamp > numeric > bytea {44 KB
) 5 i ER B A R B 2 B gRPC/Protobuf (TiKV ~ CockroachDB) &\ H 5] — i1
RPC -

e TCP #HEf : TCP_NODELAY (B Nagle » # G /NillEFEE) 5 tcp_keepalives_idle/interval/
count fHHIZEHEAR (Rl RA&UE NAT / BHCPHasIE) 5 TLS 85 1-2 1R GHAg it fif
%) 5 Unix domain socket F localhost TCP ‘it H ] il peer 78 °

o EIRIEE (Dean & Barroso 2013) : — %K Fa t 2] 100 fE i 255 - p99 If12 i B 44 T- 05 4R
R 5 i E R L) hedged request ~ IR HUE B 55— (EAAS ~ BRI F5 HHACEHT



£17 5 BENERBRADBIHE 124

17.5 Timeout ~ Ei{HELE
Gl AR 23 im AN (R B 44

statement_timeout (B —37EMH] EFR) ~ lock_timeout (&8 LFR > BEMALEE) ~ idle_
in_transaction_session_timeout ((%iC commit ff3#45) - idle_session_timeout (Post-
greSQL 14+) - transaction_timeout (PostgreSQL 17+ » 4% 5 FIR) ; BF A A
connect_timeout o }ZA timeout FJIRFIH 45 A ST B AR 2R 458 A AT P4 52 4 do 1 ) IR A1 R A

- J
ERAB (ambiguous failure) : % 7 i3k i COMMIT 14 38 45 v iy A8 5 A E ©. commit
WAIRERA - B BEMEERIT (EEH) - AERTAEK o EMHE
o HEEESE : LI FuhE AN idempotency key % Mi—%# (INSERT ... ON CONFLICT DO
NOTHING) > HH{IRE I 2 A H A 5 Bt HEER RO M 5T A ARG o
o Hi{EA LR - 1aBURE « MNEF (jitter) - W4 v Eikslak (40001 ~ 40P01 ~ HARLLH)
BT E SRR (ROE S ~ FEILEERR) -
o BEEMEMKIE (retry storm) @ HYE—/EH > IEICH#E (circuit breaker) B HE
HIER -
o lexactly-once | 7EAMHR R AL EIE > EokiE 2 [at-least-once + £ | o

17.6 RN ETFEEE

28 ERiE (A%

Shared-nothing FHEET A A C AR BEEL S #} 4 Citus ~ CockroachDB ~ TiDB -
B SEAME S s BYEHER ~ %) Cassandra ~ Teradata » Greenplum
R
Shared-disk ZAHG H A B E —18 (SAN / #  Oracle RAC ~ IBM Db2 pureScale
ERERR) 75 TES S
S B — S
FE Ao Bl M (A BAEE S f#7E  Aurora » Neon » AlloyDB -
(disaggregated) LIS HEIRY 0 AEEE «  PolarDB ~ Snowflake (#)f:fi#f#)
Rk ~ EHEYML 5 G R RR
B AP A
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17.6.1 iSEDERIE © Aurora B Neon

WAL &3

rW%@ i |

PostgreSQL / MySQL stE&i24
(primary » R %X WAL &2&%)

]

HTFERS 1 1 ENRS 2 HTFERS 3 HEIFENRS 4 H1FERS 5 f#1ZENRE 6

:\ B A quorum 4/6 ~ ;5EY 3/6 ;
x{ KeiEE A ’ R EDEINE) redo REHEETE
RHEE (THERBEORE) ;

AZA1 AZ2 AZ3

Amazon Aurora (2017) HJRZ.CBISE @ B4R AR 48 3% il 2 L S ——primary B3¢
WAL ~ #E - double-write ~ {455 2 £y &k} o Aurora 3 % k}E R 3% redo HEER| 5 3 H 7 H
[ ~ 6 R BMGEAERFE (5 4/6 quorum ~ 3§ 3/6 > T AZEEAE AZ + —(ERIBEREL) > fEFEE
BELSREHZEEN KA ~ 8 checkpoint ~ i %] S3 ; 48l 1/O WA 7.7 15 » EHER AT
TERE (REEERHETEMD) o 2018 420 i R SR BN 8 S 7E 1/0 B#18 BBtk (DL epoch
Bl quorum FEHULES) -

Neon L5 PostgreSQL i 1 %Ll #74) : safekeepers (Paxos #& ) WAL JIR¥#5 > 3 Filh
quorum) Y WAL {RiEFEA ; pageservers JH{b WAL 43 BRI & 4E % (B LSM) > Ik
1 GetPage@LSN % 3K IFHIS BB T ULE S3 5 &4 Hii Bh 215 UM i) SR B8 PostgreSQL o i 7
#& copy-on-write 9 BIBFRIARTT (fF2 LSN W& R ED L4 FZ i A) Bl scale-to-zero o

17.6.2 L\IEREAKE

S3 BiW At PR 25 & ~ 11 {8 9 YFRAME ~ MK B - {H B R L8 10-100
ms » HZBEYHEEA EFEMIER) © 8 SrprE R ir EARTE « KR « BRI E RS2
Snowflake 8 Y] micro-partition 17j% S3 > F1H4-fi 25 F A< SSD & BLEX 5 LSM [ SSTable
KART LUHE S3 (RocksDB-Cloud - SlateDB ~ Neon /] layer file) ; lakehouse HJ Parquet +
Iceberg/Delta B & LIM:EAE AME—EAM o 3L 1S3 BIFAE ~ it NVMe SREX - 5218
BRALES) W=/t > LI S3 Express / {5 A (compare-and-swap) #55H#T R 7E ©

17.6.3 SHVERZRUER vs 4UMIEE

GFS (2003) / HDFS LJ, 64-128 MB chunk ~ 3 El|Z% ~ append % i3kt K% 7 H—1R Kk
g A5 5 Google BI4AH) Colossus DL & F o ZBIAFETR A 3x ~ B N T 5 4UM
i% (Reed-Solomon > ¥l 6+43) A 1.5x ~ A2, 3 MHLA% » (HIEHEE LD HEatE > /N
PG N R o ERHE IR A E R (R4 TN EBS/S3) o HHE AR E A Bl i i
TREAME 11ME 91 B T1/0 sEERHE) ) AIARTE -
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MiniDB i&#%% : v7 3& psql #_E MiniDB

Re
Er

-

ti

H1E PostgreSQL 1 %€ v3 HJ 744 : startup ~ AuthenticationOk ~ ParameterStatus »
adyForQuery ~ & B8 & #) (Q) HJ RowDescription -~ DataRow * CommandComplete ~

rorResponse > RS o 5272 psql —-h localhost -p 5433 FLRE B ££¥ MiniDB
SQL > {Efn] PostgreSQL B B}t i 3 ——i5 & 5 A7 Bt B8 il — {18 FLR2 A o 8 AR A2

thread-per-connection B A] ; #ERE : I A$#E L &5 (Parse/Bind/Execute) i statement_

meout o

&

-

1.

ERE

(R A 200 18 pod ~ AHEIER pool 10 A » 4 PostgreSQL 45 16 1 - i

A PgBouncer IRF& 8 A A1 2 Beat—(ERIJE pool HIRCE A EHIE BT -

. 5t =1 7E PgBouncer transaction mode & H &) SQL F ik > WG4 HBRRE 1 -

. Pl Wireshark / tcpdump $#HHL—1K psql #5f (BAPH SSL) » ##ER StartupMessage ~ Au-
thentication ~ Query ~ RowDescription » DataRow - ReadyForQuery & 5 B HAE B
fi o

. BEIRIAEAR 80 ms > JEHIAR X ZEE A 10,000 471 o PR 4 INSERT ~ £ 471 INSERT (4% 500
%) ~ pipelining ~ COPY Ff K E A REH] -

- BT TEESEATK ) APL REGHE] « SRAEIIRREAR - FA7ElRRE ~ BN anfe] [l B 25 — 1K
R AR ~ HERED X -

. FG# Aurora (] 4/6 quorum B Raft 3 fi B & ik « 45 B BT BRI ° KA JEE Aurora

G AN

(B ) 518 200 17 AN AR > $3Z psql AR I S0 FAr] A 5f) 11 (3 i & i — %] (Python

8 C++ B 1]) » #4% psql 75 ELMRLE i A RHUE 7 B IE 3 484 o

J

IEHRIEREIER

PostgreSQL {4 Ch. 53 Frontend/Backend Protocol (G & It #2 B 4% =X 1Y) RE 0 3t
HH) * https://www.postgresql.org/docs/current/protocol.html ; §32.5 Pipeline
Mode (libpq) °

PgBouncer 3 {} (Features ~ Configuration) : https://www.pgbouncer.org/ ; Post-
greSQL Wiki Number Of Database Connections : https://wiki.postgresql.org/wiki/
Number_Of_Database_Connections ; HikariCP About Pool Sizing : https://github.
com/brettwooldridge/HikariCP/wiki/About-Poo1-Sizing

A. Verbitski et al., Amazon Aurora: Design Considerations for High Throughput Cloud-
Native Relational Databases, SIGMOD 2017 ; Amazon Aurora: On Avoiding Distributed
Consensus for 1/Os, Commits, and Membership Changes, SIGMOD 2018 o

Neon X = Architecture overview : https://neon.com/docs/introduction/

architecture-overview ; Neon JR15#§ docs/ H $ (safekeeper - pageserver &



https://www.postgresql.org/docs/current/protocol.html
https://www.pgbouncer.org/
https://wiki.postgresql.org/wiki/Number_Of_Database_Connections
https://wiki.postgresql.org/wiki/Number_Of_Database_Connections
https://github.com/brettwooldridge/HikariCP/wiki/About-Pool-Sizing
https://github.com/brettwooldridge/HikariCP/wiki/About-Pool-Sizing
https://neon.com/docs/introduction/architecture-overview
https://neon.com/docs/introduction/architecture-overview
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it o

e S. Ghemawat, H. Gobioff, S.-T. Leung, The Google File System, SOSP 2003

e B. Dageville et al., The Snowflake Elastic Data Warehouse, SIGMOD 2016 ; J. Zhou et al.,
FoundationDB: A Distributed Unbundled Transactional Key Value Store, SIGMOD 2021 o

e |J. Dean, L. Barroso, The Tail at Scale, CACM 2013 -

e M. Brooker, Timeouts, retries, and backoff with jitter, Amazon Builders’ Library : https://
aws.amazon.com/builders—-1library/timeouts—retries—and-backoff-with-jitter/

e M. Kleppmann, DDIA 2nd ed., Ch. 4 Encoding and Evolution ~ Ch. 8 The Trouble with
Distributed Systems °



https://aws.amazon.com/builders-library/timeouts-retries-and-backoff-with-jitter/
https://aws.amazon.com/builders-library/timeouts-retries-and-backoff-with-jitter/
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o DIKEIREG B IR (HHl% — 30 — 520 — 5/ BESR — e — f8%) MEEkE
g ol

e iH & pg_hba.conf - 3% % IF fE i) 52 3% 77 1 (SCRAM-SHA-256 - #&% #% ~ Kerberos >
OAuth) B TLS #&= o

o DIAA{n ~ HEFR - THRRHERR ~ search_path Bd SECURITY DEFINER i & I skt i /M
BRARZY o

e Jil Row-Level Security BAEZHH )5 FRRf - S0 508 HARE BLBER 1R T -

o f#RE SQL injection F# I B SARTLA > WLIBBULE ~ format('sI'/'%L") ~ /e
I fRfLJEG By i

o [E4THEBEINE ~ TDE ~ B (o7 0 25 B Pl g hn o 45 A B S gl > DL SR B A 44,

o EFEMHTE (log_x » pgaudit) » A5 H—4 vl PUTHIRIL AR & 5 B

_ J

18.1 B BERIELOREHE

BRI E AR H AR - RS U o F RUCRTH AR 558 7E A0 BR 48 I i) B IR
F5 I A% ~ EFHAZ XY SQL injection ~ RERRE K HIIRSE (BRI superuser) » 5I€JJ[I
B EBGE - WA B ~ DURAREHI E AR o 38 58— 5 s 238 > SRS
B RSFER T — R 48 i

8 o i BN
EIL. [FI=H 1 *ﬁ é l El@
B X BHmE * /MBS e
w PG b pg_hba.conf LS RLS - & TDE /
= SCRAM /& , GRANT 111 # BR N
listen_ s/ OAuth verify-full 4 R o WAL/
=) = /NERR view
addresses fE BB
FEAZEAELE & log_* ~ pgaudit ~ SIEM ~ 2= -

MEE SE R TR A - SRAVERR (908 B8 e AR R iR D RERR ) ATRER B A8
(AT WIHE SRR #RAE 1L -

129
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18.2 :3&E : pg_hba.conf

PostgreSQL [ EMETNEREERE pg_hba.conf PeiE T3k ~ HEWRAR ~ S WRAE Zok & ~ FH A E T
% BEMTE—EFSHRNER > JEFEHEE

F2HE 18.1: ) Jpg_hba.conf fiffi] (4ifi : TYPE DATABASE USER ADDRESS METHOD [OP-

TIONS])
# AHEMEE - DA os EREHEENEAR » FREN
local all postgres peer
# BARN - RAAFREERFHE ~ 52%) TLS » SCRAM ZEH%
hostssl appdb app_rw 10.0.1.0/24 scram-sha-256
# RRMERT - UMEFIHRENDE (N RASENBER)
hostssl appdb reporting 10.0.2.0/24 cert clientcert=verify-full
# EEER
hostssl replication replicator 10.0.0.0/16 scram-sha-256
# Hit—24E4E (PBEBLLLRE NRARESRAL BFR)
host all all 0.0.0.0/0 reject
K& Lz
trust B o RBEMTE S PR RER PHEEIREE 5 51 2 AR AR mE IR
RH trust o
peer / ident Pl OS i fiE 5o HEAM (peer A Unix socket) o
scram-sha-256 PostgreSQL 10+ > 14 2% password_encryption THEZ  Ei{b ~ 4%
MR TJE%%IEIFE WA SR X > Rl fds AP BRE T (verifier) o
md5 BT OAERR CTBERL - T REARDLR) 5 BRI -
cert % P TLS 75.;% ; clientcert=verify-full Rk CN & A 14
(5) map $HE) = 25 5 -
gss / sspi Kerberos / Active Directory Bi—% A > {SZEIRIEH A -

ldap / radius / pam FEEIGEAAME R GBS 5 R Ldap simple bind &8 HA 3% 3% 2
LDAP fAfR2 » ph/EE TLS -

oauth PostgreSQL 18 & : OAuth 2.0 device authorization flow > H
oauth_validator_libraries 5 M BB RIAHME A token > 7] ¥4
Okta ~ Entra ID £ IdP -

B : PostgreSQL XA W A FEHLHI (passwordcheck FLAH AT N—25) > F3H DL
VALID UNTIL #%5E ; CREATE ROLE ... PASSWORD FBH SZ & Hi PR 7Efal ik #8 H 558 psql EE——
B \password (& FuseRti) A B E SCRAM verifier « iR #s 724k IAM 5358 (%
2 token HURET > 4 RDS IAM) -

18.3 B@WMNE : TLS

fA) Rk #3%s ss1 = on Ik ss1_cert_file ~ ss1_key_file (A% ss1_ca_file DIEF#ER PG
#%#) 5 pg_hba.conf F hostss1 512 - hostnoss1 FEAE AR B BAY o & P i sslmode P
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EERRERE
sslmode FRI=RhRE PN B
disable /allow 75/ #IEM w prefer i libpq Fi% : fallk#s A%
/ prefer FEUIR 1] B SC o MEE TR AR
require e & T AR AS B s ) ik s 5 0
verify-ca S TRy B R A0 CA 2% > Atk

FaER . A

verify-full R = Bk CA L1 4 ; EEIRIBEER

PostgreSQL 17 [#] sslnegotiation=direct 44 & HJ LAY SSLRequest fF3K ; ssl_min_
protocol_version %% TLSv1.2 Pl | o GSSAPI Al #24ithn%5 (hostgssenc) » Bl & T 85 E4E
£ PgBouncer E{&ImAIELR th 21N %

18.4 1RiE : ABHAER

PostgreSQL i —LIE® (role) R nfli & EAFAL (LOGIN VLR 5) o A ik HoAh
6 1% B I MEAEGRE PR (INHERIT > PostgreSQL 16 #E W[ 7% B 5% %) » B LA SET ROLE ¥JJ# o

FEFUMG 18.2: fe/IME IR A 4 (45t

—- BEAE (voLocIn) FEEER ; EARBRERE
CREATE ROLE app_readonly NOLOGIN;
CREATE ROLE app_readwrite NOLOGIN;
GRANT USAGE ON SCHEMA app TO app_readonly, app_readwrite;
GRANT SELECT ON ALL TABLES IN SCHEMA app TO app_readonly;
GRANT SELECT, INSERT, UPDATE, DELETE ON ALL TABLES IN SCHEMA app TO app_readwrite;
GRANT USAGE, SELECT ON ALL SEQUENCES IN SCHEMA app TO app_readwrite;
— REBUNMGEER (BRITBENAE nigrator 1)
ALTER DEFAULT PRIVILEGES FOR ROLE migrator IN SCHEMA app

GRANT SELECT ON TABLES TO app_readonly;
ALTER DEFAULT PRIVILEGES FOR ROLE migrator IN SCHEMA app

GRANT SELECT, INSERT, UPDATE, DELETE ON TABLES TO app_readwrite;
-— BAAE  BERAEXHNITH 8%  BREESH
CREATE ROLE app_rw LOGIN PASSWORD '...' IN ROLE app_readwrite CONNECTION LIMIT 200;
CREATE ROLE reporting LOGIN IN ROLE app_readonly;
— WROER - HEWRE HR
GRANT SELECT (id, name, dept) ON app.employees TO app_readonly;
GRANT SELECT (salary) ON app.employees TO hr;

FEPRERETHYE RBERH
o [EFTER A superuser NH B EELR - —H injection T » WEE AL COPY ...

TO PROGRAM ~ FEHURE Z ~ MU - ¥AT AR SEE X #4A DML ; DDL H %7 /&R
AT -
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e public schema : PostgreSQL 15 Z Fij T N#ERETE public @M} > BB E ] & 6] 44
R (CVE-2018-1058) © 15 FETHZESY CREATE ; £ 3% 45 F %) REVOKE CREATE ON
SCHEMA public FROM PUBLIC ©

e search_path E SECURITY DEFINER : [J 5E 353 ME IR ¥ T 1Y PR BCE K [# %€ search_path »
e %R B B & schema H 6] 44 ¥4 8 36 # s SET search_path = pg_catalog,
pg_temp > AGFR | EXECUTE #EFR (PR E(FHRL PUBLIC A #AT 1) ©

e fHE ¥ A B8 : pg_read_all_data » pg_write_all_data > pg_monitor - pg_signal_

backend - pg_read_server_files - pg_execute_server_program 25— 1% W # &5 [4)
OS JE#RHIAFL > #52 T BABHEIH -

o View FERFEEMREEN « Frh b as vl AR A 1) bR et B8 0 04 1 2 Wiy A 7 i ¥
&Rl 5 T8 security_barrier view B LEAKPROOF PRI S (RLS N RIR) o

A J

18.5 Row-Level Security

RLS g inR bl [WRME /A et E 2 / Ekees] ) - 5 RN ZHF SaaS : fraflF i
% > (BAHEAE B B _EALS fRft:

Ui 18.3: £ 7 RLS

ALTER TABLE orders ENABLE ROW LEVEL SECURITY;
ALTER TABLE orders FORCE ROW LEVEL SECURITY; — ERNBEEETZEH

CREATE POLICY tenant_isolation ON orders

USING (tenant_id = current_setting('app.tenant_id')::int) — EEY / BE BSR4
WITH CHECK (tenant_id = current_setting('app.tenant_id')::int); -— BANFILERS

— EARAEEERZFBIFRE (transaction-scoped » EARNZE)
BEGIN;

SET LOCAL app.tenant_id = '42"';

SELECT % FROM orders; — BE)R[EE tenant 42 HIFI

COMMIT;

e Policy I[ 4§ & 74 (FOR SELECT / INSERT / UPDATE / DELETE / ALL) Bifif (TO role) ;
%l permissive policy Pl OR %4%4 - restrictive policy (AS RESTRICTIVE) DL AND &/ o

o W ATAT policy 44 FFFAERIEAR (FF|% %) o Superuser HiH BYPASSRLS [ £ 4 A 3Z Rl 5
LA FRIE FORCE ASZIR -

o USING fiAFEr g8 st & - fEfR tenant_id AR5 CERZEE R 5IHIATERM)
policy H )2 af) 2 BAKE

o HL7EME M X AFE A F 5 WHERE tenant_id = ? WHHBLZ—IFE KB HLF &
SHM - Supabase S5-F- 5 ) API 2 BIEE 2 /E RLS | -
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18.6 SAQL Injection
el - RRAIRAE A b SQL T (DR AR ST -
FEAUG 18.4: Jifi 55 A A2 B B g A

# Python (BEFRTED)
query = f"SELECT x FROM users WHERE name = '{name}' AND password = '{pw}'"

# B name = "admin' —--" - SELECT * FROM users WHERE name = 'admin' --' AND password = ''

# BWA pw="'0R '1I'='1" - {EHEE

# B name = "' UNION SELECT usename, passwd FROM pg_shadow —-" - :BHZRIEHMZE (BIEREH)

# Blind / time-based : name = "' AND (SELECT pg_sleep(5) WHERE substr(current_user,1,1)='p') —-"

Fh&E (k=) -

1. 281EEH (prepared statement / bind parameters) : SQL %54 B &k} & 17 & B A ) 3
(3% 17 B Parse/Bind) » ¥RHCGE AR SQL © fr A L BRE) 8L ORM #3C4E 5 &
BIF (%% - #1) EloRDER BY AEIFEEBHL » MWHAHAH -

2. BhEE SQL wZHIEMESIA : PL/pgSQL Al format('sI', ident) (A7) ~ format('sL',
literal) (ZJA{H) Bd EXECUTE ... USING $1 ; JEH )@ quote_ident / quote_literal
s BEB) Y identifier #1531 (40 psycopg Y sql.Identifier) o

3. Er/JVEERR : BIAHIE A RTh > —ME 45 DML REFR ~ 52 RLS PR A HEREE 2 A IR SR A 85
HIARFARR ©

4. EABRGEEAG HARTS L0EE) (B EBEEERREL XSS) » NREMUR AT =18 ; WAF L Ef# e
B e

5. AEAE R EEFEE AR A M E (MK schema) » il pg_sleep % FE IR K BT Y
RIFER -

23 18.5: %2 MBHE SQL (PL/pgSQL)
CREATE FUNCTION count_rows(tbl text, col text, val text) RETURNS bigint
LANGUAGE plpgsql SECURITY INVOKER SET search_path = pg_catalog, pg_temp AS $$
DECLARE n bigint;
BEGIN
EXECUTE format('SELECT count(*) FROM %I WHERE %I = $1', tbl, col) INTO n USING val;
RETURN n;
END $$;
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18.7 EREENNZR

B4k 8% RrE2RIRL B ARHEHIEE
HERE / N LUKS ~ Zuinfii#t KMS - WA ~ SBeiins ~  (ETRES A OS sl
W~ H N LA BHEIN 5 EATH
) R %% B
TDE CGZEHERHIN  ERDETER HHE / WAL B B HEEBCERE B 73 SQL AFE ~ 7t
#) % 5 PostgreSQL #Zlria) 14 ~ PACEREM A RESIEMD ; TR
# TDE (Percona pg_tde - (PCI-DSS) ‘B H LB
EDB -~ Cybertec #21it) 3K
LI pgp_sym_encrypt(data, AEREEDIEER A SEa e SR
(pgcrypto) key) ; xS HEMEAME  SHIA H b Ry 5
A WL EY] /g
(ife eV fin 2 T S5 A
AEIRE )
JERIE / 153 JER A R e - DBA ~ Rl et e BRI AU IR Bk
b ERl 4t h KMS £44 & W 5 AFRE I KIE3Z
fin% (envelope) 5

o BB KENAFIAN » hAGRRFERIEME : Pl berypt / scrypt / Argon2 Z:18 3z e (&
FIJE > B¢ pgcrypto fJ crypt(pw, gen_salt('bf', 12))) o

o TMEMENMBEMIZOHE : SR M - EWHE - DL KMS/HSM R - FEI%4
ffif] - Crypto-shredding ([R5 R0 45 [ MR &KL & E/E GDPR Bl GHE | R #HrH
R H Y -

o fE{7 - WAL 17  BHEE - po_dump 8t B IF 0k R) 26 08K > A28 R BN 25 006 P B 7 B o

o DiEE / MR i F BBUE R &k (PostgreSQL Anonymizer % 75 £ 4 5% At ok Bh ik
HE) o

18.8 TEIXHLESIE

o NZ H%EE : log_connections ~ log_disconnections ~ log_statement = ddl (& mod ; all
HA) B B RCE B RS R =)~ log_min_duration_statement ~ log_line_prefix & ffi fi# -
BRHE ~ AEAHE - R A o

e pgaudit : £F A FE % T >R 1) 4% H% b 7T #% ——session audit ({R % 5] READ/WRITE/D-
DL/ROLE/FUNCTION/MISC) Hi object audit (#1345 5E £ > BB IFZHELL TR A (6 K G
i) 5 RLERERE T R PATIIRESN] (4% prepared statement B2 8 » FBHRL) ©

o HibtZEMBREER (SIEM / X Hak) » AH H 560 Bl R —EBCR E MR 5 3@
SO PR B ST R DR o

o EPERLE - JE FPLIFIHIAY superuser ¥ A ~ K& SELECT HURE AT 4 ~ RECE AR - KA
1 IP HEAR ~ po_stat_statements rp 58 SR H B A Al AR -
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PostgreSQL 38{bi&&E 58

1. listen_addresses SRS ;5 BF k% / REFALHBHATER T4 ; BAHERE
5432 B 4HRRAE B o

2. pg_hba.conf : ¥ trust ~ (¥4 0.0.0.0/0 I AFF I ~ 4 1H scram-sha-256 8% &7
hostss1 5&4#] TLS ; & i sslmode=verify-full o

3. JE RS IE superuser ~ JEHERH ~ G DML ; B ~ itk ~ Bi% - &R
ST, 5 CONNECTION LIMIT o

4. REVOKE CREATE ON SCHEMA public FROM PUBLIC ; P % HJ fff REVOKE EXECUTE ...

FROM PUBLIC ; SECURITY DEFINER j¥#§[H %€ search_path o

2 2B A 5 2 A B AR T 28 1 5 H Pf 4 SQL -

ZAHUF RN RLS 5 BB AL LU A2 HE R B view BRI o

WA + L TDE / BIALINE 5 S87e KMS 5 i in 5 0 & sk 2 5 o

PHRCEAR H 3682 pgaudit » B RAF ; BtE&HE -

3¢ PostgreSQL %2420 » ERAEF minor ARASERT (& CVE B4H) 5 A B A4

¥ o

10. statement_timeout - idle_in_transaction_session_timeout ZE&EIRH] > &K DoS

B 488
-7

X ® N o U

MiniDB #4 : v7 R/ R2INEE

7 MiniDB [} wire protocol Al A : (1) {8 F % 3¢ BLE (b 12 3k 12 1) 2% 15 B (B /E SCRAM-
SHA-256 B T-4A > HIEM% psql) ; (2) GRANT SELECT/INSERT ON table TO user Ea¥
s IRERR AR A 5 (B) AR A MW E IS E > S BUEKE AR parser « 55—
fEHIES : DL OR 1=1 — YER B BB - MR B M AT 5 o

rERE

1. %) pg_hba.conf 4 EEIEE ? host all all 0.0.0.0/0 md5 JIESE—1T ~ Z1EA 2
hostssl appdb app 10.0.1.0/24 scram-sha-256 o

2. Fyf1JEE ssimode=require ARERS [k H [ AT 2 B3 HLA8 B2 2

3. —fW SECURITY DEFINER pR#E{AFEN T A hl schema [ lower (text) o & B Br & & 1nfa]
AR BB ERERER - IR G -

4. Fat—ME RLS 7% : KMABWUEIHCAERBMTIARS - £ HREESH
.~ EEWLEREIEAREBEN - B H policy o

5. LI'F PL/pgSQL £ 75 %4> ? EXECUTE 'SELECT % FROM ' || quote_ident(tbl) ||
WHERE id = ' || id_text; #r id_text 2R H{fi & WE ?

6. bbig MEfEERER TDE B T HEHME R RIROEAEmME ) fEa# - 246 - Eiee
T~ S ER R

7. (B)F) &% pgaudit > #&E pgaudit.log = 'write, ddl' > $f7—AHERAVERE R & H
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¥ 5 FiEt object audit H &K —1E %A SELECT -

J/

IE{RRHREEAEIR

PostgreSQL C4f Ch. 20 Client Authentication (pg_hba.conf HiJf A 5285 77 1k)
https://www.postgresql.org/docs/current/client-authentication.html ; Ch. 21
Database Roles ; §5.9 Row Security Policies : https://www.postgresql.org/docs/

current/ddl-rowsecurity.html ; §18.9 Secure TCP/IP Connections with SSL :

https://www.postgresql.org/docs/current/ssl-tcp.html ; §33.1.2 libpq SSL
Support (sslmode ) °

PostgreSQL #& & A& B CVE & B : https://www.postgresql.org/support/
security/

pgaudit : https://www.pgaudit.org/ ; pgerypto 3L ff : https://www.postgresql.
org/docs/current/pgcrypto.html ; Percona pg_tde : https://docs.percona.com/
pg-tde/ ; PostgreSQL Anonymizer : https://postgresql-anonymizer. readthedocs.
io/

OWASP SQL Injection Prevention Cheat Sheet : https://cheatsheetseries.owasp.org/
cheatsheets/SQL_Injection_Prevention_Cheat_Sheet.html ; OWASP Top 10 -

CIS PostgreSQL Benchmark (ZIERY5EAb 3% € Bk J7 k) @ https://www.cisecurity.
org/benchmark/postgresql

PostgreSQL Wiki A Guide to CVE-2018-1058: Protect Your Search Path : https://wiki.
postgresql.org/wiki/A_Guide_to_CVE-2018-1058:_Protect_Your_Search_Path

R. Anderson, Security Engineering, 3rd ed. (G 4R LAR) > HE BRI R Gt % 2 04
I ZEBRESEY)



https://www.postgresql.org/docs/current/client-authentication.html
https://www.postgresql.org/docs/current/ddl-rowsecurity.html
https://www.postgresql.org/docs/current/ddl-rowsecurity.html
https://www.postgresql.org/docs/current/ssl-tcp.html
https://www.postgresql.org/support/security/
https://www.postgresql.org/support/security/
https://www.pgaudit.org/
https://www.postgresql.org/docs/current/pgcrypto.html
https://www.postgresql.org/docs/current/pgcrypto.html
https://docs.percona.com/pg-tde/
https://docs.percona.com/pg-tde/
https://postgresql-anonymizer.readthedocs.io/
https://postgresql-anonymizer.readthedocs.io/
https://cheatsheetseries.owasp.org/cheatsheets/SQL_Injection_Prevention_Cheat_Sheet.html
https://cheatsheetseries.owasp.org/cheatsheets/SQL_Injection_Prevention_Cheat_Sheet.html
https://www.cisecurity.org/benchmark/postgresql
https://www.cisecurity.org/benchmark/postgresql
https://wiki.postgresql.org/wiki/A_Guide_to_CVE-2018-1058:_Protect_Your_Search_Path
https://wiki.postgresql.org/wiki/A_Guide_to_CVE-2018-1058:_Protect_Your_Search_Path
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o DL C++20 5. —E ARSI AR E - IR v — v7 I EBEEMZE S IMARS] ~ 5
fiith ~ %25 ~ WAL » MVCC ~ e by B s -

o RyAFE AN E Z MR AT ~ BROBCIIECE T SE R AOAEE o

o FEHIEM T T HEE : CMake ~ GoogleTest » sanitizers ~ sqllogictest ~ & #  A I
A~ RN

o JI3EATIF 2% BusTub ~ SQLite ~ PostgreSQL HYEAF » LK & H# SR RHIUE

& J

19.1 BHEEBCE—E

A 18 B fY 43 B 5 ——slotted page ~ latch crabbing ~ clock sweep ~ WAL [ /i {54 HIJ ~
Al FAEHE ~ Selinger DP——7E & 78 B AM Z 1 &8 U505 s BEZEA &8 8 EE - MiniDB
H B AN BURARTT Bk > i —f %) 10-15k 17 ~ (R BEBE—1TH R4 - =(F)FEH : 1E
W@ (BERARE EERED) ~ NTRE (BEMAEE TR ER ) ~ P RIFAIERET (fy
2 LA A B IR BE PostgreSQL B BusTub > B E MR IGHERF SRR L) -

137
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19.2 Z9igiREs

Network : wire protocol (PostgreSQL v3 F£) - E4RERIE v7
SQL Aiif © Lexer — Parser — AST — Binder (Catalog f#7) — Planner / Optimizer v1,v6
Executor : Volcano & F (SeqScan - IndexScan - Filter ~ Projection ~ Join ~ Sort ~ Agg * 1. v2. v6
Insert / Update / Delete) U
Transaction (v4, v5) Logging & Recovery (v4, v7)
TransactionManager ~ LockManager (2PL LogManager (WAL) ~ Checkpoint

+ SEAE{EA) Recovery (Analysis / Redo / Undo)

MVCC : #8& ~ B2 + Vacuum Replication

Buffer Pool : BufferPoolManager ~ Replacer (LRU-K / Clock)  PageGuard (RAIl pin + va
latch)

Heap : TableHeap - SlottedPage ~ Tuple Index : B+Tree (Insert / Delete / Scan »

(v1) latch crabbing) (v2)

DiskManager : ReadPage / WritePage / AllocatePage ; 1% = EEE7! vi
Catalog : & ~ #fil ~ &3l ~ &R (FERERT) v1, vé6

193 BEXMmEHETAHE

minidb/
CMakeLists.txt
thread

src/
common/
storage/disk/
storage/page/
storage/table/
storage/index/
buffer/

page_guard.h

catalog/
parser/
binder/
planner/
execution/
concurrency/
recovery/
network/
replication/

test/

test/sql/

H oK OB OB OB R

H OB OB OB OB OB OB OB OB OB H®

FEUAG 19.1: Hebie

C++20, -Wall —-Wextra -Werror, BJi#E -fsanitize=address,undefined /

RUBI ~ $852  config (PAGE_SIZE = 8192) ~RID ~ Value
disk_manager.{h,cc}

page.h ~ slotted_page.{h,cc} * b_plus_tree_page.{h,cc}
tuple.{h,cc} ~ table_heap.{h,cc} ~ table_iterator
b_plus_tree.{h,cc} ~ index_iterator

buffer_pool_manager.{h,cc} ~ lru_k_replacer / clock_replacer *

catalog.{h,cc} * schema.h ~ column.h ~ statistics.h

lexer.{h,cc} ~ parser.{h,cc} ~ ast.h

HTBEENT ~ BB E - bound statement

logical plan ~ optimizer (v6) -~ physical plan

executor_context » executors/*.cc ~ expressions/*.cc
transaction.h * transaction_manager.{h,cc} ~ lock_manager.{h,cc}
log_record.h ~ log_manager.{h, cc} * checkpoint * recovery_manager.{h,cc}
pg_protocol.{h,cc} * server.{h,cc} (v7)

wal_sender > wal_receiver ~ raft/ (v7)

GoogleTest : BEMEA—1E *_test.cc

sqllogictest #&ILAT .slt 18
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tools/ # shell (REPL) -~ crash_test harness * bench
third_party/ # googletest ~ fmt ~ (BJ#E) antlr T lemon

T Heiizsk - CMake + Ninja ; GoogleTest ; clang-format / clang-tidy ; AddressSani-
tizer + UBSan 7B - ThreadSanitizer 13/ 175 ; libFuzzer ¥} parser i tuple 5 J# 51k fi
FORIHIEL 5 perf / Instruments BB o g HIETE CI (GitHub Actions) Ffi=ffzE : De-
bug+ASan » Debug+TSan - Release ©

19.4 v1:SQL F&& - Heap File - Page Manager

B4 : ft CREATE TABLE ~ INSERT » SELECT ... FROM ... WHERE ... (W # join) >
UPDATE ~ DELETE » &RHF ALTER —RE R » BB IHTE

e SQL FE & parser : FH lexer ; Bt 80 N % ~ £330 Pratt parser GEH 718
) o FHEALR INTEGER ~ BIGINT ~ DOUBLE ~ BOOLEAN ~ VARCHAR(n) ; M T = < < <=
> >= AND OR NOT + - * / ; NULL Ff) =1{E3BERAL 56 — Rt ic¥ - S A2 parser generator
——F5 parser %) 800 17 > 1 He4 Rl E BT o

e Catalog : pg_class / pg_attribute PRKIRAR © W3R RS0 R AE1E [ & B > RUCBh IRFHUA K
FLIRAESAEE 5 &K id ~ WNL4AE / BUR) / 08 - first page id ©

o Tuple &3\ : #E5H (£ ~ null bitmap) + [EEEMAL + SEMAIM (offset, length) +
5B RHE o Tuple::GetValue(schema, col_idx) ANHEEFHI(LIEE -

e Slotted page : % 2 ZHJi%5T > PAGE_SIZE = 8192 ; #EFH® LSN (% v4 JHEE) ~ slot # ~ free
space #81% ; InsertTuple/GetTuple/MarkDelete/UpdateTuple °

o TableHeap : H 1 LI 0§45 (prev/next pageid) Hi# ; ffi ARHERE—H B Mrtk 22 (v6
w7 FSM) ; Tablelterator fRFERT ©

e DiskManager : [ pread/pwrite {5 % n B ; AllocatePage {4 B, free list - v1 W] DL H.
¥ TGRS ARRLRE ) UK — 85 & A map P > v3 FfS I IER buffer pool o

e Executor : 45 5 [ Volcano 4} > SeqScan ~ Filter ~ Projection ~ NestedLoopJoin »
Insert » Update ~ Delete ~ Values o Planner 4&2 [#IAIZ | : AST — EX B H i H
JE o

e REPL : minidb shell db.file > 4% \d ~ \dt o

FERHE 19.2: v1 IO T

struct RID { page_id_t page_id; uint32_t slot; };

class DiskManager {
public:
explicit DiskManager(const std::string &path);
void ReadPage(page_id_t id, char xout); // %8 PAGE_SIZE bytes
void WritePage(page_id_t id, const char xdata); // RNMF&& fsync ; Sync() BFMEI
page_id_t AllocatePage();
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void Sync();
IR

class TableHeap {
public:
std::optional<RID> InsertTuple(const Tuple &t, Transaction xtxn);
std::optional<Tuple> GetTuple(RID rid, Transaction xtxn) const;
bool MarkDelete(RID rid, Transaction xtxn);
bool UpdateTuple(const Tuple &t, RID rid, Transaction xtxn); // IR FEl delete + insert
TableIterator Begin(Transaction xtxn); TableIterator End();
hH

class AbstractExecutor {

public:
virtual void Init() = 0;
virtual bool Next(Tuple xtuple, RID *rid) = 0;
virtual const Schema &GetOutputSchema() const = 0;

virtual ~AbstractExecutor() = default;

BRUX : 100 A sqllogictest Z i (& NULL &R ~ FHILEL ~ join IEMEME) 5 #iA 10
5| 1% B RL A 2 FRRE I 5 ASan JEHRE o

19.5 v2: B+Tree 5|

B4E : CREATE INDEX idx ON t(col) ; Z{HEAGIEIAMERT] ; K| B [ 4 -

o HHi B+Tree (45 3 %%) : BPlusTreeHeaderPage (rootid) ~ InternalPage (n il key ~ n+1
fil child) ~ LeafPage (key ~ RID - next leaf id) - 8§ ] PAGE_SIZE Blg#EH M 5 oM
SEREG CBE - €RFH) > HingEEg -

e API : Insert(key, rid) ~ Delete(key) ~ GetValue(key) » Begin(key) / Begin() [H] f#
IndexIterator fi &G E 74 -

o NRELHE/ HoREREEE ; IR T 5 2218 BB — IR A AR R

e IndexScanExecutor Bi planner #iHI : WHERE col = ? B #i[E &1k H col F&BIHdH ;
Insert/Update/Delete $fTasRI T RG] °

o ify (M[IEFEF] v3 Z %) : latch crabbing (7 : —#% read latch ; & : 4481t A read latch >
IR E N 2B K write latch) o

BBUN : DL std::map % oracle FUBEMETE A / kR / AR 100 B s EIES 5 ERUB RS 5 Gl
f7HR) TSan ¥77F » LPITEHEIREEE LS REE AT 5 - 88 CMU 15-445 Project #2 $4-F
Mg > AT B% HPEEGET -
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19.6 v3 : Buffer Pool

B1E : frf B 77 IS BufferPooWManager 5 1 LLH] 64 # frame i 1 GB fI& R E ; £
AT LA -

e FetchPage / NewPage / UnpinPage(is_dirty) / FlushPage / DeletePage ; page table
(unordered_map + mutex > [ : 431E) ;5 free list o

e Replacer : Jf Clock (%5 4 ) > it LRU-K (BusTub fJ35£ %) 5 R VAIKFGELR pin count
=0-

e PageGuard : RAII ¥/ 7EfEMERF unpin (IE R latch) EEHE %8 St unpin |
#J bug ° ReadPageGuard / WritePageGuard [q] RS B T latch »

o vl > v2 TG EAEFENY DiskManager HYRH T i 5 A0 iy o R 45t 5 EXPLAIN (BUFFERS)
JEUAS F) i o

o R R HEITH ;5 disk scheduler (I/0 {741 2 F #7445 % # > BusTub Project #1) ;
F#i F ring buffer B b EVE K} -

BRUX : pool size iz /Nt EORHRIG T A v1/v2 JRUIEE 5 pin FHETERHEBIRRAE RN 2 0 5 AT
JRHIESLS ~ TSan HiF

19.7 v4: 35 - WAL EERE

BE : BEGIN / COMMIT / ROLLBACK ; kill -9 2 H E{ A4 E commit i35 ~ K com-
mit 325 THK 5 2828 5 AT IEHE

e Transaction (id~ Kk fE~ Fr A M #H undo H B E A £ A > prevLSN) ;
TransactionManager::Begin/Commit/Abort °

e LockManager : FH{ERFE > #i5X S/X GEERE IS/IX/SIX) » strict 2PL » S5 R¢fE SLAS HHI BT
A (5510 32) o S RMBHE—VIIERE - FAL -

e LogManager (% 8 %) : RiiEfE4%MH - &5 5% flush » group commit ; LogRecord #4j5] : BE-
GIN/COMMIT/ABORT/INSERT/DELETE/UPDATE/NEW_PAGE/CLR/CHECKPOINT -
HE G LSN B#RgHEAEN] « B AT Em AT - JeigfRaZ H LSN R Hat e (e
FlushPage FERY LogManager: :Flush) o

e RecoveryManager : ARIES =¥ B (%5 11 ) » 5({E v5 Z B % redo-only - Checkpoint [}
BB e LT -

o [RAREMR « HhRASLL 2PL $2 4t SERIALIZABLE GEHL28H) > v5 i MVCC -

BRUN - EHENRIE AR fork() MR 7 91T BE M TR £ 9 TE B M I %1
SIGKILL - HERUf R [HUAH F1E) 8L [P A CIE A Z 7 e > B 500 K ; FEASH
sl — 5 bR 5 ROLLBACK £ R E B —%
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19.8 v5: MVCC

BIE: EAHES - 8 APHER ; $24t READ COMMITTED i REPEATABLE READ
(snapshot isolation) ; i 3 [N

e Tuple fZFEMN xmin ~ xmax ~ next_version (RID) ; UPDATE i append-only + iiA<8# (55
9 %) e

e Snapshot{xmin, xmax, active_xids} Hj TransactionManager &4 ; RC ##E4—1fF ~ RR
G425 —{# ; IsVisible(tuple, snapshot, txn) EAELE 9 E=RFIH] o

o HEMZE SR HITAER 5 RR F¥H5 commit H [ #; serialization failure ; RC N H ¥ ifi it
HTRAS N BTG e

o K| FRIFTARA - ST B (PostgreSQL fifik) 5 BUEAE HOT MUfii{LiR

o VACUUM : $&H ¥ fir A 15 Bl P BRAS AS T S SERRCAS I slot 5 Afk o fpe 2 5 B P R xmin 7K
L o

o HERE : SSI fEi{kiR CEME rw-antidependency ~ (el f& B 4hig)

BBUX : DI Hermitage FHIELIIAS (dirty read ~ non-repeatable read ~ phantom -~ lost update -
write skew - read skew) & — R4 5 4R HAT R LR EAR A — B 5 RIS A ET BORHRIRE %
R/NE VACUUM ZER5E °

19.9 v6 : AN RIE(LREAEZERT T

BE4E : ANALYZE - EXPLAIN [ANALYZE] ; £ £ #:) H B 4% join JHFF L . ; TPC-H T4
(scale factor 0.01) A ¥EA BRI 52K, ©

o #iEt : £ n_distinct ~ null kb5 ~ 100-bucket £ E B 5 E ~ MCV 5 FHF L EE (F
#E catalog) °

o GEHEEY : A BLAR T - WHEEE - M T AR LM (IN - semijoin) o

o AR B IER (5 6 LA PostgreSQL H#i) 5 fFHUES{RIEE (seq scan vs index
scan) e

e Join HEJF : AUk Selinger DP (< 8 &) > {#% interesting order ; j#H & 1% 4% NL] / index
NLJ / hashjoin / sort-merge °

o BUES T - HashJoin (i i B REBRAY Grace JiAY) ~ Sort (SHEREGFEF > work_mem FRi) ~
HashAggregate / SortAggregate ~ Limit > TopN °

e EXPLAIN ANALYZE EJJHiffi 5t BE B BR iE AT B AT B R AR ) TR,

o MEMFTEE (4 13 &) : ColumnChunk + [A] &4k Filter/Sum -

BRI - TPC-H QL ~ Q3 ~ Q5 ~ Q6 ~ QU0 ARIEHE 3 I 3l NLJ ) it 7 » SRAEAL AR
REREE A 10 5 5 T IUBLE 2 3530 Py 0 ST 85 3 80% -
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19.10 V7 : {BIREIEE

B1R : psql W LB #HAR 5 —{H primary #f§ WAL 5 i %5 —1# standby > standby 7] i
At 5 GERE) L Raft i g B -

e PostgreSQL 1% v3 T4 (5 17 &) : startup ~ 38 (4% trust > F SCRAM) ~ il AR ~
ErrorResponse # SQLSTATE - ReadyForQuery HJ%2 Zi ik fE ; thread-per-connection + %3
#—1 session JREE o

o W7 (Parse/Bind/Execute) FAHVA T » 3 ORM BLERE) AL £ T4k -

o Hi#EE : WalSender # LSN Z 141 WAL f##5 WalReceiver ; standby #:4 redo (F ff v4)
A AP R AR MEE S 7 5 synchronous_commit BB 5 pg_stat_replication X[ 4CHE BA 4% -

o JERY A : Raft (%5 15 #) #85 WAL > H#) failover ; R B : 2PC ERHi{E MiniDB (%5 16
) 5 MRS C : i B hash sharding % /g -

o WA (551815) : HEEAEIE - GRANT « SYALAHIMIE AR -

EBUX : psql ~ Python psycopg ~ JDBC # A8 47 1 $1T sqllogictest ; primary % #% standby
H A EHH commit 1525 5 Jepsen JEME A& P i & kg A (7] A elle 5 B & [ linearizabil-
ity checker) 7E Raft hgAs @i o

19.11 BIEUSRES

fE4&% 8%

FICHlE GoogleTest ; f:f EpHaitE A L] (slotted page I / B 1k ~
B+Tree 0 HA 32 A - replacer {) pin 174 ~ log record [F7I{bH:
R) e

sqllogictest SCFHE : SQL + FEMIAE R (s RAAEZE) - SQLite » CockroachDB
DuckDB ~ BusTub #B @& > W] LLE I EMRYHEENE (A%
ERERE) -

Oracle ¥} Bl E AR VR %) 0 R A B MiniDB B2 std::map / SQLite » FL¥f
4k (B4+Tree ~ MVCC W] HERARL) o

WA THIES ZPUTHEER AR + AR A (BAEHE ~ ME—gME—) ; TSan ;
TEABE sleep HURAES -

EHIEA fork + SIGKILL i & ; th 7] YE DiskManager: :WritePage HfEM# [ g
—2& | FHE torn write JHIEK full-page write ©

BRI libFuzzer £ parser Pt 5 ~ 2 tuple 2 JFHLBERE AL T4 5 AT4T
crash #{J2 bug °

AT [B5H YCSB 2 KV £58 TPC-H 745 5 AMATHs B

buffer pool ~ &75| ~ FAELA KWK L D E -
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19.12 BFIEEE

hr7s  E7E e S BN RATRER RS R
vl  Parser » heap ~ executor %% 125 ; tuple #5308 NULL 3E =& 343
v2  B+Tree %3 % MBRIFM GO/ I 2-3
v3  Buffer pool % 4 5 WA78 RAII guard 1-2 38
vd K5 8- WAL- H 5781011 3 5 EHEANE 4-5 38
v5  MVCC 59 % ; W RS VACUUM 2-3 3
ve i b %613 3 ; #ighd DP 3-4
v7  WE - #HE - Raft 2 14-18 % ; Raft fHIER 4-6 i

F53 10-15 /NS > BEETEL 6-8MH A s 2 3 A - Al —kiss—v1 F va B
KSR G RHEAZ O 80% o

19.13 ZEEE

g% EE BES2E

BusTub (CMU C++ Hi MiniDB 22238 5 Project 1 buffer pool (LRU-K -~ disk

15-445) scheduler) ~ Project 2 B+Tree ~ Project 3 #f7#% ~ Project 4
AATHER] GRAER MVCC) o MK ERAR > MEASD
By o

cstack db_tutorial C [Let’s Build a Simple Database | : 1 REPL %] B-Tree f#}]
SQLite #H# 5 » HERRE TN - ol G vl ZETEE o

build-your- Go KV fi#1E ~ B-tree ~ free list ~ &85 ~ 3| SQL J& > &3 Ef 555

own.org Database ARG BRI o

SQLite C Architecture of SQLite L ~ bytecode VM (EXPLAIN) ~ B
Ztg RS ~ BRI -

PostgreSQL C Bitex A B AGTSHAIE 5 4E T R SH README 25 i st
RO

MIT 6.5830 GoDB  Go #A2 lab : heap file  buffer pool ~ EH.T ~ 52 5 » Bl 6.5840
ff) Raft lab 745 o

toydb Rust Raft + MVCC + SQL #J5r # B R ERH R > SikiE e ~ Ui
Seds -

mini-lsm Rust —iE LSM 5|2 (512 &) o

SimpleDB (Sciore) Java «Database Design and Implementation» #F}EHLE R

B EET R MR

Bl RE o

o SERMFHERN ; B+Tree i) bug - T-#AEA [FEMIRIE + oracle I + F/MbLE

o Jl EXPLAIN: HTHIfHE) T H (HCE —f8 minidb inspect EJH EHTH N % > & [H
pageinspect) EURAER AL o
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S

i PostgreSQL ¥fJE1- R4t README
HfHih -

F| CMU 15-445 ) Discord / Piazza 1§, PostgreSQL ] pgsql-hackers {451 £ F Al A
TE TR RSEA R -

X7 R e B B BT B BT

J

IEHRREIER

CMU 15-445/645 Fall 2025 2 Z&H (BusTub) : https://15445.courses.cs.cmu.edu/
fall2025/assignments.html ; BusTub JE#5HE : https://github.com/cmu-db/bustub
cstack, Let’s Build a Simple Database : https://cstack.github.io/db_tutorial/

J. Smith, Build Your Own Database From Scratch in Go : https://build-your—own.org/
database/

SQLite, Architecture of SQLite : https://www.sqlite.org/arch.html ; Database File
Format : https://www.sqlite.org/fileformat.html ; How SQLite Is Tested : https://
www.sqlite.org/testing.html

MIT 6.5830 Database Systems (GoDB labs) : https://dsg.csail.mit.edu/6.5830/

E. Sciore, Database Design and Implementation, 2nd ed., Springer 2020 (SimpleDB) °
toydb : https://github.com/erikgrinaker/toydb ; mini-lsm : https://skyzh.
github.io/mini-1lsm/

sqllogictest #& & (SQLite) : https://www.sqlite.org/sqllogictest/doc/trunk/
about.wiki ; Jepsen elle ¥ % : https://github.com/jepsen-io/elle

PostgreSQL JF 1A% T &% README ( Rff$%& A) o



https://15445.courses.cs.cmu.edu/fall2025/assignments.html
https://15445.courses.cs.cmu.edu/fall2025/assignments.html
https://github.com/cmu-db/bustub
https://cstack.github.io/db_tutorial/
https://build-your-own.org/database/
https://build-your-own.org/database/
https://www.sqlite.org/arch.html
https://www.sqlite.org/fileformat.html
https://www.sqlite.org/testing.html
https://www.sqlite.org/testing.html
https://dsg.csail.mit.edu/6.5830/
https://github.com/erikgrinaker/toydb
https://skyzh.github.io/mini-lsm/
https://skyzh.github.io/mini-lsm/
https://www.sqlite.org/sqllogictest/doc/trunk/about.wiki
https://www.sqlite.org/sqllogictest/doc/trunk/about.wiki
https://github.com/jepsen-io/elle

BN\=E
Py £
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AR i 5 0 B T 4% 3 P AR A28 9 JE 5] PosstgreSQL 18 J5UARS A8 i (2 18 o 83t 5 1 G J A3 A )
JIE 2 : SciB% Bl #%4Y README (PostgreSQL #) README & — i i st S0 i) » Ptk s
HI4EREE TR (src/include/) > BEAH .c o

A1 HSEESE

PRI AL HUR R GRS 10 DA BR S5 =t
git clone https://git.postgresql.org/git/postgresql.git && cd postgresql
git checkout REL_18_STABLE
# Meson (W) S{EAE configure ; ——enable-cassert FRIABRENS > -00 5{E gdb
meson setup build -Dcassert=true -Ddebug=true -Doptimization=0 —-prefix=$HOME/pgdev
ninja -C build && ninja -C build install
$HOME/pgdev/bin/initdb -D $HOME/pgdata && $HOME/pgdev/bin/pg_ctl -D $HOME/pgdata -1 logfile start
# MR
meson test —-C build --suite setup —--suite regress
# HIEME backend [REE : LBV pid » B gdb attach
psql —c 'SELECT pg_backend_pid()"
gdb —-p <pid> # break heap_insert ... continue > ATE¥E psql ¥{T INSERT

W FHEEE T H : git grep -n 'HeapTupleSatisfiesMVCC' ~ ctags -R src~ DA KR LAY

https://doxygen.postgresql.org/ (7] BHHEAIAZ XS M) ° src/tools/pgindent g BHAE 2§ &
#& 5 src/backend/utils/misc/postgresql.conf.sample =2 GUC 215 -

147
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A2 BH#EE

BBE AE

src/backend/ ik asu 2 AR S (FRM )

src/include/ PR AR 5 A E REEETEEMR (I
access/htup_details.h ~ storage/bufpage.h)

src/bin/ Z P T E : psql ~ pg_dump ~ pg_basebackup ~ pg_
waldump ~ pg_controldata ~ pg_rewind ~ pgbench

src/interfaces/libpq/ Z R RE 5 fe-protocol3. c 2 E M & PG EAE

src/common/ ~ src/port/ I 12 i i FH R 27 B T 4 g

src/test/ regress/ (SQL M EFHIFK) ~ isolation/ (IEfTASEEHIE »
55 7-10 B2 BLH A HER spec) ~ recovery/ (HEEHE
J5H) TAP 5

contrib/ BEMfH & T B4 : pageinspect ~ pg_buffercache ~ pg_

stat_statements ~ pgcrypto ~ postgres_fdw ~ pg_
visibility ~ amcheck -~ auto_explain

doc/src/sgml/ BT SR AR T

A3 BIZEHER

B A BB1E ADOHE R
1 EX S HEE: src/backend/catalog/ ~ src/ README ; catalog/pg_x.dat
include/catalog/pg_class.h » BHITENZ
pg_attribute.h
1 AR — SFEEh e src/include/nodes/plannodes.h ~  ffiiEH—1E struct
primnodes.h ~ parsenodes.h
2 B i) - slotted src/include/storage/bufpage.h - PageHeaderData >
page src/backend/storage/page/ PageAddItem()
bufpage.c
2 Heap hipkaﬁﬂlleap src/include/access/htup_ HeapTupleHeaderData ;
AM details.h ~ src/backend/access/ heap_insert() ~ heap_
heap/heapam.c - update() ; README.HOT -~
heapam_handler.c README. tuplock
2 1 28 fork ~ FSM ~ src/backend/storage/smgr/ md.c (1 GB 4E%) »
VM src/backend/storage/freespace/ fsm_internals.h

README ~ src/backend/access/
heap/visibilitymap.c
2 TOAST src/backend/access/common/ TOAST_TUPLE_THRESHOLD
toast_internals.c »
heaptoast.c »

src/include/access/toast_x.h
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B B PRI AOELNGE
3 B-Tree & 5| src/backend/access/nbtree/ README (Lehman-Yao ~ fif]

3 AR A

4 Buffer pool

4 FERH 1/O (PG 18)

5 Parser / Analyzer /
Rewriter

5 Executor

5 HEFHL tuplestore

5 oA OREE JIT

6 Planner / Optimizer

src/include/access/amapi.h »
src/backend/access/index/

indexam.c

src/backend/storage/buffer/

src/backend/storage/aio/

src/backend/parser/gram.y >
scan. 1 >~ analyze.c ;
src/backend/rewrite/

src/backend/executor/

src/backend/utils/sort/

tuplesort.c ~ tuplestore.c

src/backend/executor/execExpr.

c ~ execExprInterp.c »
src/backend/jit/1lvm/

src/backend/optimizer/

F& ~ 22E) ; nbtsearch.c »
nbtinsert.c ~ nbtpage.c
IndexAmRoutine ;
GIN/GiST/BRIN/Hash/SP-
GiST & ¥F access/ T F
README

README ; bufmgr.c
(ReadBuffer »
StrategyGetBuffer clock
sweep) ~ freelist.c (ring
buffer) -~ buf_table.c »
buf_internals.h
README.md ;
method_io_uring.c ~
method_worker.c »
read_stream.c
raw_parser() »
transformStmt() ;
rewriteHandler.c
README ; execMain.c »
execProcnode.c »
nodeSeqscan.c »
nodeIndexscan.c »
nodeHashjoin.c »
nodeHash.c »
nodeMergejoin.c »
nodeNestloop.c »
nodeAgg.c ~» nodeSort.c »
nodeGather.c

SHERE BEEF ~ top-N
heapsort

README in jit/

README ; plan/planner.c »
path/allpaths.c »
path/indxpath.c »
path/joinrels.c »

path/joinpath.c ~ geqo/
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6 SRS BB src/backend/optimizer/path/ cost_seqscan() ~ cost_
costsize.c ~ src/backend/utils/  index() -~ eqsel()
adt/selfuncs.c scalarinegsel()

6 SEt & src/backend/commands/analyze. README. * in statistics/

c ~ src/backend/statistics/ (3
455t ~ src/include/catalog/
pg_statistic.h

7 A REERE ~ 355 src/backend/access/transam/ CommitTransaction() »
xact.c AbortTransaction() ;

README in transam/

7,9 XID ~ clog ~ MultiXact  src/backend/access/transam/ GetNewTransactionId() -
varsup.c > clog.c » multixact.c >~ TransactionIdDidCommit()
subtrans.c ~ slru.c

8 WAL & A HHg src/backend/access/transam/ XLogInsert() »
xlog.c ~» xloginsert.c » XLogFlush() ; src/
xlogreader.c ~ src/include/ backend/access/rmgrdesc/
access/xlogrecord.h S pg_waldump By 4H it K

8 Checkpoint - src/backend/postmaster/ CreateCheckPoint() in

walwriter checkpointer.c ~ walwriter.c » xlog.c
bgwriter.c

9 e A AT R src/backend/access/heap/ HeapTupleSatisfiesMvCC() »
heapam_visibility.c » GetSnapshotData()
src/backend/storage/ipc/
procarray.c ~» src/backend/
utils/time/snapmgr.c

9 HOT # pruning src/backend/access/heap/ heap_page_prune_opt()
pruneheap.c ~ README.HOT

9 VACUUM -~ Bk - src/backend/access/heap/ lazy_scan_heap() ; heap_

autovacuum vacuumlazy.c » prepare_freeze_tuple()
src/backend/commands/vacuum.c »
src/backend/postmaster/
autovacuum.c

9 SSI src/backend/storage/lmgr/ README-SSI (& FimithiE)
predicate.c

10 SHATRAY ~ FLES src/backend/storage/lmgr/lock. README ; LockAcquire() -
¢ ~ deadlock.c ~ lmgr.c » DeadLockCheck() ; fffZE5
src/include/storage/lock.h LockConflicts[]

10 LWLock - spinlock - src/backend/storage/lmgr/ README in lmgr/ ; wait event

latch lwlock.c ~ s_lock.c ~ src/ #FBF utils/activity/

backend/storage/ipc/latch.c wait_event_names. txt
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11 EHIE R ~ PITR ~ src/backend/access/transam/ PerformwWalRecovery() ;
timeline xlogrecovery.c ~» timeline.c » src/bin/pg_controldata »

src/backend/access/transam/ pg_resetwal
xlog.c (StartupXL0G)

11 R BeE 38 (prepared) src/backend/access/transam/ pg_twophase/ H #§#%5;
twophase.c

14 HIREE src/backend/replication/ README in replication/ ;
walsender.c ~ walreceiver.c » SyncRepWaitForLSN()
syncrep.c ~ slot.c

14 RTR RN LR src/backend/replication/ README in logical/ ;
logical/ ~ pgoutput/ decode.c »

reorderbuffer.c »
worker.c ~ apply

17 BB E src/backend/tcop/postgres.c exec_simple_query() »
(F3E BB PostgresMain) » exec_parse_message() »
src/backend/libpg/pgcomm.c ~ exec_bind_message()
auth.c ~ hba.c »
src/include/1libpg/protocol.h

17 Postmaster BLFEF#%%  src/backend/postmaster/ ServerLoop() »
postmaster.c ~ launch_backend.c BackendStartup()

18 i ~ SCRAM -~ src/backend/libpg/auth.c ~ ClientAuthentication()

OAuth ~ TLS auth-scram.c ~ auth-oauth.c »

be-secure-openssl.c ~ hba.c

18 REFREL RLS src/backend/catalog/aclchk.c » pg_class_aclcheck() ; RLS
src/backend/rewrite/ YE rewriter [ EBEin A g4
rowsecurity.c »
src/backend/commands/policy.c

A4 EERIBIEIRE
1. —i#B AP : src/backend/storage/buffer/README — bufpage.h — htup_details.h —
heapam. c f{] heap_insert() > 4 ii pageinspect BHZZRL R o
2. &S| : nbtree/README £ (X1— /i) » FERZ _bt_search() Bl _bt_doinsert() —&
WA -
3. &5 : transam/README — xact.c [ CommitTransaction() — XLogFlush() — heapam_

visibility.c o

. BRI : executor/README Bl optimizer/README > #R7% FHl debug_print_plan [t ¥ B i

H oo

. Wi4TEA{ER : Imgr/README ~ README-SSI ~ xlogrecovery.c o

BhFeX : in—fH GUC ~ 7E FAE BT HI B IR T8y ~ B—E/NEFE B (src/test/modules/
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src/test/isolation/specs/ HER{EFFEA—42 @ BIEME XM & — I TR H (0
read-only-anomaly.spec » fk-deadlock.spec » eval-plan-qual.spec) > JEARZM 5 7-10 &=
FR A SE B R BATIRA
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ASKfT S B A 5 | I BELHE S O R > OBZESES 5 R EoRA) B el ) RIIK T EHES - 12
R % B BB R R SR B (B SR AR B R -

B.1 Ri2
e % CMU 15-445/645 Intro to Database Systems (Fall 2025 > Andy Pavlo) —## ~ ##
> YB3 ~ BusTub 8% ~ YouTube 2F28k5 o AR 5 2-11 TRIAERETRZ HAZ 2 - https:
//15445. courses.cs.cmu.edu/fall2025/
e CMU 15-721 Advanced Database Systems——t {4 &Rl E ~ 2L ~ S7iE - 70685
A OLAP BB ZE s o https://15721.courses.cs.cmu.edu/
e CMU 15-799 Special Topics: Query Optimization——I /b #3 HE o https://15799.

courses.cs.cmu.edu/

e UC Berkeley CS186 Introduction to Database Systems——#35 i B3 A BH > B % DA
Java EAE B+Tree ~ join ~ lfif7 ~ fBJF » https://cs186berkeley.net/

e MIT 6.5830/6.5831 Database Systems——i S 7 + GoDB lab o https://dsg.csail.
mit.edu/6.5830/

e * MIT 6.5840 Distributed Systems (£57#% 6.824) ——2f 14-16 ZEAYHRAEREEC - % > 3w
Raft/KV /4y Fr 3855 lab < https://pdos.csail.mit.edu/6.824/

e Stanford CS245 Principles of Data-Intensive Systems——f# {7 - &) ~ &5 ~ 4B i 4
o -

e CMU Database Group YouTube $8E—F5iF24ME A Vaccination Database Tech Talks
Quarantine Tech Talks &2 5 % %% (CockroachDB - Snowflake ~ DuckDB ~ TiDB:---- ) By
DA

i

B2 &i
e % A Silberschatz, H. Korth, S. Sudarshan, Database System Concepts, 7th ed., McGraw-Hill
2019 BRI E BN AR A B o https://www. db-book. com/
e R. Ramakrishnan, ]J. Gehrke, Database Management Systems, 3rd ed., 2002——2f 18 =Y
ARIES B35 12-14 BT ~ FeAL R GRiEE -
e % A. Petrov, Database Internals: A Deep Dive into How Distributed Data Systems Work, O'Reilly
2019—— BB SI % (B-Tree ~ LSM) ~ TR0 > BEAHEM BRI P ——HE -
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https://15721.courses.cs.cmu.edu/
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https://15799.courses.cs.cmu.edu/
https://cs186berkeley.net/
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https://dsg.csail.mit.edu/6.5830/
https://pdos.csail.mit.edu/6.824/
https://www.db-book.com/
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e x M. Kleppmann, Designing Data-Intensive Applications, 2nd ed., O'Reilly 2025—E % ~ 4
o~ o~ —EE RGN R AT SE

e % H. Suzuki, The Internals of PostgreSQL (fE4¢ I.) ——PostgreSQL At il ) 22 &t 35t
BH > A AF Y PostgreSQL WK &S % o https://www. interdb. jp/pg/

e E. Rogov, PostgreSQL 14 Internals (Postgres Professional » # % PDF) ——MVCC -~ §H -
WAL ~ B TR A B E > & KE & o https://postgrespro.com/community/books/
internals

o J. Gray, A. Reuter, Transaction Processing: Concepts and Techniques, Morgan Kaufmann 1992

A5 BRI ERRE

e P. Bernstein, V. Hadzilacos, N. Goodman, Concurrency Control and Recovery in Database Sys-
tems, 1987 (% #& PDF) o https://www.microsoft.com/en-us/research/people/philbe/
book/

e P. Balilis, J. Hellerstein, M. Stonebraker (eds.), Readings in Database Systems, 5th ed. (Red
Book > 4% ) & MO BB EEEE o http://www. redbook. io/

e ]. Hellerstein, M. Stonebraker, J. Hamilton, Architecture of a Database System, Foundations and
Trends in Databases 2007 (%##) ——— R CRERN [ ERERARMEAE ) -

S 7 L0 R

e G. Weikum, G. Vossen, Transactional Information Systems, 2001
itk o

e E. Sciore, Database Design and Implementation, 2nd ed., Springer 2020——})), SimpleDB # %
HE -

e M. Winand, SQL Performance Explained / Use The Index, Luke! (f## 1) ——% 5| BEEfT
FFEMER - https://use—the-index-luke.com/

e D. Abadi et al., The Design and Implementation of Modern Column-Oriented Database Systems,
2013 (%) — AT ARMAFE -

B.3 X ({kEEH)

E1E
Codd, A Relational Model of Data for Large Shared Data Banks, CACM 1970 -

¥2E
Ailamaki et al., Weaving Relations for Cache Performance (PAX) , VLDB 2001 ; Crotty et al.,
Are You Sure You Want to Use MMAP in Your DBMS?, CIDR 2022 -

BIE
Bayer & McCreight, Organization and Maintenance of Large Ordered Indices, 1972 ; Lehman &
Yao, Efficient Locking for Concurrent Operations on B-Trees, TODS 1981 ; Graefe, Modern B-Tree
Techniques, 2011 °

F4E
O'Neil et al., The LRU-K Page Replacement Algorithm, SIGMOD 1993 ; Megiddo & Modha,


https://www.interdb.jp/pg/
https://postgrespro.com/community/books/internals
https://postgrespro.com/community/books/internals
https://www.microsoft.com/en-us/research/people/philbe/book/
https://www.microsoft.com/en-us/research/people/philbe/book/
http://www.redbook.io/
https://use-the-index-luke.com/
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ARC, FAST 2003 -

B5E
Graefe, Volcano, TKDE 1994 ; Boncz etal., MonetDB /X100, CIDR 2005 ; Neumann, Efficiently
Compiling Efficient Query Plans, VLDB 2011 ; Shapiro, Join Processing in Database Systems with
Large Main Memories, TODS 1986 °

BoE
Selinger et al., Access Path Selection, SIGMOD 1979 ; Chaudhuri, An Overview of Query Op-
timization, PODS 1998 ; Leis et al., How Good Are Query Optimizers, Really?, VLDB 2015 ;
Graefe, Cascades, 1995 °

B7E
Berenson et al., A Critique of ANSI SQL Isolation Levels, SIGMOD 1995 ; Adya, Liskov, O'Neil,
Generalized Isolation Level Definitions, ICDE 2000 ; Bailis et al., Highly Available Transactions,
VLDB 2014 -

£8-11E
Mohan et al., ARIES, TODS 1992 ; Gray et al., The Recovery Manager of the System R Database
Manager, 1981 o

BIE
Ports & Grittner, Serializable Snapshot Isolation in PostgreSQL, VLDB 2012 ; Cahill et al., Seri-
alizable Isolation for Snapshot Databases, SIGMOD 2008 ; Wu et al., An Empirical Evaluation of
In-Memory MVCC, VLDB 2017 -

E10E
Gray et al., Granularity of Locks and Degrees of Consistency, 1976 ; Kung & Robinson, On Op-
timistic Methods for Concurrency Control, TODS 1981 o

EF1RE
O’Neil et al., The LSM-Tree, 1996 ; Chang et al., Bigtable, OSDI 2006 ; Dayan et al., Monkey,
SIGMOD 2017 ; Lu et al., WiscKey, FAST 2016 ; Luo & Carey, LSM-based Storage Techniques:
A Survey, VLDBJ 2020 -

F13E
Stonebraker et al., C-Store, VLDB 2005 ; Abadi et al., Column-Stores vs. Row-Stores, SIGMOD
2008 ; Melnik et al., Dremel, VLDB 2010 ; Leis et al., Morsel-Driven Parallelism, SIGMOD
2014 ; Dageville et al., Snowflake, SIGMOD 2016 ; Raasveldt & Miihleisen, DuckDB, SIG-
MOD 2019 -

BFuE
Gilbert & Lynch, Brewer’s Conjecture, 2002 ; Brewer, CAP Twelve Years Later, 2012 ; Abadi,
PACELC, 2012 ; DeCandia et al., Dynamo, SOSP 2007 ; Karger et al., Consistent Hashing,
STOC 1997 ; Lamport, Time, Clocks, CACM 1978 ; Verbitski et al., Aurora, SIGMOD 2017 ;
Taft et al., CockroachDB, SIGMOD 2020 -
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E15E
Ongaro & Ousterhout, In Search of an Understandable Consensus Algorithm, ATC 2014 ; Lam-
port, Paxos Made Simple, 2001 ; Chandra et al., Paxos Made Live, PODC 2007 ; FLP, 1985 ;
Howard & Mortier, Paxos vs Raft, 2020 ; Oki & Liskov, Viewstamped Replication, 1988 -

B16E
Gray & Lamport, Consensus on Transaction Commit, TODS 2006 ; Corbett et al., Spanner,
OSDI 2012 ; Peng & Dabek, Percolator, OSDI 2010 ; Thomson et al., Calvin, SIGMOD 2012 ;
Garcia-Molina & Salem, Sagas, SIGMOD 1987 ; Helland, Life beyond Distributed Transactions,
CIDR 2007 -

B1I7E
Ghemawat et al., The Google File System, SOSP 2003 ; Dean & Barroso, The Tail at Scale, CACM
2013 ; Zhou et al., FoundationDB, SIGMOD 2021 -

B.4 PostgreSQL B EBER

o X BHNM (BERA) : https://www.postgresql.org/docs/current/ ; 4512 Part VII
Internals (55 50 ZELI1&) -

e JEIRHE : https://git.postgresql.org/ ($5{% https://github.com/postgres/postgres) ;
Doxygen : https://doxygen.postgresql.org/

o PostgreSQL Wiki : https://wiki.postgresql.org/ (Developer FAQ ~ Tuning Your Post-
greSQL Server ~ Don’t Do This ~ Lock Monitoring ~ SSI) °

o BF51 pgsql-hackers (@atatimb patch 254 - FFLIIREM [ R ] RIEEM A2
Bl Commitfest : https://commitfest.postgresql.org/

o 73Fl release [ Release Notes (HTINREHGE.) B PostgreSQL 18 Release Notes : https://www.
postgresql.org/docs/18/release-18.html

e Planet PostgreSQL (#HHEHVEMEE A )  https://planet.postgresql.org/ ; A F M
¥ : Crunchy Data ~ Cybertec ~ pganalyze ~ EDB ~ Citus ~ Neon ~ Dalibo ~ Percona °

o Tkt : PGConf.dev » PGCon(JFE ) » PGConf.EU » PGConf.ASIA ~ FOSDEM PGDay ;
¥ PostgreSQL i F & 1T B B & BLAE € -

o RN https://www.postgresql.org/support/security/

B.5 TITH

o B AZRHRRE : pageinspect ~ pg_buffercache » pg_visibility - pg_freespacemap ~ pg_
waldump ~ pg_controldata ~ amcheck ~ pg_stat_statements -~ auto_explain ~ pg_stat_
activity / pg_locks / pg_stat_replication o

o MITRFE R B ML : https://explain.depesz.com/ ~ https://explain.dalibo.com/ ~ pg-
Mustard -

o BIEYEAEYE : pgbench (TPC-B Jili% » W HETI4) ~ HammerDB (TPC-C/H) ~ sysbench »


https://www.postgresql.org/docs/current/
https://git.postgresql.org/
https://github.com/postgres/postgres
https://doxygen.postgresql.org/
https://wiki.postgresql.org/
https://commitfest.postgresql.org/
https://www.postgresql.org/docs/18/release-18.html
https://www.postgresql.org/docs/18/release-18.html
https://planet.postgresql.org/
https://www.postgresql.org/support/security/
https://explain.depesz.com/
https://explain.dalibo.com/
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YCSB » TPC-H T H. (tpch-dbgen) o

o ES¥X : pg stat * #iE ~ pgwatch -~ pgBadger (H#E43#7) ~ Prometheus postgres_exporter
pganalyze ©

o S B 7 : Patroni » pgBackRest » barman ~ pg_auto_failover ~ PgBouncer ~ PgCat >
Odyssey °

o IEHEMAIG : Jepsen (https://jepsen.io/) » Hermitage (https://github.com/ept/
hermitage) - sqllogictest ~ SQLancer (H Bk H##H bug) °

o EFINEY : RelaX BIFHCHGETEM (https://dbis—uibk.github.io/relax/) ~ The Secret
Lives of Data (Raft #1584k ) ~ Raft ‘B4 1t - Use The Index Luke ft] . B #{iff] o

B.6 EIFEE

e BusTub (CMU 15-445) : https://github.com/cmu-db/bustub

o cstack Let’s Build a Simple Database : https://cstack.github.io/db_tutorial/

e Build Your Own Database From Scratch : https://build-your—-own.org/database/

e mini-Ism : https://skyzh.github.io/mini-1sm/ ; toydb : https://github.com/
erikgrinaker/toydb

o MIT 6.5840 Raftlab : https://pdos.csail.mit.edu/6.824/1labs/lab-raft.html

e SQLite 3¢f4: (Architecture ~ File Format ~ WAL ~ Testing) : https://www.sqlite.org/docs.
html

B.7 {RIFEM

Bk EE L > AL O SR E o R 4R B E B - PostgreSQL #fii A< release
notes ~ CMU 15-445 E4EFF B #H ~ VLDB / SIGMOD / CIDR # industry track i (%

KRG IR L2 BRI ) ~ Jepsen HIFT 04T #iHy ~ L& DDIA {3 Martin Kleppmann 52
Murat Demirbas (https://muratbuffalo.blogspot.com/) % NRIERVERS ©


https://jepsen.io/
https://github.com/ept/hermitage
https://github.com/ept/hermitage
https://dbis-uibk.github.io/relax/
https://github.com/cmu-db/bustub
https://cstack.github.io/db_tutorial/
https://build-your-own.org/database/
https://skyzh.github.io/mini-lsm/
https://github.com/erikgrinaker/toydb
https://github.com/erikgrinaker/toydb
https://pdos.csail.mit.edu/6.824/labs/lab-raft.html
https://www.sqlite.org/docs.html
https://www.sqlite.org/docs.html
https://muratbuffalo.blogspot.com/
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AR FREHR P > Wik 23 N BUBIAZ O A ~ AU SR AT SO 4 B — Al e 3%
AR TG B o AP SCEORHH ORI A2 A — (AN transaction 47 15255 ) B [
B TR AL o AEMTERE IR G IR o QAR YO BURER B33 -

English Pz R B

ACID A8 S T Atomicity ~ Consistency - Isolation - 7
Durability : &2 55 ~ —5iE ~ FRRk
P~ R

Access method (AM) HFRT KRB AEFHEGFIENE (heap ~ B-Tree~ 2,3
GIN:---- )

Anti-entropy SN RIAR L S (0 Merkle tree) 8187 14
S )

ARIES — Algorithms for Recovery and Isolation 11
Exploiting Semantics : WAL ~
steal/no-force - repeating history 78 J5 j#
RPN

Atomic commit JRF A BB HFENL G [ 2R AR R ) 5 16
2PC BREH &

B+Tree — A SEEAF IR SE R, ~ SERTRE AR - WK 3
0 AR <-4 A

Bloom filter At BB B 2 WREARIGTE ~ ARt R ER 12
il A

Buffer pool B filyit VLI 5E K/ frame PRIUEBR H A RO IS 4
1,

Bufferpool manager L S TR & pin/unpin ~ B ~ # B BF o4 4

CAP theorem CAP EH zﬁ]%ﬁ} FN BN 0 RBNELE—EETH 14
PE R HUE

Cardinality estimation  J&#fli5t fFHEA T8 RA SR OH]E 6

Catalog ESEE 3 ot E R e (6 0L~ RA B 1
"""" ) By AR

Checkpoint gt ] R RS I AT SRR IR R BAE - IoR&E 8, 11
S 18 D I

Clock sweep IR S i il PLS {0 LRU () B T8 25 0 ik 44 vk 4

Columnar storage (FE-N s ] — A AL B A A7 (DSM/ PAX / 13

Parquet)
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English 2574 EH g
Commit point 7ol ) R 5 ) commit FRERE B IRR 5 ATk~ 8,16
AR ERFA

Compaction &g/ A LSM 4 #4218 SSTable ~ 5@ BRAK) 12
HREF

Consensus Ik LB —EE (E—AE) ER-Sh 15
€ (Paxos ~ Raft)

Consistent hashing — B T B 1 DRy R T RS A R g ) 43 R O vk 14

Cost model FANAEERY PLT/O ~ CPU 42 #ifhintat EHATER R 6
#

Deadlock Beh FrrE BB > 2 5 HAHSE 1 H AR 10

Dirty page HH B flith P CABEC ~ AR [l R AR AT 4

Dirty read i A B HAMAZ 5y 1 AR 52 Y R} 7

Durability FE A TR G TE R AR A el sk 7,8

Executor AT IR AT BB T LA R o 5

Extent i B FH 218 e 4 B i A AR T B AL 2

Fencing token V] 5 4t BRI AR R 0 I RIEAR B leader / 8 15
ESRCE-RE- YN

Fork (relation fork) AN PostgreSQL i [i] —fE # # 4% ~ FSM 2
VM -~ init %43 B AR 5

Free space map (FSM) ] ] 2z ] i & ROERAE B R 22T > I AR 2

fsync — ERIEERBIOHEN TR P SRS 8
R AT

Group commit PEAHIRAC 2R 5 — Ik WAL fsync

Hash join MR VISR /INER) i A A2 26 ~ D — IR i i 4

Heap file HERERE AR NE T Y 3 TRl 2

HOT (Heap-Only HERE A BT FARNE R IO - FIRAEEREH 9

Tuple) A FEGIEHE

Hybrid logical clock TR 5 2R i R Gl IR ) L T S Y IR PR 14,16

(HLC)

Index-only scan PR T i FROLE TER T AabEE (FF 3,9
visibility map #1)

Isolation level Rra Bl <5 4% 225 [T AR &R (RU » RC » RR ~ 7
SI ~ Serializable)

Latch Fe$H IR LIRS R s S B R8O 3,10
DRl i N 25 1) lock)

Latch crabbing / P S e 1k B+Tree fy B FHXPY ~ s FHiB L2 %R 3

coupling AL i

Leader election G STk 9% R Hv 228 H 17 A o R AR 15

Linearizability AP —EE PR RAE R AL I B 0] (2 A Sl 14
LIl e

Lock escalation SETA) K 25 QIR BE SR NP KU IBORELRL BE ) 8 10
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English 2574 EH g

Log sequence number  H &7 5% WAL H5tskaIN el - Bk 8

(LSN)

Logical replication B VIss s (R B Em) A AR 14

LSM-Tree oAt UM DGR A + ZEIFR + S0 RO 12
ARG LEE

Materialization b T A5 R FE AR ORISR B3 I 5
pipelining)

MemTable FoiEAg & LSM #2508 A AL I R HE 7 45 12

Multi-version ZIRANATYER] R S E A R B A 2E 9

concurrency control

(MVCC)

Nested-loop join SR A P A1 27 A PN R P S T S 5

Non-repeatable read IR L 7] —22 & W U TF] — 5 4 2R [ 7

Normalization IEHAE IR AR IF R DLIERR % (INF-BCNF) 1

Page IEN1] i e B T AR AR 14 [ R /N 2
(PostgreSQL 1E#: 8 KB)

Partitioning / Sharding 43|/ 43 i DR S 73 1) 2 {1 6 14

Phantom read X178 IFi] — 32 5 A W K 3 B 0 s SR R A T 7,10

Pipelining EaL TS F AR Ay R N B 5

Plan (execution plan)  #if75t# FRAEAL A8 H A S At 56

Predicate lock pusE | AT TR EMRITFR T A S (BAEEE)L 10
VAR %)78

Prepared statement FEA S 46 parse/plan ~ X AL IR ESHPITHH 17,18
att

Quorum E N BAER L DRIAREAF AL (R+W > N) 14

Raft — VA leader ZyHty ~ SRl o) BRARME R Sk S 15
%

Read committed HORR TR A B BHAG IR C4e 52 1) ok} 7
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