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Survey on Cloud-native Databases

DONG Hao-Wen, ZHANG Chao, LI Guo-Liang, FENG Jian-Hua
(Department of Computer Science and Technology, Tsinghua University, Beijing 100084, China)

Abstract: The virtualization, high availability, high scheduling elasticity, and other characteristics of cloud infrastructure provide cloud
databases with many advantages, such as the out-of-the-box feature, high reliability and availability, and pay-as-you-go model. Cloud
databases can be divided into two categories according to the architecture design: cloud-hosted databases and cloud-native databases. Cloud-
hosted databases, deploying the database system in the virtual machine environment on the cloud, offer the advantages of low cost, easy
operation and maintenance, and high reliability. Besides, cloud-native databases take full advantage of the characteristic elastic scaling of
the cloud infrastructure. The disaggregated compute and storage architecture is adopted to achieve the independent scaling of computing
and storage resources and further increase the cost-performance ratio of the databases. However, the disaggregated compute and storage
architecture poses new challenges to the design of database systems. This survey is an in-depth analysis of the architecture and technology
of the cloud-native database system. Specifically, the architectures of cloud-native online transaction processing (OLTP) and online
analytical processing (OLAP) databases are classified and analyzed, respectively, according to the difference in the resource disaggregation
mode, and the advantages and limitations of each architecture are compared. Then, on the basis of the disaggregated compute and storage

architectures, this study explores the key technologies of cloud-native databases in depth by functional modules. The technologies under
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discussion include those of cloud-native OLTP (data organization, replica consistency, main/standby synchronization, failure recovery, and
mixed workload processing) and those of cloud-native OLAP (storage management, query processing, serverless-aware compute, data
protection, and machine learning optimization). At last, the study summarizes the technical challenges for existing cloud-native databases
and suggests the directions for future research.

Key words: cloud-native database; compute-storage disaggregation; database-as-a-service (DBaaS)
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IR O O, K TH RE S 28 2 IR AL AR IE RGFEA B AR R A A Z 0.

2.5 &E4%E OLTP #HIEER HTAP AR

=4 OLTP #¥ e (1 HTAP SRR FT245 0 3 K26 (1) HRIEBNSATAA AT, (2) A4 2 AT 51 IRA- 4L

PEA; (3) WAEBUATAEMFEAMTIAE. B 8 Jers T AR PR R, 8 F Rk 23 i 443X 3 28 HTAP HA.

37 4 51
W it wie wte
it 7 it sl it
e
A et e Yo ey
i it - EHEEL oo
S T i woigdl |
| + |
| |
I o s e e e e e - =
(o) SR AT REAI (b) 12 8 2 PR A SR A (©) A AT 7 IHS AREIIAE

B8z UK v A 0 B A R IR HTAP 0K

2.5.1 WHIRBEATAE YA

AR AR 1 2R HTAP BRI Sy A3k 91 50R 2 2% A, Wil 8(a) P, A4l 2 KM %
WAT AP A SUORAT I SR K. 24 H 52 AT A JZ B AT A s i 5, & TR BB 2 >0 D 9K 30 2t
BEAC R FUAFAE AR X, DO 70T o 8 R R B 7 (KR AT I O T3 S ek J5 OLTP T AR 352 21I5%
Wi, ZREE SR RN AE LA P9 R IR £ B A7 A0 17 4 o 500 A O 2 AR B R D AT TR A S i B 10
(K Bt 53X SRR LB AE T 5T 2 AL A2 B vl DA 5 3 T A G 38 e W SE AT A7 4L
s LR N BT, d AT U A2 o5 PV SR A A7 DU, DR a3 v 0 P 1) s AR OB ) I DI i i 22
BT AN RIS 1 A D8RS I R 2 AT A7 Kl 8 A B A TR e 5 1 (s A T 2 AT A, SRER AT 3



FRXF: FRARYE R 013

THIAE), SR 29 2 A PAT TR T AR DRI, B — A e A AT TR R .
2.52  AFRERATEIRAT Ehn A A

ZUERR A A 2 28 HTAP ORI SE BT 3UHE T A2 S22 R N2 7R i Bl dUAS, i 8(b) B, ANl T
551 KT, Ak )2 R A7 AT A7 R S A% s e A, B SR S e T AN R A 55 SRV 1) A R R s, £
TUAE P55 R AT (R a5 T AT AR SRR, T B S 20 M R A A 3T AT 1) 1A SCEIAS. R OLTP 472
¥ 4k B FE AT OLAP 73 ) A4k B R 58 42 B 5, AN T, OLTP K54 58 o S I 58T A P 0T 1T 23088 [ 20 2]
AT A7 PR B A, A7 )25 A S A B S A R AN TR 1 [ 28, A48 AT A7 i R A 2 TR LUK AT A7 sC R 91 A7 A%
A Bt )20 . AR, AT 470 B A2 IR AERR IS 10— SRS, JRRE S M K R A 2 30 4, LA
b MBS A7 R A R B0 SR, 1 — SR BRI 3 2Pk A T OLAP S X Bl o 2 i A o AT Al AR 5 81
AR 2 F) (R TR A2 SE I, 3 B50ZR G A B 53 T 25 28 v 10 A 500 9 9 AL e ) R
2.53  WAARATAE INFE AAL 47

ZUER R E 3 28 HTAP BRSBTS WAF R ATAE I FE A4S A76f, IniEl 8(c) s, IX— 4R
H A A B P R T R . ZR G AE A7 T % JRAT A A 5 U BB, IR AL SRk (skip list) FROEC 6 200 py ¢ o
(1 Rl B DOM 5 N 2R Gl I 170 5 A A7 Hh BN 5 N S H A& (10 5 SRR A Bl 10X OLAP 913k
KRB B S Ry, B e R GEAE AP 2= A B30 S0P s sk ot 42 o B
(segments) EATALZR, AARBR MM RO i, SRR, A7k /2 A AES A7 R I BE At EASIN 03 51, RN i i), 9
PRl A LSO EIa 5. LA TR AT A7 i B ORIE 1 5355 AT (00, M (1 51 A7 X DRk 1 o M B
WA, DI HTAP g b BEIEfE. 1X— 2R R AL T A7 TT4: i T AL AE AT SN A P P i A9 A
[7l, PRI AE 5 NS R R 4 7 28 A A% U A B, oy PV SR, PRI 2R e b ZUR AT RE DD 5 2 )
(K Hedfe A, AESEBis AT I, R G A0 AL (¥ P9 A7 225 18] Ik K FEIH 1 A7 A R 4k F R 810 i 2L

BAT.
3 =[EY% OLAP HBUIREZEH

ZJFUE OLAP $¥s 122 2 4 ™ 3 T 1) K MUBESSd A 37 35, I S A B B 47 380k 5, IR S FF Lo
257 1 35 107 SN B S R . 514548010 MPP (massively parallel processor) 30 G0 ) 4k B B, 2 5 4=
OLAP (4l FF RSl i SR A4 - 70 B B A 31 T R IBRE, 13T =T 6 PR M T SRS — = A7 6
SCIRT RG] L 28k, AR SR MPP B Ed G SR FH A R] 0 2 P 70 s I S b A 3 A, (A R
BCELERI SN G, RGoR E Trl4, HoW P15 s BT HER D (shuffle) #:4F, XI&E R TR KM RS
TERS. T2 J3 A2 OLAP ¥ R T 2 IR G5 R G T R A R BT BRI & (0 CPU %% WAF A &) LUE
PYAS R 38T (/O B AR TUAT 55 BT BB SR AT 55). e ol LR B8 T A A7 b o T B F k) 0, BRI AE 4 A
A A X T R AF 5, WA B A b Az A7 it A8 s = A i I 55 T e o 5 X338 119 22 il A 50 8 O
UE T A 0 T FH, FHESE3IL T 0 B P 32 B A B

HHTHI 2 I3 A2 OLAP i PE AR AL 5T B K2 (1) THE-AFE 0 BT 22805 5 (2) THE- N A7 23 BT 3
AR A A A e TR, A EE RO, AHPAT R, A SRR, DUR B R4
3.1 =JR% OLAP itE-FiE 5 BHAERY

W 9(a) FI7R, 28 1 K2 )54 OLAP Hidis R R AR T o H -2 00 B P 2 240, tH 82 S5 174 2 2 TR
TR 0 4 AT 4, SR PR AR I T B0 R R 450 Amazon Redshift™ ' il Snowflake!™. FLAASK I, X4 (111
HROET RS E BT . T RN RGN R, B8 T o2, IS EE. S,
iz 42 BHAR BB J5 R THER DL, EE A TR 2 A0 5 RO AT BRI A AT 5% X 28t
HAARX AT A, Ml LEaREERER FE. eNEE —ENAE6E S, 8 ETT S H MK
SSD {24t FH T B AE 3 EA, I IR A 70 Fr 70 FoAR 45, SN S0 s Ae o A A v A 38 3 5 R 8 7 o4 i)



914 HAFFIR 2024 FF 35 5% 2 B

AN At B R A T () 508l DA 6 B IR R o S AN AR VT S0 ROE A5 0F AT Bl & 0F; A6 LA 20 o hol,
Kot At 36 U SO ZAT it 0 AN I H S8, i A SO 23 1 A D St AR SR R R AP ) U2 e i 3, A7 4= 58 4
SSRGS, BRI R AL T S AR B R B B, O DL A A KT st OB 2 i 55 B O R
PR 55

P e gLt o5 A
awlwlw EEEEEEIEET ;Lé&é&mg@@ﬂ gemimn | soces [wenn

2 L m
WH=

1 ‘15

TR TR TR
SSD ssr) SSD ssr) SSD SSD ssn
T I A M i " e " i 9;;?? f;ﬁ f;;T );f 957‘ f;;T ff;ﬁ
| omm— | —eo—- | r— Y aE——- - CEm——

WA

e

FeRi =

000000

(a) = JRE OLAP (S -174# 70 B 4R 4 (b) = A OLAP (1 5- N A7 176k 50 B8 424
Ko =R OLAP Hd B 4k

(1) FEBFIHL. NEIHTE RS, AR B &AW 3 AR () s SRS, BUE S v 2 556820
SEAMRRS, ST VRS S AR SRS A AU, R AR B B (U B A 7 SR A b A 4
P FER S5, I TIAR O M1 29 AR ; (i) s T RS, R LU T B4 Ui 1 s A IR 25 S s vl . — 5 T, = A7
i SHL T 85 DX 01 22 B0 ) AR S0, 2 DX T ) AT R IR, IR 25 B AL 7 3 mT LA P LAY A 0 B A
LIRSS Sy — O T, VR AU AT DUH T G247 VR, A VBT UK A O s AT B (079 R0 A e T
TG T AT B T B A, ST R N s AT BT I A VA B AT (i) AT SRS, RAT SRR B
AR, AR B2 A Hﬁaﬁﬂ@‘ﬂrﬁf*ﬁ;ﬁ, FF- AT H P AR G 54T 4%, B AERE 2 n]
BB B PAAT, LR UERS 22 AR (7] IS A4 v o o AR 45

(2) BHPATRFE. T X B YA RIS A LT 3 AP () S, = R4 P28 452 & il ok
Ja, B R &5 A T BRGNS BT AW E S 500K, ﬁ%&%ﬁﬁm’ajﬁku (i) ZE T A A a2,
W) TR R % BT SR BE A S AN ST S, A SRR, W e A A A A B R [R5 R 2, T i)
6k i SR &R, (i) JE T R M AR b B F74f 2 WG KT, W7 130 6E 8 (19 F ST, 30 3k T v 5 21047
SO, S R PR RS 45 R (iv) & RAIE SR ML THEAERES I AN S P 45 R (724 shuffle I F2),
I JE ARG, I = R Ss E A IR 145 F

(3) PhFA5 SR R, A LE F-AL G0 1) MPP BB 64, Ik S 4 b R S A1 0T vy ml PR E, S 47 (b, LA CTEAR K
AR 2 ST Pk e g A 9 T 2 S % 2 2 ) 1 X A . — 5 T, B 502 5 0 48 V2 2 T A e Y
6%, AEUAH bl AR Hh 2 A7 1) i 5 ol B 0 A B R I 2 . 59— T T, 2 BRGS0 U 2 5 03 1) i e R A% i 1 B o
HRAT I, T LA B R > B 1 D 258 A 2

(4) HUR R 25, T 5 OLAP AT il 40 B ALK 1) 22 45 1 22 LA Redshift ™ fl Snowflake™ J {43, —#H #R
FH T AL SR, B X BITE TR SR S A7 2 53 U T AR PLAL. Snowflake 7ETHELZ38 N T 48— oo s
EEL AEAF A ARSI — R S A, S AR R R R B, A AN RIS T AR, HURR AR A
THEESE]. HAE s it 2 B T AHAE A SR, I8 I Won 28 1 5 QAT 1 5 AR 2 sh A 2 . LA i b B
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FHI R AL BAT, SCHFH 1) 2 A2 BT 5L R HE. Redshift 4] 89 MPP BUEE & BE AL b = J5i2E Bt 122 B,
AT AWS (Amazon Web service) AEASTEVH )2 4746 2 2 MBGIN T I 2, 03 T 10> 46 F 4k B 2
TH M Specturm 4EHE, 454 FPGA #EAT 5 F#EM AQUA (advanced query accelerator) 58, DL I ) 4w B A Q5 22 47
f] CaaS (compilation as a service) it 55. F[F] I3 N T A 45— 47 ik % RMS (redshift managed storage), RJ > #F
16 PB 25l it 4t SSD 247, HAT AL BRAE T CH+IRARRE AR g, JFid i [F) G e AT 2 A X i b,

3.2 TIRYE OLAP IHE-AE-FiE 5 B 3 B5RM

Wi 9(b) R, 3 2 KRB E OLAP H¥i FE RGRH T - W AA- 070 5510 3 2580, vHEZ . WA
7t J2 2 1) R R RPH) e o D 4 0 A T3 %, SRR IR A 1) 5 AR R G0 ) BigQuery!' . 555 1 2848k 4B,
BB EAE T RS E BT E =, TR RO ALK SSD fEfAE N AE. A2, Hit 5
SRR — R — B 7 A BT A B LA L Sk, B T — 20 ML= A2, H TS e A W)
Hn v (shuffle) B, G rb (0] 45 55 NG R VO A, 5% 2 A7 2 RIS At =y m] 5 ik i 0 A7
fiti 55

(1) EZEBRFENHL. 55 1 BB, X RAMTETHF W S B R I T L= N2, T 2490
ST R AT A IR AE, B RIS R 2 i S RS AR IR AN I S AR sy AT A
B, BRS A  RARTT 51 S (AT & R B AR i i S AR VO, $2m & AT R, I db, il 45—
MIAEREIR R, LA AT T i IR A 2. i T AR 2 ] DL — Pl i B, R G AR .

() AHPATHAR. X L2 WAL A DU 4 PR () Al iih. = M4 i BB e 2 & i ok i, £
WA S5 A TCEAR AR N S5 BT A RS 500, JFA It T AT R () 2T E AN A, &
T bR A% BITHR AR AN TR S, WER A, W R ATE A AL B S RIE S ILE N AR R,
W 16 A7 it 2 1 SR B . (i) 5 T A7 TR B BE RS AE . TH Y )AL i, DU Im) ot B (19 47 =S,
FR R HEVH BT S, BRI RIS A R R IR S N AT 2 S Al I 2 B B B DE MR R

ER), I Ja G A5 AN 2 IR 55 B A [R5 FH P

(3) L5 R . AHEL T4 G MPP BY B3 65 P2, SX S48 (R A R SR AL TH i i) R A i, S04 1) 3k, DA
KR PR IR P 24 G 2 BT I PR Pk ke A T 2 T R e ik 1 () e e 68 B A vl AT () 2 . — T, 43 ) 3
N AR R it R 45 1) B PSS . 55— DT, 2 BC I e 2 A7 28 TR R /IN G 3 it e o, R IR &5 SRS 5N
BARREALF, & RO VO AR R 4 A& .

(4) R R G HT 2 J5 4 OLAP H55- A AE- 150k 40 B 20 (0 2R 48 22 L) BigQuery A3, L B T Google
(1528 B A ) R 48 Dremel™ ) Sl b4 FLBs b 2 A RGOS RN T ICENAEIZE, DOInE S 28 A i, S A7k se
7t Google 173 AL R Colossus b, SEHL T Hd (1 o] FAEGE. SOk SR T B Z1I4£4% 2 Capacitor,
CFR AR R AR B AT BT B oA A AL, FOR A R P AR T S TR, AR AN
A BCHT B 23 X 53 A 45 AN [ ()71 R AT B AR B, o rh shuffle i R i 78 32 Y A7 2 84T 0ok, 9 2 e 2P
S ECAN [R5 s R 4 R, S A A IS FE A BT SR AR A W R BEE T AE 2 A B, TUIREAT R H B
3.3 TREIZ#) OLAP RG4FIERE

3 BT B4 OLAP B¥i e RGEA R BEAg Vit (R, 20 W A A BRIK Bt e 00 o s s T 2k 28
PRURII R e SR R 7 DUB B I A £ BE AT 4 AT

%3 ZJEA OLAP BRI 4

= JRAEOLAP RGEHEH RENERG Eallin &S B sk Ei JEA
AR B AR Redshift"”, Snowflake! = i = = 1t
THSE- APl BigQuery"” W = h Wi st




916 HAFFIR 2024 FF 35 5% 2 B

B 1 RRGCR T ATk o BN, 5 2 5 55 LA AT Bk 2 IR 55 IR S, JREELT OLTP (K 5-17 fi
I BRI ARG, AHSE AN Z AR AE T, OLAP ARG [ KR EH S0 M, JAT7 i 2 s 4% SR B 70 b AT A B, A
i LA H SO ORAIE T Bt e i RE A AR e BeAh, R VRS A RN DO T RO AT S
B, VSRR (K AR ST A B AN B ) P I AT A S5, ELE S AR 2 1AL AT AR k. RSt
SERNAFAH IR ™ o, AT o R s B 50 B AT I 1 1 55 A

52 RAGRM T - WAF- A8 70 B 5, T2 SE RS WAF TR S5 LU AF A 5 55 1 S8, SRABLT
OLTP AL THET- A7 -AAH 7> B A M. AR ZAMAE T, WA Z IR ANE ] T AL IR 2 A48 2 2dle, 2 AN
VRS R BEAT Bl 5 IR R A, T 3 A A AR A 15 I I ORI 1Y s 1) Sl A, BE— 2B 5w 1 e A
A BEST. (B, 4 R (K3 A7 BEAR T AN TR T SAE 55 1] (R B B . AR P9 AT 25 R 55 1) 5 TN R L 38 KRR Y
ARG5S A B0 e, AT 9 — KRR GO s T IG5 AR AE R GESCHFAETHS . AF R B UL A0 by e, A
UE LA B SR P B IR TR R fE

4 R4 OLAP HiBEXEIHA

=R OLAP i e K R F BHAT A E A, ARAEE AR, LTRSS BIEMIIH (serverless
computing) FiA . HARRIEA L WLAR2ESTEAR 5 AT, W 10 FroR, 24720 BAE A 2 300 P R 88, sS4
F FIEN R RS, RS2 S A A PR Z ok B BR 2R 1 SQL 1K, Hilid 5 s A A8 B LR
PR 1) A W IR S5 5 R P RSt 3 Ak 2 IR 4% 1A T i 381 0 P R HLAS 2% X AR — J5 T 2 B0 P IR 45 1EA T AR
b, 53— 5T T PE I 28R EE R 45 30T B S8 4% 2 2L

SQL SQL  SQL SQL
I S I S
& a W2 | A4DB
3. MRS 2B C%_;<ﬁ A
1K Iy =

DB4AI I
iy o >
i L BAEfHE T @2 ) #T SQL il ML

10 =55 OLAP $¥ e et R B v

Ja 3R 4 BV T R —ANEARIE N I SR AR LA LR i 8558, FRE 5 BRI Koo R & B, CR
Bn R 53 LS S B 0K 3 AN BAL ISR 4y H 4G T TS Shuffle WAR)Z LA A2 A A4
) 3 KA TS5 A IR N1 5 3 24 B T4 B 591 ¥ Serverless LA MCEE T BRI IR S5 1) Serverless; £d O/
o3 AT A AR N B O 5 2 T R E T BT (Enclave)” IS DRI ML 7 ST BRG0PI
I3 FET AR ST 2 I AR B e B AR T 1) 2= D5 AR 5 FE ) B B LR 2% 3.

4.1 BHREEEA: THIEEE. XEARYIBAASHEEUEEER

ZJRE OLAP %l 78 2 48 A7 il i BEAL 3% (1) i i PE; (2) RAREE AL (3) ~F St A Fodl A PLIX
3 ANy JO U B U 2 JEUAE SR R R G AT LS A WAL ER AR L, T = )R AR OLAP il R AL R
FOAR SRR GIRAE, e oS v T SR SO0 B R, B8R B B, LA B 18 2 OR8] (multiversion
concurrency control, MVCC) 5 Zrifj 17 i), H: = B A8 502 nl DUOLAL 230, (8 H i1 3 ZE10 n) 82 L AR
i1 AEERSS AT o v ST RS A T L SRR AR IR S5, AR i A e T AR B PR R A A AT
PG 2 B0 SR AL L5 R BR, FRATI S 2 B T R IR OC AR e R Ay, H e AR T S e U7 s e ik
BT, HAT R EE SR HE IR T AR, KRB BERRN. &5, T2 76 LA miar 2 4
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R RO B, PR, T 78 25 6 ok - 45 4 A0 B AT A5 PEA R — AR B B () 3, JRATTRE A 2 T 5147 1)
PERIER S,

R4 BEUE OLAP Hudls A G HER AR R U85 il e P

FARZE S KHERAR REHTAE AT FEH AT
FFocHR IR . ¥l 5MvCe Snowflake!” [N Bl LB AR =
B BB TR M O R R R 4y Redshift™*” &S KEEAE WM
HEFHUAE G R R BigQuery!"” AT BHIEIR
HIH LA T HE PushdownDB™” AR WG AT
FERTILISUET N F X F 45 £ Shuffle 3 17 )2 BigQuery” A STV
GIRF LS & FHEVHSIRIZEST  FlexpushdownDB!™! FAE: PIRVEAE
) e ETHIEEESE K Serverless Athena!®! et A
TS AR HF R AR5 ) Serverless Starling™ [ R R (R CIEE R S ek
SR R BT R BRI B R Snowflake” Y R Y SCHE A
HF Enclave 3R R4 Azure SQL Database™”  pppac 4t PR
BLaE2 ST %‘L%?M%%%‘ég 1 2 AR B P AR Redshifi™™” reEAf R L P i FRE2R ) 3 S AT
T 1) 2 JU AR E FE 1Y A BB 8 ) Sagemaker'"! TR R S BRI AR 5
411 FETICEHRMETRL. #5015 2 AT KAzl (MVCC)

TCEH HE AR Hdln - M BBt i s, R BRI g5 B S OS5 = A OLAP #idis
B, AR EA F RGE VRN = A& ELES N, Al SZ RS S Ao pu i, ARSI — R FH oA 2U K B A7
fifi, MRUE s etk 5 8] P, 40 Snowflake SR T 43 A0 X (10 B 25cths P22 Se B so B A R /e o8 i
BRI 3 BOCHEBIAR: (a) 2ET J0EE BT (b) FeBEHIA; (o) B TARATHAE; Wikl 11(a) Fros, W TH R T, 7o
B M1 A7 T FL0F 8K (timestamp), X N2 DR SRS (GO 1 RSO 2), BLR & AU IS5 B ([E00 Y6 ).
XF SQL #rifj“Select * from T where uid=2", 2 Ik 45 % B 25 7] 15 56 05 ) Hoceds M1, (@i A 3% uid FA4E R A0 75 [
ALK SCPE 2 HEAT 3RS, R4 S0 10 R Jo i v LA e R, Wil 11(b) B, A T2 61 T 2 T2 1)
DDL ##{f“Create table T2 clone table T”, 2 IR 554 BLAR I A HELE HIK T 1R 2 T2, 18 37 g — A o il
M2 e A 2 13 . an k) 11(c) Brow, R e E I R ARG B, = R4 e v 2RIl MVCC AL
HEAT 7 s B Wi AR A v, RIS AN [ R A 1R 5 24T A v ).

P T AR
TIMESTAMP: Mon, 01 May
1 Alice Added: M1, 302
5 leted:
2 Max | Xff1 i
Stats:
3 Bob -uid: 1-3,4-6
1 -name: A-M, F-T
4 Neil
5 Thomas XfF2 SQL
6 Florian Select * from T where uid=2
ID: “8e5d0ca9-005e-44e6™
(a) BT ool B BT K
11
412 FETIEREMC R E R

M2
TIMESTAMP: Tue, 02 May

Added: Sefe il kR 2
Deleted: Sl

Stats:
-uid: 1-3,4-6
-name: A-M, F-T

DDL

Create table T2 clone table T
ID: “8e5d0ca9-005¢e-44¢6™

(b) FrEFEHA

JUHEE P 3 OGO

0] B 1) 5 A 1)
Select * from T AT (TIMESTAMP=>
“Mon, 01 May 2022”:: timestamp)

FHRS B 1) {105 43 B i
Select * from T AT (OFFSET=>-60x5)

BT 1D 1A
Select * from T BEFORE (STATEMENT=>
“8e5d0ca9-005¢-44¢6”)

(c) JI S A i

Bt 2 J2E OLAP B [, JC ARG KT U 20 D 22 A7 3CHF, AN 1 SO A% G o A ot 2 140 4
F B T RS, AR 2 R SO RN SCRFB B8, I REII R S 47 SO ¥ 77 5O BB B AR B In A8 S AR
BEA SO PO AR 2 R 9 A7 it R AT/ 5P KRS 3, SO Sk % S8 on il DU R B A7l A . TR,



918 HAFFIR 2024 55 35 5% 2

TSR WY H Uy i) SO b R 23 41, i S A Sk A R T RABE B AR LA 1A, T TG RE R . SO U
Je A DL 2 IR 45 AR ORAFE AR (U1 AWS S3 X GA-AE 2 IRST). HUR A7t AN 78 B DR UESCHE 105 4l s 8
5T M, Z A2 OLAP $dl 70 A5 b B Tt v B SESCHis 23 DX 5 B8 JSCE A (] P o 0 A U 3 2 0 1) 0 A1 X4
A7 KI5y B 1) 7 12— M 4 1 O FR R IR R 235k, AR5 R Kl 23 B PO A (™ A0 R R e AR 4, IR AT 43 T
BIAN o BT 0 Xy A AR AT R RG A (B IR TG 20 4R B8 R TR A M MO FE B4, TG 75 719 s R HEA T Hdi A%
. s 12(a) Prow, O FERBE A PIAN LR K H 3 (c_ID, ¢_Name, ¢_Country,...) FI1] #3 (o_ID, o_City,
o_Country,...), H'EATREMIE T Country k212 8. WKl 12(b) Fiow, WRIZ I Country FI4E K Bt 22 1%l 43
B, A IS S, A RIS A A W TC A ARG S A O B [R5 A (CN T 377 55 1, FIN [T 377 55
N). XFEFIRTE Country 41 1% B2 H A R IE A HIPAT.

- - ¢ Country o Country ¢ Country o Country

c ID o ID . . :
il - CN CN FIN FIN
¢_Name o_City CN CN FIN FIN
¢ Country | | o Country CN CN FIN FIN
MR RN
(a) HE R (b) et ) 7>

12 B3 E i s Xl 7 s

SR, K1) 53-8 PR 36 i) JL& > NP-hard Jol {1, RVQe] 7R A5 47 P b 98— AN R0 iR R 23 B Uy Ze 4R N, U
FEE ST RA N E BT BT, AR P I R 2= ) R B A B 7 . R A — P TR k) o
MR, LA JUARR T o S B T e B, SUrh O B 3R, 1 AN B 2 IR e, 1 AR D A
2 T Bk I (A . ) R A R T e AN K I T B R 4 380 ) — 1 a5 e R i) T K
R — Bk R, AR S5 35 S0 STIL T WS SR AR, WP 13 Fiow, SRR (A, B, C, D, E, F}iX 6 M3
T, TS 2 ) s e 3R R, 30 BTSN T BER R T BAR I B, 10 (08 7308 T 1A IR,
TR BTS2 WA E 24340 (B. D WIS Z 184 b-d, bl-d1 B4%i2). BES AP E, 45 1 i Bolid i KL
WE A AN ASAIAS [ 1% 46 R1={C..c, F.c} M R2={F.b, B.b}. H:1, R1 Il R2 MIRLTE /355 4 F1 2. 55 2 BB
e ETERY R Rl ES, )5 R1={C.c, F.c, B.bl, D.d1}, R1 [{ R E R 6, il 58— N 8 4.

A
(a) HE4 (b) BUE N 6 %5
13 Bl 7t

413 HT ARG B R

FE85 ¢ 2 B0 1A 1T 1) (1) 32 BNV 45 3 e R AR AT 3145 R 455 42k ERP (enterprise resource planning) R 4t, 1X 4417
S BRE  HRE SE . T 2 JR 2 OLAP B 6t 1 1] 8 22 T 16 R0 3 F, 9T A 7 A 3 K ) 2 46 Mg A SRS Bt
@I HTML M 51, XML 5 JSON 3CBY, ‘eI B U R, % WA IRE L, BAKHGE bR i 2 s =L,
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FI 25 JUAE B0 2 2 A P Ry 5 T 4 A - — 2 MR SORSAE S il A SR ol 90 A7 5580 BT — R
AP K BT Ak SCRYSR, 8 2 R0 R B ST P, 55 1 R T2 R 4 s SO RO 2 A SR G
FIAERRIR . JACBEFIIE 3 /T 7 B IR L, Arid FE s M AT T BOR R . B 14(a) 440 TIAMIRE SR 5
A, o BCRE T A7 BU 2R B DL R AR 2 A Bl T i - BL. 4911 Name 5 Language 4y ] E 7
Bt BIAr s Hofth 7 B Country 5 Url a7 B, K] 14(b) MR8 BB A 208 2 85 0y o 75 1l T 3147 2K 41
i, XFF S0 1, Name FEEEE T 3 W, HARER Url FBOT 2 MR, 5 3 M5 k2. 6T Language 5B,
HAECH T L MEEEST 2K, B 3/MIEERT 1K, IEMN T B Code 1 Country.

g Docld Name Name.Url
Docld: 1 Docld: 2
Name Name 1 ITRUE 3 http://A | TRUE
Language Url: *http://C’ . http://B | TRUE
Code: ‘CN’ — 2 [TRUE FALSE
Country: ‘China’ || £ 550
Language Message Document { http:/C | TRUE
Code: 'EN’ Required int64 Docld;
Url: ‘http://A’ Repeated group Name { Name.Language | |Name.Language.Code | [ Name.Language.Country
Name Repeated group Language {
Url: ‘http://B’ Required string Code;
Name Optional string Country; 2 CN | TRUE China | TRUE
Language b ) 0
Code: ‘FIN’ y Optional string Url; | EN |TRUE FALSE
e } 0 FIN |TRUE Finland | TRUE
(a) R 5 (b) FETFIAF (F R S B o

Bl 14 FETHUL7 10 S e K s 1)

42 TR HEHE THSRIBEENTIONIE

=R OLAP B e 2 S 1) 4 W SR BRI VT S S5 76 2 5 (R 4y, CASEIILVT 0T s S A7 1Y s (R 40 b
PR D T R S AR 040 8, SR I SR SRR T M, BRI n ATl 2> A7l 25 38 T AL 2 R B £
i 2 2 JRUAE OLAP U e B w1 — AN T2 1) 0. H A (0 850008 e 5 SR I N HER R &5 6 AR M 2 A7k 2> ) 8¢
b, NTE A/ 4H.
421 FETUFENHER A g Ab 3T

SR A AR B R AN T R AR A2, LAl D SR 1 9 s A i G T3 S3 FY Select
M 254240 T BRI 1, AR RS, I UE, SRR ALERAE. AP aT e A7 S3 0 SR IIAT (bucket) 558
(key), #RJ5 FI ] SQL i Ay%t S3 X G AT I 38, FUR BT EAE. 11T S3 Select M55 5 T vl 2k, PRI IL = ZE k%
i BERE R S3 Select [F4F FHEW/DEAR ML, X Ae/REIRD I S3 Select ML

HET S3 Select 4R AL FHAE, WAl INR G| R BAESRIHRIEY. X T 83 Select RFI92IL, ¥k
76 S3 R — N EET M MR TIE, )G T RIIRAT S3 MR MEHRE R, LR R A B (1) %t
Tk 181, FIA S3 Select Bk R 51K T E AL, IRFIATHE T & ) IR EINELARSHER, i1
A AR W R H HTTP 35K ) S3 73RS, JE TR 513810 S3 Select i& & TIEF R M A #), v KM%
A B AL 4R X T S3 Select [ PIRZER I, B e H X /AN AL AT R IR S, SRS H3 B1K — 1k 4L
A S3 Select RIBLE 2 AN KRAAT S AT HEBARAE. X T RIS IAR o) 0 BIAN Y B, 1 56 %d B bsxf
GRAARIRAINT R F R BT e — 18, SR BB —NME—{E IR 45 S3 Select BT R 4.
422 3T Shuffle WAF)Z R AL EE

JLF Shuffle P A7)2 A AL FRF R UL Shuffle P77 /2 AT A AL EE. T A6k )2 S 4 X 080, o frf
B T HEVH S, 456 Shuffle 772 BT IR0 R AR T, Bk U, ToR AT s FHE 5 R LI 5 5k
BIANA R CAEY O34T =M B¢ (map-shuffle-reduce) F1THEL. Horr, th[a] ) Shuffle i FETESE— W A2 /ZHEAT, IXBEf
T BRI A R DA R R 4 R A S N, IR AR R AR, R () 4 SRR R AR, ST
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BERIARMY, BRI T R e N A7 I, i SR 5 SRR I N A KD, 7 LA B s B e
423 HEARMBAZ S5 E TN A AL

SE G AR HRAT SR HER B WA B AR I GE A AR MG AT 5 SAT R IR A T e AR R R, —
HERIUHANE 0L (1) AHGEAE FHELL Z A0 P HESE =928 (i) 2 A7 A B HE LTS s8R 5 oF 8550 k.
il 15 o, fE=f# it b, % R(A, B) FIZ S(C, D) #REEREA BRI 70 A AN 73 BUG ORAE. AN A2 4 514y
BL (HD A1, B1, C1, D2). 2477 SQL Al KK AZE R 5 SHEEME A f1 C LRER:, DUEEN B 5 D LT
P T f I 9. 25 v v [R) ) R AR M R A7 R0 = A7 AT V5 HE, JLrP, AL B, D2 B8R MR AF AT T WL R
e, ooy BOATE 2 AFEHEAT T UH R T HE. R B CL 3 BURR A WA A7 IREL, X2 T D1 ATEZAF, Tl
THHMTU S N 756, C2 7 BUE Ak uiARIE S D2 347 7150 T H#E, (ARSI 58150 (), 05 D2 m%E 2%
AN, BT AP ARREITE B C AETE B MBI, A0 b s F E B i R S th e N, i
SRS G R S R U AT TR S R AR

SELECT R.B, Sum (S.D)

g‘l?;\gs’;A SCand [ar] [Br] [D2T 827] [cr]or]
KRB KCA=S.C an '
R.B>10 and |:> | | CIZ
S.D>20 | TR ] [ T T [ | T T ] [ T T |
GROUPBYR.B
1 | "
[Ar] [B1]| [c1]||D2| KREFER  KRES
Al | Bl C1] D1
N Lallet] [ci]Di]
[A2]B2] [c2]D2]
ZAEH

KIS gt B Ar S v S Rk Ao b b e

43 FRRE[/EMITE: ETREESHIRE TR M TE

ToMR S 23S0 VH5 (serverless computing) #IA K& T — R H M FEEEN, LEZEEHFANE 1 RBHE
Fy 7 Ak SE Tl 156 i 5 2R 4 TR 0 BB — AR VS 1 A L R B0 0 el A B R SR 0 TE R 4% s i A
DBA JL T B4 5 A 1111 G 7 50 Bt PE (K e DG B, 2 B3 s B P 4% 5 o 4R 10 A v T S VR K. A 3 S R
T2 (1) BT 2080 P S0 EAT vk 14 1 989K (2) 25T Lambda R 2500 3514 715
431 FETHO PR S0 1) T IR S 5 I dn B

B B P SI9) 0 TE i 55 A R B A U404 AT SR S M 128 5451 B A1 T IR 45 o A PO 25 90 5 | 6 3 5 45
T4 B S 1) J5 )RR ST AT SR (R TR RE, B S0 s Bhis AT i i BV S v B, s 452 I B4 T R R I, AN
o P REAT W B AR I 2 7 v 1) 6 B A T B B R AL A B RS 1L A K M RE B, PRIk, fR B R 4
158 7= AR TRV A M S N X — BT 5 V0 I D i e S 1 7 A 3 ) 1 0 Py e v U ok i, HLE T
T3 S AR S A A s 18] 5 A, AR 5 3 25 T B HHs e R G IR A JLAE HL P 10 AR S 3 Bk R4 1 s 8 = it
FENR S5, 5045 00 56 R B S D B AR, 224 B TG T AR S gk A B N ik R AN 5 1 R Geia AT, BRI T g
LB NPT 528 M RIS P K, A48 15 58] Sk BR824 1) W U E AL )
FUARIEW, FL AT 23 Bl s R A FH R 25, DAL AP 785 2 2P R ol T WL AR AR 45 B
432 BT RBURS TGRS d i N v B

PR H B AR 2% (function as a service, FaaS) ST 450 7 B I 45 A A i 1 3 — AN SR s R 05, ol i == iR
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FIIHESE, SRSCHR P BRI TT . HAZORR s TR S5 2 BN B B — L85 DL TH S D) R Q02 i th = ik 457
B EIBR B, F ) L T X L R O A AT R v, BRI ] LLSE IR R0 (RSP I 30, I SE3 s
R I AR (P RIN A ) A IR 8. BT R =) i #R e At T AH R K3 T Lambda b6 K TGRS
#2, W AWS Lambda. Azure Functions. Google Cloud Functions. {E4] % B4 A 1) & 11 55, 55T Lambda BRI
TolR G5 F BN T AT W OHE . T 4, A R B AT AR I (29 5 min), BCRE ST E LR ORAF A B
Bt S 25 AOIRES, ORI DT A vt RIS B . HIR, SIE R AT 2 A RS IR Le R 0 T 28R B =

ANHERL, AT ESE IR B R IS5 1007 SRR . Wil 16 Bios, = LRI AL 0 B 84248 SQL A i, By
AT A IREAT AT O A TR, SRR AT R TR A A R B A 3 2 R KR 55 (W1 AWS Lambda). [7]
IF, P2 1) 2 i bR 5 25V S P 22 A O B SOAAA T M. 3 o KOIR 55 LA Lambda b8 08 54, A7 fif
BECEEE R AT VB, SRS R TP ) 5 RSN AR 5 S eR 0E R B b (DR ZSE R 4k S AT A AL A
WRAT CE i 4 Rt Je AR [l 2 .

(GEAf )

.I o s I
SQL # if i g B

ERRESEE) | ] BB

2) G AL

3) BRI A R (h lfﬂ{:'{j(ﬁ%‘%ﬁﬁ)

Bl 16 T e B o5 1o o5 B kAT

|
o S

4.4 BWRIPEAR: ETHHAEEEELET Enclave FIEIRRIF

H 1T 2 08 2 B R B R TS TR (1) T3P B R B RS F (2) BT rE v B
Enclave [F4 R
441 FETEPEHEENBIRT EA

SEF B P BT L K AR H AR R I a8 S R0 3 A2 B SRS LR B . 51 1, Snowflake® R JH] AES
256 57 RTINS A OB [ B A A B, LB M T T S R S M IR B A B, B T ) AR B
W3 R SCHREE 4 ANZE YO B AT 21, LA 1 B I RS AL e D S AT S . X 2
ARG T, HETAFZFE (W AWS) 4t 222010 Fdifr e 1&fi. A6, 5 I e S T o2
RZS, (ETE A VAL B 5 B R 5 TR REAT AR BT, SRR AT UAE % 3C b AT A i 92
4.42 JEF Enclave BB R HA

=T Enclave [RGB FE T AEAFBOR AT S0 /4, BRSO AN 7 Ao X3 o A i 5 b 2, 509 L
B I A PE. B, PRI Azure SQL K5 T T V8 3R 55 Enclave SHAT 8RR 5 P BB RBIRIE RS S =R
FHEAE R B A A TE IS, A& i 55 Enclave XIS IR ERE. 10T A il ab 28, F ik 5 G 1% 5 1 i 56 0F ik
G50, TN Bt PR As A1), AR ) Bt LU S 1) 7 AR Hi 21 Enclave JoG A HEAT il 5 I 2 A0 B, I 2RHAR Y
) B A A R S ek o), X = ZEE 2 BR T Enclave AT KNS A ) Ab#REE ).
45 MAEZFEEREESHRERZINEREAR

o m IR AR PEROR S 8s 2 S HAR (artificial intelligence, AT) & 47 = _E30 & B — A K R AE .
—J7 I, FLAS 2% IR AT AR TG 2 2 i AR B0 e ) SR B 55, B4 S i B L Bl Rl or ik . R 1k
B SEORLSE D T, HLas S BAR T DAEE T 2 SR AR SR O P B B AL RO A 2 ST 4, Lt %
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I8 P i ) AT SQL REAT AR Yl 37 Ly HEWT, i s T Ty R RS TS S AR AT A S AL A 2 A B
4.5.1 BT HLaE I =R AR R oK

ST LG 2T 10 2 Js A s PR BRI R AL 5% 27 2 BOREAL 2 8 e (R 55 . 460201, Redshift 1) F 8)4 5t
BT R AutoWLM T3 Il 25 XGBoost A58 84 T 2 ) 1) A A1 B L9 AT IR ), AT RESZ F B34 T )™ (97
A AT VR IR 8 O SCHR [SO1H TR FH IR A A T SRR e 2 R A S Ko - £ 3 P ) R, Sk )
FHRIORAE S 64 o [ 4, A, SheE 1 10— A1 &, AR5 A A s pe 2 >0 R R S5 R I HLRIEAT AN ) S 7 B 2 15
(VIHREE. SCHR [57] R s AL ST EAT 22 Bl e L IR 5 I, FLIE T 50 RIS R M A R R 51 4L & e FE R
R, G LRI AT A I T 5. IR, T ML 27 20 ) 2 S 2 el P B RE S A P D S s VI A E AR g
(RIS, AT DA IR 251 E. 22 B SR B A T I (b A A 8 R AL, Ay 7 it e D7 3 M P A R o 2
(KIS, SXSREBCAAEAE 7 R0 HL P B RE AR R SR P I Zk AR DRI, AR EEE ST 1) =
J A B IR (L s 7 S BT RS BOR.
452 FETRFEE P I BOR

T i) 2 S e R AT L 7 3] 2T 3 e 1o, BRI T SQL LA~ 313 4%, A5 T L
SR EE AT HLAS 2% 2. B, Redshift SCHFH] 7 3 “Create Model” ) SQL VA= AR, I3l 1455 H bR
SUHEAT I ZRIG T T Ja SE PN 55 JLUK, 26T 2 Js A e R JEA T ML 27 >0 AT DU )< S s A SR sl (K Ak, A5
WIZRGS ORI T AAEA M EAT HEWT, gD T Bl AR T 4. S, 2 1 2 SR e 1R i L 2 >3 T LAM S  Js 2
S R () b T SR A A 8 ) AT BB L (KRR | S AT B B, A B % 5] R4 Sagemaker! ™ KT Redshift
A BN ZAANE RS, FEIFIE 250 ASANERAESS, 1A R 8 FEA AT BRI £ 5 B Sh i 2. T = s 424
P PETRRLAS 2 2 PR 2 S0 PR AR B (I RS w5, ARXS T AT HLE 2 20, P S i AE = I s
FEAd BRI SR SR HEWT (1 AR DRI, AR 75 A e e 455 P RO PR AR 55 1 e

5 REEBIEEXRERARNRKRARG RSP

IR AEBAR R T AR, AR T V2 B IS, RINHB TG VF 2 8 Pk, Sfskid, 2200 4 ASJr T
() 1) T AR, A E (1) mIRAEZ EEA, (2) T MRS SV M IR IR EE; 3) =4 HTAP R R A;
(4) [ 2 = A I ER.
51 zBREEZEHEAR

MHT 2 AT OLTP Ul EREAT AR — B 28, AREWI L W AE, NGRS 2R, 55326
FEEF SRR M. S14b, 25 RO I, 5522 D)4 20475 s, D)4 i #0306 4% 58000 b 20NV 45k 52 1) )
(recovery time objective, RTO). £ 0 i HA- M7 BI AN 2 BHOR, BT RS A Rl — SRR 28 1 Moh i
T RDMA 12 5481, Hidid RDMA KR 2 A 57 s T LA G W ERAE. 38 2 Moh B T =g Zm 2
A, 2 B pn] A S W SCE BT AR AT, LA SR A . M, PR 2 E AR E T I B AR AR 7] &, R
RS B AER RTS8 20 I, REEII TR RE < RIMR N B, AR T B R E BRI Yz Pk bk
52 ETERSHEMTENRFAE

BT 25 T 0 P TG R 55 s TR A R 08 R IR A AR W 22 B, 15, B LT R U 45 IO IR 45 A,
WA AT AR M TE IR 55 28 AN S0 — A F B, B T s ) 0 BRI 5 2R, f 2 —Fp
BT A BRI EAT RS LS, AT T S AR RPIR S AT U e B R, ToVi AL SEI B 75 K. Si 8,
Grfar kS eR BRSBTS T R AR R B PR, X 3 B A M R S AR 2 MBS B, BT
B R S 1 T R 25 A B A, e 1 Qb AT T QP i k% DU S iR o AR W A PRk k. tsh, 454
B 5 eR IR 25 1A T TR IR 55 A A S — A EE 5 ).
53 =[R4% HTAP HIBERHA

BTSSR 2 B 48, 25 J5 A B e S HTAPP 0 1 i i o k. w2k, RS HE S 3REE T, 157
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] DUTG B4, AR el 76 T 5502 3025 A B B8R 43 45 10 ) OLTP 5 1fi ) OLAP [ vH505 sl 3 = I 453 /& SLA
(service-level agreement) Fpis (112K HLA IR KBRSk . — 77101, OLTP fuadnm & il s iy & 380 OLAP 1 35T 13
(BB AN v o) U0 T, A3 A R AR PR 2 o R EURSS AR, R 7R ZEARYE SLA WGl B YR iR
JEETE IR 45 Pk A8 5 B 155 2 T 4 B — AN ST A LR, T e s 1R A ity =M T [ e = 45 1 B 5 2 0 4
Hr A E AR5 BAT Pkt a0 = [ A0 2 45 AT Mg (A7 il A AT 200 H&, B0 200 B A v 1) A7 g A 4710 =X
SCAE, B T H RS B T SR MR AT, T 40 S T S I e A8, X0 g 45 B S AU AT iR It
A . TR v P T AR I A OR AR PReax A ] L.
54 HEEZZHBIESEREA

Wi % 2 (multi-cloud) IR, A 23 ] I8 F 22 SAR ) 2= 080 R 1 AR 55 101, 30t ot i LR R4
TVFZHRIPkEL. 158, WfTAE 2 ZIREE T S At n] IR S AR R Bk, B 230 209 sl pL A X ek A K
F, WA 2 ZEIRBEREAT SR K L. HOR, WA PR 2 SR EE T BT A4 A B, DU HEAT 85 2= 1) PR 5 12 A% AR
AHEE, XTEEBTARE] & T RERALUE X2 R, B it HAHRS &, It ALEZaD B i iB 1R &1, Je)im, 4
AT 56 22 25 PR i 0 FLA A B0 ) 2 v A A S b T I A K Bkl 7.

6 2 &

AL A ROz UERR P, B4 T e A TS SRR O A0S, JFALE OLTP I OLAP PIRANIIN TAF
5503 AR AR BEE AN SR B BOR . AT T 20 2 J A i P ) SRR s R M G RO, 5 5 J 2E OLTP
Bl PR BRI BIA—BERAR . BRFLPER SRR BRI HTAP 80K, Mz 54 OLAP %
PP TR . B AR B EOR . TOMR S5 s AT 5. Budla R 7 BOR DL T-HLas 22 2 I 8ot AL d
Ja, ALERWE T 2 U A Bl R AR AR T [ ATk .

gt ASChEN A E IEARREE ARG RIS,

References:

[1] Global database management system (DBMS) market outlook. 2023. https:/www.expertmarketresearch.com/reports/database-
management-system-market

[2] Database-as-a-service (DBaaS): Global strategic business report. 2023. https://www.researchandmarkets.com/reports/480428 1/database-
as-a-service-dbaas-global-strategic

[3] China database industry market depth research and investment outlook report on 2023-2028. 2022 (in Chinese). https://m.huaon.com/
detail/840559.html#reportmethod

[4] Li GL, Dong HW, Zhang C. Cloud databases: New techniques, challenges, and opportunities. Proc. of the VLDB Endowment, 2022,
15(12): 3758-3761. [doi: 10.14778/3554821.3554893]

[5] Mathew S, Varia J. Overview of Amazon Web services. Amazon Whitepapers, 2014, 105: 1-22.

[6] Mazumdar P, Agarwal S, Banerjee A, Mazumdar P, Agarwal S, Banerjee A. Azure SQL database. Pro SQL Server on Microsoft Azure.
2016. 129-156.

[7] Krishnan SP, Gonzalez JL, Krishnan SP, Gonzalez JL. Google Cloud SQL. Building Your Next Big Thing with Google Cloud Platform:
A Guide for Developers and Enterprise Architects. New York: Apress, 2015.

[8] Verbitski A, Gupta A, Saha D, Brahmadesam M, Gupta K, Mittal R, Krishnamurthy S, Maurice S, Kharatishvili T, Bao XF. Amazon
aurora: Design considerations for high throughput cloud-native relational databases. In: Proc. of the 2017 ACM Int’l Conf. on Management
of Data. Chicago: ACM, 2017. 1041-1052. [doi: 10.1145/3035918.3056101]

[9] Dageville B, Cruanes T, Zukowski M, Antonov V, Avanes A, Bock J, Claybaugh J, Engovatov D, Hentschel M, Huang JS, Lee AW,
Motivala A, Munir AQ, Pelley S, Povinec P, Rahn G, Triantafyllis S, Unterbrunner P. The snowflake elastic data warehouse. In: Proc. of
the 2016 Int’] Conf. on Management of Data. San Francisco: ACM, 2016. 215-226. [doi: 10.1145/2882903.2903741]

[10] Bisong E. Google BigQuery. In: Building Machine Learning and Deep Learning Models on Google Cloud Platform: A Comprehensive
Guide for Beginners. Berkeley: Apress, 2019. 485-517. [doi: 10.1007/978-1-4842-4470-8 38]


https://www.expertmarketresearch.com/reports/database-management-system-market
https://www.expertmarketresearch.com/reports/database-management-system-market
https://www.researchandmarkets.com/reports/4804281/database-as-a-service-dbaas-global-strategic
https://www.researchandmarkets.com/reports/4804281/database-as-a-service-dbaas-global-strategic
https://m.huaon.com/detail/840559.html#reportmethod
https://m.huaon.com/detail/840559.html#reportmethod
https://doi.org/10.14778/3554821.3554893
https://doi.org/10.1145/3035918.3056101
https://doi.org/10.1145/2882903.2903741
https://doi.org/10.1007/978-1-4842-4470-8_38

924

[11]

[12]

[13]

[14]

[15]

[16]

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

B1

[32]

HAFFIR 2024 55 35 5% 2

Cecchet E, Singh R, Sharma U, Shenoy P. Dolly: Virtualization-driven database provisioning for the cloud. ACM SIGPLAN Notices,
2011, 46(7): 51-62. [doi: 10.1145/2007477.1952691]

Pritchett D. BASE: An acid alternative: In partitioned databases, trading some consistency for availability can lead to dramatic
improvements in scalability. Queue, 2008, 6(3): 48-55. [doi: 10.1145/1394127.1394128]

Soror AA, Minhas UF, Aboulnaga A, Salem K, Kokosielis P, Kamath S. Automatic virtual machine configuration for database
workloads. ACM Trans. on Database Systems, 2008, 35(1): 7. [doi: 10.1145/1670243.1670250]

Antonopoulos P, Budovski A, Diaconu C, Hernandez Saenz A, Hu J, Kodavalla H, Kossmann D, Lingam S, Minhas UF, Prakash N,
Purohit V, Qu H, Ravella CS, Reisteter K, Shrotri S, Tang DX, Wakade V. Socrates: The new SQL server in the cloud. In: In: Proc. of the
2019 Int’l Conf. on Management of Data. Amsterdam: ACM, 2019. 1743—1756. [doi: 10.1145/3299869.3314047]

Cao W, Zhang YQ, Yang XJ, Li FF, Wang S, Hu QD, Cheng XT, Chen ZZ, Liu ZJ, Fang J, Wang B, Wang YH, Sun HQ, Yang Z, Cheng
ZS, Chen S, Wu J, Hu W, Zhao JW, Gao YS, Cai SL, Zhang YY, Tong JW. PolarDB serverless: A cloud native database for
disaggregated data centers. In: Proc. of the 2021 Int’l Conf. on Management of Data. ACM, 2021. 2477-2489. [doi: 10.1145/3448016.
3457560]

Gupta A, Agarwal D, Tan D, Kulesza J, Pathak R, Stefani S, Srinivasan V. Amazon redshift and the case for simpler data warehouses. In:
Proc. of the 2015 ACM SIGMOD Int’l Conf. on Management of Data. Melbourne: ACM, 2015. 1917-1923. [doi: 10.1145/2723372.
2742795]

Pandis I. The evolution of Amazon redshift. Proc. of the VLDB Endowment, 2021, 14(12): 3162 -3174. [doi: 10.14778/3476311.
3476391]

Levandoski J, Lomet D, Sengupta S. LLAMA: A cache/storage subsystem for modern hardware. Proc. of the VLDB Endowment, 2013,
6(10): 877-888. [doi: 10.14778/2536206.2536215]

Levandoski JJ, Lomet DB, Sengupta S. The Bw-Tree: A B-tree for new hardware platforms. In: Proc. of the 29th IEEE Int’l Conf. on
Data Engineering (ICDE). Brisbane: IEEE, 2013. 302-313. [doi: 10.1109/ICDE.2013.6544834]

Levandoski J, Lomet D, Sengupta S, Stutsman R, Wang R. High performance transactions in deuteronomy. In: Proc. of the 2015 Conf. on
Innovative Data Systems Research (CIDR). 2015.

Gutmans A. Cloud blog databases. Introducing AlloyDB for PostgreSQL: Free yourself from expensive, legacy databases. 2022. https://
cloud.google.com/blog/products/databases/introducing-alloydb-for-postgresql

Azure Managed Disks pricing. 2022. https://azure.microsoft.com/en-us/pricing/details/managed-disks/

Depoutovitch A, Chen C, Chen J, Larson P, Lin S, Ng J, Cui WL, Liu Q, Huang W, Xiao Y, He YJ. Taurus database: How to be fast,
available, and frugal in the cloud. In: Proc. of the 2020 ACM SIGMOD Int’l Conf. on Management of Data. Portland: ACM, 2020. 1463—
1478. [doi: 10.1145/3318464.3386129]

Verbitski A, Gupta A, Saha D, Corey J, Gupta K, Brahmadesam M, Mittal R, Krishnamurthy S, Maurice S, Kharatishvilli T, Bao XF.
Amazon aurora: On avoiding distributed consensus for I/Os, commits, and membership changes. In: Proc. of the 2018 Int’l Conf. on Manage-
ment of Data. Houston: ACM, 2018. 789-796. [doi: 10.1145/3183713.3196937]

Cao W, Liu ZJ, Wang P, Chen S, Zhu CF, Zheng S, Wang YH, Ma GQ. PolarFS: An ultra-low latency and failure resilient distributed file
system for shared storage cloud database. Proc. of the VLDB Endowment, 2018, 11(12): 1849-1862. [doi: 10.14778/3229863.3229872]
Zhang YQ, Ruan CY, Li C, Yang XJ, Cao W, Li FF, Wang B, Fang J, Wang YH, Huo JZ, Bi C. Towards cost-effective and elastic cloud
database deployment via memory disaggregation. Proc. of the VLDB Endowment, 2021, 14(10): 1900-1912. [doi: 10.14778/3467861.
3467877]

Sheshadri Ranganath, Ravi Murthy. Cloud Blog Databases. AlloyDB for PostgreSQL under the hood: Columnar engine. 2022. https:/
cloud.google.com/blog/products/databases/alloydb-for-postgresql-columnar-engine

Huang DX, Liu Q, Cui Q, Fang ZH, Ma XY, Xu F, Shen L, Tang L, Zhou YX, Huang ML, Wei W, Liu C, Zhang J, Li JJ, Wu XL, Song
LY, Sun RX, Yu SP, Zhao L, Cameron N, Pei LQ, Tang X. TiDB: A raft-based HTAP database. Proc. of the VLDB Endowment, 2020,
13(12): 3072-3084. [doi: 10.14778/3415478.3415535]

Prout A, Wang SP, Victor J, Sun Z, Li YZ, Chen J, Bergeron E, Hanson E, Walzer R, Gomes R, Shamgunov N. Cloud-native transactions
and analytics in SingleStore. In: Proc. of the 2022 Int’l Conf. on Management of Data. Philadelphia: ACM, 2022. 2340-2352. [doi: 10.
1145/3514221.3526055]

Skeen D. A Quorum-based Commit Protocol. Ithaca: Cornell University, 1982.

Ongaro D, Ousterhout J. In search of an understandable consensus algorithm. In: Proc. of the 2014 USENIX Annual Technical Conf.
Philadelphia: USENIX Association, 2014. 305-320.

Lamport L. Paxos made simple. ACM SIGACT News (Distributed Computing Column), 2001, 12: 51-58.


https://doi.org/10.1145/2007477.1952691
https://doi.org/10.1145/1394127.1394128
https://doi.org/10.1145/1670243.1670250
https://doi.org/10.1145/3299869.3314047
https://doi.org/10.1145/3448016.3457560
https://doi.org/10.1145/3448016.3457560
https://doi.org/10.1145/2723372.2742795
https://doi.org/10.1145/2723372.2742795
https://doi.org/10.14778/3476311.3476391
https://doi.org/10.14778/3476311.3476391
https://doi.org/10.14778/2536206.2536215
https://doi.org/10.1109/ICDE.2013.6544834
https://cloud.google.com/blog/products/databases/introducing-alloydb-for-postgresql
https://cloud.google.com/blog/products/databases/introducing-alloydb-for-postgresql
https://azure.microsoft.com/en-us/pricing/details/managed-disks/
https://doi.org/10.1145/3318464.3386129
https://doi.org/10.1145/3183713.3196937
https://doi.org/10.14778/3229863.3229872
https://doi.org/10.14778/3467861.3467877
https://doi.org/10.14778/3467861.3467877
https://cloud.google.com/blog/products/databases/alloydb-for-postgresql-columnar-engine
https://cloud.google.com/blog/products/databases/alloydb-for-postgresql-columnar-engine
https://doi.org/10.14778/3415478.3415535
https://doi.org/10.1145/3514221.3526055
https://doi.org/10.1145/3514221.3526055

FRXF: FRARYE R 0rs

[33]
[34]

[35]

[36]

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]
[46]

[47]

(48]

[49]

[50]

[51]

[52]

[53]

[54]

Lamport L. Fast paxos. Distributed Computing, 2006, 19(2): 79-103. [doi: 10.1007/s00446-006-0005-x]

Chandra TD, Griesemer R, Redstone J. Paxos made live: An engineering perspective. In: Proc. of the 26th Annual ACM Symp. on
Principles of Distributed Computing. Portland: ACM, 2007. 398-407. [doi: 10.1145/1281100.1281103]

Chen J, Jindel S, Walzer R, Sen R, Jimsheleishvilli N, Andrews M. The MemSQL query optimizer: A modern optimizer for real-time
analytics in a distributed database. Proc. of the VLDB Endowment, 2016, 9(13): 1401-1412. [doi: 10.14778/3007263.3007277]

Mohan C, Haderle D, Lindsay B, Pirahesh H, Schwarz P. ARIES: A transaction recovery method supporting fine-granularity locking and
partial rollbacks using write-ahead logging. ACM Trans. on Database Systems, 1992, 17(1): 94-162. [doi: 10.1145/128765.128770]

Gu JC, Lee Y, Zhang YW, Chowdhury M, Shin KG. Efficient memory disaggregation with INFINISWAP. In: Proc. of the 14th USENIX
Conf. on Networked Systems Design and Implementation. Boston: USENIX Association, 2017. 649-667.

Shan YZ, Huang YT, Chen YL, Zhang YY. LegoOS: A disseminated, distributed OS for hardware resource disaggregation. In: Proc. of
the 13th USENIX Conf. on Operating Systems Design and Implementation. Carlsbad: USENIX Association, 2018. 69-87.

Vuppalapati M, Miron J, Agarwal R, Truong D, Motivala A, Cruanes T. Building an elastic query engine on disaggregated storage. In:
Proc. of the 17th USENIX Conf. on Networked Systems Design and Implementation. Santa Clara: USENIX Association, 2020. 449-462.
Armenatzoglou N, Basu S, Bhanoori N, Cai MC, Chainani N, Chinta K, Govindaraju V, Green TJ, Gupta M, Hillig S, Hotinger E,
Leshinksy Y, Liang JT, McCreedy M, Nagel F, Pandis I, Parchas P, Pathak R, Polychroniou O, Rahman F, Saxena G, Soundararajan G,
Subramanian S, Terry D. Amazon redshift re-invented. In: Proc. of the 2022 Int’l Conf. on Management of Data. Philadelphia: ACM,
2022.2205-2217. [doi: 10.1145/3514221.3526045]

Melnik S, Gubarev A, Long JJ, Romer G, Shivakumar S, Tolton M, Vassilakis T. Dremel: Interactive analysis of Web-scale datasets.
Proc. of the VLDB Endowment, 2010, 3(1-2): 330-339. [doi: 10.14778/1920841.1920886]

Melnik S, Gubarev A, Long JJ, Romer G, Shivakumar S, Tolton M, Vassilakis T, Ahmadi H, Delorey D, Min S, Pasumansky M, Shute J.
Dremel: A decade of interactive SQL analysis at Web scale. Proc. of the VLDB Endowment, 2020, 13(12): 3461-3472. [doi: 10.14778/
3415478.3415568]

Yu XY, Youill M, Woicik M, Ghanem A, Serafini M, Aboulnaga A, Stonebraker M. PushdownDB: Accelerating a DBMS using S3
computation. In: Proc. of the 36th IEEE Int’l Conf. on Data Engineering (ICDE). Dallas: IEEE, 2020. 1802—1805. [doi: 10.1109/ICDE
48307.2020.00174]

Yang YF, Youill M, Woicik M, Liu YZ, Yu XY, Serafini M, Aboulnaga A, Stonebraker M. FlexPushdownDB: Hybrid pushdown and
caching in a cloud DBMS. Proc. of the VLDB Endowment, 2021, 14(11): 2101-2113. [doi: 10.14778/3476249.3476265]

Amazon Athena. 2022. https://aws.amazon.com/cn/athena/

Perron M, Fernandez RC, DeWitt D, Madden S. Starling: A scalable query engine on cloud functions. In: Proc. of the 2020 ACM
SIGMOD Int’l Conf. on Management of Data. Portland: ACM, 2020. 131-141. [doi: 10.1145/3318464.3380609]

Poppe O, Guo Q, Lang W, Arora P, Oslake M, Xu SZ, Kalhan A. Moneyball: Proactive auto-scaling in Microsoft Azure SQL database
serverless. Proc. of the VLDB Endowment, 2022, 15(6): 1279-1287. [doi: 10.14778/3514061.3514073]

Das P, Ivkin N, Bansal T, Rouesnel L, Gautier P, Karnin Z, Dirac L, Ramakrishnan L, Perunicic A, Shcherbatyi I, Wu W, Zolic A, Shen
HB, Ahmed A, Winkelmolen F, Miladinovic M, Archembeau C, Tang A, Dutt B, Grao P, Venkateswar K. Amazon SageMaker Autopilot:
A white box AutoML solution at scale. In: Proc. of the 4th Int’l Workshop on Data Management for End-to-end Machine Learning. Portland:
ACM, 2020. 2. [doi: 10.1145/3399579.3399870]

Parchas P, Naamad Y, Van Bouwel P, Faloutsos C, Petropoulos M. Fast and effective distribution-key recommendation for amazon
redshift. Proc. of the VLDB Endowment, 2020, 13(12): 2411-2423. [doi: 10.14778/3407790.3407834]

Schleier-Smith J, Sreekanti V, Khandelwal A, Carreira J, Yadwadkar NJ, Popa RA, Gonzalez JE, Stoica I, Patterson DA. What serverless
computing is and should become: The next phase of cloud computing. Communications of the ACM, 2021, 64(5): 76—84. [doi: 10.1145/
3406011]

Zhan CQ, Su MM, Wei CX, Peng XQ, Lin L, Wang S, Chen Z, Li FF, Pan Y, Zheng F, Chai CL. AnalyticDB: Real-time OLAP database
system at Alibaba cloud. Proc. of the VLDB Endowment, 2019, 12(12): 2059-2070. [doi: 10.14778/3352063.3352124]

Sreekanti V, Wu CG, Lin XC, Schleier-Smith J, Gonzalez JE, Hellerstein JM, Tumanov A. Cloudburst: Stateful functions-as-a-service.
Proc. of the VLDB Endowment, 2020, 13(12): 2438-2452. [doi: 10.14778/3407790.3407836]

Kraft P, Li Q, Kaffes K, Skiadopoulos A, Kumar D, Cho D, Li J, Redmond R, Weckwerth N, Xia B, Bailis P, Cafarella M, Graefe G,
Kepner J, Kozyrakis C, Stonebraker M, Suresh L, Yu XY, Zaharia M. Apiary: A DBMS-backed transactional function-as-a-service
framework. arXiv:2208.13068, 2022.

Antonopoulos P, Arasu A, Singh KD, Eguro K, Gupta N, Jain R, Kaushik R, Kodavalla H, Kossmann D, Ogg N, Ramamurthy R,
Szymaszek J, Trimmer J, Vaswani K, Venkatesan R, Zwilling M. Azure SQL database always encrypted. In: Proc. of the 2020 ACM


https://doi.org/10.1007/s00446-006-0005-x
https://doi.org/10.1145/1281100.1281103
https://doi.org/10.14778/3007263.3007277
https://doi.org/10.1145/128765.128770
https://doi.org/10.1145/3514221.3526045
https://doi.org/10.14778/1920841.1920886
https://doi.org/10.14778/3415478.3415568
https://doi.org/10.14778/3415478.3415568
https://doi.org/10.1109/ICDE48307.2020.00174
https://doi.org/10.1109/ICDE48307.2020.00174
https://doi.org/10.14778/3476249.3476265
https://aws.amazon.com/cn/athena/
https://doi.org/10.1145/3318464.3380609
https://doi.org/10.14778/3514061.3514073
https://doi.org/10.1145/3399579.3399870
https://doi.org/10.14778/3407790.3407834
https://doi.org/10.1145/3406011
https://doi.org/10.1145/3406011
https://doi.org/10.14778/3352063.3352124
https://doi.org/10.14778/3407790.3407836

926 HAFFIR 2024 55 35 5% 2

SIGMOD Int’l Conf. on Management of Data. Portland: ACM, 2020. 1511-1525. [doi: 10.1145/3318464.3386141]

[55] LiGL, Zhou XH. Survey of data management techniques for artificial intelligence. Ruan Jian Xue Bao/Journal of Software, 2021, 32(1):
21-40 (in Chinese with English abstract). http://www .jos.org.cn/1000-9825/6121.htm [doi: 10.13328/j.cnki.jos.006121]

[56] Hilprecht B, Binnig C, R6hm U. Learning a partitioning advisor for cloud databases. In: Proc. of the 2020 ACM SIGMOD Int’l Conf. on
Management of Data. Portland: ACM, 2020. 143—157. [doi: 10.1145/3318464.3389704]

[57] Wu WT, Wang C, Siddiqui T, Wang JX, Narasayya V, Chaudhuri S, Bernstein PA. Budget-aware index tuning with reinforcement
learning. In: Proc. of the 2022 Int’l Conf. on Management of Data. Philadelphia: ACM, 2022. 1528-1541. [doi: 10.1145/3514221.352
6128]

[58] Jonas E, Schleier-Smith J, Sreekanti V, Tsai CC, Khandelwal A, Pu QF, Shankar V, Carreira J, Krauth K, Yadwadkar N, Gonzalez JE,
Ada Popa R, Stoica I, Patterson DA. Cloud programming simplified: A Berkeley view on serverless computing. arXiv:1902.03383, 2019.

[59] Zhang C, Li GL, Feng JH, Zhang JT. A survey of key techniques of HTAP databases. Ruan Jian Xue Bao/Journal of Software, 2023,
34(2): 761-785 (in Chinese with English abstract). http://www.jos.org.cn/1000-9825/6713.htm [doi: 10.13328/j.cnki.jos.006713]

[60] LiGL, Zhang C. HTAP databases: What is new and what is next. In: Proc. of the 2022 Int’l Conf. on Management of Data. Philadelphia:
ACM, 2022. 2483-2488. [doi: 10.1145/3514221.3522565]

[61] Narasayya V, Chaudhuri S. Multi-tenant cloud data services: State-of-the-art, challenges and opportunities. In: Proc. of the 2022 Int’l Conf.
on Management of Data. 2022. 2465-2473. [doi: 10.1145/3514221.3522566]

[62] Stoica I, Shenker S. From cloud computing to sky computing. In: Proc. of the 2021 Workshop on Hot Topics in Operating Systems. Ann
Arbor: ACM, 2021. 26-32. [doi: 10.1145/3458336.3465301]

MR 3055 30K :
[3] 202320284 rfv [ Hds FEAT b 17 37 1K JEFF 90 A B 98 i 55 e B4R 75 . 2022. https://m.huaon.com/detail/840559.html#reportmethod
[55]1 =B R, ARk, TR AL 5 BB R 558 . AR 244, 2021, 32(1): 21-40. http://www.jos.org.cn/1000-9825/6121.htm [doi: 10.
13328/j.cnki.jos.006121]
[59] ki, 2 R, g te, 5Ravh. HTAPEUE FECBEROR S8 . BT 249K, 2023, 34(2): 761-785. http://www.jos.org.cn/1000-9825/6713.
htm [doi: 10.13328/j.cnki.jos.006713]

BEE(1999—), B, M4, CCF 2L, &
SRS N 2B R R 4

FER(1981—), 55, W4, Bz, LS00,
CCF 723 B3, =BT AU Bt e, K Es
SIHTRIAL B,

SKE(1990—), 5, 1 L, BhHEBFFL 5L, CCF Flk
o D, RBFTUEON Bdn e, KB BR.

BEE1967—), U, W, B, WS,
CCF 75ty Y, BT U Bl e, Bodi
ESSTSYNTE AR EYSY o8



https://doi.org/10.1145/3318464.3386141
http://www.jos.org.cn/1000-9825/6121.htm
https://doi.org/10.13328/j.cnki.jos.006121
https://doi.org/10.1145/3318464.3389704
https://doi.org/10.1145/3514221.3526128
https://doi.org/10.1145/3514221.3526128
http://www.jos.org.cn/1000-9825/6713.htm
https://doi.org/10.13328/j.cnki.jos.006713
https://doi.org/10.1145/3514221.3522565
https://doi.org/10.1145/3514221.3522566
https://doi.org/10.1145/3458336.3465301
https://m.huaon.com/detail/840559.html#reportmethod
http://www.jos.org.cn/1000-9825/6121.htm
https://doi.org/10.13328/j.cnki.jos.006121
https://doi.org/10.13328/j.cnki.jos.006121
http://www.jos.org.cn/1000-9825/6713.htm
http://www.jos.org.cn/1000-9825/6713.htm
https://doi.org/10.13328/j.cnki.jos.006713

	1 云原生OLTP数据库架构
	1.1 OLTP 计算-存储分离架构
	1.2 OLTP 计算-日志-存储分离架构
	1.3 OLTP 计算-缓存-存储分离架构
	1.4 云原生 OLTP 数据库架构总结

	2 云原生OLTP数据库关键技术
	2.1 云原生OLTP数据库的数据组织技术
	2.1.1 日志-页面耦合的存储策略
	2.1.2 日志-页面分离的存储策略

	2.2 云原生OLTP数据库的副本一致性技术
	2.2.1 基于Quorum算法的一致性协议
	2.2.2 基于Paxos类算法的一致性协议

	2.3 云原生OLTP数据库的主备同步技术
	2.3.1 基于持久化存储的更新同步
	2.3.2 基于本地缓存的更新同步
	2.3.3 基于远程共享缓存的更新同步

	2.4 云原生OLTP数据库的故障恢复技术
	2.4.1 无重做过程的计算节点恢复
	2.4.2 计算-缓存双层容错协议

	2.5 云原生OLTP数据库的HTAP技术
	2.5.1 计算层动态行存转列存
	2.5.2 存储层行列混存数据副本
	2.5.3 内存型行存加持久化列存


	3 云原生OLAP数据库架构
	3.1 云原生OLAP计算-存储分离的两层架构
	3.2 云原生OLAP计算-内存-存储分离的3层架构
	3.3 不同架构OLAP系统特性总结

	4 云原生OLAP数据库关键技术
	4.1 存储管理技术: 元数据管理、关系表数据组织与半结构化数据管理
	4.1.1 基于元数据的剪枝、拷贝与多版本并发控制(MVCC)
	4.1.2 基于连接图的关系数据划分
	4.1.3 基于列存的半结构化数据表示

	4.2 查询处理: 结合计算下推与数据缓存的查询处理
	4.2.1 基于计算下推的查询处理
	4.2.2 基于Shuffle内存层的查询处理
	4.2.3 结合本地缓存与计算下推的查询处理

	4.3 无服务器感知计算: 基于数据库实例或基于函数的弹性计算
	4.3.1 基于数据库实例的无服务器感知计算
	4.3.2 基于函数服务的无服务器感知计算

	4.4 数据保护技术: 基于密钥管理算法或基于Enclave的数据保护
	4.4.1 基于密钥管理算法的数据保护技术
	4.4.2 基于Enclave的数据保护技术

	4.5 融合云原生数据库与机器学习的相关技术
	4.5.1 基于机器学习的云原生数据库技术
	4.5.2 基于云原生数据库的机器学习技术


	5 云原生数据库关键技术的未来研究方向与挑战
	5.1 云原生多写技术
	5.2 基于无服务器感知计算的资源调度
	5.3 云原生HTAP数据库技术
	5.4 面向多云的数据管理技术

	6 总　结
	参考文献

