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Figure 1: Spanner server organization.
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Figure 2: Spanserver software stack.
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Figure 3: Directories are the unit of data movement between
Paxos groups.
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CEEATE TABLE Users |
uid INT64 NOT NULL, email STRING
} PRIMARY KEY (uid), DIRECTORY;

CREATE TABLE Albums {
uid INT6&4 NOT NULL, aid INT&4 NOT NULL,
name STRING
} PRIMARY KEY (uid, aid),
INTERLEAVE IN PARENT Users ON DELETE CASCADE;

Users(1)
Albums(1,1) Directory 3665
Albums(1,2)
e
ums(2, )

| Albums(2,2) Directory 453

Figure 4: Example Spanner schema for photo metadata, and
the interleaving implied by INTERLEAVE IN.
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3 TrueTime
| Method || Returns |
TT.now() TTinterval: [earliest, latest]
TT after(t) true if ¢ has definitely passed
TT before(t) || true if ¢t has definitely not arrived

Table 1: TrueTime APL The argument ¢ is of type TTstamp.
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FAERTIR A Rh, SRARDIAIHE 4830 9, I AL A2 [F) 25 2 JE MU master i B 2 %14 .
N T RS ZE AU B R, BATT AR AL SRS AT IR B0 2 — AN AR, dn SR ALAE
(A Hi e ZE B H XA SRR, XA LA S IR H 25

TEFG AL, —/> daemon 23R B H &8 N (it RN M o & 2 MORST I FH ) B 22
AL RIS I . e HELHR T time master FUANHfE 1, LK time master 22 [] {38 T 4E
R FERATML BRI S, e @ & — AR TR RIS N R, ER M RN,
e 21E 1 3] Tms Z [AA84k. Bk, fERZHEIGHT, efIfEs2E 4ms. Daemon M4 L ARG, 1
HTE 30 BB, 4HTAE ] AR RS FL R A 200 ADFD, —FH BRI 0 B 6ms HE AT
A PR Ims K H 3 time master FUIETHIEIR . FERM I, I XA TEL
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ERHIN. SRR, T RAOPL S LR, e T e EMRRKHR R K.
4 FER A

AHB Sy N IR TrueTime A m] DURSRCRUE I A IS Bl R IERBIE, DL I L8 1t tn i H
R —LE SR, BN —BUE R F 55 . TCBLEI A B 55 B0t g se B i ARRE
FERL. IRUERFE T CLORIE, 7ERT IRIERY t I 20 BBtk e et — € A BER BIHE t I %2
Al LR AT 55

2Pk, 8 Spanner 7 /i (15 #AE A Paxos B I B H#/EX —H BT IX 77, 2AEw
EZ), A Paxos B H S HAEFRA Paxos SHEAE. Hlan, WM B 2 A& TR
BUER—A Paxos HHRAE, IXIAS AT AR )2 ) o S 34

4.1 WHEEVE

# 2 %It T Spanner SCHEFIUERIENIZEAL. Spanner T LSRR EH L. HiL#HS (i
PP B F 5 AR, MO SR, SR s F AR HUT . AR g
VB, SR S F 5 R AT . B HRAE AT retry, 2P i A FREATIXF retry loop.

Timestamp | Concurrency

Operation Discussion Control Replica Required
Read-Write Transaction §4.1.2 pessimistic | leader
. leader for timestamp; any for
Read-Only Transaction §4.14 lock-free e P, any
i read, subject to § 4.1.3
Snapshot Read, client-provided timestamp — lock-free any, subject to § 4.1.3
Snapshot Read, client-provided bound §4.13 lock-free any, subject to § 4.1.3

Table 2: Types of reads and writes in Spanner, and how they compare.

— AN S AR RIB R VR A 6] — AN RIS 55 U S S B AR S 54T
M EEE, EHAR—DMRBLMACESERERIRE FS . £ REHS PSR ERE, £
PATI &R — N RGEF R A, A BHLE], KL, J5TH 20E ) S8 EA 2P %,
FE—N RS i g lE, nTARME M 2B EIA 2T (LA 4.1.3 1),

—AMRIR SRR, R T SR R, BT RR S, ANTRESWLE . — N I AT
DL HR IR R 2 — N TR, B Rt — AN R)YE L Spanner Sk B Bhig B a1 BE . AN 2
WERRIEOL, PR AR E R o] AR A B A R 053 IR A 3T .

T REESMRBEN S, —BO&ikE —MEE, Ba, e Ean,
BRAETE AN 18] f s 2 R Bl 7. (RIbk, %5 P i ASDATE retry loop HHZRAF4E R
MRS R G, P Sl vT LASE A R R (RIS T s B, 7R 4 — IR
535 LAk SR PAT LR
4.1.1 Paxos 4 S H ML

Spanner ) Paxos SZEL A T I [RIPLIRFLZT, SRSCHU I R 45 5 & 1A (BRILA 10
o — MBS E S RKEER, 15K EARFEARE, EREEEHENRES,
XS H A LA E EH a7 ML . D BIRE RIS R, S
EWH KL TS EN S, WRERAARERE T, HERRihiE R L L
Wlo 59— NUT IR NI (] DX ], S AN B[] X ) P A a5t 2 XA 40 53 3R 194 e 2 i
FIF IR —ZI, R [R] X ] £ sl 21X AN 805 3 2k 2o 9 e B s I SR R — %1 (R 24
EOAMIHT ). Spanner fKH T NIHIX L “AETIM”: XT84 Paxos 4, &4~ Paxos 4l
S MFLL R a] DX TE], R0 H A 40053 PRI T X (A) 2 AR B 1o PSR A 7R T ] 5 ) 52
PIX LA TE B

Spanner SZH f 4> Paxos 415G & il i 4 slave M AR 2 #5822 AR 0 Skeax fib 7 2%, S
GUFHE RN AT ORFEX PP LR S AN IE BT, Spanner 23X A1 g B A Al H BR i1 .
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O Smax JE XN AN 38 1T LA 00 R IS )R . (EIRAL 2 R/, — A8 255 2|
TT.after(Sma) & H o

4.1.2 NEEHEK S EE

FHE MG R HBEBIL LA MBI CEIRE LS, AR BRI 1T, #inl
DAL 55 Ay B TR R . T — AR 2 1 $ 45, Spanner £ N5 55 /0 BCi TR, I AN TR k2
Paxos 77 fit4s Paxos SHEM), ARG T HB I AN A]

Spanner i T X 8 B . 7EREAS Paxos 204, Spanner < DL RS IR T 45 BN
Paxos 5 #AEr Bey (8L, R EES B2 AN S8 2 itk . — MRS T 3 BIAS, 1)
DA 25 5 th DA B8 38 i 1 77 2070 e g TR0 K o 75 22 AN 4005 28 2 () 3t 2 e i S4B I B 28 PR AN 3%
B — NS B AU BTG E T O 2 R X ) PR A . B R, — B AN
IR s WL, Sma LI INE] s, M ERAEAZ LIRS PE (ANETTHE).

Spanner £ SEIL R AME— Bt W — A3 T EFS T3 UG FFHIRHAT,
W4, B35 T BN EE— € L F 55 T B IEEBOR . T —AN 3455 Tiifi &, 8 T a AR
FHFefRrt Flerommit | HACHRATI A sjo XFAMEB—EUPEM BR AT K T

taps (5™ ) <taps(€5" )=>51<520 AT F# 55 I BRI 43 BL I (RIS, 3T FI A, — 3%

—ELRESNS — B, X T —AE8RE TS, RN IEE 83 K H 5 IE R I
,ﬁ:y\jeiserver .

Start. Jy— 5 Ti HEDIHFE KT E 5B — MEZN A1 s, A2/ T TT.now(). latest
B, TT.now().latest [FI{E & fEe*ve HA G AR . EiE, HES5ENMTE,
EIXBEARIEA . 28 421 WA TXEAES 5E NI E WS 5 T — 0 ) S2 3
o

Commit Wait. fHAFEPMAZE MFE, LABIRE F i A GEE BRI T 32 dE, B3
TT.after(si) A F . JE AT, Ht2 B s & T, BIZEST 2SI ()N o $E A SR A I SEBILTE 4.2.1
TR . UEBR

51 < taps(€5"™™) (commit wait)

tans( €F™M) < topy (€397 {(assumption)
taps(€5™") < tans(e5™") (causality)
taps(ez ) < 82 (start)
851 < 89 (transitivity)

4.1.3 FEFEAI BT B HAE

8 412 T AR BN, {445 Spanner R LLIERHA B — AN EIA RS L0, M
REMEIE AL — MR R . FARIARS S IREAC S — M, X AME AR A 2 I T teates
B — A RIS F T TR R R TR SR — MR E RO TR €, 20 t<=teare BT
XA RIA A AT DA IR R

X HSE Y tre=min(thaxes ¢TM ), b, A4 Paxos IREHLEA — A 24z fE]ebaxes
NHESE TR — A2 A A el o tPaxos PrAG TR R B N 1) Paxos B3R I
R BT B N, SEAE R PIUT AN, TR DS, SEIERA
SR

P AR, WA 0 METFUHERI B (B30 M5, e LT, it
F—AZ 5K slave M5, tof SLbs Fo5I FHRIA KM T H N F LS, slave 7T LR IE
Paxos 5 /B AL 3 I T HE R HEWT 25 55 5 BLAR PIRAS . WIRAFTEVF 2 IXFEMI S S5, A IR
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HEIPIRE IR RAFER . — DS HERIARAFIE X F R 72525 ILWIRA1E
A1 WIRHIIEE, IR ETHIREAN S 5 S RE— e THER ST B 955 1
IR B 5. X T % Ti NS H58SE TN M E), SNMERRZRILE

R ANER I RS o SEIRE A ARSI E, STRERAS5E g %

PRI AR si>=sP, " o DIk, fE— ML g FITRAEIA, X T g HERIIITA 955

Ti, AT, =miny (PP )L

4.1.4 R R EHEE 4 BLi (R ER

— AN R FS AN BT NI TR Sreaa[8]5 SRJE 24K, Sreaq I 21 (A BRI 152
RPATF S5 o PR T DA AT AT 2 958 (0 B AR L T P4 T

E—ANHEFUEE AT ER Z], 7] P L Seag=TT.now().latest, JELZH 4.1.2 F5
HR I IS 7 ZORGEP AN — S o (B, XTI (AR Sread 1T 5> W1 toage B0 19 105
SRR, AT HETE X Sreaq I 2RISR AE AT PHZE . FRULLIAMEZE R, 53— Sreaq METT
BEA SN S E, MITERIEASTE BIE. A T 98/ BHZERIMES,  Spanner B2iZ 23 it iT LALR
AN — B R N AR . 55 4.2.2 TR T e e B M 1A
4.2 4

X N A L S 4R AN R A (0 SR AT, DA FH SR S IR - 50 B )y
EHFMSLI Tk SR)E, iR — A 4tk .

421 REHESE

#iiZ Bigtable —#f, KAAE NS TN ERIE SR S imidt T 247, HRIRL. it
SRR, - DHFSPRBRIE, A RN ES N GRIEMNLER . KRBT
Spanner H AT DR ST A, [RDG— SR A T DLIR (AU (] 2 52 A i (a8, RITACI 1%
VIR 03 P TR K

FEVE S5 NI EARAE, 1554 (wound-wait) [33REEGIEHL. %/ S L
THEHA KT HRIA SRR, &R E G, R iEd s . =%
J S OS DRI ER IR, B KIE “IRFFEIR” (58, ik S 5l bz s
o 29— D2 e Rl T T ISERA T, JFHZm 7T ISR, BT E M EdR
Ao B EEFE A IAE A, IF HRE - MEEEAREANS 5. BA I IRE R
T, HRIESE R ARG ERAE . L5 i AR P B ACER AT, T A e K
03 L N R G BN

—ASE5HAN. HEARREMCRSTE, BARHERGEY. N5, ek
AT TRV, XA TRV RR N 12 L 2 i 20 Be 25 A =5 55 A A i If TRDER AR 22K CRXA AT LAAR K
PR, JF Hilid Paxos ILHEFIRACICKEAHE. Ra, BN E5ERICH SR
[F) I o 45 P R

PHEDAE SIS E, W ERREEEL (B2, SBdERprB. NI A
WEZ H5ERS G EMERBEL)E, Ea BN HSIEFE DN R XA RS
s MUK ST P AT AE S I () (XD T A2 5 4.1.3 iR A ER M 260D, e WA
W B R A S B, s BIiZ KT TTnow().latest, JH s MiZ K F X AT # A2 5T 1 HoAh
T 55 73 Fe B TRD R CREVR AR HY SRRSO 1 T 2 SRR PR o XA R & i
Wil Paxos ££ H &P H AN —MELGIESR (B B4R A S 5 & KA BN AR TS
AN EILFD,
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E FOVFAEART Bl 5 A 532 S0 s 21T, T30 MR 9 3 & — B4 A7 21 TTafter(s),
M AT AGRAIERENE 26 4.1.2 5 R IS SR AR o BRI, ST B iR = () 0 3 W AT
TT.now().latest ReF s, 1My HLa0b 20T BB ARSI Tal R nT A DRl v id 25, T A0 55 A5 ) 1)
FJE %8, IXFREEAFI [A]E B 2 Paxos S WA A HE . ARZERZ )G, WhiAE M
SRR AMRATIN A8k G % 7 3 T HoAh 2 5 S 2 . 402 58S # 2@ Paxos
LHERFERGAHE. FFAENSE5E SR AN REEHTIRAS, KR

422 Hik#Es%

S — AN TR MR B, XM R AR TR 25 2% E K Paxos
Hzlal, HILFEMZEFRZE, Spanner 75 Z MR i H &1t —/ scope KA, ERILL
i RS 55 TR R L B . 0 TR i), Spanner BT DL A BHE H scope.

R scope HIME &2 HH.AS Paxos ZHRFEHE), B4, 257 bmat 2 2a AN 4 5 3 ki
— AN RS 45 CY AT R Spanner S28LH, H 234 Paxos leader A 1 R 525 45318 8 —NB [A] KD,
NIAGE L Sread FEHPATELERAE . X — AN B H45E,  Spanner i 3 L
TT.now().latest #7541 . FATTHE LastTS() & X AFE Paxos 4 H 5 J5 HE AT 1) 5 ERAE [ I 8] 8K
U SRS IR 55, IX AN B B AR TR Sreaq=LastTS() k1R 75 59 i /& A — ShE Z K
EANHEZHUE &G —NEHRENGSR, REHHEEZ )G,

AR scope MI{E /2 HH 2~ Paxos ZHRIEHERT, M LIRS, mE ARG, M
FT A AT S & AT — 5708, K EHIE LastTSQ)iEAT i 7533 Seage Spanner 4T SZHl 1
— AN AR R . XML ] DB — R R, 1R ERAETE Seaq=TT.now().latest i %1 %
PAT X BEEEAF AN G D o XANFES I BTE LA, o7 DL A IR BT 2 08
BIEIA BT
423 BAREHSE

TrueTime FCVT Spanner SCFFI T AR, fFH — MrAERI S 2 AITH, BIAZS
FEE (R P 3D WTRRIA R L E /3. Bigtable n] LASZHFE— /MR 0 A
BT IR PR, (H2, XAMRIESBLZE T oA A .

—A™ Spanner BLAXAR T H KB H R — MRS AEBHERER . 5%k, R
IIIE— A AR TR, IX AN TR TEHE A B Bodb ATy Mt . Hutl, BBk LT/ IR 55 48 A
AT, A AAEASTHEHAR I RGBS RTHE F e e Hk, SIRERISHAE, e 2R
AR A, B AT TR S R ATy A A A B I R ¢ R (R0 s 2 e AT TR N Tt B
S EAERPATRIN Z) ¢ e RS T %) t i, S E et b ZipH 2, 7l
WHRZ G A TER . WREA TrueTime, A4 @ AL T K ATE t 2], MAREZETLE
e
4.2.4 itk

toO AN, B, — ARSI E S, ATRE S PRI, ke in.
R R SE R, TEHLLE B A BBt ek ST S, RIS A SRR NS5 R A
MR IXFHME PRI AT CATERR, 7R e B — N MBI (key ranges) FIIHE & HE 22 i ]
B AR O o X FRE BT DAZE R BIR, SR Cafmssm 218008 . 25—
BLERAE BRI, & R R AN I S S R R AR RN . AR ) 2 AN TR AT A A

LastTSOA —AMEhBE: R NFELSCOERL T, —ADHErp RN R F 5 min 2y o>
BiC Sreads NI AT LABRYEASAS S5 S5 TH » FHIL SRS RS, S E T RepaEiR . T FRIX A5
R, N LastTSORIn—/N ik (key ranges) FI4 2 1 1) 472 A2 I TB) R 1 40 5 1)
Wbt (FRATE A SEIIXFRA) . — A R E S BAR, & B RE T DA 4 ie, w7
DASR FHARIIZ AN 551 9% BBk ) LastTSO R RA], BRIEA — /M REFHER IS 5% (X
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AI AANARLFE 22 4 I ) BL A 58 ) o

toaxos 7 —ANGH N MAFAE Paxos S ERE I, et ICVRIE . UL, 7E I %)
PR, NEEE AR i o 5 1 E K A AE t Z BT ) Paxos 4L #h 4T . Spanner fift4k 7 X/
W, 5 TS A R A L X IR IR B P . BEA Paxos 4115 &g nebaxes I H
BN, AR SRR B IABIX AN T : B4 7 —S M Paxos /7515 n F|
55 /NI VBRI SF MinNextTS(n), X AN [EEGR SU VR Bic4s Paxos J7 515 n+1 [/ N [
B —AEIAR, MOS0 FRE, Smeaos N g1,

—ANEANRA S S AR 5 ISPE I MinNextTS(). [RA,  MinNextTS() & i ) i ]
BT — MU HE AN, EAFSSE 2 (0] DR UESSELRT I VRS i “AETPE”. Wik
— AN G A B AL B 5 AR S0 MinNextTS(), ‘el ZiE ey R e Y. 5,
N T ARIEAE I, Smax Sl 2311 2] MinNextTS()H 1) 5% &i1E -

TEBRWEO T, —MSE 2R 8 BN MinNextTS(). ik, 7E/ k&I A1
HE RN, 7E25H Paxos 217 TAEIEH 1 slave, #tnl LUAFRESH Ak D4 2 it 8 7
ISR IR IR DS . — MR 2 ARYE slave IEESKKIG I MinNextTS() FI1E -

5. SEIRA T

BATRE Spanner PEREREAT 7L, GIEEH] HESMATRME. RfE, AT 7258
T TrueTime FSEEREME, JF HARME 7 RATHI S — A HHI—F1.

5.1 gl ik e

#3450 T — T Spanner IR L HE(microbenchmark) . X S5 & 7E 73 I L8 b
SEELET: &4 spanserver K 4GB 71U % CPU (AMD Barcelona 2200MHz) . % ' liia
ITAE BN 2S b B4 zone #RALE—A spanserver. %% /Al zone HBIBE —AN B ooy
EEW, BN EFIM B AT Ims, 1XFAG R 2R E@E ), 132500 A 2%
W AT ARk ) . MR EE P22 50 4> Paxos 4141 2500 4~ H 3. #EAEHL &7
AKB K/IMREEAIS . All reads were served out of memory after a compaction, Mfi{ESHA1 R
5 BT R Spanner AR T4 . IbAh, B T — R ME, SRIAEATALE N ZAF

latency (ms) throughput (Kops/sec)
replicas wrile | read-only transaction | snapshot read wrile | read-only transaction | snapshol read
ID 9.4+.6 — — 4.0+3 — —
1 14421.0 l4+1 1.3£.1 4.1.05 10.9+.4 13.54.1
3 13.9+.6 1.3x1 1.2+.1 22+5 13.8£3.2 38543
5 14.4+4 14+.05 1.3+.04 2.8+3 253+£5.2 50.0£1.1

Table 3: Operation microbenchmarks. Mean and standard deviation over 10 runs. 1D means one replica with commit wait disabled.

X T REIR S, B i ARSI, AT S A R 55 A R R R HEB . A
IABIARR)SEIE T, PR RL2 5ms, Paxos #EIR KZ)/& Oms. B EIA KR K350,
IEIRKRAVRFFAZ, REARDKbRHEZ, PUVE—DNLIEIA A, Paxos 2IFATIAT. Bl
HRIABCERIIGIN, PG E R EEBEAIEIEXS — slave B A HIEH A RBUK.

XTI SCIS I S, 2 A 2 S ECRE NRAE, M1 CPU ABRE JiE 21
Ao PREGERAE AT DR BT A A BT, DL, PRIGERA Bt B bR BIA 80
BTG, A R 5s, RS L3HAT, By, ITal8or Bl ik A A
e o RSt B2 A B A ORI N mu g in, oA 2 spanserver AR 2
B ARSI E T, spanserver FECREAE|IA I BEAMF, WTH PR BCE
A zone. HERAR I B 2 WX AR SeI6 i B PRSI (BIAS AN 3 425 5 I 5% 4f:
LRI, BRI D, B, MEERIABEEM, BN SHREPUTIN &2
B DA R 2 AR VR I, At 2 HR T Al A A

RASR TP BARZ AT LY B G H B RN S 5% BN — RIISLR M LSS, X8
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SEIGIEATAE 34 zone b, B zone B 25 4 spanserver. $TREF] 50 NS H#E, TR
BIMEILZE 99 AN E AL, #E A . £ 100 M2 5FH WG N, BRI B,

latency (ms)

participants mean | 99th percentile

1 17.0 +1.4 75.0 £34.9

2 24,5 £2.5 87.6 £35.9

5 31.5 £6.2 104.5 +52.2

10 30.0 £3.7 95.6 +25.4

25 35.5 £5.6 100.4 +42.7

50 42,7 +4.1 93.7 +£22.9

100 71.447.6 131.2 +17.6
200 150.5 £11.0 320.3 £35.1

Table 4: Two-phase commit scalability. Mean and standard
deviations over 10 runs.

5.2 W

Kl 5 o 118 2 AR H0ag AT Spanner B AT AT TR A . BB T =AM E
SEE AR, I HAAERIE O RIBINIE Y, B =~ SEie 25 AR bl 58 0 21— I 1)
o MR universe B8 5 4N zone Zi, £ zone #AWAE 25 /> spanserver. IR HE FE
53 E% 1250 /> Paxos 4, 100 /M B AN A ik JE PR IR S E, RBUE R 2 ) 50K
BEEE. TR EE S B E R Z1. AR T 5 e LG, —A zone HHIKI BT
HIRSG AW “RIL”: non-leader 5$F Z2, leader-hard 545 Z1, leader-soft 5% Z1, {H
&, B E IR A RS AR AT EAS TR

T 1.4M S

ﬁ oM : --0-- non-leader

% =] leader-soft

=] . . _ B

g 1M — ---e-- leader-hard %

= 1 8%

= S00K -

et 1 -

= 600K - go e

= — e e

= 400K o® e

E | 0@

g 200K H 0

- 4.8

] T
0 5 10 15 20

Time in seconds
Figure 5: Effect of killing servers on throughput.

APi 22 5 T E A B A . b Z1, AT — L ) R S A 45 T —
A zone B, xR AE—ANNEIZ I FEE S TR, ANRIRE, KM TR 3-4%. 55—,
A PSSR ZL A — AR SRR RS 0. A S E R EERE, &R
GG E SRR KL RS 100K MLHEME, FER B TRIMMELREE: KRG8
PIRETT, MIRA BT H I HAESHE . B FEISRZ, RAanEtEailinE 22k
RGUEE N,

AT LLBFEIE Paxos 4G # FLLI W B N 10ms FIBCR . (A 1A A zone, X FiX
AN AT A L) B AR (], 2335 5 o040 B4 TR M) 10 B8 . SR — MRS
HIEANHL — B, S H A E . KRATERIUR T 2 10 B8 LLE, At
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HHIHMEE G, FEEHIRE T IR 8] 2 PR AR 25 28 S8 10T ] F P 1 52,
H2, 5B 20 RLL  MZSIE T4 . FRATIEE S A SZBL—FiHLE], &) DRSS
BRI, ik slave Bl Paxos 4115 & fLZ.
5.3 TrueTime

KT TrueTime, W25 0] & P [ L & & 5 LRI B AT E HERIIA T ? ¢ 215 2 RERE?
X — AN, B IR A A, WER AR B R KT 200us/sec, TR A 2%
N TrueTime BRI FRATHIVLAR G EUE TR, TR CPU (1) H IR 28 2 LU AR R g 4 HH AR
HK 6 ff. Waett, 55 R pAE AR A AR LG, el B R0 L. Bk, FRATHAH
{5, TrueTime fFISCELAN Spanner A A AF—FE, HAERG TS, HSET.

K6 Zor T TrueTime $ud, & MJLTA spanserver 451, X L& spanserver itk T %
ANERE G, BEES 2200 A HLEAE. EPEA T e 195 90 N 99 AN 99.9 AN E A AL S L,
JEAENT timemaster BEAT %22 )5 32 EI%} timeslave daemon HEATFEASHIRE R . X EHRERIE % EH
RS T AN E AR I e EAR VT, R &2 timemaster AN PE GEE 2 0)
o _EIE LR

Epsilon ims)

T T T T T T T
Mar 29 Mar 30 Mar 31 Apr 1 6AM SAM 10AM 12PM
Date Date (April 13)

Figure 6: Distribution of TrueTime e values, sampled right
after timeslave daemon polls the time masters. 90th, 99th, and
99.9th percentiles are graphed.

Bl 6 HmEdE R T, fERE e MIEAME 7 TH B FRPIAN R, 85 A 2R A
B2, AR fAEH BB RER M, A5 E SN e E. Bd, 3 H 30 Hib)RER
B, 2RO LS B Sedt, g T BRI R 3HE . 764 H 13 H e EISIN T, +F
827 KL LAVNI, FERFONEIAT4ES I O T A time master. FRAT 12348 2RI HLIH
5] TrueTime FEAF IR 25,

54F1

Spanner & 2011 4F 5 BAFF UG 34T 7E 26 5 2, B E Nl & 5 & FL[35] Y E sk
B —885r . XA R G BITHE T MySQL $udi 7, fEWFZ 5 ma X F L8 X, &
2 JE AR IR AT LLE )L TB, BEARXX T2 NoSQL SEH1 1M & #di B2 1R /NME, (HA,
X R EEE 2 X 0 MySQL 11 &, dl &2 E% K. MySQL MIEHE - Fblbl, Sits
AN R BT A 2R BB 43 R 45 — AN 8 I 43 X o IX AT = 07 2, AT DASCHRREE S AN 1Y
RO MBS R AR, (2, T8 T S mib AR & X . B & P SR K,
AR BEAT X, ARIMRIR KM Bl —RIIEF X, 168% T HERETE, TR
AR, 7EZABINZ 34T T KREMAERNER . X e RE R T, TR HHAT, Hit
SEILE R, HIBALARRE] MySQL #E s, Hikg, E—Hdnfriab e sMaTn
Bigtable H, X244 5 45 AT if) BT 8 1) R
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F1 A4 F Spanner 5 JLAN IR IA . B 5%, Spanner A EF T4y X. HR,
Spanner $2fit 1 RS R HIA A SRS . 75K MySQL [ master-slave & il 7720}, R
AT RMORSE, 288 EZRAGYLAR . R, FL R ZEsmtt s 5in X, X158 A
HAth NoSQL F & A SLBRIN o N TR S e BT B B (1 3 55 A — Bk i . F1 HIBAR 75
BLEADA T BE B i 5] (KA Spanner A S HEXT R 5I M ANCF, AR
JIf$ A Spanner S5 R SEHUARATH S —BE 2Bk R 5] .

Fir N SH84E, BIEEZ BRI FL R I% 2] Spanner. 1A & K1 EHET MySQL 18
M. FLAESEE BT REAMNADEIA, ERFA AR ARG B RS, &N T
G KA H RO E I LIRSS A5 b1, 2 T i om B FH O A7 B 195 18 . S2Br b, Spanner
IR SR, JLFR—RAR WK 20U, REAGAETRIA LR, B
72, F1 [ BN e o A AR AT SR SE BT A T A il R A =X, Sk 2k Spanner 7215 FL TS Paxos
SUFEFE, AR EA VR EEEIT B Al 3 o

Spanner I [AJBIE S, B0 T FLT S, 7T BLs ot 4E 40 W EEE PR S THRAS 20
AENAFAH RS T . FL 2N A R Ye — M2 RS, BEaEENHEN

HORTIS ERACTT IR ) S S T S h €T A

R 5 8Won T FL AR HRI A R AT DL R H SRl N T FL AR
A7 ARZUHHER (RANEWRELRZHEA ) BRSSP0k, ZE
TR, XX P BRSNS R R kA IRSS S . 2T 100 7 Frif) H %,
R FL ZJRGI0R: XIXERZ A0 Fridt T 53E, BWEAIH R, F1EIA
R AE AR S5 5 S T R AL b E B In 8, 4 2R EX A B T .

| # fragments || # directories |

1 =>100M
24 341
59 5336

10-14 232
15-99 34
100-500 7

Table 5: Distribution of directory-fragment counts in F1.

K 6 Bor T FL RS K1) Spanner #AFHIAEIR . AE A7 Bl THoORIBIAS, f£
HEFF Paxos 91T # 5 23R B s MR E . % 6 % 2 I Se il o0y FL IR 78
EMEAR . HIRAEEE A EAAERRbrHEZE, 2l TBrtRSEIALRERN (fat
tail ). FEEEERAFAEL A _EAFAE S KRIPRIERS, #7022 K Paxos S5 #5181 1 Hicdfs o
Oy RAHAR MK T ESEOPLE . bt WA SIS G R 5 A A
e O R IR BT AR Z 7 i 1.6KB Al 119KB .

latency (ms)
operation mean | siddev | count
all reads 8.7 376.4 21.5B
single-site commit 723 112.8 | 31.2M
multi-site commit 103.0 52.2 32 1M

Table 6: Fl-perceived operation latencies measured over the
course of 24 hours.

6. MHRTAE
Megastore[5]F1 DynamoDB[3] L& $2 {k | #5822 N4t A 0o ) — 8 & il . DynamoDB
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POt T EME A O, A BREE— region NERIEAT E M. Spanner A Megastore —#F, #B4&
BETROCRBEAL, BERRA TR SE S . Megastore TLiZTE SN i 1 RE . Megastore
FEZANFIFE Bigtable 2 b, Xk TR AE IS . Megastore AN K G An (451G
ZARIRT e RES#IE. REAFERIARSHAE, 78 Paxos HL T —E 2 KAEMR, /I
AT S RAEB MG & E A&, 75— Paxos 2N &8P HEHAT LA S5 #
Y. Spanner $2Ht T B = IR RE, 8 R F 55 FAR I — 20k

Pavlo &5 A\ [31]%) ¥ 2 F MapReduce[12] /14 REREAT T LLE . ABAT 1Rt T JLANSS iy
], 0] DALE 7 AR sUERE A7 2 b 78 20 R R B P R D RE (1] [41[71[41], 35 v DASEEL AR 43 1)
G . AT R RIXANES 18, HHINNERZ A Z 2 EA AR SRR R fI 8 R
R, AILAE> Spanner I HEAE AT .

TE—ANKRH T E A7 i seI 45, v DL R /D iB AR 2 Gifford 1112 3C[16]. Scatter[17]
e MO T DHT BEE A6, 1TUE—SUE S M) RSBl g4 . Spanner 2Lk
Scatter 7 5 = 1Rk E3REERE . Gray A1 Lamport[18]4i& 7 —AN & Paxos f=lEPH 2E 2
A AT P 2 LU B B3R A WS SR TE 2 AR, T I B3R A8 WIMAAE VG 1 43 A7
A AR 2 — A . Walter[36]42 4k 1 — MR ER B A M, (H 2 T0 ks Ko
e AR, FRATHI R EEF S5t T — NI E AR ME S, BN, FRATR T BT AR R S
FEANIE X

5, TR/ BCE W BR BT A 7 T 2 A K E I T TAE . Calvin[40]3H Bk 1 I A& %
B EH I A1, RS DA TE BRI 0F 04T $55 . HStore[39]#1! Granola[111#8 > #F H
B 5 R RIRN oy T7 ik, e 5K DU iU (H2, X RGARIE R b — 2
. Spanner iE I HE HEERIERREY, MR T o A

VoItDB[42] 2 — A7 B - R 7, AT ASCREFE R BB X 3k N #E 47 32 NG ), SR
MEME, B RALE T I E k. RN NewSQL s, X seHl
AT ) SQL[3BIH # K I T IS ) VF 22 pi A I s PE T T DA SR B Se i 52 L, B
111 Marklogic[26]#1 Oracle’ Total Recall[30]. Lomet I Li[24]x} T X F i 1B A4 FE ik 17— Fh
S W

Faresite 25 Hi 15— AN FAE I 81 2 28 {5 AH 5C B I RPAN B PRI 23] (ZELL
TrueTime EHNTEAA): Farsite H ARG ZR LM 7720, F1 Spanner H1 43 Paxos F 1175 30
FHIE . FEZHTE TAER[2][23], FakaFDE o Dy kST I R EHl. BT8R T
TrueTime A LA Paxos IRAHLEE A HHE T tH A BRI A .

7. AR TAE

PRI 2 —4F MR it B B, FRATT#E FL BB —i2 TAE, 83 r % )G & M MySQL
ILF£ 3] Spanner. BATIEERNSUE €M TR, FRERMERE. i, RIS
SIFRE T RE TAERSEE &0 K E R AR DIREFI T R « FATT 4 HT IE7E 5280 Spanner #2015 5,
HEh e — R R LI B ZEET HE X AR, AT E 2 R DLt s
HIATPATELERAE, RIOTVERPIANER RS, H2&, Y BRRRRE, S H
PR ECBORAE . Ak, BATTHRI A& n] DL R E R 5 Paxos Fic B [22]34]

A A V22 B P AR AT DA R hoC AT S, I HLOX S v O AR e
TrueTime e 7] BE 2P a2 VERE . € e (EFRMKE] 1ms LLA, FEAAEEEA W] oo IR (B AS .
Time-master-query [A][& i LAZk4E)k />, Time-master-query %E3E 3 1% B % /9 2% [ 502k i s 2>,
B T R FH 43 B AR Sk G 3R

o, BHEUZE RS, R Spanner £ SR LR WTTER, (HR YA
FROGHIHAE 25 /1 2410 SQL Al ERIMERBAENT B, RN, eI s v IR 55 1 7

%16 s/ 19 0 R ETTRFEIENLRZUN AT http://www.cs.xmu.edu.cn/linziyu



AT AR SO T ST TR 2 SRR Kl P SR 5K R 2 A 25 808 PR R BORR X

http://dblab.xmu.edu.cn/cloud_database_view

HOSAEL T I (1 o K A 12 SCHR I SR AN B 250, vl DASRCK BSGdE BAT m PE RE . 5341
WAz P i AR, FERE L2 18 BB EE, ORI — A H iR, (HE,
N T A RIDEEA HAR, AT LA AL 02 8 A3l PR RS 2 b N R
BET o R RE 2wy R SO R P )l —— Qe K o 2 1) 7 AN RS B

8. B4

KRR UE,  Spanner Xk B AN AUBFAA BE ST T AR R — M REERE A
A, BEAR MR RO, FEMET SQL MEWIES: B — MERGN ABHA,
BFEFYRNE, B3 IX, wE, BRG], SN BWENCORTEE 404, H A Spanner #E
MUY, BAMER T 5 FLL BRI R SSRGS BT RRA R AT SE . TR IX 4K IR, —
A RN AE T BRAS8 203, Spanner AN Z A A A Uk A BR A il 16y 44 25 [A] [) f@, 1fg ELAR
1% Bigtable H1 T2 5k B E0HE R

BAVBET A — AR 2 TrueTime. RATSLERH, ERFE] AP FRIH BRI Hi
BN E 1, AT DARASE DN sEcH: (R [ SR R G MhAh, BUNERE I R GAE R B
ANl 5 SR R N A (T T, S EHE s R TR SCRARNY Bt 20D o ME R — N TR
s, BAVEBR T A N EERE, A TR T 55 [F) 20 (i) BRI 4 55 1 18] AP

o

YrZ2 N FHS BB 71X 551830 : Jon Howell, Atul Adya, Fay Chang, Frank Dabek, Sean Dorward,
Bob Gruber, David Held, Nick Kline, Alex Thomson, and Joel Wein. FAIT#0E ¥ Z X T AR TR
FIE Xk R #ARH S FF: Aristotle Balogh, Bill Coughran, Urs H6lzle, Doron Meyer, Cos Nicolaou,
Kathy Polizzi, Sridhar Ramaswany, and Shivakumar Venkataraman.

PAT A 2 7EBigtable fliMegastore [#1 BA (1) TAE e fith 2 L HF . FLEIBN, Jo I =2 Jeff Shute
s MIBAT—R TAE, JFR T H IR, BREMERERI L IEJIH . PlatformsHIB\, JtH & Luiz Barroso
H1Bob Felderman, #BhEA1—i#2SZHL T TrueTime. #xJa, YFE4A 80 THS 2 AERA TR T
fExt, f45Ken Ashcraft, Paul Cychosz, Krzysztof Ostrowski, Amir Voskoboynik, Matthew Weaver,
Theo Vassilakis, and Eric Veach; or have joined our team recently: Nathan Bales, Adam Beberg,
Vadim Borisov, Ken Chen, Brian Cooper, Cian Cullinan, Robert-Jan Huijsman, Milind Joshi, Andrey
Khorlin, Dawid Kuroczko, Laramie Leavitt, Eric Li, Mike Mammarella, Sunil Mushran, Simon Nielsen,
Ovidiu Platon, Ananth Shrinivas, Vadim Suvorov, and Marcel van der Holst.

S35 3R

[1] Azza Abouzeid et al. “HadoopDB: an architectural hybrid of MapReduce and DBMS technologies
for analytical workloads”. Proc. of VLDB. 2009, pp. 922-933.

[2] A. Adya et al. “Efficient optimistic concurrency control using loosely synchronized clocks”. Proc.
of SIGMOD. 1995, pp. 23-34.

[3] Amazon. Amazon DynamoDB. 2012,

[4] Michael Armbrust et al. “PIQL: Success-Tolerant Query Processing in the Cloud”. Proc. of VLDB.
2011, pp. 181-192.

[5] Jason Baker et al. “Megastore: Providing Scalable, Highly Available Storage for Interactive
Services”. Proc. of CIDR. 2011, pp. 223-234.

[6] Hal Berenson et al. “A critique of ANSI SQL isolation levels”. Proc. of SIGMOD. 1995, pp. 1-10.
[7] Matthias Brantner et al. “Building a database on S3”. Proc. of SIGMOD. 2008, pp. 251-264.

P

817 /319 BEE: EITRFEIENLRZUN AT http://www.cs.xmu.edu.cn/linziyu



AR SO T R TR S T S AR e P S 6 S AR 1 W S A 2= B PR B R BB [X

http://dblab.xmu.edu.cn/cloud_database_view

[8] A. Chan and R. Gray. “Implementing Distributed Read-Only Transactions”. IEEE TOSE SE-11.2
(Feb. 1985), pp. 205-212.

[9] Fay Chang et al. “Bigtable: A Distributed Storage System for Structured Data”. ACM TOCS 26.2
(June 2008), 4:1-4:26.

[10] Brian F. Cooper et al. “PNUTS: Yahoo!’s hosted data serving platform”. Proc. of VLDB. 2008, pp.
1277-1288.

[11] James Cowling and Barbara Liskov. “Granola: Low-Overhead Distributed Transaction
Coordination”. Proc. of USENIX ATC. 2012, pp. 223-236.

[12] Jeffrey Dean and Sanjay Ghemawat. “MapReduce: a flexible data processing tool”. CACM 53.1
(Jan. 2010), pp. 72-77.

[13] John Douceur and Jon Howell. Scalable Byzantine-Fault-Quantifying Clock Synchronization.
Tech. rep. MSR-TR-2003-67. MS Research, 2003.

[14] John R. Douceur and Jon Howell. “Distributed directory service in the Farsite file system”. Proc.
of OSDI. 2006, pp. 321-334.

[15] Sanjay Ghemawat, Howard Gobioff, and Shun-Tak Leung. “The Google file system”. Proc. of
SOSP. Dec. 2003, pp. 29-43.

[16] David K. Gifford. Information Storage in a Decentralized Computer System. Tech. rep. CSL-81-8.
PhD dissertation. Xerox PARC, July 1982.

[17] Lisa Glendenning et al. “Scalable consistency in Scatter”. Proc. of SOSP. 2011.

[18] Jim Gray and Leslie Lamport. “Consensus on transaction commit”. ACM TODS 31.1 (Mar. 2006),
pp. 133-160.

[19] Pat Helland. “Life beyond Distributed Transactions: an Apostate’s Opinion”. Proc. of CIDR. 2007,
pp. 132-141.

[20] Maurice P. Herlihy and Jeannette M. Wing. “Linearizability: a correctness condition for
concurrent objects”. ACM TOPLAS 12.3 (July 1990), pp. 463-492.

[21] Leslie Lamport. “The part-time parliament”. ACM TOCS 16.2 (May 1998), pp. 133-169.

[22] Leslie Lamport, Dahlia Malkhi, and Lidong Zhou. “Reconfiguring a state machine”. SIGACT
News 41.1 (Mar. 2010), pp. 63-73.

[23] Barbara Liskov. “Practical uses of synchronized clocks in distributed systems”. Distrib. Comput.
6.4 (July 1993), pp. 211-219.

[24] David B. Lomet and Feifei Li. “Improving Transaction-Time DBMS Performance and
Functionality”. Proc. of ICDE (2009), pp. 581-591.

[25] Jacob R. Lorch et al. “The SMART way to migrate replicated stateful services”. Proc. of EuroSys.
2006, pp. 103-115.

[26] MarkLogic. MarkLogic 5 Product Documentation. 2012.

[27] Keith Marzullo and Susan Owicki. “Maintaining the time in a distributed system”. Proc. of PODC.
1983, pp. 295-305.

[28] Sergey Melnik et al. “Dremel: Interactive Analysis of Web-Scale Datasets”. Proc. of VLDB. 2010,
pp. 330-339.

[29] D.L. Mills. Time synchronization in DCNET hosts. Internet Project Report IEN-173. COMSAT
Laboratories, Feb. 1981.

[30] Oracle. Oracle Total Recall. 2012.

[31] Andrew Pavlo et al. “A comparison of approaches to large-scale data analysis”. Proc. of SIGMOD.
2009, pp. 165-178.

P

818 Ui/ 19 R EITRFHIFENLRZUN AT http://www.cs.xmu.edu.cn/linziyu



AT AR SO T ST TR 2 SRR Kl P SR 5K R 2 A 25 808 PR R BORR X

http://dblab.xmu.edu.cn/cloud_database_view

[32] Daniel Peng and Frank Dabek. “Large-scale incremental processing using distributed transactions
and notifications”. Proc. of OSDI. 2010, pp. 1-15.

[33] Daniel J. Rosenkrantz, Richard E. Stearns, and Philip M. Lewis II. “System level concurrency
control for distributed database systems”. ACM TODS 3.2 (June 1978), pp. 178-198.

[34] Alexander Shraer et al. “Dynamic Reconfiguration of Primary/Backup Clusters”. Proc. of

SENIX ATC. 2012, pp. 425-438.

[35] Jeff Shute et al. “F1—The Fault-Tolerant Distributed RDBMS Supporting Google’s Ad Business”.
Proc. of SIGMOD. May 2012, pp. 777-778.

[36] Yair Sovran et al. “Transactional storage for geo-replicated systems”. Proc. of SOSP. 2011, pp.
385-400.

[37] Michael Stonebraker. Why Enterprises Are Uninterested in NoSQL. 2010.

[38] Michael Stonebraker. Six SQL Urban Myths. 2010.

[39] Michael Stonebraker et al. “The end of an architectural era: (it’s time for a complete rewrite)”.
Proc. of VLDB. 2007, pp. 1150-1160.

[40] Alexander Thomson et al. “Calvin: Fast Distributed Transactions for Partitioned Database
Systems”. Proc. of SIGMOD.2012, pp. 1-12.

[41] Ashish Thusoo et al. “Hive — A Petabyte Scale Data Warehouse Using Hadoop”. Proc. of
ICDE. 2010, pp. 996-1005.

[42] VoItDB. VoItDB Resources. 2012.

819 /319 EEE: ETTRFEIENLRZUN AT http://www.cs.xmu.edu.cn/linziyu



