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Code ’
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App

Server Mobile / xaas
Cloud Computing W

Database pC
Cloud Computing Cloud Computing as Gartner Sees It
everything and the kitchen sink Ki;ic:f"

Google Apps, Salesforce.com, Netsuite,
Lotus, WebFilings, Zoho, Yahoo!Mail,
Hotmail, ...

SaaS

BB ITE: BRSSHY

Google App Engine, Force.com,

Windows Azure, LongJump,
—_— N\ | A=A AZ N PaaS Rollbase, Amazon Elastic Beanstalk,
7~ -l'_l_ E_ - H& =5 E’\J 1= 1 T VMware CloudFoundry, ...

2 {3 51f5a]
j:ltE ;:IE T - -l'ﬁ IEI Amazon EC2, Rackspace,
VMware, Joyent, Google

Cloud Storage, ....

laaS

Source: Gartner AADI Summit Dec 2009
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cebook monthly users
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Google
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it RHERS B AHIEILIN
13 billion API calls / day (May 2011)
10 billion API calls / month (January 2011)
Over 260 billion objects stored in S3 (January 2011)
1.6 billion API-delivered stories / month (October 2010)
5 billion API calls / day (April 2010)
5 billion API calls / day (October 2009)
8 billion API calls / month (Q3 2009)
3 billion API calls / month (March 2009)
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- IX{HBRSSAYRT AT (availability): 7X240R55
— IRSBFRLIE(SLA):oJHE

 Amazon EC2 99.95%, Google Cloud Storage 99.9%,

Microsoft Windows Azure 99.9%

— KEIFEARIIR(HARSS : SN HHEL

Amazon
(LN
Google
(LN
Twitter
Google
Adobe
(LN

2011554821, 22H , IWS#MEC2ARSSHUTHFERAR, FHIY AL , 20126 110 BRI 7SS4
20125F7H268 |, AzureffilE , SEFGRRAEFZSM0, LR HPHTIFER2 5/)\,

GAE#EF U Hgoogle BEE |, FlfETELZ20125F10526H |, #54L4/)\ae

{4#Hotmail, Outlook.comL AR SkyDriveZiRS3 EHEE20135F38 12H FHHE , 2 7 7KK 1 74V NSS4,
201356531 , AFLARMmTlERweets , 14K L94555 ¢

2013F8H17H , JLFKEBDHIGooglefRSFHINEN . SEEEKEEME TERIT40% , FFE/ 10
2014458250 , Adobe Creative CloudZgi&ifaialEim24/) i

201496823, 24H , Lync instant messaging service, Outlook Exchange onlinefB4 HINHFE
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/{ Load Balance J >l Scalability
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Failover&Recovery Availability

Read(A)S iR A2, Jysm—Ei,
73 00 A2 55 — 2k

L Load Balancer }

Write(A,2) </ Re o Ry R Ak 55 Bl A
Read(A)="? *
A A=1 A=1 A=1 A=1
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- CAP(2000£ESIGMOD£1¥keynote)

— —3t%(Consistency). TTH1E(Availability)FIMI4E 5
BIS 2 (Partition) Z|AERZ R e RIITHEHE

« PACELC(2012 IEEE Computer)

— MNREFFH =ETFESE(Partition), AJ B TE
(Availability)F1—F1%(Consistency) F{EET ; /W
(Else) , ZEIR(Latency)f1—E¥(Consistency)Z[E{F
£ 18




Scalability: CAPIE{f

CA Category CP Category
RDBMS BigTable

HBase
MongoDB
Redis

\ Consistency

Availability $:|":'rta':'c‘e
AP Cateqo
L omame.
panprricly
PODC 2000:C. ASPHgERIFHBEEFANEME!

20124EIEEE Computer £¥1|: The Growing
Impact of the CAP Theorem

FHEARIE: ACID, BASE, PACELC
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[Load BalanceJ 4.
Ava;

Consistency

o 7-77'?»;{2 5 <
el 7
Data Center A P: Partition Data Center B
Tolerance

Consistency: all nodes have same data at any time

Availability: the system allows operations all the time
Partition-tolerance: the system continues to work in spite of network
partitions
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- ERLFKIBEHJIim Gray

- B-HESSTEIESS (5B ) MEKASHEIE
HRSEN =R A RIS

- AmazonfITE& M EEBRSS

- SE2n5

- B
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- Bis—ERREBRZ
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— Z—31E(Linearizability)., ACID
- SE—E1E->55—F

— BRER—31E(eventual consistency)

— ACID->BASE(Basic Availability, Soft state,
Eventual consistency)

- F5—E4FTERYAIRR

— 513&(Write conflicts) , SHEIXRBEIAIEIERINESAR—
Sk

— Zf5IH(Read Staleness), BJgeiEZIFRIHRYENHE
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_ 2PC, 3PC
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— AN P HIVHIZEASERF
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- BIELEN , BN FEW(SIBR)FIR(ESK)
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- 3—EE
— BB HSMATER, POSTGRES-R, HBase
- 55—EE
— FRE—HE ( Eventual Consistency )
— B3E—3tE ( Timeline consistency )
— &iF—H% ( Session consistency )
— EIR—3% ( Causal consistency )
— {REBPEE—HE ( Snapshot Isolation consistency )



IRSS R EFRER A

- B15|E
— —EEFITERERITNES
— —E N o] A TERIN &
— SE—EIERIF YAV IEREMAL
- B AN —EIE | ER—EE

18



IRSS R EFRER A

- B15|E
— —EUIEFITERERYI S
— —E N o] A TERIN &
— SE—EIERIF YAV IEREMAL
- B AN —EIE | ER—EE

19



— B EFNTERERYRN

» RIOEEM (A ) —BIEREIRE
— KiRPIRESIREY ( K-Versions )
. FARRAE R AR—EM:
— i EaRhElERIt === EY
- FERIEFEUEINIREE T
- 5iREIRE! (TACT)
- HRIAHEZ BNEBEENA—EIE
— BRIRERIEFNHE==IREE ( PBS )
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« RAED QuorumZBRFIZITRIFINY , 1E3kS0]
A% , KieoJHERNEN
— AmazonfiiDynamo &4
— HiRpHmilEERECassandra
- HF 8 EW,R(E
- W,R /), OTMHE , —EU4EHE5
. IE!EIVEHQUONm,’%ﬁﬂm'IEEQEWEBEEﬁE
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. HRiEIE3ZZ(Fast Paxos)
« EMBERES (Generalized Paxos)
- IPJ &1L

+ inKEEFNLLIE

- ZMSH P HIREZ(MenciusFIMulti-Ring
Paxos)

- AEFNSSDE{L(SpinnakerflICORFU)
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- BigkmsE , FEA LT

- LR EENRREEREE

HRF -1.8% and Y45R/|

-0INg: +2s > &ifl/
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-

~Google: +500ms> -25% FEZIRE]
—amazon: +100ms~ -1% $SEESR
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Client

Replica,;
(Coordinator)
Replica,
Replica,
Client
Replica,;
(Coordinator)
Replica,
Replica,,
Client
Replica,;

(Coordinator)
Replica,

Replica,

Bl IASHAY =FrEa B2 eI

g —me7) #%
Non-Uniform
Total Order
Broadcast

4, ([n/2]+1) ACKs
\N% I AR IR

: Distributed

=EEANARARET ) Db
ACK i BERHIEBAE (Paxos)
1, [n/2]+1,n

R 1%
Uniform
Total Order
Broadcast
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_ FREE: RSM-d

2. N
){(\ Agreement Phase‘i Commit Phase 4&2
>

Replica,
(Coordinator)

Replica,

Replica;

Replica, log history commit history

(1) 2 RN R R H , Horh £< [n/2] PRAE 7] R AT i

(2)— BIEASBIA PR 5E P i 2 (coordinator) R A, &K% T H a5 P 52 (log history)
AT ﬁ(commlt history)it2& H B B 2 H 31T R A K E.

d=1 AEF—= R 1 (Non-Uniform Total Order Broadcast
d=[n/2]+1 Paxos
d=n F—= 7 1% (Uniform Total Order Broadcast)

Otherwise AR 221
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Client

"’/,\ AgreementPhased Commit Phase (g\-}
A T I\ A
Replica, N y dACKs 4///} <<\ @3\
Repllca3 ¥
RePI'ca log history commit history
A—EE %i%?%ﬁ?%a’i(%ﬂbe)ﬂﬁﬂ%?
- "%1%2?5’.‘"_ BICRIWBERBEEX)

im REIHAD S #EERAA DRI (BES)
— 1'I'%J:J?|Sﬁ FHRENSIERHIFEIRZMZE

- {ER

- BV NEiSKRRERIIREZREIPENMLRIIE

- ITRENTER:

FEERIEIAY!

2B(E
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d =[n/2]1+1 —
RSM-d | ¢ T esmemp o

PaxosHz 414

SEX | o hEEmRGIRE R
T e, HANTE THEDSE.
(RS W R 7

R EES 2. "PROPOSE” jHE R Ki%44
EIREWEIRd MNEIANTS
= (BEAE);
E&8

FERRRIR RIS, B |
i R 1SR UEE100% MR
T o

=M

w fii] 5L ) 15 1
SHEEX
Write Log Lost
Pwe= Puwi
PR3
ER—5

Non-uniform Write
P we— P wil 'D wnu

L k2
B53E4Write Lost
ch= PW/
Lo ik
585 (Write
Duplicaton)
PWC= PW/+ Pwd

AL R
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(1<d<[n/2))

4
\4’/?\ d IA;C\)\KS

Client

Replica,; n
(Coordinator) s L N
, | d(d =f) M eRid s HER T AL
Replica,
Replica; V _
. log history — RII AT UK RN NP,
eplica,

- i 1,2,3
- d(d sHPEIRICEAEHNBERY, SHEIEKRELINS
PSRN
* Py - BigREAEPREXIBEE
ch :Pwll :(})c)d
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JEZ—E (Non-uniform Write)

(1<d<[n/2))

Client

2,
2
Replica,;

(Coordinator)
Replica,

Replicas

Replica,

. (B8 1,2, 1A=

log history

EEFN RS

—

commit history |

d(d <f) I~ ERidsk H
HER SR kS febh
AL )T R R AR

% [EHR3Z S8 (commit history)
* Py, BiEKRIA CIRXZNT R 2ERRBRIHER

[n/2]-d
— k1 _— n—d-k Kk AL TR
Pou= 2 (R)(1-F) 9%
k=0
ch — Pwllenu
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- B 1. BERSERANPROPOSE”HE
- FEHN3EED: KERERHTICRANE.

* Fnﬂw([)) [)Eﬁlggimyﬂhf‘1§§§31
- TEXEHE : [n/2]-
O(x)=(F.) Z(P) (1-P)*

. Y5 D=d (BNEHE, 24FERY), PWC - 0(d)
. %{lith, AERD=m(d < m < [n/2]) , WEP,. (D = m) = O(m)
. IHEEDIERIRAHEERT LR SERELIMEP, ):

[n/2]

P,.=P,= ) P, (m)Q(m)

m=d
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&5 (Write Duplication)
. SAMBRENE

- KSR RETIEEE

SEREEDRE T R

- ¥nEFREEEESESEEACEKERENES | SHEIEKRNES
Client (1 =d<[n/2])

New

(1<d<[n/2))

4,
\\t?‘ d ACKs

> ’>
\/ ]
\

/

Coordinator

JIRM

WA EST

/ﬁ&%@ﬁw
Proo : FMHIFIIF 5 105 R 1645 002

[nzj[nd>{] {ijchCKs
11 B ) v

N

Suspected
Coordinator

31



R NES

- EREIRBEES

Te Te Te Te Te
Coordinator
_ \ \ \N\\m])rtbeat
Replica \ ) , ‘ } , }
Y \ Y )j Y \ Y ] Y
To T, To To T,
Trust Suspicion

T: BT s8] ByE B IER
f(t): THIMEER %5 5 ok 2
Thbg A1 T@1 , TE]/‘JW‘j/I\ﬁ%ZIK
Pro: — B EE R SE P 28 BN 2R
Pj& =prr(1,,,+1,>1,,+71,))=Pr(1,,,—1,>1,—1))

=8 _Nheartbeat)5 2T

32



SESMHE
« n PMEIFHELF— MERIPEEDREAIMER

[n/2]

-1
o Z(f j(mfa—m"lf (1-(1-P,))

- 55 kESRTE

'}2vd — (]‘__‘[2;)}33%1F;0

NG
MEETRERT 5 e
thiRE T RIERTIE EO—AEIAER | | GBS
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- HE5(Write lost)

- RETRXASHEISKMFIBREICRAMERX (215
ER)

- &S (Write duplication)
— HiPEEES T{EBEE R AL %

- EEXNESEEEL RS, &
P.=P,+P,
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B ERR R

Client 4 .

&

§<_‘ LA;
Replica,; N7
(Coordinator) '?O/OOS
Replica,
Replica; b
Replica,,

LAi = tp(i)+tlog(i)+ta(i)
B LA, LA, ..., LA, THFHES:
LA(1) < LA(Z) <...< LA(n_1) (B{%}:Tj}ﬁaﬁ)

Latency L,, (d)= LA 4.1y*min(LC)

35



XEIBL,, (d)RIEAEE(S

LA=t ()4, () BEBEFRS O - r0/e-vdx , RIREERE G(Y
« LA, =2 E R RINZE RIS BIRh o (YFIH ) (t)(1 <k =n-1)

Kth g5/)v LA, €t el — LA, [t t+e] (k-1) LA, Z\Ft
52
P(LA, €lt,t+¢€]) = Z P(LA; €[t,t+ g])['l: JP(LA <t)'P(LA>t+&)""

HARR LA XTF

P(LA(k) E[t,t"‘g]) t+ ¢

&

h(k)(f) = £1_T>13

* E':F h(k)(t) ’ EJL‘J*?%
E(LAyy ~ LAy )= thy t)dt= [ th, ()t

- FRLA:

E(L,(d+1)-E(L,(d)=E(LA, — LA, )= (Z' :UALA(d) >0(d >1)
e ALA() = [ (GO =Gy dt >0
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B I Wy —EEFNER &

« RESWERB(d) , —FEIEEXAIAEEB,. |, AERAIEX
Hg?&ﬁ B[ .

B. = ol — Pye(d)) + B(a > 0)
By =~y —0E(Ly(d))(0 > 0)
B(d) B.+ B, +6
(1 = Pye(d)) + B+~ — 0E(Ly(d)) + 6
(n —0E(Ly(1))) — v(d)
v(d) = aPye(d) + 0(E(Ly(d)) — E(Ly(1)))

K /ME
@ch(d,) ~ Q(E(Lw(d/)) _E<Lw(1)>>
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- HMZEHEY

XIA—EERIEME

P

FHPRTEY:

_§0:O'1

l

BRI —EA B

v(d) = whry (Buc (d) + 11 (E(Ly, (@) = E(Lw (D))
- =r.b , IRSBIREBIRIRR S I —ELLRHITHME
v(d) = wh((ry+re)Puc (d) + 111 (E(Ly (d)) = E(L,, (1))
- =C |, RSBiRItBEE—EESERFLIER—EE
v(d) = w((br,+C)P,. (d) + r,br, (E(Lw(d)) - E(L,(D)))

w: BUALIN A S5 R AL, bS5 i SRR JR A R 1P 2 A (Ee a7 a4 55)
rp: T GIERAFIIWER R, AR -5 BU5 16 SR B b U P2



B == IAER 55 SRAVIGME

- WB—TH1EigkK , MZ(E :

- IERBEIEREXNEEN,, ISESHIMANRE N, 4
- P, WMEZ(EA(N,, + N,4)/10,000,000

+ SRz

— {E&n€[2,9] Flde[1,[n/2]]

— RMSE= 0.0009%, std.dev.=0.0052%

- FER

— {£&n€[2,9] Flde[1,n]

— RMSE=0.013ms, std.dev.=0.019ms
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n=2 n=3 n=4 n=5

n=6 n=7 n=8 n=9

lg P

wc

Impact of d on Consistency

d=1
md=2
d=3
md=4

Latency-L,(1)(ms)

0
o

BRYFZI

uimn!

—2

n=3

n=<d n=5 n=6 n=f n=8 n=9

Impact of d on Latency
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Consistency
=]
Hl

—EE vs. IR

(5,3) (3,2)

(7,4) 1-10°6
« 1-10°5
(7,3) \_ (7,2) 1-104
(8 N\, 1-10-3
- ’ )1-10-2

O TN
(7,1))1-10"

200 150 100 50 0

Latency-Lw(1)(ms)
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- SMMNITEISEE ST Em, FIEmMigAV
— BNMES (—B) NS = amintSr, ELEZERYFE

- BIXREA—H)NELEESBEREK o (BIXTI TR ASER
MELLIEFTRAVRLS)

— IRSSXIIEIRRIBURIZE
» Microsoft Bing : r,=0.0009%
 Amazon.com . r=0.01%

» Google Search : r=0.05%

- SRl EARREMZHRE TRIv(d)E
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2
s .
s nd=2
o d=3
3 nis
E nd=5
2
|~
N2 n=3 n4 N5 n6 n7 n=8 n=9
(@) ¢ = 0,r; = 0.0009%

0.007
< 0006
Q
s ° v
g 0.008 md=2
S o003 1 d=3
g wd=4
g o .
3 0.001
= 0 .

n=3 n=4 n=5 n=6 n=7 n=9

(d) ¢ =reb,re = 0.57, or ¢ = C,C = 0.5bry

The Variable Part v(d) (SV)

The Variable Part v(d) (SV)

0.007 -

0.008 -
0.003 -

0.001 -

n=3

n=4 n=5 n=6 n=7

n=8 n=9

(b) ¢ =0, =0.01%

n=4 n=5 n=6 n=7

n=g8 n=9

md=1
nd=2

Td-a
md=5

(e) p =rebyre =rp0or e =C,C = bry,

0025
.3.1 002
s
S &
> o015 e
s md=2
o i &3
g oo 3 o
a
s -
>
2
= o1
n=2 n=3 n=4 =S5 05 n7 n=8 09
() ¢ = 0,7, = 0.05%

0.025
E 0.02
=)
3 ooss Nd=1
nd=2
< ¢
o o001
- md=4
E 0.005 nd=s
2
- ol

n=2 n=3 n=4 n=5 n=6 n=7 n=8 n=9

(f) @ =reb,re =51 or ¢ = C,C = 5bry,
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QuorumARF R H—EE

Clients Clients

‘p% R responses
>

v "'\\

Replica, '

(READ Coordinator)y N ]
Replica, =

Replica,

Replica,
(WRITE Coordinator)

rd

A FUPERE R B DR I B

Sin



PER BISEA T

Client “
Y‘f ,-/ N=3, W=2,R=1
Replica, ——— {50! Replica,
(Coordinator) Send to \Qug, ]} Wit o P
Replica, N replicas ./ W responses AN . Partition 1
Replicay * X
Client
\ 4 ] ) Paftition 2
Replica, —> S Waiting, e R
(Coordinator)  Send to COA%I/ timeout Replica, Replica;
Replica, N replicas 4 and then
unavailable

Replicay WIR ;,EE’J\H‘j,
Client

Replica \ ,/“/ A LEFH

=
Send to OA//M/ Wait for

Replica, N replicas W responses
(Coordinator)
Replicay

-

T -

7 \ ,/



A RTERIE

o HARVEEAORIEEPRAIQuorum RS R FHTE
— 8k A EEEIA T mHFTQuorum R FAIHLEE
— EETI=EEAERI(2/3-tier basic tree), BER(fat
tree), folded cIsWZ&D}&EZIS)‘jSZE

m Core switches (CS Core

_— !

X

Aggregatio
ﬁ Aggregation
/N '~ top of rack (ToR)switches

Qy Edge
N

8888 S8HP HHEP 8§



RGRE
* QuorumARFIEELQS(DCN,PM,W/R)

— DCNe{(2EEARI(bt2) , SEEFHI(bt3) , KBFRI(ft) ,
folded closfi&E(fc)}

— PV: BIFEEIRS R LA IBRERER ,PM )
— W/R :5QuorumfliEEQuorumfj A

Core @ Core Switch
ey (P P
_ Z L MAD : P,
Aggregatlon @ @ Aggregation Switch 22; g/gzé\éj@jﬂ: P,
; ; E . . ?- ': . (3) TORZZ#:AL: Py
R ==
Edge J# & R switch (4) 57 2 Ps

g;' LTj‘ ?\11 O‘i\gi igg?;f%%ﬁ‘z@
) = i — - = =1 Servers

Replica Replica Replica




o] [ TSR B (1)

ToR Switch
Servers

Aggregation

Core Switch

\~~
~

Core

Y E PN R



TRTHET R

o] ISR EBER(2)

2-tier Basic Tree

Aggregation Tier

FHXS faj #L,
HEMH

3-tier Basic Tree

K-ary Fat Tree

L AT AL > BT £
RGN > R

Folded Clos




Core

Edge

Replica Coordinator Replica
A DIEE BIRZ 0BT EE, ToRy "~ RJ LA In) 21 i 1R % TAE m Bl 42 H
TE X PREL:
Oy 20 (X) = Z HP (4, =m,)

my+my+..+my=x i

TP AN T 16 3 B % O B A3 R T
Avail(QS(bt2,PM ,W))=(1-P) Z 0, , . (x)



TRFEARR HH Oy ()

Xotz-as: MIE T HIAZ O A2 F /L AT 7 0] 21 ) 1E°H E'JZIK%KZIV H
Avail(QS(b13,PM,W))=(1-P) > Pr(X,

x'=w

t3—as



Coordinator Replica Replica

T2 %O A HNL(CS) 1 il — 2 > #1 FIGCS
B pod i KT A G SZHAL(AS) > T RISAS
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Coordinator Replica Replica

BRI AT XN GCSTT AR, FTEHIBJZIAM AILEL, X SRR R AR 15 3.

Avail(OS( ft, PM , W) = ZPr(X osas =X')

x'=w



Folded Clos%Z

b AS
...,,'," .',,/,// ; , , ._,,,-’/ *:// TORS
g; E'Ii ’ g @| @|Server

Coordinator Replica Replica

PTG #% 0o 32 AL (CS)H il —2H > #85 15.GCS
RN R ERZHNLAS)>HETT HSAS



B ISHIFolded Clos
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Table 3: Write Availability Validation

RMSE | STD. DEV.

2-tier Basic Tree | 0.000472% | 0.000417%

3-tier Basic Tree | 0.000763% | 0.000668%

K-ary Fat Tree | 0.00117% | 0.000934%

Folded Clos 0.000845% | 0.000689%
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Table 4: Availability-Consistency Table
(A,C)| R=1 | R=2 | R=3
W=1 | (4,0.333) | (2,0.667) | (1,1.0)
W=2 | (3,0.667) | (2,1.0) | (1,1.0)
W=3 | (2,1.0) | (2,1.0) | (1,1.0)

» TR K
— 99.9%>(W,R)=(2,1)&=fi
— 99%>(W,R)=3,1)&=fit




IRSS R EFRER A

- B15|E
— —EEFITERERITNES
— —E N o] A TERIN &
— E—EIERI YAV IEREMAL
- B AN —EIE | ER—EE

65



WebfrS 58— ¢

« WebfR55 : EC1BBMBIHTTPEERRSS
— Ebay WebfiE3S eh

amazon
— AWS webservices"

- ERhSEF KR, ZRia—E %

— SR—EERIF N
- ENFD
« FRBTERIRAIIMN (2PC)
- HiEE
 Paxos



Al PEZRRep4WS

PaxosNode

Service

WS, WS,

Replican; Replica,,
i

Web Service

Container
PaxosNode
O _~-""4 Service
9‘0‘0”’ 4
. (\ -
Q \063\9, - L - ’,, Wsl WS2
i D / [Replica,, [Replica,,,
’f’ Y J i
” n l/ —= P2
: LV —— o e—————————
Web Service L /( Failures Recovery i Basic |
\ Coniginer -17, E Failure Leader Election gi Services i
*y PaxosNode |/ ; Detection Follower Recovery Ei bole ;
S e Nl Ce E.'.'_'.'_'.'.'.'.'.'_'.'_'.'_'.'.'_'.'_'_'.'.'.'.'_'.'_'.'_'.'_'.'.'.'.'.'_'_'_'.'_'E E Queue i
{ : Performance Improvement :: Logging :
WS, | WS, |\ | RDG Optimization | |
L [ T N i E‘?(equf;s‘ i
s \ Paxos Kernel i et '°"j§




HFPaxosHIgIA 11N

time
Client % N
Q‘(o ____________________________________ ./ -
: \‘9/\ IPROPOSE LOGGING ACK il LEARN EXECUTE & :
WS Replica, > > > ; > > ESPOND :
(the leader) NUMBERE % i
LOGGING
WS Replica, i O ——> EXECUTE Qgp? Qoéo i
1 6 1
(fo"ow_er) i LOGGING EXECUTE ng i
WS Replica; e S | :
(follower) $:3RH B{(AGREEMENT PHASE) HATHEL(EXECUTION PHASE)
NUMBER: Y& R#EZIRFHS, 1,2,3 BT HRABE (RDG)HY
- S HRIATHAL

ACK: £ H&fn/2+1 /1 ACKH B
EXECUTE: #MiERKWSIHFIAT, T 455 RAR BN N #H1T5%4

AGREEMENT PHASE: PL& O K/MaitfT#iK£83F4T (Pipeline Concurrency)



B KIARI AT SSIR[E
. BRHIRSSETAPIRISMEAHED

- REEORNEKRZERIRNITINFE A S22 —EE |,
IXLEERIR /903218 AT(commutable)

- LABRAR | AR AKX R (BIRAKHKXR) BN
. TS RXBIEI 35 KIKFRE (RDG)
« WebShopService
— getMyCart
— addToCart getMyCart getMyCart

— searchProduct ( Commutable )

— orderProduct
— modifyMyProfile

searchProduct

Can not commute

addToCart



B RIKERE]

OP,

JBs/ OP,

13[A)EOP,HY
T5Kn+1




HFRDGRILIALT
O O 0 06 O

n+1 n+2 n+3 n+7 n+8
= LEARN:
A e (n+1) EXECUTE Executed
(n+5) Wait EXECUTE Executed
(n+3) Wait EXECUTE Executed
’ 42 (n+8) Wait EXECUTE Executed
(n+4) EXECUTE Executed
(n+6) Wait EXECUTE Executed
B +3 (n+2) EXECUTE Executed
(n+7) EXECUTE Executed

S FEI R 3+4+4+1=12 units
A s FHIRDG & f7 1T 7] : 5+4+4+2+1=16 units

n+8
RDG of Pipeline[n+1,n+8]



RDGHISEZELANMACHIZRIIERTE

o C(DNS(r,4;
° RDGE%‘E'IE ComPlexity(RDGnH):Z]_O (i+1(r ]))

+1 +2 3

O (1)i15CH01RDG S 4+
n+8 E?’SIO;

Q) RECH(+1), (F
Wi 41 4545 1 9RDG &

C5<+4 A K, N (i2)
RDGos V- 18] i N2 TR] (RE SR ) 5
. BLESER TR RDGHE 7k B i 11 5% £

- BEFRDGRIMAMMSINZsRNITINE , (BAZNES
MERIINEERIREZNINES



KBRS

» VR (leader)kA

— EFPaxosBIFTET =ikt

- BELE , KESEZ

- M\ = (follower)5csll

— APk E (checkpoint)

— MR PEIeaderkz TN , EIBIFSIBAYIeaderfA—5]
AgiEK

— 1EiEZlIZialeaderBYIRTS

.+ RS> BREI—BRERTS



Response Time(ms)

120

N
o
o

(]
o

(2]
o

N
o

N
o

o

1EREELER

(&)
o

3 4 5 6
Replica Number

FATIAT

o

350
2PC Replica Number=3  =<2FC
| —#=GC-TCP 8300 — GCTCP
Rep4WS/Basic Paxos 5/250 =B—Basic Paxos
£ Rep4Ws
|_
0200 ; —
)
§_1 50
T @ /
&3100

)

10 20 30 40 50 60 70 80 90 100

Load(reqgs/sec)

HAT AT



RDG{RE{CRIIEE

n+12 n+13 n+14
. O«—@<—0

RDG;,

n n+1 n+5 n+6

n+13 n+14
RDG,

n+9

n+8

n+1 n+2 n+12 n+13 n+14

C) O 0.0 O O

RDG3

O read operation . write operation
—Fh i MRDGs
HIREMIRONT, 4.2, 0

250

(ms)

gweﬁme
o ()]
o o

Resp

RD G341 )3 ) [6] L RDG M 15%

RDG(No RDG)

.RDGQ

RDG,

20

40 50 70

Load( reqs/sec

-66%

HAP ) 2EAK26%.



IRSS R EFRER A

- B15|E
— —EEFITERERITNES
— —E N o] A TERIN &
— SE—EIERIF YAV IEREMAL
- B BANRIRSE—E . ER—EE

76



ER—EE
: HHARIRIFRMER L 2

— REORIITEEREVR FIR(EPRIATSSR | BBAOFIP

ZEEFEEEERXE , ic AP0

o« flF : +IZHOuL

1.BRALFITIE

2. APBAEFIFCITARTCIHITREX

~- B MECIREZAEERERXE > a5k

CESS

- ER—EE - RRIREELR
- BN EPImEEEFENSIRERIITER |

ABAiZ

FRin At ZE R 2 EEXMHMEZBIRBSR

ERXRIRMSIRIERNITESR

77



B HINRARREHIR

+ —IRAFER—RVIERR
- BSE

— PILEZIERS AT E Lamport Logical Clock

o E‘##&E PI P2 P3 PI P2 P3
- A—i#ERT% N .

]|

B

- FRSEREEREELE | N

i Lamportﬂ\jlil:ll 16 20 12 16 20 14
— 20 25 15 20 25 17

- EEEH?%IF 24 30‘/18 24 30‘/20

28 35 21 T 35 23

32‘/40 24 = 36‘/40 26

78



ER—E = ETERIZZE:

EBifFiZE ( Monotonic reads )
- FA—&PRiRP , REEEINE—EA st EiERERIH
EBiA5S ( Monotonic writes )

- HERikFhEZI—ME PR P S ERRITIIFSZE Fin
SR(ERESMTIRE—E

B5iE ( Read your writes )
- FA—&RiRd , EZRBIERINESIEA L ERYEERIH
XG5 ( Writes Follow Reads )

- FA—8PiaP , ERFENSIRMEaNERZEBSb , BAHRE
RinaREESIbRIER , HEMEDEGEIETafIER

AHBE  WagesRAPESRSIR

79



[ SR— RIS R T

- URERTE

- =M RN FRIFRESINHRIFE—INE

- BER—ERSEE

- RERIHBINMERER—HENER—IAE

- BlF

- & w(x=1) «» w(x=2) , MIxBIIXSHEULTZE

80



RIEER—EIENERE

- SiR{ERItRIR

— <EOIETRAYIE, IZISRIRIEE> 5T
- ERXFRNFERIEE

— B EIR(ERTiKk

— BEFA—E

- FRXFENE
— B PimiEREL:

SIRMEAMRRESBIFAL

& . FPIREFRFNSIRERRR

B , BER

RXRANBEMIEIEL ts

— HBFR3RENEY

- B, PTEREE , EEEEAET I SRR

EPICRBESAERE

ERIRIREEALL ts NAGEEIIEE

81



B R—ETEGRILE

m B E SR —EUEHVEERA FEL A
ER(ETEFR B IRE-RAY LS
20% 40% 60% 80%
Cassandra-Eventual 0.16% 0.08% 0.03% 0.02%
Cassandra-RYW >0 >0 >0 >0
CoCaCo 0 0 0 0

Cassandra: 7311 W HE R 55

KSR — 2% 24 CoCaCo A H it S H 1 Il



Throughput (Kops/s)

B R—EEXT ERES

90 : T ; T 2 120 T T
l 1 5110
804 ¥ 3 X 2100 +
50 " o 70 o
—+CoCaCo 1 & eop=+cocaco
Cassandra-Eventual § 50 Cassandra-Eventual
30F -e-Cassandra-RYW 1 £ 49f-e-cassandra-RYW
- - A ' 30 b A
20 40 60 80 100 0 20 40 60 80 100
Proportion Reads (%) Proportion Reads (%)
(a) Uniform Distribution (b) Zipfian Distribution

83



sexnzixx# it HALF B AT R

The Institute of Advanced Computing Technolog

Q&A

oo0ooo

1\



