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TPaxos Consensus Protocol in PaxosStore: Derivation, Specification, and Refinement
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Abstract: PaxosStore is a highly available distributed storage system developed by Tencent Inc. to support the comprehensive business
of WeChat. PaxosStore employs a variant of Paxos which is a classic protocol for solving distributed consensus. It is called as TPaxos in
this study. The originality of TPaxos lies in its “uniformity”: it maintains a unified state type for each participant and adopts a universal
message format for communication. However, this design choice brings various differences between TPaxos and Paxos, rendering TPaxos
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hard to understand. Moreover, although the core code (including both pseudocode and source code in C++) for TPaxos is publicly
available, there still lacks a formal specification of TPaxos. Finally, as far as literature demonstrates, TPaxos has not yet been manually
proven or formally checked. To address these issues, three main contributions are expounded in this paper. First, it is demonstrated that
how to derive TPaxos from classic Paxos step by step. Based on this derivation, TPaxos can be regarded as a natural variant of Paxos and
is much easier to understand. Second, TPaxos in TLA+, a formal specification language, is described. In the course of developing the
TLA+ specification for TPaxos, a crucial but subtle detail is uncovered in TPaxos which is not fully clarified. That is, upon messages, do
the participants (as acceptors) make promise that no proposals with smaller proposal numbers will be accepted before accepting proposals
or vice versa? This leads to two different interpretations of TPaxos and motivates authors to propose a variant of TPaxos, called TPaxosAP.
In TPaxosAP, the participants accept proposals first, and then make promise. Third, the correctness of both TPaxos and TPaxosAP is
verified by refinement. Particularly, since the known voting mechanism called Voting cannot capture all the behaviors of TPaxosAP,
EagerVoting for TPaxosAP is first proposed and then the refinement mappings are established from TPaxosAP to EagerVoting and from
EagerVoting to consensus. They are also verified using the TLC model checker.

Key words: Paxos; PaxosStore; consensus protocol; TLA+; refinement relation; model checking

53 A 3 A5 (consensus) 1] 1 43 A 3 T S AT ) A% 0 ) LB R A 2 5 ok AN IR k- s,
Paxos(th#i Basic Paxos 5 single-decree Paxos) ft: it vk 4 A 3 4 T4 1) 150 ) 28 it by 330040 3 3o AT AT 22 AN )
Paxos 521§, Multi-Paxos f V82 5% mh— R B (. F) 5 51) 35 i — 524 Paxos/Multi-Paxos % HAZ (k432 il F
TR — Bk 1 A R Geh, l Google 119 Chubby 23 X4 % R4 915 Spanner 43 i 2 B i &
2510 fci ity Autopilot [ 3 it oo 4 B R 5L K 1 R 1) PaxosStore 4375 28 17 fit £ 488 A< S 534 PaxosStore
RGPS Paxos A2 4R FATIFRIL A TPaxos.
7E TPaxos 1, %A% 5 3 (RI A4 B A 1 f0) #4017 i 2 A 32 13034 (proposer) . #2532 3 (acceptor) 5 2% 3] #
(learner)iX 3 Fffi i . TPaxos MHTAMZ ATETFEM G —MW" B hEANSEHYEY S —FPRER R % —
F I BT A5 76 TPaxos 1,55 # il i B AHAS 48 — B 103 B, AN W BEOHRIR S fe 2408 B iR AR B
54 HLIY Paxos BRI S e Ak 22 AR ) by A T] 1) €0 4k 4 AN [ (KR AR DS AL, O L7 B4 4 b B 28 2L, DAIX /)i
% Bt (prepare phase, i Phasela 55 Phaselb W47 B) 552 Bt (accept phase,fl 25 Phase2a 55 Phase2b
AN 1 BBE) P 010 794 2 X1 3 A 33l M - 5 T L SRR B87 70 e 28 1) 2R 4 s LB AR T X Al R T TPaxos 5
Paxos Z [ 1) % 7= 5, 45 P TPaxos it i T Befig JLik, AR I HIT IR T TPaxos P S i A% 0o AR (B 45 18 3¢
1D ARG L5 SR 2R G (1 CH++AR RSN, TPaxos 7% fe /b it 55 71 4 6 (14 7 2 Ak 24 85 4 B A1 4, TPaxos 1Y IE
B D A 28 4 B2 [ K2 AT B T AL T L (R 56
BEXT BRI L AR 3 AN BT,
o S— AT LT I Paxos H k35 S HE G H Tpaxos: 15 26, ATEL A3 3P A, 58— 5H RS
FALHR TG — DPIR AR, BT T LAGE — 3 L A 2588 5 1 o 5 9 28 1 i B, -k e i FH ¥ 6
RS B4 Wb B, IR AT T AT LS 51— P b TPaxos B8 ks 181 i) 40— LS8 5 5 3k A1 135 11 TPaxos
FEY AL B BT (0 Ak, AT HE 3 HH e 24 (¥ TPaxos WA,
o T FRAIAH T TPaxos ) TLA+IO I AL 2. 55 B A ) Paxos 1) TLA+Z 3545, TPaxos K H]
CORIEW B AE AT AR T8 LA R B 06 S B B A T 4 G 3K Pl AT A5 1% 2 AN (o T AR AT
2 D PR LA A5 AL . B R ) TR TT R TLAHFRZ IR B, AT 1 B TPaxos P iS4 A7 7E 28 K T
FUHIER A5 B W I 2 b AE W B A FEY B, S 5 3% (1E W28 ) e E A 2 R
NG S BRI IR A U (promise)iE A2 5 1% 52 (accept) $ I 23X S UK TPaxos 15 B AN [5) BELAR, 342 4k &,
132 TPaxos 1 —Fh 2544 B A TPaxosAP.#E TPaxosAP 1,2 5 4 L # B2 4 UG 1 A v BUAR 7E TLA+
JRE) JZTH, TPaxosAP 5 TPaxos(St A & i J5 #2652 #2130 AH 22 H /N (B B HARIL T AN [J] 1 8 22 AL Aok
Pk, Paxos M IHZZHL ] Voting™ M3 F T~ TPaxos, Z1/ A8 56 24 %/l TPaxosAP [K4T A 75 A4, 341
142541 3 ] TPaxosAP 5 TPaxos (AR 2 4k, FF & 1iF TPaxosAP [ 1E i 1.

o = HATR AR (refinement) MR R UE T TPaxos 5 TPaxosAP [¥ iE #i 1% T~ TPaxos, A 15 %



2338 Journal of Software #4373k Vol.31, No.8, August 2020

F Paxos Jr il HI 1Y Voting™ WL 6, 2857 T A TPaxos F| Voting (454656 & %) T TPaxosAP,FAl1H s 4
T B BEZE N FR1E EagerVoting.EagerVoting RS 53 2E 252 2 30 [ I #E HY b Paxos/
TPaxos S “WkEE” (AN P8 % B S0 /NG 5 A3 0" O AR AR R, R AT 7 T AL TPaxosAP %
Eager\Voting L1}z )\ EagerVoting %] Consensus R 14 5 5, 48 1] TLC BIAYK 56 T AL ISIIG4E & 11/ 1F
.

ASCH LT AT ENRLEE 2 15/ 44 TPaxos WM, H iR TE i) 2 22 ) Paxos #E5 tH TPaxos. 28 3 152645
TPaxos f) TLA+MZ), SR )5 42 e i —Fh 424k TPaxosAP JfigiF HLIE#fTE. 28 4 T HE M TPaxos 55 TPaxosAP
F Consensus FIR§LIC R .58 5 1] TLC BEAUER I T L IGUERS Ak ¢ 2R FF R SE 0 45 145 6 T I A OC T1E.
57 W RG4S IS AT RE I AR K AR,

1 P& iR

TV TLAHTE AL ZY35 35 985 A 21 20 A1 UG R ) 5 28 gt Paxos P S (E2 4 M0 AR TLA+ LY
5RE1L).

1.1 TLA+fENY

TLA+2 LeslieLamport 3t - I J5532 % TLA(temporal logic of actions)! X2 & 1) —Ff JE AL #2915 & 38 FH T
IR R B A R R TLAK RGAEBSCR AN, — MRS HL e vl BEIWTER R A (initial states) 5 — 4131k
(actions) >R % . 7E TLA+H, — AR AL R G b A 48 5 10 S 4. — AT RS 17 41— AN B A 28T IFIR
AW W ZH T RERAT R 005 25 T2 xi=x+1, TLA+RHZIE x'=x+1 BEATHIIR. TLA+
A — AN B 5 AT AR i (R BOIR S R 1) 55 A A B o (GRS TFDIRZS (AR 1 2 Ok ik 3 1.

— M, ARG LURIE Y TLA i — AN JE 1 Spec2 Inita[Next]uarsAL FFIH 723 20 3L, Init Fil Next #5
SR T (85 B 0 A R A, A R GOREIEAT Z) . Init Z1iE T RS P14 Next 2 BT sl AE 1T IR, ik
T RS S vars RS R R K ICH, o B 2 (always)” [FIN P VERF. R IA K [Next]vars ALY
HAY Y Next S 5 (RIFEA B4 0 B, KA 1% B0 VEXT N 198 2 4% R HAT), BU# vars 75T RS IR FEA R 5
BT TLAHR —ANERE AR T8 RIS A0 G R .L TR R eI 7% 1 (liveness).

76 TLA+H L3 3 2 WE B8 B, WF 555 23 F- 1 (weak fairness),WF s (A)Z1 I T B0 47E A 28 -4, BB
R ENAE A IEA IS L TF 4R AL Ff S T PAT 10, 0 A 35 OB 3 AT W s (A) 1 58 LA

WFars(A)20(ENABLED(A)ars= O (Adyars)-
LA (Advars BRNE A BIAT ENABLED(A)yars KR SIAE AGE S HTIRA )2 AT AT 19, O /& “ B ¢ (eventually)”
1) I 3 4 A

TLA+7E TLA (R BN T — Ml i 8 48 UL ZF 450, AT 2 FF S R 5 R E R 1 B4
T AR S A B (032 4 5 2 A 445 45 (operator). SCHR[17]28 Y T 58 3410 TLAHRAERE 51 %

TLA+ I 25 LA H (module) (19 78 =X 41 23 76 — 2 . 76 4 AN o FR AT m) L7 B % 2= (constants) 5 78 &
(variables) i 2 #¢ Hi 52 P (theorem).— M He M v DLIE I 9 g FLABA He My, .. M, 197 BTN B e 5 e B,
FEAEH M rh 5 4 EXTENDS My,..., Mo BEHC A AT LA S 4k %5 18 MRS ER o (1 S 48144 75 1)

IM;£INSTANCE M; WITH py<—€y,...,pné—€n,
Hep s T MR & RS2 & e 2 M A G TERIE A% TE 2K My 16 p B3 M A Y )
e KHEAT My (R SE AL, B AT AT LU IM!F Sievs il i My A i3I8 K Ft A TLA+ 11 5 =805 4 0 ) o 1 &
175 e 5 pj AHIFI IR 25 W pje—e; T-11).

TLC & TLA+M BB RS 46 T B e 8 3 JJ7 TLA+RLZY 145 757 DR 7% ) SR B0 F 0 240 2 75 0l 2 EL AR I 4 0 4R
1A 2853 A R GRS IR 55,1, 5 1B — A& 2 ARG #1020 A R 48, 5 48 (0 Sk Server) (4
A DT RO E LS N TR IR IFX — R RG ML, TLC W A% (model) (1 J7 =X PRI T IX 28 R R A&
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B,E0 TLC wf DUAE R A b sz 4k R 45 2% A 95 % &, 01 Server2{s,,S,,55}. 11 R %F T 11 51,57, 53} AT AT = 1 Fk (Al
B sy B 55,8, BN s5,85 BN s) A sEH TLC MIGIE 45 5, AR LUK Server F518 Jy X Fx & (symmetry
set) LU/ TILC 75 B 1 (1R 4 245 1l

PRAERF BB
_ ) WEEAES S P24 p WITE x
i CHOOSE xeS:p G342 S P00 x 20— [t )
SUBSET S S AR
Lo {e:xeS} ¥ e fEHIAE S H A L EBFIES L in{C:xeS}Y
{xeS:p} S AR A p IR M IR
flel R FETES S e |-
[xeS—e] XF T xeS, 8173 f[x]=e R %L f
HH [f EXCEPT![es]=¢,] AT f[e]:{iz[’e]v :tsew‘;se
[f EXCEPT![c]=e], H e B 5@ e P@%K R fc]
e.h itk e AUl h
[hi—ey,....ho—eq] 2 hy e i
Wk [h1:S1,...,hn:Sn] WAL 3 hy JE T Si DT A I SRR R R
[r EXCEPT!h=e] i P :[N1:Sy,... hee, ... .nn:Sal
[r EXCEPTLh=e] Kl e W EF 5@ e @K rh
JGH e[i] JCA e P | o
e’ HMERIFRE T e BIME
HHEBRAETT UNCHANGED ¢ e ANAF:e'=e
[Ale HAE A oL IR e A48 :Av(e'=e)
oF FAE T 1 LN 2 L (0% R “always”)
R P 45 VR £ OF F #5 2 Or (O K oi “eventually’)
WF.(A) FIE A 55 A7 (weak fairness)

Fig.1 TLA+ operators used in this paper
K1 ARSI TLA+HERAERT

. TLA+H Ktk (refinement) 5% 2t i 22 452 & (logical implication)>% 2.4t % FE 45tk AbsModule ¥
AbsSpec FLZILL KA E: ImpIModule H ) ImplSpec #1£y.AbsSpec & 48 & Xq,....XmY1r---,Yn IMpISpec {0575 &
Xyeee X Zay o Zp 2 XY 15 Z 23 AR AE B2 X, XY, Y 19 20,000,200 T BAIE ImplSpec SCHL/S 1k T AbsSpec
(th#K ImplSpec & AbsSpec #1451k, Bl ImplSpec=AbsSpec), Al 175 Bl W x4 4 — AN A2 ImplSpec (147 4, 47
FE— PR TAS ALY (AR 7 5, A RIS BT A IOAT b (5 BB 41 X 5 )38 & AbsSpect™ L LA T &5 x4 T
FEA — v BRATUER X 55 2 & XKL Y, 75 AbsSpec H e y, « v, A3 £ 2 AbsSpec , 4K )i 1iF- ]
ImplSpec S5 /25 & T AbsSpec X L 4% y; «— ¥, HEFK 4 #E AL BRI (refinement mapping). 24 T 4 FH TLC K 40 75 K5
5t y, < ¥, T ImplSpec S IR T AbsSpec, F AT AE BB ImpIModule  H S i s X AbsSpec2INSTANCE
AbsModule WITH vy, < ¥,,..., Y, < ¥, , )" K% 2 2 THEOREM ImplSpec=>AbsSub!AbsSpec.

1.2 HmA#iR

TR <3 Fof (b IR 5 SCo3 A3 X ) A1) 24303 (proposer) 7T LS H {8 (value), $% 5% # (acceptor) 11
TEEBEAR, 2 =1 ¥ (learner) 77 22 35 2R 4 1% v (chosen) FRIMIL. 43 A7 2 U ] 81 ) 42 4 1 (safety) i s (L 45

o JEF JLME(nontriviality). HUA gl B H R AO(E A g plaz .

. -BUPE (consistency). 4 2 H A — AMEBLE .

TLA+E B Consensus™ i % i #iik 1 40 A1 UL SR B B Value o BT Al RERL B H 48 A P 4R 4,
CHEAE T HR I (0. A8 i chosen FoR CUE A I BE A e R ARE T R AR (0 AE W AR RS T chosen i
FAGML WA — AT REMIsh/E i # chosen 2525, MM\ Value FFATE—AME v I chosen H (BTIE A v). AR5
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Inv RiE T 70 A0 R ILTR ) A 22 4k b 26 3 4 A E a2 — B v 52 SR T chosen W e R AN SO #E T
1,002 R —/ME kb AR, 4T Spec i /2 Inv, B f5 THEOREM Spec=Inv 37,

‘ MODULE Consensus |
EXTENDS Naturals, FiniteSets

CONSTANT Value Bamifimss

VARIABLE chosen #ugdimss

Init = chosen = {}
Next =
A chosen = {}
A3Jv € Value : chosen’ = {v}

Spec = Init A O[Neat] chosen

| |
I 1
Inv =

A chosen C Value
A IsFiniteSet(chosen)
A Cardinality(chosen) <1

‘ Liveness = O(chosen # {}) |

I T 22 A LLAN, 20 A N IL R o) A A H5 5 P Liveness 35 T G TEI Bk X BN &R & BB gk .
1.3 Paxost#i¥

Paxos & {15 25 M B A% 128 R 40 P A e oA XA ) R A 3 E A, e SR A% 4 19 AR FE 7 BE (non-Byzantine)
e TR BB 7 i e

o FANZHE(WHRNE . H2H S IH) UL B WHE R LIAT, 2 55 1 G & LT (fail by

stopping), 1 7] & T J5 (restart).

o HEWRESIEN BIIA, EEBE R MEREN A SPE L.

15 Paxos 1 B A BB v BEHIN— AN (4 R E— 1) 3R 5 b FATT (b, vy /R $2 1, 2 52 3 1 0 )
Pz B R AR D R B S T AR IS L LA R B (B B I P I L R 8 2 i
A2 (AR — > 2 HUUR (majority). R I Paxos 1] LA ZANE I 21 B 32 52 3 0 . 2 BUR 7 2 — Pk
PRI 4 R Gi(quorum system). BEAE A Q2 S th 32 B4R 6 A IO AN ISR & 0 21 Q WAL LR AN 412,
MIFR Q A — 2 R4

o QMR A M4 74 5 (set cover): UQEQQ =A.

o AEEMAINZ (quorum) M AE AN A A :VQ1,Q€ ©:Q1NQ,2D.

Paxos 11 5 9 I BE AN BE i AN 7 B Bt i B

o L& (prepare)i Bt(LFREE 1 BBt Phasel).

> THrB Phasela: g il H B — LIS b, 2R )5 M I & 852 & (T )R 4fi Paxos Whislfliid A, H 22
SK )45 52 3 v R SEAN IS ROV SRR T RUR 5 8 R SCSOA ) TG #2323 R SR AR 1%
FIA S PSR IE ) A% S5 4 b ¥ Prepare 1 3K.

> THrE Phaselb: i SR — AN 2 H R 4% 5 4 b 1) Prepare it K, 7+ 485 b K F e miRI&Z 1
i Prepare i 3K 114 5 84 B 50K B 32 14 5 s K IR I (L& 4 5 5 i) 111 52 45 4
ML BCE I AR A S TR Z AR 45 /N T b B4

o %% (accept)ir Be (LR 5 2 B Bt Phase2):

> THrBL Phase2a: i SRR WCE W Bk B2 EH P I EA US54 b 1Y) Prepare &K 1IRI&,
2l 1) BT 232 4 R 3% — A B (b, v G Accept 5 R L v Bl 1 4 R1 AT ke s s R [A]
SR AN AT AT, ) v AT DR AT 8 75 U, v A2 3k 228 ] 4 o 5 g K 10 B 13056 P 4.
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> THrB Phase2b: i R — M52 W B A XD, VI Accept 53k, RTEE W AR 45 KT b 1
Prepare 5 sKVE I [R5, e ml ) DA 32 %3 1L
1.4 Paxostii BITLA+# 24

141 % =
Paxos [f] TLA+ a4 3 AN &
o Value:fiTHg 1 BE [ $2 U #8148 B (U1, {v, Vo, Vo ). B A1 L None=CHOOSE viveValue EKxAJE T
Value ) 5:/MA.
o Acceptor: T #:52# M & & (W1 {ar,ap,a5}).
o Quorum: /%52 H B 2 & GE.QuorumAssumption 25 H T I 4 F 45 75 Taiil AL 1 41
BATH BARBER R AT R4 5, 1) BallotENat, 7 -1 s Al R A a b i 21 e /MR IR 5

‘ MODULE Pazos |

EXTENDS Integers

CONSTANT Value, Acceptor, Quorum

ASSUME QuorumAssumption =
AV Q € Quorum : @ C Acceptor
AY Q1, Q2 € Quorum : Q1N Q2 # {}
Ballot = Nat
None = CHOOSE v : v ¢ Value —AREFHeE Value M
Paxos i H SAEMEATIER, TA1E LT A HE ML, LUT R EE L.
= [type : {“1a"}, bal : Ballot]
U [type : {"1b"}, acc : Acceptor, bal : Ballot,
mbal : Ballot U{ — 1}, mval : Value U {None}]
U [type : {"2a"}, bal : Ballot, val : Value]

U [type : {"2b"}, acc : Acceptor, bal : Ballot, val : Value]
| |
I 1
VARIABLE mazBal,
maxVBal, =4l (mazVBalla], mazV Valla]) & a B51LH
maxVVal, #S&KOHEI, WE o EAHBSEEML, WH (-1, None)
msgs CARIEM RIS
vars = (mazBal, mazVBal, mazVVal, msgs)

TypeOK = A mazBal € [Acceptor — Ballot U{ — 1}]
A mazVBal € [Acceptor — Ballot U{ — 1}]
A mazVVal € [Acceptor — Value U { None}|
A msgs C Message

Message

Init = AmazBal = [a € Acceptor — — 1]
A mazVBal = [a € Acceptor — — 1]
A mazVVal = [a € Acceptor — None]
A msgs = {}

Send(m) = msgs' = msgs U {m}

142 & &

Paxos ] TLA+MIZ A5 4 N .

e maxBal:maxBal[a]# " #523# a 7F Phaselb & Phase2b i1 F BL W33 (1) e K 3R U4 5 0 2 a 7K1
Al LA MR N R 5

e maxVBal 5 maxVVal:maxVBal[a] &/~ % # a 3 % i $2 13U i K 4 5 maxVVal[a] (Paxos 1) J 4 TLA+
LA ] T AR B4 maxVal. o T 55 maxVBal b, A SC SO maxVVal) ool g 3 ) S WU AT
75 (maxVBal[a],maxVVal[a]y& 7~ 1% & 1.

o msgs T CAE W BRI R G .25 B WL Z RS I B B M Z AR A S B B AL R
RIE(THR) S sh 1 . Send(m) K535 J& m In AT msgs .4 T 6 Paxos RS 4 AN PR BL IZ L e
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T AR RS 4] < 1an, 1b”, 28" H2b”.
o TypeOK & LT & ANAS B Init 45 1 T AR A T &N A28 B (LY.
143 3 1E
Paxos %ﬂé’a%X‘T 4 PhBAE, 53 B0 N F B 4 AR B

I 1
FE Phasela(b) RiZFEAIN"1a" FHE, HHIRRT N b.
Phasela(b) = A Send([type — “1a”, bal — b])
A UNCHANGED (mazBal, mazVBal, mazVVal)
—HUEE SN b B a" T, ERERIUTIIE Phaselb(a) HHNE b>mazBalla]. Z3E
¥ mazBalla] £ b 3 KL (mazVBalla], mazV Val[a]) EIEAHILE.
Phaselb(a) = A3Im € msgs :
A m.type = "1a"
A m.bal > mazBal|a]
A mazBal' = [mazBal EXCEPT ![a] = m.bal]
A Send([type — “1b", acc — a, bal — m.bal,
mbal — mazVBal[a], mval — mazVVal[a]])
A UNCHANGED (mazVBal, mazVVal)
HIE Phase2a(b, v) BEWHAT HZFHA A0 E 20 (1) MAPITEINE Phase2a(b, v);(ii) Y 7k EH—4
WA XHRR S b 11" S, XA E RN T A& A IR, 5 2 K S IR B AN
L, HAHET SafeAt(b,v) HERHIKAL.
ZANERIE T RN 2a" R, BRI (b, v), WREZHEZZRW
Phase2a(b, v) =
A—Im € msgs : m.type = "2a" A m.bal = b
A Q € Quorum :
LET Q1b = {m € msgs: A m.type = “1b"
A m.acc € Q
A m.bal = b}
Qlbv = {m € Q1b: m.mbal =0}
IN AVae€e Q:3Im e Qlb: m.acc =a
AV Qlbv = {}
viIme Qlbv:
A m.mval = v
AV mm € Q1lbv : m.mbal = mm.mbal
A Send([type — “2a", bal — b, val — v])
A UNCHANGED (mazBal, mazVBal, mazVVal)
— B 120 WA m, SR T A S LY m.bal > masBalla]. BEHHEL
m AR (b, v), i —IC4H (mazVBalla], mazVValla]) £ (b, v), FFHEEEH mazBal[a]
£ b.
Phase2b(a) =
Im € msgs : A m.type = “2a"
A m.bal = mazBal[a]
A mazBal' = [mazBal EXCEPT ![a] = m.bal]
A mazVBal' = [mazVBal EXCEPT ![a] = m.bal]
A mazVVal' = [maxVVal EXCEPT ![a] = m.val]
A Send([type — “2b", acc — a,
bal — m.bal, val — m.val))

o Phasela(b) S F IR MG b % Prepare R E AN mypes la”, U R L4
m.bal—b.

e Phaselb(a):#:% % a WHIZKEA K “1a” v B m At m #4713 5 m.bal KT maxBal[a], ¥
Z# a ¥ maxBal[a] 581 b m.bal, 3K B 4 52 1k 1 e K 4 -5 32 1 (B (maxVBal[a], maxVVal[a])) [ & 45 &
WA B A R “1b” HH5 R 4R W45 m.bal.

e Phase2a(b,v):#2 1 #& KL RHE (b, vy I Accept &K AZENER AT E 400:(1) 25 1 ST A) 5
KA SR S b 3R 1R & T Accept i 3K, Bl msgs FHARAEFESR L g “2a” FLgi 5 b b IRIE K (2)
02 MEWMTF AR AAEEZETIEN NS QQ TINREAHZ & H Nl L H x5 b 1
Prepare i 3K I & 4% 1 7 I SR BUE AR Y Q rh &N 52 3% IR 2 1)l B 58 b {EL(J7 vl Paxos #1013



% 2k % :PaxosStore F ir il TPaxos 4935 ## 5H1b 2343

[) Phase2a 1B BT iRk), 4R i i e 2578 < 2a” (1 314 JEL & R 4 42 33(b, V) ) Accept 53K

o Phase2b(a):#Z# a 2 FA TR B AZBN1E K AT B 4 R A7 75 28 1Y 2 “2a” 19 & m, 3 H. m s 1142
W5 m.bal KT45T maxBal[a]. 5 & 4% 1 Bz i #2525 a K maxBal[a] 52 %7 >4 m.bal (75 2 & 12,
H ARG SR 1 Paxos Pl BI A %k 53 maxBal[a]. SR 11, 7T LA et 5 451 5t 1, 2 SR AS [) I o S
maxBal[a], )1} Paxos AN BERIEE LA IR P2¢ jior), F HAEZ M B m a7 321 (m.bal,
m.valy, 28 J& K 1% e BUE 2 £ 2 k2 (K S8 P R 26

144 17 N
Next %XT?&(@?‘%%.Spec X T SERE AT A,
Newt 2 v3b € Ballot : V Phasela(b)

vV 3v € Value : Phase2a(b, v)
V 3a € Acceptor : Phaselb(a) V Phase2b(a)
Spec Init A O[Next] pars

1.5 PaxosHIf5ik

Paxos IS 1A% Co A T4 52 35 AT Bk AT DA 52 4248, DA B Ik MU 3075 B0 2 (Tl 4 e — 7 L e 2 a 1A
EFRIG S b KT T B 8 i KIR I S5 maxBal[a](t /2 & /& ¥ T LU 52 I3 UK #5t /N g 5) IF, A 7]
R 2 2 AR WL I — J5 T, W A4 52 R AR (b, vy 75 2300 2 P AN G B 4% 1 — R 4R U 5 (IX L 19 b fi 2 % B —
AMRILOZHLI(b,V)), 141K 4 OneValuePerBallot; — Ji(b,v) /& % 42 9, B AR $2 (b’ vy, He b €0...b-1,
V'V, (b VY G AR A LR SR Al AR 2 ik R A% 4 1R SafeAt(b,v).Lamport 48 ] TLAPS(TLA+ proof system)
iF B T PlPaxos HRSLIE 1 () S B AR T IR I AN 4 1, B0 20 AL 1 P A 41k ik RE AT Paxos A IE A 1

O T S A MR A _F 3R A% 0 ) A Lamport $2H T — AN L), 388 Voting®HL7E Voting T AN
affhsk 4 maxBal[a]. HL 4k, & 38 4E 38 v £ 52 1 1 BT A 32 13 votes. iZ L2 L & AN B4 - 4F IncreaseMaxBal(a,b)
WL a v LUR A B 2 maxBal[a), Zsh/E X T Phasela 55 Phaselb 7/ Bt 7E VoteFor(a,b,v) 1, % %4 a
BRI 5 2 N5 3 MNE IR AAIE T OneValuePerBallot 45445 4 A& A HIIE T SafeAt(b,v)4¢
PF,iZ 5 XF BT Phase2a 15 Phase2b i .

‘ MODULE Voting

EXTENDS Integers, FiniteSets, TLAPS

CONSTANT Value, Acceptor, Quorum

ASSUME QuorumAssumption = AV Q € Quorum : Q C Acceptor

AY Q1, Q2 € Quorum : Q1N Q2 # {}
Ballot £ Nat
VARIABLES votes, maxBal

TypeOK = Awotes € [Acceptor — SUBSET (Ballot x Value)]

A mazBal € [Acceptor — Ballot U { — 1}]

Init = Awotes = [a € Acceptor — {}]
A mazBal = [a € Acceptor — — 1]

A

IncreaseMaxzBal(a, b) = A b > mazBal|a]
A mazBal' = [mazBal EXCEPT ![a] = b] fiki
A UNCHANGED wotes

VoteFor(a, b, v) =
A mazBalla] < b #srkis
AVt € votes|a] : vt[1] # b
AV ¢ € Acceptor\ {a} :
Vot € votes[c| : (vt[l] = b) = (vt[2] = v)
A3 Q € Quorum : ShowsSafeAt(Q, b, v) Wk SafeAt J&tk
A votes’ = [votes EXCEPT ![a] = votes[a] U {(b, v)}] #=
A mazBal' = [mazBal EXCEPT ![a] = b] fEkif
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Neazt = Ja € Acceptor, b € Ballot

V IncreaseMazBal(a, b)

V3 v € Value : VoteFor(a, b, v)
Spec £ Init A O[Neat](votes, mazBal)

VotedFor(a, b, v) = (b, v) € votes|a]
DidNotVoteAt(a, b) = Yv € Value : = VotedFor(a, b, v)

ShowsSafeAt(Q, b, v) =
AVa € Q: mazBalla] =b fEhidkik
Adece —1..(b—1):
A(c# —1)=3a € Q: VotedFor(a, c, v)
AVd e (c+1)..(b—1),a € Q: DidNotVoteAt(a, d)
CannotVoteAt(a, b) = A mazBal[a] > b
A DidNotVoteAt(a, b)

NoneOtherChoosableAt(b, v) =
3Q € Quorum :
Va € Q: VotedFor(a, b, v) V CannotVoteAt(a, b)
Paxos [N KB, SafeAt 1 OneValuePerBallot, i /& T XA ZAFEIW {4 Consistency J&
i
SafeAt(b, v) = Ve €0..(b—1): NoneOtherChoosableAt(c, v)

OneValuePerBallot £
Val, a2 € Acceptor, b € Ballot, v1, v2 € Value :
| VotedFor(al, b, v1) A VotedFor(a2, b, v2) = (vl = v2) |

1T~ VoteFor(a,b,v) T BT A 4 4 2 0 (4 80X — 42 Ja (5 )2, Voting m U1 43 A 2 He TR i 7 1 4 vh AR
W7 %M Paxos A& Voting (1943 Aii 38 528 52 Fs I, Lamport #4787 M Paxos | Voting LA & M Voting £ Consensus
(KR pr e R

2 TPaxos il R EH#ES

AT B2 TPaxos Hhi, 2R 5 IR UE 4T A48 it Paxos BipMHE 3t TPaxos #i%.
2.1 TPaxostfrisl

1 TPaxos Wb i1 1S 55 5 (BB R A /U GE N AN ERIRI I AT 3R 0% . 2w 55 181X 3
Tl £ 5. TPaxos T BB B2 AL AE T B G — M7 e N A S 5 H %4 5 — RSB, R 4 — i X 1T
BT AT AH EL T 5 Paxos K3 Ak 2 A8 $10CE 5 H2 # E 97 A R PR S R B (BRI 4L 47 AN [ (048 &), O HL 7%
4 TP R P 4 ASFRBL NIRRT 3 A A G IR S AL 5 B2 SR 5 N 4 B AR
WO FE.

& TPaxos ' S AME L P& —A 7o écb, vy, 3 b RRIB M G 5 v R E. G258 p 59— K
/IR N RPIRZS 1) o SP L op, 22 55 b I A 1) AL, 30 A SP L3R p X g L EEIRE (view state) Fr k3, 1 R p=q,
WFR SP A p 27 51 bRk 25 (actual state). 5 ASIRAS SO gk (m,P)im o q 2 i T RS2 B2 U B /N 5 P 3%
7R q Bl RS AR, V) AL T SP.m,S.P, S Pb 5 SP.P.v Uyl AH M KPR 43 5

£ TPaxos 1,2 5% p Jikéh q Mg BER WL N M |, =(S0,80) WM& ¥,p 2K B 5 LR
Sp AL Rt g MIMEORAS SP —il R IE4 q.

2 55 3% 2 8] 1 AH FLAZ 45 1 S B A BT BERTIRAS I 0 A 3 W 15 A A v AT R Ak R R
T 5 TPaxos (AT L 72 5 Paxos AL 143 by w5 AN Bi BE (D4 AR A5 ] 2 BT o).
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Algorithm 1. TPaxos in PaxosStore
Procedure Prepare(b)

1

2 if SP.m<b then

3 SPm«b

4 foreach remote replica node q do

5 send Mpq

6 Procedure Accept(P;)

7 if {vSP €SP |S2.m=PR.b}x2>[S| then

8 if { VS € SP|SP.Pv = null }>0 then

9 P’«the proposal with maximum P.b in SP
10 SP.P« (Rb,PV)

11 else

12 Si.p«P

13 foreach remote replica node q do
14 send Mp_,q

15 Procedure OnMessage(M,_,q)
16  UpdateStates(q, sg)

17 if SPm<SimorS)Ph<SiPh then

18 send Mq_,p

19 if Sy is changed then

20 if IsValueChosen(q) is true then commit

21 Function UpdateStates(q, sp")

22 If Sim<SPm then Sim«SPm
23 If S1Pb<SPPh then SIP«SPP
24 If Sim<SPm then Sim«SPm

25 If sim<SPPb then SIP«SPP

26 Function IsValueChosen(q)
27 n'«occurrence count of the most frequent P.b in S
28 return n’x2>|SY|

Fig.2 Pseudo-code of TPaxos
Kl 2 TPaxos thfUHY
(1) HE&BYB
e Phasela MBS 5% p it — KT SEmAHISH 'S5 b, BT SP.m 2 b, AR5 | AT 5 2 53 qzp
RIEWE M L, =(SP,SP) (A Prepare iif3K).
o LT (OnMessage) - Fr Bt 2 5 q W BDJFALER A p MIEE M L, =(S).S{).
> EE.q MR S) T AMUIRGS S) 5 S LARTE AR TE S ) BT
1) AR Sm < SPm JUPKS Sim BB 4 SP.m XU T Paxos ) Phaselb ffr Bt
2)  HERIEVCAR S].m < SP.Pb,NLKE STP SR N SPP XA T Paxos ] Phase2b B Bt
T EALHE R B (A% 0 & Phaselb 5 Phase2b 7B Bt & . 75 B3 B F 2 MR 9% TPaxos HID91%
5,0 SE AR A 5 B2 AR WL (LI 58 2)20 S3.m < SP.Pb Ky SI.m T g B ). AR 3 1K IR 5
P55 A0 q e AR BUE MR AR
> ARJE.q ARIEAHLIRAS 7] & SY AW e A Tk, WL IsvalueChosen(q).
> RJE RSP LRSI SRS EIH R4 q i p ZIEHE M, =(S4,S]) .
(2) kB
e Phase2a T'HrBeZ 5% p MRHEA HCIR A 1 &SP 3R IR 22 45 /T LU R A 4 B 1L P=(b,v)i) Accept i 3K.
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EERAAERA WS QAN+ Q PR S LA q #li AL S§.m=b JXLMW,p WEH| Q HEANZ
58I T 9 %5 4 b 1) Prepare 1 5K AERX B U0 T p KR I SP i E 1R I v WUR X TN S 5
& QRSP Pb=-1 (M p RME RIS 5 H H A AEMHB), N v o O AEEAR, AW,y 2T

EMEM L, =(8),S7) (R Accept ii53K).
TEAZBY B, PR T SRR G =GB — AE TPaxos H,p ARG T T S 5 3 MM LR A E v, i A
BT Q P S 58 58 4 TOHe iR dun (o] b BRI Aol 2 001 25— p 7EM T v 5 SLELR A HUIRZS S )P
B E A0,V 5 3 A IR I 0] Ok ) )
o THEALTET BB A B b T S A BT B .
2.2 MPaxos#t S TPaxos
QT TR TPaxos K 48— RRES 55 48— BV JE IS B 31X A B T K5 140 17 v 280 1) LR SE T AR XA Rt
W55k T TPaxos 5 Paxos 2 ] i £ 72 5 45 PR A TPaxos it il T B f5 . 475 23 4 A0 BRG] A Paxos HES H!
TPaxos, fli 3 TPaxos 1] & 1 Paxos [f1—Fh H 4R A4, 3 b T B fi#.
I SRR
TPaxos 2 i LABERE R 45— HPR A 2K NG 1E TPaxos W 842 5 H #FIN BAA #IE . % H 5%
AFMMO. TN, HTZ 5% p BRI UCE W RAEZH PrLh p FE4ET RS (m,P), i m =2 p 2k m L
SR B NS P=(b )& p mIE —IRLZ IRV — BT p MEENE ERETAMAN ETH
AR O L P T UL p i T Z Ay e X AL TG 2 5 #F SR 48 BTk 7E TPaxos 1\ 45 5% p &
BT — AR/ N FIRAS r) i, B SP.
I & HENE
FEIR M GE— LAl B, B ATHE— D 2R AR p & q 345 I, p K& B SOIRAS SPRIE 255 21 R
ST P BRI R G — S IR TR O P A T AR B IR I e Bl 1a” < 2an S AR AR B LXK 4 2 A T
BER N DGR R T 28— B2 AL 50 A0, IX D 3 AN SRR p Xt g IR SEIRZS SP . TPaxos SR H H &
KM L, =(SF,80) 1, S§ KIAERPRAESS 1V D HES iRk,
NI g8 R
Paxos fif Fl 718 H 2R LAX 23 4 N TR BE A T 483X 4 Fiily B2, Fefl 1 e 1 A T 4] 45— F 28 7 B AR S
TV T 4R JRE Sl i T R S X T B B
a) KB Bt Phaselb &5 Phase2b 4i— i & ik 3B Bt
e —J7Ii,{E Paxos ML £ 1) Phase2b(a) B 1F i 5% 4 a AE #3228/ O “2a I H #5415 $¢ 18 (m.bal,m.val) ff1 74
Bom B A B T (maxVBal[a],maxVVal[a]), th [7] i maxBal[a] ™ %74 m.bal(4< 4 m.bal=maxBal[a]
FRAT). AR U B 2 a AE S BEAR U, v DL IR H S P 7 L R N S TR T AR
o UL 1P HES B2 HE q RIOR A p 145 S S) A S SRS 5 m et p Sl i
Z M P=(b,v). M4 Paxos 1) Phaselb i B, W41 Sf.m < SP.m J&57,q AUkE SJ.m B35l S2.m AR
M AT F) #54F SI.m < SPPb AL (FERL, SI.m T fiE ST, B4 q T LLEZ 4RI SPP
2 L JTidk 7% Phaselb 55 Phase2b i Bt 42 52 35 #5 n] L(TE % 45 B IR 0 ) BB R 7R i ] e 32 42 . 1
I FRATT AT DO IR B AT SR — S — AN B BT R AR B BT B R A B B TR N P HE S p AT R RE R
q B EOIRZS SP IRIEES 11 25 4 S A Y 0 AL BR B B A 6 S F ST, AN G0 85 % S S8 e b g 7 22
¥ S M2 45 p. 55 TPaxos f 28 AN R 1% [P SR TE A A AT (LI REAE S IV DA igig.
b) Vi BRI B AR,
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281w I AT B A RS B I A 3 AN B R HEA I B BRI B S T B B A T X
I3 NI B (G — N )T B A T S A AR AT R T T AT W I L A A R T LU G 11
o EYE,7E Paxos 4528 1 i ) W B (7 B S I JE “lan ik St “2an K A i 3E N Phaselb it Phase2b
T Bt TAE S 1-a) 2 #E 5 B Phasedb &5 Phase2b # 4t — i BAL FERY B, B LAAS 7 B IX 20 1 H 2K
#“1a” 5“2a”.
o IR, 7E Paxos 1] Phase2a(b,v)¥ Bt $& 1508 i BLSCAEZR R Sh “1b” HAE w32 1 45 b I B e
R BOE R EN X 5 b ) Prepare i K M5 7E TPaxos 1,2 5% p Wl LUl S2.m =b /& 15 fiar
KW g A5 R IE T IXFE R R
o A fF Paxos 11,3 57 I S AL “2b” (13 A A B deod e 52 I AR UL AN 4 % > . il T 1 TPaxos 7,
Z 55 R BA 3 A, IR T 75 2R IE %I B 5 15 38 T DA A% iR 28 ) &2 80 W2 15 6 12
WL,
IV. He 5 AL B By
TEH W-a)BHE T, 2 55 70 BAL B B B 5 HOSIDIRES To 4 AP B 52 4500 B R 6 3 X 5 BUT &
PIAN 2 535 2 NVAR 2 0K 10 B J2 26 9 5, 28 e %% B IFIRASAE B8 17 3k S X B o0 TPaxos 1 17 T fiAk:
G KIS q BT R p ook g ROERRE Rt U4 I B R BV M L, = (80,8¢) ;LR 7E g 1Y
T RAL BN B, U M M SORES P LLEHT 1 SRS ZE IR g A IR E M, =(Sd,S7) 4 p.

3 TPaxos 5 TPaxosAP BY TLA+# % A uE BR

AT TLA+HE IR TPaxos. BATIA IR, TPaxos B SUH 1t Hh 4711 43 56 T BEAH oK 78 43 1 BH (R0 2 Ak A 30
SR B, 25 3 S AR AN TR A2 B AT S /NGRS AR 0 R R U 3 2 SR B B2 A 21X M]3 Uk TPaxos (1)
PIRRAS [F) B, AR A T AT 4R H TPaxos f—Fh A2 78 Fx ) TPaxosAP.7E TPaxosAP 1,2 53 42 52 $2 U 1 7K
Wi AR AE TLA+ILZ) S 1T, TPaxosAP 15 TPaxos( 5t E Ak i# J 2 52 #2130 AH 2 HL /N AR HIR I T AN [l (¥ £ S AL .
FARSKE, Paxos T IKIH 214 Voting! W i& Bl T TPaxos, £ AN AE 56 24 %1 i TPaxosAP [{147 k76 A, A 144
244545 W] TPaxosAP 5 TPaxos A [ 2 4k, 318 1IE TPaxosAP f IEfffi 1.

3.1 TPaxosEYTLA+#M £

311 W &

L5 Paxos % 3, TPaxos [t TLA+M A 4075 3 i &,

e Value: It Al B8 B UUHE M B 46 A (1 21 {vq,V,,v3}),None E 7R A& T Value 134N H.

e Participant: T4 2 5 & # B ER 15 (B WI{p1,p2.pa}), BN Z 5 F AR IR IR AR W . Bes2 i H2E 214

e Quorum:HIZ 5 #H BRI RS

h T R A 5 AL AR 3R R 5 R 2 A Accept 11 3R, Fk AT Bals(p) 2 T4 lid vT 1K
B SEIn,py AHI{1,43,p2 BEFI{2,53,p5 11 HI{3,63)(Paxos HIL AR HI 191 53 B 42 13020 5 (1 17 535 A7 14 i
[H: %% —,7& Phasela(b)tj Phase2a(b,v)§ Bt 18U H A48 B SR i BUA] AT SR WCH AT 28 =, B 7E
Phase2a(b,v) " J# ik i BB R T de 2 Hoa Pe A —ANE B IS 5 b [ Accept i 3K ). 2 7 Ballot J& BT A 7T &
B 5 M R SR A NP 22 535 50 H Pindex i 535 43 it T & 51.
312 & i

f TPaxos 1, MASHFHES — MRS E, AT AR EFRE U LES I MSH5EHRERE S
5 2 (A28 ¥ AT 48— A T B AN B TR A 1) gt R T 08 L TR TR B TPaxos 1) TLA+RLA TR B4k 4 in R

o state: & RPIRZAHIE L state[p][q] %2 5& p XS 5% q KIMEGLIREWD S ) state[p] W& p 4E

PPIRZS 1) (R SP). AEAN IR (G XL state)f5, & 3 4N 2> fit (maxBal,maxVBal,maxVVal), & X 5% 2.1 75
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I (m,b,v) — % B

o msgs T UK BB IIHES Message R T A W REIITH R, B8 X TR S — 1M B 2EE R
FH T AT R R R, B AT B A R FEAS IR A 1) B R B ] LA T AR P O
5E [0 IR SR B AT b 2.

TypeOK #5317 45 & state 55 msgs MIZREIZI T Init 25 1 T WI4A RS N AR i state 15 msgs [{I1H.

MODULE TPazos l

EXTENDS Integers, FiniteSets

CONSTANTS
Participant, S5#%%4
Value, ZHHERNFEES
Quorum

None = CHOOSE b : b ¢ Value REFHs Value K5I
NP = Cardinality( Participant) % 5%%%

A

Quorum = {Q € SUBSET Participant : Cardinality(Q) * 2 %NP +1}
ASSUME QuorumAssumption =

AY Q € Quorum : Q C Participant

AV Q1, Q2 € Quorum : Q1N Q2 # {}
Ballot = Nat

Mazx(m, n) = IF m > n THEN m ELSE 7

Injective(f) = Y a, b € DOMAIN f : (a # b) = (f[a] # f[b])

Plndex = CHOOSE f € [Participant — 1 .. NP] : Injective(f)

Bals(p) = {b € Ballot : Y% NP = Plndex[p] — 1} #%% b SRLHAZ5%

| |
A

I
State = [mazBal : Ballot U { — 1},
mazVBal : Ballot U{ — 1}, mazVVal : Value U {None}]

A

InitState = [mazBal — — 1, mazVBal — — 1, mazVVal — None]
Message = [from : Participant,
to : SUBSET Participant, state : [Participant — State])
| |
I 1
VARIABLES

state,  state[p]lq]: Z5% p WHHH q MUERE

msgs B RIEH RIS
vars = (state, msgs)
TypeOK = A state € [Participant — [Participant — State]]

A msgs C Message
Init = A state = [p € Participant v~ [q € Participant — InitState]]
A msgs = {}

Send(m) = msgs' = msgs U {m}

313 3 fE
TPaxos & 3 MENME, 70 Al & KR HE & TE K . 5B AL B DL KRR Z 18 K.
e Prepare(p,b):Z 5¥ p IR ING S b, Ll Prepare iFK. TR b WAL p Mgs, i+ H
b>state[p][p].maxBal.p 24 state[p][p].maxBal ¥ 574 b, 4R 5| 6 24 i A Hu R 2 1) & state’[p].
Z5% p 8N KT state[p][p].mazBal 45 b JFif Prepare BB
Prepare(p, b) =
A b € Bals(p)
A state[p][p].mazBal < b

A state’ = [state EXCEPT ![p][p].maxBal = b]
A Send([from — p, to — Participant, state — state’[p]])

e OnMessage(q):Z 54 q AE AT 8 memsgs. 43 m (& 1% #1224 p2m.from. KA 2 m.state[p] A
HE m BRI p KM A S EIORE.q BRI mstate[p] A MRS M=, A g HESORE
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state[q][q] LA A q XT p HIMLEIRZS state[q][p], ). UpdateState(q,p,pp=m.state[p]).H: =7, 1 3 4% 50 Bl 5%
WG 3 KR ESORE, W5 2.1 1 ik AL« e Ve ki (K state[g][q]. maxBal 581y pp.maxBal) &
¥ (4 9 #% state[q][q].maxVBal 5 state[q][q].maxVVal ¥4 pp.maxVBal 5 pp.maxVVal)” X P40
BRARJE WA p X g FIOMELIRAS m.state[q] b B85 1 state' [o] [oIRAZEIH, U g 737 417 A KRS W)
it state'[q]. 55, 0 T kS q A ZEHLE S ACER I E maZ AR g A mto hEERR.

Z25% q WERHE p MIHE, MRAEHEPHHI pp 5 EREH HERE state[q], 1208 B e %L
OnMessage(q) WH.(pp = m.state[p], pp EERZE T UL p MEIDRE state[p][p])
UpdateState(q, p, pp) =
LET mazB = Maz(state[q][q].mazBal, pp.mazBal)
IN  state’ = [state EXCEPT
1[¢][p].mazBal = Max(Q, pp.maxBal), A&k
![¢][p])-mazVBal = Maz(Q, pp.maxVBal),
![q][p].mazVVal = 1¥ state|q|[p].mazVBal < pp.mazVBal
THEN pp.mazVVal ELSE @,
1[q]lg)-mazBal = maxB, dkikmEES
1[¢][g])-maxVBal = 1F maxzB < pp.mazVBal #%
THEN pp.maxVBal ELSE @,
1[q]lg])-mazVVal = 1F mazB < pp.mazVBal #:%
THEN pp.mazVVal ELSE Q]
2 5% q WEIE B
OnMessage(q) =
Im € msgs :
A g € m.to
ALET p = m.from
IN  UpdateState(q, p, m.state[p])
ALET gm = [from — m.from, to — m.to\ {q}, state — m.state]
nm = [from — ¢, to — {m.from}, state — state’[q]] FHL
IN IF V m.state[q].maxBal < state’[q][q].mazBal
V m.state[q].mazVBal < state’[q][q].mazVBal
THEN msgs’ = (msgs \ {m}) U {gm, nm}
ELSE msgs’ = (msgs\ {m}) U {gm}

e Accept(p,b,v):Z 5% p KA XL (m,b,v) ) Accept i 3K,

>

>

LT E AR WS b £S5 E p WAL 5, TR 2 A S 55 385 8 A ) 1 48218
YT b KAt Z A Accept 153K,

W2 A E AR S S H 82 T SR 0P8 T IR A8 i 7 8 R 12 4 - 1 0 P AR
1 5 M5 5% prps, LK 3.1 5%, py 14T Prepare(1).po~ps W £1% Prepare 153K J& , SRR &5 f [F1 &
pr JLI T S5 H MRS WK 3 58 14T s B4 ,po AT Prepare(2).p; F ps i £]i% Prepare & 3K
Ja BUHRRES IS po, WK 3 5 2 1T 885 ,po AT Accept(2,vy).ps I Ei% Accept i 3K BUBHRIRE,
HH 3 5 3 AT U py BB B A AR R pa~ps, B AT maxBal o 14K BAHTE A
2=state[p][p].maxBal<<b=1,l1] p, i LLFWAT Accept(l,vy),FFHE52 4R IN(A V). XHEY T B AN 52
5 /NT state[p][p].maxBal=2 (#4157 k) A& % .

i 3 AN B 45 L [F LRIE OneValuePerBallot Bar, iE B W55 3.3 15 L i 55 3 A1 & 4¢ PF A B
7, Bl state[p][p]. maxVBal=b, | p ELE4HAT I —4~ Accept(p,b,v). 28111 (XA 25 3 ANAl & 4 AF 5
ANHEBES p 2 IRIAT Accept(p,b,v). X & K 4 ,p T HES{EZ J5 ) OnMessage s 1F HH 52 LA B K
95 WL B AT AH 75 state[p][p].maxVBal>b.

&4 ARSI ERGEREAN NS QeQuorum, fifF Q HINEANS 5% g WMEIE T b 1
Prepare i# 3K, B 45 state[p][q].maxBal=b.

55 A BRI IR T HLYE A MR 7S ) i state[p] e (E v ISR 6 A BB p MBSO,
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Bl p #5532 T3 80bv). 55 7 A B RS [ b 2 5 5 T i A HUIR 25 17 & state’ [p].

|__pu:Prepare(1)=pz,pa,psps |

1 -1 1 1 -1 1 1 1 1 1 1 1 1 1 1
1 -1 1 1 -1 1 111 111 1411
P1 1 -1 1 P2 -1 -1 1 pP3 1 -1 1 P4 -1 -1 1 Ps -1 -1 1
1 -1 1 111 1 -1 1 1 1 1 1411
1 -1 1 1411 4 -1 1 4 -1 1 1 1 1
[ poPrepare@=pips |
2 -1 1 2 1 1 1 -1 1 1 1 1 1 1 1
2 -1 1 2 1 1 2 1 1 1 -1 1 111
pmo1 -1 1 pp 2 -1 1 Py 2 -1 1 ps -1 -1 1 ps -1 -1 1
1 -1 1 111 1 -1 1 1 -1 %L 111
1 -1 1 111 1 -1 1 A1am N 1 -1 1
[ prAccept2v)=pips |
2 2 9w 2 1 1 1 -1 1 1 1 -1 1
2 2 v 2 2w 2 -1 1 -1 1 111
P1 1 -1 1 P2 2 -1 1 P3 2 -1 ale ps -1 -1 1 ps -1 -1 1
1 -1 1 1411 1 gl 1 -1 1 1411
1 -1 1 111 11 N 4 -1 1 1 -1 1

Fig.3 Anillustration for the second precondition state[p][p].maxBal<:b of Accept(p,b,v)
Kl 3 EFXT Accept(p,b,v) 158 2 AT & 4 1 state[p][p].maxBal<<b #1741

Z5# p BRI b(b NiZ55T Prepare MBI b) FIE v,v HIEFEH Paxos 4% 77 2 EH FI.
Accept(p, b, v) =
Ab € Bals(p)
A state[p][p].mazBal <b  XBLT Voting 51 4R
A state[p][p].mazVBal # b #RiT Voting H 2 4k
Nl Q E Quorum LRI T RS MK Prepare(p, b) MM
AV q € Q : state[p][q].mazBal = b
A AR A 1 E
A VY q € Participant : state[p][q].mazVBal = — 1 i4ta s
V 3 q € Participant : v £HERGH S B R IHRBOT R
A state[p]lq].mazVVal = v
AY r € Participant : state[p]|q].mazVBal = state[p][r].mazVBal
A state’ = [state EXCEPT ![p][p].mazVBal = b,
![p][p]-mazVVal = v]
A Send([from — p, to — Participant, state — state’[p]])

314 1T A
Next 58 X T KA ZR.Spec & X T 52 AT MY,

Next dp € Participant : V OnMessage(p)
Vv 3b € Ballot : V Prepare(p, b)
V 3v € Value : Accept(p, b, v)

i3

Spec = Init A O[Next] pars

3.2 TPaxosAPESTLA+# £

TPaxosAP 5 TPaxos )M — A [Al7E T 75 11 B AL HE B Bt ,OnMessage(q) ) UpdateState(q,p,pp) 1.2 5 # q /&
132 $2 1% (pp.maxVBal,pp.maxVVal) J& /5 4 % .

TEERCE 2,7 TLAHZ Al q eS8 1RU3UIN4c 1 state[q][q]. maxBal < pp.maxBal {1 ] /) /& 4
HI i state[q][q].maxBal, i A& 45 TPaxos ARAEALE FH T 46 11 4 % 1M 52357 i (1) maxB.
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Z5% ¢ WEKRA p MIHE, HREHEFHEAFH pp (5 EREH A RS statelq], %R R
OnMessage(q) WH.(pp = m.state[p], pp WHEAETIE p MFHIURE state[p][p])
UpdateState(q, p, pp) =
state’ = [state EXCEPT
![q][p]-mazBal = Maz(Q, pp.mazBal), fi&i
![q][p]-mazVBal = Maz(Q, pp.mazVBal),
![g][p]-maxVVal = 1F state[q][p].mazVBal < pp.mazxVBal
THEN pp.mazVVal ELSE Q,
![q]lg].mazBal = Max(Q, pp.mazBal), {&ik
'[q][g]-maxzVBal = 1F state[q][q].marBal < pp.maxVBal #%
THEN pp.mazVBal ELSE @,
[q][q]-maxVVal = 1F state[q][q].-mazBal < pp.mazVBal #%
THEN pp.mazVVal ELSE Q]

T EATI 264 Ui B TPaxosAP 5 TPaxos FIAN A Z b RS HE q B TKA p FHE, HENEQE
(m,b,v)2(state[p][p].maxBal,state[p][p]. maxVBal,state[p][p]. maxVValy, H. m>b. a1 5% p KPR &4 56" T o, kbt p Lt
q ZHATL JLIK Prepare 5 Accept, %} TPaxos 5 TPaxosAP K iji,q #B Al LL7E OnMessage(q)H BEAF 7k i L1252
PRI EART 5 46 TPaxosAP i (state[q][q].maxBal,state[q][q].maxVBal,state[q][q].maxVVal )4 5 Hi Jj(m,b,v).iX
A LUETE q 264 30508 A (b, b,v), 2R )5 T 58 57 5 (m,b, vy, AH 24 F q e A0 3 T &1 X2 10(b, vy ¥ Accept 15 3K, 48 JiF kb 3
T ARSI IGR 5 m (1) Prepare 1% 3K 4R 1M 7€ TPaxos H,q 2K & 1) B SR A T B 28 (m,—,—) (R /- AH B4 B AR FFAS
) XA AT q SEALER T BRI T m ) Prepare i Sk, T3 BUE AN BETT £ 5242 (b, V).

FATRAEEE 4 7 iRIR TPaxosAP Al TPaxos AU M AN [A] (I BEE ML AR MR T L3815 5L, TPaxosAP 1y
TPaxos 71 S Br B FH t %A 8 KX ).

3.3 TPaxos5 TPaxosAP &Y IE #i 4

PAUE W] TPaxos 5 TPaxosAP j# /L £ 1.5 54144 1 4~ 4 £ OneValuePerBallot 5 SafeAt(b,v), T $RiIE T
— 5V (consistency) Z 11 .SafeAt(b,v) i Accept Zh{EHIEE 4 A 5 ASE M€ v) RE, JHIEW] Y Lamport
{1 F TLAPS iiF B Paxos [1-F¥rBt Phase2a {filF T SafeAt(b,v)PU2E 1L, R i B ATHE B TPaxos 5 TPaxosAP i /&
OneValuePerBallot. i%iiF B {XH £ Accept I ERHT 3 ANHT & 4% 44, KL X TPaxos 5 TPaxosAP #iil . F A58/
PR TR B0 5 | .

313 1. XMEEZ 5 p/ e MRS5S state[p][p].maxVBal J& (A1 7™ 44 ) B i 3 48 ).

513 2. WHEES 58 p, B v AR IR W BN 5 Ih 4 R T35 T2 #2048 U 5, BRIV AL :

state[p][p].maxBal = state[p][p].maxVBal.

OneValuePerBallot f#iF X} F{T 242 U4 5 bt 2 % N — AN ZI(b,v), B 2 $AT K Accept(_b, ) (%R
%03 5] AR EAE) . E F Accept(Lb,_)BIEE 1 /MW7 E 41 beBals(p)ZEK, R A b A1 # p AR H b 447
Accept(p,b, ), it R FLARIES 5 # p i 2 AT — IR Accept(p,b,_) B AJ fR1E OneValuePerBallot.

RAEN % t,2 53 p W4T T Accept(p,b, ), state[p][p].maxVBal=b.Hi Accept(p,b, )% 3 AN B & &1
state[p][p].maxVBal=b F] 41,p /A HEFE state[p][p]. maxVBal=b 1% ¥t T $147 Accept(p,b, ).

WS H 1LETENZ v =687 state[p][p].maxVBal =b.2 state[p][p].maxVBal>b I HR4E51#H 2 A5,
state[p][p].maxBal =state[p][p].maxVBal>b. i T Accept(p,b, )15 2 AN Fii & 444 state[p][p].maxBal<<b [ FEHl,p
TERZ) v =t WAREHAT Accept(p,b,).Z% LTk % T84S b, EMHEE p 2 R M b $iT—
Accept(p,b,_), T {R1IE T OneValuePerBallot.

4 TPaxos 5 TPaxosAP B9#5 1k

A5 857, )\ TPaxos | Consensus LA & TPaxosAP ] Consensus [% 4t ¢ & .4 T TPaxos, 3 A 141K FH Paxos
AL FE 1 Voting™B LI (55 1.5 715), 8257 T M TPaxos F Voting {1 k5 44 ¢ & %1 T TPaxosAP, B AT & ¥ Voting 3 A
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AE 56 14 %) ] TPaxosAP FIAT A, IR, FRATT ¥ g thh 7 —Fios i BB, #R 1 EagerVoting.EagerVoting L 142 5
BAEF ARV A I A H L Paxos/TPaxos S “th™ it “ AN P4 52 HAT S /N 5 (KB 0 R AR AR AT o
T M TPaxosAP | EagerVoting L & )\ EagerVoting %] Consensus f{# {156 5.

F YT 5 E F,4E TPaxos 5 TPaxosAP #4111 Accept(p,b,v)EI1E 2 53 p 7o 0T & 400 2 TS0 N, 75
BENLYE AR A 1) i state[p] i€ {H v.4K 10,75 Voting(B 1.5 1) 15 EagerVoting(#5 725 4.2.1 T /-4 1K
VoteFor(a,b,v)a 1 1, 2 55 3 f5 EARSE A WS FPRA(MA R ITE 2 5 2B vIZIFEAN 2 50 s ) 1E A
P AR AR UF A7 TE S 2L 15 L, 15 P AN 5 S0 58 16 v (E AN ). IX 45 14 2 A\ TPaxos % Voting LA & M TPaxosAP
#I| EagerVoting FIRE1b 5% R 3 i T KRS 4 b, 26 A1, AT11& 0 TPaxos 15 TPaxosAP [ Accept(p,b,v) 3 /&, B H “ M
W E AR v IO TT 28 (FATTRE TR PN AR € 1) R4 N R K AR 55—, 48 242 Voting 1 VoteFor 3, 48 1R
“NAAR S R E AR v 7 G285 R A R AN TR (“BAE (B v 1) J7 SE ¥ Voting 2 [) 3 SRS 16 5% 31 2). 18 T
Jii ) Accept(p,b,v) B 1 il F BT,

Z 5 p IFRGS b(b FLZ5T Prepare MBI b) A v,v HIIEFFEA Paxos 14575 30 A2 Ml F
Accept(p, b, v)
Ab € Bals(p)
A state[p][p].maxBal < b BT Voting 114 1 Z4TA
A state[p][p].maxVBal # b %BiT Voting %2 % &R
A H— AN 2 R RS i
AT Q € Quorum : WESIT" B4 K53 Prepare(p, b) HIEE
AV q € Q : state[p][q].mazBal = b
A VY q € Participant : state[p][q].mazVBal = — 1 Bl
V 3¢ € Participant : v RS SHARIIEB B K
A state[p][q).mazVVal = v
AY 1 € Participant : state[p|[q].maxVBal = state|p|[r].mazVBal
A state’ = [state EXCEPT ![p][p].mazVBal = b,

’[p} [p]m(liEVV(ll = U]
A Send([from — p, to — Participant, state — state’[p]])

4.1 TPaxosHitE 1k

TPaxos KHU 755 Paxos AH [l (45 ZZ ML, & 7T LU Voting 42 (55 1.5 45) e %1 i A< 15 Ky 78 M TPaxos %)
Voting ¥R £k ¢ 2. TPaxos H 3N 1E 5 Voting H (5l 1 77 4636 WA X6 B ¢ R B AT
e {E TPaxos [f] Preapare(p,b)',2 5 % p ¥ state[p][p].maxBal ¥4 £ 8 K L4 5 b.iX %t 3 T Voting
t IncreaMaxBal(a,b)sh 1 (I Ak a=p). E 44T 7, Prepare(p,b) 1 i & 45 state[p][p]. maxBal<b %}
F IncreaMaxBal(a,b) * {1 1 & 4 7F maxBal[a]<b. %3 4t Prepare(p,b) # {1k 2 5 37 (% state[p][p].maxBal
TEHT A b)th X T IncreaMaxBal(a,b)H Bk 25 5557 (O maxBal[a] s #i 4 b).
e 1E TPaxos [¥ Accept(p,bv)H,Z 5% p fEMfiE l v )5 MR T $#213(b,v). X% B T+ Voting H11#)
VoteFor(a,b,v)Zh £ (4 a=p). &M=,
> Accept(p,b,v) T HI4E 2 /AN HTE 414 state[p][p].maxBal<<b 5 % 3 4N & 41 state[p][p].maxVBal=
b 73 7% W T VoteFor(a,b,v) 1 AU ES 1 AN & 45 fF maxBal[a]<b 555 2 A~ 4 1F:
Vvtevotes[a]:vt[1]=b.
> \oteFor(a,b,v) T 155 3 NRIE £ 1F VceAcceptor\{a}: Vvtevotes[c]: (vi[1]=b)=(vt[2]=v) 5 £ 2 4>
B & 44 3L [ {49F OneValuePerBallot.7f Accept(p,b,v) ', OneValuePerBallot (1'e; (KR 3 4N Fij &
A AL R LRAIE.
> Accept(p,b,v)“ i 2 QeQuorum i 58 v 1) 7772 5 VoteFor(a,b,v)H 1) ShowsSafeAt(Q,b,v) % h.
> Accept(p,b,v) IR A B (9 B state[p][p].maxVBal 55 state[p][p].maxVVal ¥ 54 b 5 v)xt
T VoteFor(a,b,v)H %} votes ft 55T CKF $2 130(b,vy IN A\ 2] votes[a] #), R xS 5 # a(ll p)i% T
b, v).
> VoteFor(a,b,v)& ¥ max[a]l 3= #7124 b.X T TPaxos, & 5% p m LLFAT Accept(p,b,v), 31 p B 44T
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it Prepare(p,b) I8 T state[p][p]. maxBal=b.fi{ 45 5§ 3.1.3 15X 1 & 4 1 state[p][p].maxBal<b
I 23 A ) %0 2E p AT Accept(p,b,v) I state[p][p].maxBal=b 134X &37..
o PL7EHFE TPaxos H1[1) OnMessage(q)zhfE(EE 3.1 11).2 5% q W2 72k @ p2m.from {134 5 memsgs.
i pp2m.state[p]h m R I p 1Y EL SR AR, Bl (pp.maxBal,pp.maxVBal,pp.maxVVal).ZE UpdateState(q,
p.pp) 1, q T EHE pp HEHT H & ISR state[q][q]. 3% L) fEA W R BT R 45
> LR R e I state[g][g]. maxBal BEHi A pp.maxBal. PLIs, B 82 $E I 1 4 AN T AR
SEIX RS X T Voting H#) IncreaMaxBal(a,b)h 75 (It 4k a=p,b=pp.maxBal).
> 8 2 FhEER T HoeB 2 B WK state[q][q].maxBal B3 % pp.maxBal, I H.23 5 state[q]
[q].maxVBal 5 state[q][q].maxVVal 5 #7 4 pp.maxVBal 5 pp.maxVVal.ix Z 3K state’[q][q].maxBal=
pp-maxBal=pp.maxVBal i 7 (state’'[q][q]-maxBal Jg {24 % 58 7 g (). BRI, 30 Ffr 75 i ek 2 1
Voting /11 VoteFor(a,b,v)3{E (It 4k a=p,b=pp.maxVBal,v=pp.maxVVal).

‘ MODULE TPazosWithVotes
EXTENDS T'Pazos
VARIABLE votes wotes[q): 5% q %2 MRIES
varsV = (wars, votes)
| |
I
InitV =
A Init
A votes = [q € Participant — {}]
TypeOKV =
A votes € [Participant — SUBSET (Ballot x Value)]
A TypeOK

| |
I 1
A

PrepareV (p, b) =
A Prepare(p, b)
A votes’ = votes
AcceptV (p, b, v) =
A Accept(p, b, v)
A votes' = [votes EXCEPT ![p] = QU {(b, v)}] KR (b, v)
OnMessageV (q) =
A OnMessage(q)
ATF state’[q][q].mazVBal # state|q][q).mazVBal #%7 Hiiil
THEN votes’ = [votes EXCEPT ![q] = QU kiRt
{{state'[q][g].maz VBal, state’[q][q].mazV Val)}]
ELSE UNCHANGED votes

NeaxtV = 3p e Participant :
V OnMessageV (p)
V' 3b € Ballot : V PrepareV (p, b)
V Jv € Value : AcceptV (p, b, v)
SpecV = InitV A O[NextV]yarsy

mazBal = [p € Participant — state[p][p].mazBal]

V £ INSTANCE Voting WITH Acceptor < Participant

votes < votes, maxBal <+ mazBal

‘ THEOREM SpecV = V| Spec |

i T #%E I TPaxos 2| Voting KRS < &R, AT 75 ZEAE TPaxos ML) #5481 Voting ' )45 & maxBal 5 votes,
B2 b5 3 7R i T DARE 32 4R UK dae N 5 DA B V48 52 TR R UM B B4, DL BE B TPaxosWithVotes. A\ THT 1 43+ 47
Al LL75 H Voting 0 () maxBal[p] X} W T+ TPaxos () state[p][p].maxBal. A it & % maxBal, 3411 5E SURS 4k WS
maxBal2 [peParticipantstate[p][p].maxBal]. %} T- votes, 3175 TPaxos HIHERE b 7% ikl Bh2s & votes!™?2 (1
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TPaxosWithVotes HiE i 5 Voting H 1] votes #58), M &N S5 p Wk B O3z it 93213 votes[p]. H A4 i
5 4E Prepare(p,b) 1,2 5% p REEZATMHRIL, T LLAE PrepareV(p,b) votes {555 A48 4E Accept(p,b,v)H, 2 5
Fop B2 T HI b, BT LFE AcceptV(p,b,v) 1, B AT TE (b, v)Zs I El votes[p].7E OnMessage(q) -, Uitk state[q][q].
maxVBal &4 T 48, I B q 52 T #1421 (1X & 51 24 OneValuePerBallot i37).7F: OnMessageV(q) 1, B A T4
IRV INE votes[q]. 45 f5 , TPaxosWithVotes #E45 i T M TPaxos | Voting (145 At B (R A 4l B A% &5 6
Voting H 1%} 35 £):VAINSTANCE Voting WITH Acceptor«Participant,maxBal<maxBal,votes«votes.

‘ MODULE FagerVoting l

EXTENDS Sets

CONSTANT Value, Acceptor, Quorum

ASSUME QuorumAssumption =
AV Q € Quorum : @ C Acceptor
AY Q1, Q2 € Quorum : Q1N Q2 # {}

Ballot = Nat

VARIABLES votes, maxBal
TypeOK = A wotes € [Acceptor — SUBSET (Ballot x Value)]
A mazBal € [Acceptor — Ballot U { — 1}]
| |
I
VotedFor(a, b, v) (b, v) € votes|a]
DidNotVoteAt(a, b) = Yv € Value : - VotedFor(a, b, v)

ShowsSafeAt(Q, b, v) =
AYa € Q : mazBal[a] = b &kt
Adce —1..(b—1):
A(c# —1)=3a € Q : VotedFor(a, c, v)
AVd € (c+1)..(b—1), a € Q: DidNotVoteAt(a, d)
| |

I
A

Init =

2

~

A votes = [a € Acceptor — {}]
A mazBal = [a € Acceptor — — 1]

A

IncreaseMazBal(a, b) =
A mazBal[a] < b
A mazBal' = [mazBal EXCEPT ![a] = b] fe&i%
A UNCHANGED wvotes
EagerVoting fl Voting HME—XHIET: 4£ Voting 1, AR EH mazBal A b,
Bl mazBal’ = [mazBal EXCEPT ![a] = b].
VoteFor(a, b, v) =
A mazBal[a] < b Fibisxis
AV vt € votes[a] : vt[1] # b
AV c € Acceptor\{a} :
Vot € votes[c]  : (vt[l] = b) = (vt[2] = v)
AT Q € Quorum : ShowsSafeAt(Q, b, v) I (b, v) R4, ALl
A votes’ = [votes EXCEPT ![a] = votes[a] U {(b, v)}] #z=
A3Jc € Ballot :
ANc=b

A mazBal' = [maxBal EXCEPT ![a] = ] fek&ix

Next =
Ja € Acceptor, b € Ballot :
V IncreaseMazBal(a, b)
V3w € Value : VoteFor(a, b, v)

Spec é Init A D[N6$t](1/otes, mazBal)




% 2k % :PaxosStore F ir il TPaxos 4935 ## 5H1b 2355

4.2 TPaxosAPHY¥5

BAT N ABiEH T TPaxosAP [ 52 HL#| EagerVoting, %X J5 232 . TPaxosAP F| EagerVoting L& A
Eager\Voting | Consensus ki 1k < &.
4.2.1 EagerVoting ¥1%
WRYGEE 4.1 T30, 76 TPaxos 1, A5 5 p BN & B ARG A T2 e/ MEW 5 state[p][p].
maxBal, B 4 7E 4% 52 B3 (b,v) I ] i, 1% state[p][p].maxBal 575 b.iX 55 Voting #8402 4145 (#.4R M, Voting Jf:
AHE5E 4= %) H TPaxosAP HIAT A . 14 3.2 4 fiik, TPaxosAP 15 TPaxos HI4T i 7F OnMessage(q) v &L Ak FH B Bk
IR UpdateState(q,p,pp) 7 i i AN [A):4E TPaxosAP 1,2 5 2 453 32 $18 (pp.maxVBal,pp.maxVVval) (Bl 5
3 state[q][q].maxVBal 5 state[q][q].maxVVal) i 1 #& i (B state[p][p].maxBal $ 7% % pp.maxBal).ix ] fig &
HEH S 1) state[p][p].maxBal A~%Z5F pp.maxVBal, \ifi id Jx T Voting $LZ).
XA SR T AR R AR 1628 T Rl
BIEH 3 NS 5H pi~ps,p1 JeUAT Prepare(1).po,ps 3% Prepare if 3K & S HRRA I M p s py PUAT
Accept(1,v;) LA % Prepare(2), Jf &%k #577(2,1,v) ) Prepare &R p, 5 ps W ZE K ¥ B S IRETEH A
(2,1,vy),iE & T Voting ML 4.
o T RAh Voting BIAS L, FRAT T4 B — 57 (05& T TPaxosAP HI#% 22 K141, % & EagerVoting.EagerVoting 5
Voting [ ME— AN [Al 4 T4 VoteFor(a,b,v)Zh1EH BT AU S 54 a fE8:Z 31 o,v) 1 A I, 45 maxBal[a]42 = £
b b 3K M4 SR 5 c=b.
H WL, Voting 5 EagerVoting J2& Z5 4/ 11).
o —Jsifi, T Voting 115515l {1 # Z EagerVoting BT St VF), Xl It Voting (#5517 2 4] /& EagerVoting
BINARIR

e 5771, R EagerVoting [K151E VoteFor(a,b,v) 7t 5 5 maxBal[a]i E 6 K424 5 ¢ 25T b, i%3h
{5 Voting H i) VoteFor(a,b,v)25 4 i ¢ KF b, WZsh{Enl LLE/E Voting H i) VoteFor(a,b,v) 5
IncreaseMaxBal(a,c) [/ 41 4.

Ik, EagerVoting Fr)45M47 24 #8 A LA Voting HH AT 2k T A0 (lan SR A8 FHORS A4 452 R 7™ 4 1 W] EagerVoting
A LA#E Voting BT LA HEL, 75 B3k 51 A\ EagerVoting % Voting RS AL i 5 B ATTKs S 51 04 R TA4E).

4.2.2 I\ EagerVoting #| Consensus ¥/ 41t

T ¥ )\ EagerVoting £ Consensus [Pk 46 5¢ 2R, B Al 177 2275 EagerVoting H 548l Consensus #LZ H 48
& chosen, R P8 © 32k Hh (K 4E A4 B (K 42 &, W EagerVotingWithChosen.— /MY b,y DL B AL 5 (R4E i b 24 HL
NG AEAE RN S QeQuorum 32 4 #3252 T 1% 321, W ChosenAt(b,v). 4 BhZ8 i chosen W 4E T it #t
W ME . B AR ER4S T M EagerVoting | Consensus [FFS LB CEINSTANCE Consensus WITH
Acceptor<Acceptor,chosen<—chosen, Rl F 4l B 4% & chosen %5 Consensus H' {142 & chosen.

MODULE FEagerVoting WithChosen ‘

| EXTENDS FagerVoting
| |
I 1
ChosenAt(b, v) =
3Q € Quorum :Ya € Q : VotedFor(a, b, v)
chosen = {v € Value : 3b € Ballot : ChosenAt(b, v)}

Consistency = chosen = {} V.3v € Value : chosen = {v} |chosen| < 1

C 2 INSTANCE Consensus WITH chosen < chosen, Acceptor < Acceptor
THEOREM Refinement = Spec = C'1Spec
\

4.2.3 J TPaxosAP | EagerVoting [k 1L,
%5 4.1 T I TPaxos Fl Voting 2 8] (K% . 5% & 7 TPaxosAP Fl EagerVoting 2 [E1{)34R i or. 75 Bt & F
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BRI 4.2.1 1R IR, TPaxosAP 1 OnMessage(q) s 1F % e e 52 32 135 V5 A& o 11 2e 8l 6 )3 T EagerVoting
i) VoteFor(a,b,v) ) /Xt 2144 maxBal[a]$ =1 2 c=b” ¥y e sh. [K ik, TPaxosAP H [ )/ 55 EagerVoting H i1 5)
Ve AEAE 25 DI (K6 B 5E 2R A TPaxosAP 2| EagerVoting (1551655 % 5 M TPaxos % Voting 1k 4k 5% 2 AR A,
s 7 2t AH ], e A AN TR

5 RENI

A TLC BEAYA 3 T B IGIF TPaxos 15 TPaxosAP L% M1 iE i1k, 3 HE&F 7 M TPaxos | Voting &
I\ TPaxosAP 3| EagerVoting 514 ¢ 2 (1 1F 1 1.

51 LWigE

T AT (1525 o (BE T Lamport 45 Hi 18 M Voting | Consensus ) TLAPS i B2 #41148 B TLAPS 5 BIE
B R 45 23HIE B T W EagerVoting £ Consensus A 1456 2 1 IE# PP, AT 4E T 2 5 % 44 Participant. 42
WSS Values $EUU4 554 Ballot 19K/, I8 1 8 4 1 B ok ek 41 LU TLC (9 56F 3 kAT
T 10 MERFRHEAT T SE5, LR R IRAT I LI S v 4 R 2 am i (BFS U 2 7)) R GUIRAS E M H A% TLC 24
K T AR HIECE . TLC RS A AN FR S ) B LU A S8 I 0] (6 54 hhimmiss). > TLC CAL S (AN )
RAHECR T A BB (BB 142,04 3 MRS« 3 MR BUEAM 3 D2 53 4 il JeIny, A2 & state 5 3L
A7 27 o s IS A TR B 2 A7 377 (L R JTAC R G)), BA Tt N oy 145 11 %K S 56

ST M HLAS O A R

o ML¥% 1:2.40GHz GPU,6 #% LA & 64GB P17, TLC®IA 5 4y 1.6.0.41 3% TPaxos AH %5 %

o Hlds 2:2.10GHz GPU,6 # LA )2 64GB A 17, TLC i A5 1.6.0. 91 57 TPax0osAP Ak 5L 4.
52 WiF%R
5.2.1 TPaxos 5 TPaxosAP i ;& Consistency

R LRI 2 734 T AEASRITC B R, 50 00F TPaxos & TPaxosAP i A& — S5 (¥ 45 JL. B k1T & /e AH 7] ic &
3 A SRR TR R G &5 R AR ALL AE AN R IC B, 2 5 3 B AR U 5 O B L HK) R R i K AR
XF T 5, B AR PR AN B0 b 380 A0 RS 52 i /)

Table 1 Model checking results of verifying that TPaxos satisfies consitency
&1 TPaxos i & — HUE KRG K 45 R
TLC #8(Z 5# Hod SR BUEA BB E)  RESKER RS K AFPIRZSE KB 1 (hh:mm:ss)

222 20 27 809 7991 0:00:01
(2:23) 31 69954296 12 107 912 0:06:52
(2.4,2) 20 27945 7991 0:00:02
(2.4.3) 31 69966578 12107 912 0:18:20
(3.2.2) 21 329426700 100 602 814 0:44:04
(3.2.3) 19 274590 666 101 397 482 0:42:03
(3.4,2) 21 323929358 100 147 908 2:40:06
(3.4,3) 17 2781887 421 100 000 024 2:28:05

Table 2 Model checking results of verifying that TPaxosAP satisfies consistency
F 2 TPaxosAP i & — Pk LR A 46 45 4
TLC BN 5F MR RBUEAN LB Y)  RSKER REH AFPARESEC A58 I [ (hh:mm:ss)

(2,2,2) 20 27 809 7991 0:00:01
(2,2,3) 31 69 954 174 12 107 912 0:07:03
(2,4,2) 20 27 945 7991 0:00:02
(2,4,3) 31 69 966 456 12 107 912 0:17:35
(3.2,2) 21 322114689 100000 019 0:45:04
(3,2,3) 18 270946 706 100 000 022 0:42:09
(3.4,2) 22 319890 347 100 000 023 2:38:37

(3.4,3) 17 279 673321 100000 031 2:28:30
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5.2.2 TPaxos 5 TPaxosAP jifj /& Liveness

TPaxos 5 TPaxosAP [y # sk HA Mt MR AFEAZ 548 p KPATEIE Prepare(p,b) &
Accept(p,b,v).LA TPaxos i, % T TPaxos 4T ful — /N By, — HLH 53 2 b (MR A S Uk ), 2 5% p &
TE P AR U4 5 b B IT 4 8T (1) TPaxos I A2 .b K i 2 KT i £ 5 3 447 (15 maxBal, I, B AN B Bk B
AT 58 HA B U A p it .

7 TLA+A, — A F A T R B AE TS M. 2205 3 Fairness il THIN RG22 54 p AME—H$2iE,
MaxBallot & KR4 5.2 5% p #%45 MaxBallot i Prepare(p,MaxBallot) 1 Accept(p,MaxBallot,v)zh1E,
555 S A W EARIE T4 Q fiE$H:5Z Prepare i K H1 Accept i 5K (22 5% p /& HLA 7 HiUR 245 340 T B 15 33E N Accept
M B, 451 peQ RAVF p Al Q H IS 535 115 LA Hr A MR 25). 31850 Liveness 2 L T TPaxos [¥135 1, Rl 4 46—
SE S EAEE .

Fairness =
A dp € Participant :
A MaxBallot € Bals(p)
A WFEF s (Prepare(p, MazBallot))
AV v € Value : WF 4,.(Accept(p, MazBallot, v))
A3 Q € Quorum :

Ap € Q
AY q € Q : WF 45 (OnMessage(q))

Liveness = O(chosen # {})
K3 4 40N H T Z R E T IR TPaxos 5 TPaxosAP i 2 3 1 1 &5 S i T8 H AP Mk 30 IR v
PER) T IEIG I T 0 B 200, BRHOIR A ORI 5 82D
Table 3 Model checking results of verifying that TPaxos satisfies liveness
Fe 3 TPaxos i i i P (1AL B A4S 56 45 2
TLC B (2 53 Hoe SR BUEA B B2 80 RE K EAR REH AR S KSIR I E) (hh:mm:ss)

222 15 385 275 0:00:01
(2.2,3) 22 27 366 13684 0:00:02
(2.4,2) 15 735 523 0:00:01
(2.4,3) 22 54192 27042 0:00:03
(322) 34 206443509 62 284 985 2:27:08
(3.4,2) 34 444157 073 134 403 809 6:21:41

Table 4 Model checking results of verifying that TPaxosAP satisfies liveness
4 TPaxosAP i AL 1% Pk (XA UG B0 4 AL
TLC B (S 5 Hoht SUEA L B ) RS AR W AFEREH A5 8] (hh:mm:ss)

(2,2,2) 15 385 275 0:00:01
(2,2,3) 22 27372 13 684 0:00:02
(2,4,2) 15 735 523 0:00:01
(2,4,3) 22 54 204 27 042 0:00:02
(3.2,2) 34 206 248 747 62 215595 1:17:38
(3,4,2) 34 442881 157 133 987 469 16:28:41

5.2.3 TPaxos 5 TPaxosAP [E 1k

X5 MK 6 R4 M T ZMECE T, 5UEM TPaxos #| Voting 5 M TPaxosAP #| EagerVoting X1k < & 1) 1
fiff Pk H T2 2 S A B 1) PR DA B R R A A N R S TR RS b B AN AR 3 50 A SRV B 2%, T A
7 BEH FETE 22 1 I ).



2358 Journal of Software #4373k Vol.31, No.8, August 2020

Table 5 Model checking results of verifying that TPaxos refines Voting
5 TPaxos fifk Voting frIHE 50 K iy 45 B
TLC AU 5F MR RUEAN LB Y)  WSKER REH AFARESEC A58 I [ (hh:mm:ss)

(2,2,2) 20 27 809 7991 0:00:02
(2,2,3) 31 69 954 174 12 107 912 0:12:32
(2,4,2) 20 27 945 7991 0:00:02
(2,4,3) 31 69 966 456 12 107 912 0:55:24
(3.2,2) 21 321158 078 100000 010 0:48:36
(3.2,3) 17 268 108 874 100 000 034 1:10:50
(3.4,2) 22 316 078 356 100 000 012 12:56:45
(3,4,3) 17 278338521 100 000 015 11:08:10

Table 6 Model checking results of verifying that TPaxosAP refines Eager\Voting
% 6 TPaxosAP ¥4k EagerVoting HR 5 Ky 56 45 5
TLC B (& Hom R UEAM B BEER S REE R REH AFPRAEH KK I (hh:mm:ss)

(2,2,2) 20 27 809 7991 0:00:01
(2,2,3) 31 69 954 296 12 107 912 0:15:42
(2,4,2) 20 27 945 7991 0:00:03
(2,4,3) 31 69 966 578 12 107 912 0:59:24
(3.2,2) 21 315969 776 100 254 890 2:09:05
(3.2,3) 17 267 572 227 100 000 032 2:11:25
(3.4,2) 22 318518236 100 000 012 13:13:31
(3.4,3) 17 278 245333 100 000 036 11:31:35

6 tHXI{E

PaxosPA I AT 4 T 1 2 A 44252 41 Disk Paxost?. Cheap Paxost®, Fast Paxos!™. Generalized
Paxost®?, Stoppable Paxos™®!. Vertical Paxosi®*!. ByzantinePaxos®®). EPaxos(egalitarian Paxos)®!. Raft!®®,
CASPaxosP*4 A S0 56 1 WIT 4 (143 4 S A74% 2 45 PaxosStore 5B TPaxos 4% f&. TPaxos T 82 AL 7
TERGE e A S EF Y G RS 2R AL R 2R A G — 101 BTl A5 AT Paxos &, 18
UE T W] 2 54 5 TPaxos. 36 T iX Fft 3, 3411 7T LUK TPaxos & 1 Paxos [)—Fh F 4R AX i,

A5 P T RAG L3 75 0638 53 A1 2 BB PR PR 200 R 6 T L 6 AT 6 00F T A 280 v D38 1 T £ 3 28,
AR W ] TLAHTLC #iR - 5AE T Paxos Pris & 3L 2 A2z fA. Lamport 25 A TLA+2 A T
Paxos™®), FastPaxos!®. Disk Paxos®'LA &% Byzantine Paxost¥, 3148 ] TLC 7 — & M _F 3 F T &1 Ea Pk,
Moraru 7 {8 U 45 ) T EPaxos 9 TLA+HLZ. 5%, Sutra & BLIF 2 1E T 3 b 1453210 Ongaro 45 1 T Raft
I TLA+ER 2908 78 A S0, AT ] TLA+HEE T TPaxos. 76 TT & 4 f I, 341 2 B TPaxos i iS4tk b 77
A 48 5 T BE I A S8 4 B W (M 2 A e IR AR B B, 2 5 R S A AR P 32 LA SN e S AR U Y
FRURIE 2 S AR 2T ARAT AT I T TPaxos 1) —FhAZ 44, Bk TPaxosAP. 5 TPaxos Al Lt, TPaxosAP Lz 1R
ANEEIEBLT —FIR L T Voting 4 AL

¥4k (refinement) £ AR P11 By T 1% Paxos - Fh 48 146 1) 1 ff P LA K & 4112 18] 19 5 22 . Lampson[®SHg t 17—
% H) Paxos B3 (abstract Paxos, {7 #% AP).AP Zlilii T Paxos th il .00 (H 2 F e T £ RE R, TikE
FEAE AT R AR G S48 A AT 148 RS AL A4 (refinement/simulation) 35 K 23 5l £ 57 T Paxos, Disk Paxos L &
Byzantine Paoxs 5 AP {15 R 78 AP IRFLS R, e8] LLE1FE AP ) B AR S B Lamport %5 A$% 0 7 Al 5 4%
SEHLED Voting™3, FHT % i 45 3% A AR 5 B SR AR R AZ 0 AT Ol Moting T LA AR 4 A 2 36 U ) 4
rp Qi Y5 26,10 Paxos S Voting (140 A 2 s BE. 5 e b Lamport 28 A 45 H T M Paxos | Voting LA )\ Voting
F| Consensus FI4E fh Wi 3 [ £ 35 T Voting, Lamport 3£ {8 1S (b B2 A M Paxos #E 5t T Byzantine Paxos®®,
IAEH] TLC WA T e 2 18] (kS 1k 5% & .Maric 25 A37E HO(heard-of) BB I R HF 5% 7 £ b Paxos*245 14,
Maric 25 A58 A e ATg . T AN LR %, Bk Voting, M3 4% Voting 47 A 119 25 5, X € Paxos 4% {4 n] LB IH
i 3 ARG AR T IX 3 AR A ) AR Ak DG R AP FRAE B 45 Isabelle/HOL HEAT T 76 AL BIE 76 A
3, A3 B AL T M TPaxos LKz TPaxosAP | Consensus NG 1L 5 2 4 0l b, 75 TPaxosAP J7 [, &A1 1 5B 1
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Voting FJB:All F42 T M@ H T TPaxosAP IH WLl EagerVoting, A J5 137 T M TPaxosAP 3| EagerVoting
PL ) M\ EagerVoting %l Consensus FIFE LR R.

7 RESRKRIE

ARG T PaxosStore Z 4: i) TPaxos 143 ® TPaxos ¥ Bl AL7E T2 1“% — e W EA S
HYY G — PRSI IR S — 2B i B AT A
o A ATMNL M Paxos W H K, UF W IE S HE T TPaxos Whill. 2 FIX Pt 5, AT ar LUt
TPaxos Z& 1F Paxos ft)—Fh [ 5845 1k,
o HIKIATAH T TPaxos 7 TLA+MIZY. FRATT A L, TPaxos P LA i o 17 48 45 56 35 BH I 4% 5 4= 1) BA 19
T 2 Jb X AAAEBRATIE T & I — AR 4, FX A TpaxosAP.
o IJE AT BB S T M TPaxos L& TPaxosAP | Consensus [#45 1k 55 2 45 Bl i, 78 TPaxosAP J7 M,
FAIAE Voting OFERE F42 H T —FiE T TPaxosAP #2211 EagerVoting, 351 Tl TLC B %
T HE&HIE T M TPaxosAP %] EagerVoting L M2 M\ EagerVoting %1 Consensus (1451 5% & 1 IE A 1.
BT, BATIEAE Al TLAPSIM 2344 5 B iF 1 22 45 TF %% ML 1T K6 (K930 . 5 4, 3k 1131 %I %) PaxosStore HEAT
SE A TR RE ST Lo, B Tk SR T XA 7 vk (B AL 2 RS BR . RERSAR 56 55 s BT W 50 ) I AU L 2
53 AN AN BB IE A PE SCEL T Multi-Paxos™I D g 1) PaxosLog KL LA K o i e b U) 4% (Failover) () — S ME 30 5
L.
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