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Raft with Out-of-order Executions
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Abstract: PolarFS is a distributed file system developed by Alibaba Inc. with ultra-low latency and high availability. It implemented a
variant of the Raft consensus protocol, called ParallelRaft. ParallelRaft breaks Raft’s strict serialization restrictions in the commitment
and execution of log entries and enables state machines to commit and execute log entries in an out-of-order way. However, ParallelRaft is
not open-sourced. It has only a brief description, lacking formal specification. Moreover, the correctness of ParallelRaft has not been
manually proven or formally checked. The purpose of the study is to provide a precise formal specification for ParallelRaft and to prove
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its correctness. Specifically, the following main contributions are accomplished. First, to clarify the relationship between Raft and
ParallelRaft, ParallelRaft-SE (sequential execution) is proposed, which allows out-of-order commitment but prohibits out-of-order
executions. Also, a refinement mapping from ParallelRaft-SE to Multi-Paxos is established. Second, it is discovered that ParallelRaft,
according to its brief description in the literature, neglects the so-called “ghost log entries” phenomenon, which may violate the
consistency among state machines. Therefore, based on ParallelRaft-SE, ParallelRaft-CE (concurrent execution) is proposed.
ParallelRaft-CE avoids the “ghost log entries” phenomenon and ensures the consistency among state machine when executing
concurrently by limiting parallelism in the commitment of log entries. The correctness of ParallelRaft-CE is proved manually. Finally, the
formal specifications of ParallelRaft-SE and ParallelRaft-CE using TLA+ (TLA stands for temporal logic of actions) are provided, and the
refinement mapping from ParallelRaft-SE to Multi-Paxos and the correctness of ParallelRaft-CE are verified using the TLC model
checker when the number of participants of the protocols is small.

Key words: Raft; ParallelRaft; Multi-Paxos; consensus protocols; TLA+; refinement; model checking

A3 A1 AL ) R A A1 3T B AT R A O ), BER 2 A5 5 56 REAME B — R AME (B FR 7 51) i il —
2545 R G830 R S U BSURAE IT 75 15— B0k, I U Cephl®l. Google 24711 Spannertl. Oracle
A w] ) MySQLBL, i1 PaxosStorel® L A i HL [ [ (Alibaba) ) PolarDB4 43 417 3 4 474k R 45

Multi-Paxos(Paxos)®1 5 RaftlOl i fi pe 43 A 5 FE 1 e 151 ) 93 b 28 it B30, & A1 9B 6 T 52 SBDIR A5 HL (replicated
state machine) ™ B G $E 22 H 2 A AL, AT 22 BIA T 5B IR S0tk BEAN P A A B0 20 4R
227 (commit) 5 “PAT (execute) B A B B ln S 5 iy 2 I E R B 22 B0k (Majority) A 25 89 10 45 52, R 12 iy 2 4 32
A" AT WS iy & A B AT X T2 i 4 3K 9 AN BB ] LA DU sl L3 18 5 sREAT A2 BT 72U,
BEKH &GS Fon B K 4 AT Be 2 AE R/ H R84 5 B B 1 iy 4 2 Bl 348 B AT B o Raft 32 5K I+
$23T . T AT, Multi-Paxos M) 5oV L7 42 38, 1 B 15 SR 3 04T

PolarDB i ff| T /04 X304 R 45 PolarFSY. T 42 v R 4e Pk fig, PolarFS 2t Raft S2BL T VR RLFHEAZ L L
AT IR ParallelRaft 2L iR B SR T SCik 1ok 45t ParallelRaft [t 7™ 4% H 2, i B Bl /b o &L AT HL I 1) 52
TR . IE A1 ParallelRaft i A< £ ok b B2 (1) 5024 0F B 8% AL S0 IE . AR 3C B 784 ParallelRaft 32 ™ 4% (1) T AL FI
21,95 7 TR 5 R AL R K AR W L IE A L AT 5, AR S 3 B ek R

o 145E,0 T LG ParallelRaft 5 Raft 2 [ {1 0C &R, B A1 T Raft 52t 7 A VEFELFHRAS, (H 2SR T /A7 11

ParallelRaft-SE(sequential execution) i} .ParallelRaft 7] UL 1 ParallelRaft-SE (¥ FL/F$AT iR A 2 57
T M ParallelRaft-SE £l Multi-Paoxs 2 [f] ¥k {1k 5% 2 (3% ¥ ParallelRaft-SE J& Multi-Paxos f#]—7Ff SZHL),
MIMTIER T ParallelRaft-SE (1) 1Fffi ¥4

o HIRBATRILCHR T AR ParallelRaft &L AT HLEI 20 T AT RES IR — S w R H &~
i) {5 B A W 9 2 B U AT 77 2R (A Raft 58, Multi-Paxos),“da 5% H 27 i) JUAS £ B U @) A 18] ff IR
A A R M, AT IR UE AR ELF AT 7 3B T BRI BRI AR PR S A — B g — 2D M e g
X Raft F1 Multi-Paxos (1 fi# ¥ 5 48 Jo it YL AT J5 20 IRPIRES LI — 80Pk ) &

e {f ParallelRaft-SE [f12& 4l 48 H T SCHRELF AT 1Y ParallelRaft-CE(concurrent execution) pisl.id izt R
i ParallelRaft-SE 7t LT $2 35 I B ¢ I 47 JiF ParallelRaft-CE 38 i 1 iy R H &7 1) 8L A THEW] T
ParallelRaft-CE il

o IRJT A TLA+PSSHE 5451 T ParallelRaft-SE 5 ParallelRaft-CE 7K AL M2, 3T 0 Mhill 5 5 % $
BN S AT TLCHBE R 5 T UG IE T M ParallelRaft-SE £ Multi-Paxos IR b ¢ 5 LA K%
ParallelRaft-CE ¥ IE#fi k.

ARSCE 1A AT AR A TLAHE A ATES . 0w UH L, & Multi-Paxos 15 Raft HE i)
WA 2 354 ParallelRaft-SE 0, 3 4 37. M ParallelRaft-SE | Multi-Paxos (14 1k 3¢ 2. 45 3 1 43 BT 76 L F 1
A7 5 2, R & o) R AS — Stk 1 g m, R A R T RIS 4 WA B ARVFELT AT R
TR H R ParallelRaft-CE il 55 5 19 & 22 UE W] ParallelRaft-CE ¥ iE A 1. 25 6 19 ff H TLC BLALE:
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5B 8 4TG5 A SO IR TR R oK AR 5210 TLAHIIZ) SRR G 56 45 L 25 WL GitHub 45 50,
1 Fa& iR

1.1 TLA+RE

TLA+JZ i1 Leslie Lamport 3T~ B %8 % (temporal logic of action)™ I & (1 R AL M 28 =08 Jp i &1
R I R R G804 X

=N TLAHIZA & — A . PIARIR A (initial state) f1— 41 5h 1 (action), il % % 75 & Spec=InitA[Next]yars,
Horp vars S T AT A8 B (K4 45 IR 25 (state) 26 BT AT 28 f5t (R IR Init 1 3 1 S T R GE IO BAIR 28 Next A2 T 43 3 1
(BT R, 2 ST RS 22 10 R 5 56 R [Next]vars 9 BL 24 HLAX S Next A BCCHAN B4 4 21, B AN S i gT) 2%
BT AR I AR AN AZ AT b (behavior) S R 25 K4 R 7 8. TLAH A FH S 3 A2 i 3o 4 ik & vh AR i
(AR, FH 7 S0 A% 2 B DR 285 PP IR (L KRR, B A A8 — A 8 A o 5 A i A o 1 2 Xk 481, 3
B x'=x+1 FoRAS X 00RO L IFR S P K 1.

TLA+SF7— B il i 18 48 LU )2 ZF(zermelo-fraenkel)8 £ i, i LA 4= 1 15l 2 I8 I 1 jagh T A
FH B ()32 45 5 45 45 3541 75 (operator). SCHR[20]45 HE T 58 481K TLAHEERF 51 K.

BAERF £
g CHOOSE 2€ S : p , RS S PR p MR 2
(TR o RME—RRHLT)
SUBSET S S AL
fi ey {e:z €S} 1 e fERITE S FIFTACRBEMES, W {222 € S}
{reS:p} S L AAE p JCRM RIS
fle] A fAERES S e b
[zeSm e Xt 2 e S, 3 f(z) = e MR
PREL )
[f EXCEPT ![es] = e] W F: fle] = {62" ffe=a
fle], otherwise
e.h 03 e I R
[hy = ery.ns T =€) W h M e; HIiEER
ik [hi: 81, byt Syl W by BT S BT IS BN A
[r EXCEPT 'h = €] WETF[h St hre, . ohy 0 Sy
[r EXCEPT lh =¢], H e @AEHS @ e Hilf) @ IR r.h
Jeél e[i] JC e HIEE § AN E
I ERHPRE S e E
BIVERRAERF UNCHANGED ¢ e B! = ¢
(4], HE A AL e AEAV (¢ =)
o OoF F EFTA BT B0 (O FoR “always” )
PP SR OF F IR AE (O F R “eventually” )

Fig.1 Asummary of the TLA+ operators used in this paper
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TLA+ o ¥ LA B (module) 1 J7 23R4T A8 B 91 H . &E AN B of, mp BL 7S B & (CONSTANTS) 5 48 &
(VARIABLES), 5 X # /£ £ (operator) 5 # & 4 1 # (THEOREM) 2829 — A b my DL i 47 J& (EXTEND) #iy 4 3k
SIANABBE P A B S B G N BB AT DLSE AL, B n A MBI T B My

IM;=INSTANCE M; WITH pi<—ey, ..., pné—en,
oA AL AR My R T S e M O R B S AR A AR IE B A My R p B
A e FRATT AT LA IS IMF U7 iR e My PR IE S F2 e 5 py AH RIS TLAIR B - 45 00 o v 3R
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TLCUSUR TLA+K BRI 3 T 2,2 AT LU ) 3 1T B 1K) 3R G647 o A8 25 BT AT (R A B0 10E 2R 0 2 153 L 4
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ENET AR L0 A0 ARG T PR, B TLAHRLZ b o A5 AR S T AR B TE 95 1.0 T I6AIE
XFE R GE, TLA+S] AR (model). B0 84 JiT 45 11 48 & #1024 55 10, BRItk 2R 6 AR A B H R AT 55 19 8 ARG 56
TG 2 K T I A8, Ay 34, TL.C R AR FH ABE 28 vl (0 ok 2 4 kR 25 % )43 2t {1 ¢ CONSTANTSS Server & X T
R A B FR AR G AL AT BERURT 50 I, AT 77 20 e — AN ST RS L Server={S,,S,,S3}. 41
5 81,95,Ss Z [ AT R HEB (L din Sy By S5, S, 5 i S3,S3 4 e Sp) #BAN 45 RE Wi 22 0 W24 6 2 45 52 (0 0 o, 8 4 AT
T LK Server B iy Xk (symmetry set)t32H,
1E TLA+H 54k (refinement) ¢ 2 M1 Sk il ik B e 2 1] (132 48 26 75 (logical implication) % 5 P81 (K 3¢ 2 iy
K1k WL (refinement mapping) 22 3. Ebn, — AN d1 455 ImpIModule ) ImplSpec MEZ) L AbsModule H 1
AbsSpec 2 RS 1k Wit gl AbsSpec H HIFE NS v SN T —ANRIZ A Y,V /1 ImplSpec AR R E T
ImplISpec IR — IR s WLl g2 X T AbsSpec HIRZE S,5 FHIMANZE v FIEH s FHIV & X Eoh
ImplISpec AT R si—>s—>..., B ATE L AbsSpec 1474 G5, — S, > ... .ImplSpec 7ERG LIS ¢~ SLILARS AL T
AbsSpec(ImplSpec=>AbsSpec) 4 H.1Y 245 T-AF ] — il /& ImplSpec K147 4 0,47 A & Wi & L2 AbsSpect™ .y T i
JH TLC A2 56 A5 K5 AL LS ¢ 1 ImplSpec 1] 1954606 R, R ATTAERTHR ImpIModule 143 i T & . AbsSub=INSTANCE
AbsModule, 3k % 72 #! THEOREM ImplSpec=-AbsSub!AbsSpec!*®l.
1.2 aER#HiR
I3 A SNAL R B R 2 A FIA NS5 8571 2 O FRIR S — BUAREAN IS #8717 0] LU — AN SRS, 8 1t #h
AT P iy & AT R A B .
WA S A AL SE B IR A AL AN IR 45 28 R A — 0 H A& A5 B 420 2 5 B 2 B 2R 50
1 H &I B A H S TR T — 4% BT (a4 IR 25 4 B8 CHI7 I H & st i — 4 D4 U 3R
)i 2 AERASHL AT, I 45 SR (Rl 45 F 7 . T R 45 38 4% T8 G 5 I3 AT — 4w 2, FRAT TR 0 4 L 04T
5 25 1) 43 A 2 3L IR B (Multi-Paxos, Raft) 2 BT $AT 78 I 4% 11 N BRAT VB el A IR 45 38 B 53 iR S LR
A R T AR RS I 4 T ZEARAIE H 75 22 ) 00— S0, 3t o] DLOR UE I 45 2 2 1) BRIR A — 250 PRk, 23 A 30 3R R
I 8 AT DA R PR R AN [ ) A R 45 700 b H AR ) I — 0 AT e sk
o BV MM (nontriviality): HEEXT FH P &t i 2 B 3R IR,
o —E P (consistency): BEAMLE i 2 HREX — & & B SRR,
MR 45 25 3 3 18 A7 FL PR B BUORIE H 28 1) — B0tk AR SO 8 S 0 T B AR 3 R G0 0 AR P a8, I i e A Y
(failure model) %1 .
o JREIL R HE L IAT (fail by stop), (H A2y L FE 7 RE 4 B
o VHETREBEEER . ELFENE . EREEL EN BN A AR SR
1.3 Paxostfri¥
Paxos B IS AR e 43 A 2 T i) 70 A 28 S D80, B A0 VR — 2 55 A T B AR (B B A H R I B A S A
Multi-Paxos )%l Paxos W 5E SCT 3 Flrff o 42180 (proposer) « M7 £ (acceptor) fl1 2% 2] 2 (learner) 42 10 $2 H1
{ti (value), 1% 52 F 1 A1, 2 21 2 2] ik P IR (1. Paxos L35 9 AN B BE, S B SUALEE W AN i B LB,
o Ui (prepare)Bi Br (AR5 1 B X, Phasel)
> FHrE PhaselaZ U EFE— A4 )RME— g5 bOEH 2 ARE), M A2 H KiEm S h b
If) Prepare 53K ;
> THrB Phaselb: 32 FH W H 45 4 b (1) Prepare i K. 40 B2 2 B 2id 4 5 KT b 1K) Prepare
TSR, WU 2208 1% G5 b IR SR U, B2 B QS IR (L R g 5 S ) T T e K ()
Ef=RE e
o P:%Z(accept) B (LFREE 2 B Bt,Phase2)
> THr B Phase2a:$ 30E W BIok E O i 2 B B2 38 % BB X 95 9 b ) Prepare 15K IR .



1752 Journal of Software #ifF34% Vol.32, No.6, June 2021

U S 1E] 52 AN A A R 0, S DU T AT — AN (L 2 1 3R U B 7 i 2 5 U,
PRV LR 5 5 K [E] S0 . B R ER U I B I v R U M T B e RIE N
J3(b,V)[¥] Accept iE3K;
>  THrBt Phase2b: 352 % I 34 5 24 b 1) Accept i K. TN R 45252 F A W B 4 5 Ok T b s SR,
] PLEE 2% Accept 13K 75 W, 52 3 2% 1% Accept 15 3K.
1.4 Multi-Paxostfrig

Multi-Paxos £ 44~ H & IIZ 17— ANl ST ) Paxos SEA, M T S R Bl AS (il 45k H 2 (H 3650 0 e 3710 )ik
LR B T &A Paxos S22 H-AT M 73847 19, Multi-Paxos fo ¥ BLERAS I P iy & Bt 2 3,8 e B A IR 45 2
St g5 K IR H AR IO Y. (19 1 iy 41 R 1R I G T S5 R 2 1 AR H 2R I 5T R R

75 S bR SRR, W e phasel FW L2 ik (batching) i 77 20 H2 i Pk e b I, B e 40 B — AN R B3 Bt Tk
S BAS 5T E SR A [F] S ) phased Vi JEAE HhAb B 1 AL

o Acceptors:fiTfy £ 32 M 45

o Value:Jr 1w BEIM S BUH MG IS5

o Nil:FF#kid 5, A& T Value.

FAME N BARBER TR IR UG 5 LA S A SEW 9% 5, 1) Ballots=Nat, Instances=Nat.Quorums & X T
— TR R 1L 2 R GE(quorum system): & I EEAN TC 32 R A2 FH BRI 1 B W e 2 i I 4R

Multi-Paxos 12 (45 6 4L 5.

o hallot:ballot[a] % /n £ 2 & a WK IR RIS &, 12 a W LLESZ I 5 /MR ER U 5 ;

o votevote[a][i][b]F R Z# a X454 i IMSEHITE a IR 5 o0 b I S2 I ER UUE . AR a 7R 423X

G5 N b IR B ST O TR SE 2 AT AT (8, I vote[a] [i][b]=Nil;
o leaderVote:leaderVote[b][i1 0 #& W H FEFE N Gi 54 b B h 4504 1 B SEBI 3¢ B M 5 35 b 418K
11— JC AL AR T 6T I3 U 5 b 5 S5 6145 i leaderVote[b][i]=(-1,Nil);

e lamsgs,1bmsgs,2amsgs: AN A 8 7 RS
MODULE MultiPaxos
EXTENDS Integers, FiniteSets
CONSTANTS Acceptors, Nil, Value
Ballots==Nat
Instances==Nat
Quorums=={Q\in SUBSET Acceptors: Cardinality(Q)>Cardinality(Acceptors)\2}
Max(s)==CHOOSE x\in s:\for all y\in s:x\geq y
VARIABLES ballot, vote, leaderVote, 1amsgs, 1bmsgs, 2amsgs

e X E B

e Phasela(b): X} Paxos [fJ Phasela BBt 38 505 L HUHE I 45 b, I H. [ HoAh Y £k 1% Prepare 113K, 32
W40 524 b;

e Phaselb(a,b): %} Paxos [¥) Phaselb BirBr. i a a WHIS'sh b MHEEERK.Z b>ballot[a],a ¥ &
ballot[a] 4 b,If B X T4 — M52l 5 i,a K e 520l 48R 5 BRI R LA 5 581U 5 M 4548
W

Phasela(b)==
Nlamsgs'=1lamsgs\cup {((b))}
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NUNCHANGED ((ballot,vote,leaderVote,1bmsgs,2amsgs))

MaxAcceptor\Vote(a,i)==
LET maxBallot==Max({b\in Ballots:vote[a][i][b]#Nil}\cup {-1})
v==IF maxBallot>—1 THEN vote[a][i][maxBallot] ELSE Nil
IN ((maxBallot,v))

Phaselb(a,b)==
N\ballot[a]<b
N({by\in lamsgs
Nballot'=[ballot EXCEPT ![a]=b]
N\1bmsgs'=1bmsgs\cup
{{(b,{(i,MaxAcceptorVote(a,i))):i\in Instances},a))}
NUNCHANGED ({vote,leaderVote,1amsgs,2amsgs))

IncreaseBallot(a,b)==
N\ballot[a]<b
Nballot'=[ballot EXCEPT ![a]=b]
NUNCHANGED ({vote,leaderVote,1amsgs,1bmsgs,2amsgs))

o Merge(b):55 Propose(b,i),Phase2a(b,i) ) {E— %t I T- Paxos [ Phase2a B Bt.7F Merge 31 41, $& 133
R0 WA 1) B 3 22 R 42 T 1 0 H G (R AR RIS Accept 153K 24 R R HE USR5 b [ Prepare iRk 1)
PRV — > 2 B ¥ (5] 5 I o A — AN S5 g 5, R4 81 52 (U5 251 Paxos #01¥) Phase2a i Bt #fi
) I WE, FERAZTE leaderVote[b][i]H AHF B & 1A Y leaderVote[b][i]2 FI ¥ A # & o
I (leaderVote[b][i]=(-1,Nil)) Ift 74 fE B #r. I8 4 Multi-Paxos a5 RAEE — MRS K
55, HAEFARAN el 4 5, e I et — AR UUE;

o Propose(b,i): #E i E XSzl 45 i $ BRI leaderVote[b][i]=(=1,Nil), I8 A 32180 L B — S &k 1Y
FEVE v, 58T leaderVote[b][i]=(b,v), Jf A& 1 3K 75 W, 2 13 LIS leaderVote[b][I A iR 45 4% 52 4,

o Phase2a(b,i):#2 1 & Hi4ls Merge(b)F1 Propose(b,i) %5 545 2 5 i A i (142 1A, R S Accept 1% 3K;

e Vote(a,b,i): X} .+ Paxos [¥] Phase2b B Bf. 8252 % a W BIHE 405 2 b S B14i 5 4 i 11 Accept 15 SR I,
b AT a 4RI 5 (o>ballot[a]), ] a $:5%2 Accept 153K, I 508 vote[a][i1[b] A X W 4 1A

1bMsgs(b,Q)=={m\in 1bmsgs:m[3]\in Q/\m[1]=b}

MaxVote(b,i,Q)==
LET entries==UNION {m[2]:m\in 1bMsgs(b,Q)}
ientries=={e\in entries:e[1]=i}
maxBal==Max({e[2][1]:e\in ientries})
IN CHOOSE Win Value\cup {Nil}:\E e\in ientries:
Ne[2][1]=maxBal/\e[2][2]=V

lastinstance(b,Q)==LET entries==UNION {m[2]:m\in 1bMsgs(b,Q)}
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valid=={e\in entries:e[2][1]/=—1}
IN IF valid={-} THEN -1 ELSE Max({e[1]:e\in valid})
Merge(b)==/\\E Q\in Quorums:

MNA a\in Q:\E m\in 1bMsgs(b,Q):m[3]=a
NeaderVote'=[leaderVote EXCEPT ![b]=[i\in Instances—

IF (/\i\in 0..lastInstance(b,Q)

NeaderVote[b][i][1]=-1)

THEN ((b,MaxVote(b,i,Q)))

ELSE leaderVote[b][i]]]
NUNCHANGED ((vote,ballot,1amsgs,1bmsgs,2amsgs))

Propose(b,i)==/\leaderVote[b][i][1]=-1

NE Q\in Quorums:

MA\A a\in Q:\E m\in 1bMsgs(b,Q):m[3]=a

NALET maxV==MaxVote(b,i,Q)

safe==IF maxV/=Nil THEN {maxV} ELSE
Value \cup {Nil}
IN \E Win safe: leaderVote'=[leaderVote EXCEPT
1[b][i]=b.v))]
NUNCHANGED ((vote,ballot,1amsgs,1bmsgs,2amsgs))

Phase2a(b,i)==
NleaderVote[b][i][1]=b
N\2amsgs'=2amsgs\cup {((b,i,leaderVote[b][i]))}
NUNCHANGED ((ballot,vote,leaderVote,1amsgs,1bmsgs))

Vote(a,b,i)==
Nballot[a]\leq b
Nballot'=[ballot EXCEPT ![a]=b]
MN\E m\in 2amsgs:
NAm[2]=i\m[1]=b
N\vote'=[vote EXCEPT ![a][i][b]=m[3][2]]
NUNCHANGED ((leaderVote,1amsgs,1bmsgs,2amsgs))

Next & XL T KA KR, Spec & LT 58 4EMIAT I L EY.

Next==
\/AE a\in Acceptors,b\in Ballots:IncreaseBallot(a,b)
\/\E b\in Ballots:Phasela(b)
\/AE a\in Acceptors,b\in Ballots:Phaselb(a,b)
\/\E b\in Ballots:Merge(b)
\AE b\in Ballots,i\in Instances:Propose(b,i)
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\AE b\in Ballots,i\in Instances:Phase2a(b,i)
\/\E a\in Acceptors,b\in Ballots,i\in Instances:Vote(a,b,i)
Spec==Init/\[-][Next]_((leaderVote,ballot,vote,1amsgs,1bmsgs,2amsgs))

1.5 Raftt#i¥

Raft A& —F 1 5 T FUAR 6 20 A s AL B P S s T 8002 18] 14 83 47V, /T AE T L ¥ Raft
BN RUHS ARG — A 30 18 10 A8 B B Ok AT 30 (term) AT AR 01 0 U [ 4 4 £ 32 A I ol 3 e A 390,74 e A
I I B (R R L AT 0 A I A3 i I T A A 1 B M A 0 SR S 1 9 R A A 1 AT
FALTT AU S Y AT AR, TG 412 R A T U0 BT 1 O ALY AT e E RS R i H R T, 20k A
J}}élﬁuE’JEEETE&%T?TEI@IT‘TEP,JXEBUJ % H &I AT 3.

Raft H R ACH 3 Bl (o 7Y s (leader) . AT i (Follower) R4 1% 1% s (candidate). ) 24 R 4 BT A 171
AR AT . Raft BN EELRE 5 4 3 A LA B Y A AT DS AR RS LR, ST A R
ISP i) A A5 2% B 5 SR 4 11 I 20T R B 22 AT R BN R] P B RO B A I 5 A A Oy
T G AU Se K BT, AR R A T R I 4 AT T A DR RS 28 OB 2R SRR T RO L B
AT 30 R0 RT3 28375 SR A% 41 1 AT 300 0 2R 1 BT B K, B8 1 AR AR AT 0 P 0 0k LA 0% 3 1 o et 52, U6 4 ok
YR 25 37 S IS 22 AR 4 2 A0 N AR N T I 5T L Raft 18 22 SR B S ML A A5 25 1) 22 4 T (election
safety) M AEAMEIN B2 HA — A AL T IEFHE 321 A 58 2k (leader completeness), B (1 H & W
A5 BT O AS 1 H R 30, Raft 51N T 4 R HI0): o S35 5 5 0 B bl 1 B A0 A TH TROL 8 45 f0fs 30 40 i%
JEASTE ST A5 R ] L e H A& P gt ok i H BT g 5 S AR (43 5K M lastindex A1 lastTerm) F) 7 H
A [ 3 1A 1L,

A2 R T AR 5 WU i) AT a5 T D R I, AN R e R 5 I A2 T ) H A I (ﬂ&?ﬂﬁ
5 RN H R T T, YT s AN BE B2 G BE K 1 H AR I A2 A AT R IR T I A DA (ack) ML R 4 R —
LARZZZ 1040 5. 5 Multi-Paxos HH A [] 5290 k7 3% R 52 H B T0UAS (], Raft 76 B4 16 & 2502 m) i ik ﬁ'ﬁ*ﬁ@i
T AP IR AR JB I IXRE (K BR ), Raft Hp 5 s 6 H AN 2 B0 AR T, )RR T ) H R (K — 2P (log matching
property) O B AN ) H RS E R — 07 B TR R E A I8 4 2 BT At A .
MR H 75 1) — S0k, an SR A H BI04 4 H & AT 45 5/ 1 H BT Cp L.

2 ParallelRaft-SE il & ¥51k

Raft 5 3258 AT FE ™ iy 4 33 At R A4 e AN T 80 0 R e UL IRl bt By L £ (4 0 ] 9 T Raft
T ParallelRaft, & L VFELFARAS . BLF AT I i U0k T #85% ParallelRaft 55 Raft 2 ] ()56 &, B4l 142
T ParallelRaft-SE.ParallelRaft-SE £ &L #2228, (R4S 2 SKIFUT $AT F 7 w4 5Lk, 7 LA ParallelRaft-SE 144
J AT B AS 1 ParallelRaft. >4 7 i BH ParallelRaft-SE ) 1E 1, F6 4112 37 T e 2] Multi-Paxos [k 4k C £&.

2.1 ParallelRaft-SE1#i)

ParallelRaft-SE ¥/ T Raft A (3245 s AT 2L A33E Y 20) AR 3R LA K 328 3= ML ParallelRaft-SE
I EARE 3 84y W A AT S ED HAR L AT SR RO H R A

1t ParallelRaft-SE 7, 3715 AT LA & M [a) A ik 3% 2/ H B D1 i e 8 H B 005 7 RUE 2 1A,
T J6 35 545 9w 5 T /MK 1 A5 390 R b, ParallelRaft-SE 37 355 F s 10 BL #5532 AR AL

ParallelRaft-SE ({3 5 ML 41 Raft FEAK A, &1 75 ZLARUE L 28 10 2 4 ME R [ 1 2 HHE ParallelRaft-SE A~ .
A Raft (EATHE, 150 H & T AT aE A 25, R e % 2% 1 fE  ParallelRaft-SE  Jo v i ik 17 p5 Lh % H B 138 17
LRAE AT 2735 S 10 58 4 PR K Bk ParallelRaft-SE i A\ T H & Tk & b B.

ParallelRaft-SE 11 H =& Pk & i 72 119 2 A JUAR R SH AT 321 s e S oAt 1 0501 H 2R FF48 47 Paxos Pl i &



)
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AT e U R ASAFUBAT 32795 s 2 1 H & .

21 WK BT 25T A R SE A I, BRI AT D ) AT R R H AR T

ParallelRaft-SE FIRLZT 4 ] 7 40 F A0 5 15 28 B (I AR T Multi-Paxos #EE 5 51 N I3 4).

o Server A S S ILRM LS

e Follower,Candidate,Leader #2145 #%11] 3 P AR FPIR A,

e rlamsgs,ribmsgs,r2amsgs,r2bmsgs,r3amsgs,negMsgs +& A [/ 25 8 (1131 B 4 4

e currentTerm[i] 4715 s i BT ic 3% 1) 4 K AT 148,

o currentState[i]Jh %7 5 i IR AEALAT I A% # J2 Follower,Candidate,Leader 2 —;

o vote[i][n][t] R st i TEAEI t #2754 n HETLTIN vote &4 T H# ParallelRaft-SE
Multi-Paxos [ 4t 52 B Hp sl o A 75 2 vote;

e leaderLog it T &FAMT 1K) 3245 1% H 75 leaderLog [F#£& 8 T #%k ParallelRaft-SE %] Multi-Paxos
RS AL, 52 B Bl i A5 2L leaderLog[t] [n]#8 ZnAT A t B9 E W H A g5 o8 n M H BT A H &
T T it v, by () =S4l Hoh v H S TURAE I v 42 BUE ;b 22— /RAE, 24 B H S Wi $2 28
I,b A 5L

o loglil[n] A0 i i M EHE R4S 0 n (1l H &I

MODULE ParallelRaft-SE

EXTENDS Integers,FiniteSets,Sequences, TLC

CONSTANTS Server,Follower,Candidate,Leader,Nil,Value

Quorums=={i\in SUBSET (Server):Cardinality(i)*2>Cardinality(Server)}
Index==Nat
Term==Nat

VARIABLE rlamsgs,rlbmsgs,r2amsgs,r2bmsgs,r3amsgs,negMsgs,
currentTerm,currentState,vote,leaderLog,log
serverVars=={{currentTerm,currentState))
vars==({rlamsgs,rlbmsgs,r2amsgs,r2bmsgs,r3amsgs,negMsgs,log,
serverVars,leaderLog,vote))

FER A

o Timeout(i): N s El A B 1 A 1 DRIAIC B B 1Y A5 B T B IS, U K H BT A (current Term[i]=
currentTerm[i]+1), KR 25 7% 46 2 1% 2% 2 (currentState’[i]=Candidate);

o RequestVote(i): & T &1 i [ H A AR IE H ST, R IE 280 K,

o HandleRequestVote(i): 15 s i W BIREZS K m Witk m #5445 BT HA KT i B4 (m[1]>currentTermli]),
Wi T AT 1,8 52 123 28 3K, K [ CUI H R R IR 25 035 715 80, 45 W, 96 40123 2817 3K

Timeout(i)==
NcurrentState[i]\in {Follower,Candidate}
NcurrentTerm’=[currentTerm EXCEPT ![i]=currentTerm[i]+1]
NcurrentState’=[currentState EXCEPT ![i]=Candidate]
NUNCHANGED ((rlamsgs,rlbmsgs,log,r2amsgs,r2bmsgs,r3amsgs,
negMsgs,leaderLog,vote))
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RequestVote(i)==
N\currentState[i]=Candidate
N\rlamsgs’=rlamsgs\cup {{{currentTerm[i],i))}
NUNCHANGED ((serverVars,rlbmsgs,log,r2amsgs,r2bmsgs,r3amsgs,
negMsgs,leaderLog,vote))

HandleRequestVoteRequest(i)==
N\E m\in rlamsgs:
LET j==m[2]
grant==m[1]>currentTerm[i]
entries=={((n,log[i][n])):n\in Index}
IN
\/\grant
NUpdateTerm(i,m[1])
Nrlbmsgs'=rlbmsgs\cup {{(m[1],entries,i,j))}
NUNCHANGED negMsgs
\/\neg grant
NnegMsgs'=negMsgs\cup {{{currentTerm[i],j))}
NUNCHANGED ((currentState,currentTerm,rlbmsgs))
NUNCHANGED ((log,rlamsgs,r2amsgs,r2bmsgs,r3amsgs,vote,leaderLog))

e Becomeleader(i): Wi £ £ FURBEZZ MMk Y A 0 B Y AL IR R0 B H RS AT e B ki H K
WSHEAHESR S n,BR e WA SN n 19 H &I ER L AT R H &I % H &I
FATHME SR | A S AT T Mg ParallelRaft-SE % Multi-Paxos FR 1k ¢ 2, 1 5 i BB 16 e
leaderLog, Ifi 4k H #1514 log[i]. 2 J5,i AT LAl [ Lk 3% RequestSync 13K, 56 it H & 52 #7;

o RequestSync(i): =5 s i [ HA T s R0 H AT

Merge(entries,term)==
LET committed=={e\in entries:e[3]=TRUE}
chosen==
CASE committed={-}—>CHOOSE x\in entries:
\A W\in entries:x[1]\geq y[1]
[-] committed/={-}—>CHOOSE x\in committed: TRUE
safe==chosen[2]

IN ((term,safe,chosen[3]))

BecomeLeader(i)==
N\currentState[i]=Candidate
MNE Q\in Quorums:
LET voteGranted=={m\in rlbmsgs:m[4]=iAm[3]\in Q
Am[1]=currentTerm[i]}
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allLog==UNION {m[2]:m\in voteGranted}
valid=={e\in allLog:e[2][1]/=-1}
end==IF valid={-} THEN -1 ELSE Max({e[1]:e\in valid})
IN
MN\A g\in Q:\E m\in voteGranted:m[3]=q
NeaderLog'=[leaderLog EXCEPT ![currentTerm[i]]=
[m\in Index—IF n\in 0..end THEN
Merge({I[2]:Nin {t\in allLog:t[1]=n}},currentTerm[i])
ELSE ((-1,Nil,FALSE))]]
N\currentState'=[currentState EXCEPT ![i]=Leader]
NUNCHANGED ((currentTerm,rlamsgs,r2amsgs,rlbmsgs,r2bmsgs,r3amsgs,
negMsgs,log,vote))

RequestSync(i)==

NcurrentState[i]=Leader

ALET sync=={n\in Index:leaderLog[currentTerm[i]][n][1]/=-1}
IN
\E n\in sync:r2amsgs’'=r2amsgs\cup

{{{currentTerm[i],n,leaderLog[currentTerm[i]][n].i))}
NUNCHANGED ((serverVars,log,rlamsgs,rlbmsgs,r2bmsgs,
r3amsgs,negMsgs,leaderLog,vote))

e HandleRequestSyncRequest(i):i ¥ # RequestSync &>k m, 2l 5 m #4H KEIA /N T i B &5 WAEH(m[1]>
currentTerm[i]), W] i $%52 1% i 3K, F+- 4 B AT, 508 log[i]5 vote, I [ 52 A A ;

o CommitEntry(i): 15 £ 2 FIR T s X A HAE TN G, E3 8 0 iz E &R D O B4R
(Committed);

e RequestCommit(i): 77 s CLPEAT 1) H AR TR 1% 45 HoAth 35 A5

HandleRequestSyncRequest(i)==
MN\E m\in r2amsgs:
LET j==m[4]
grant==m[1]\geq currentTerm[i]
IN
NAVAm[1]>currentTerml[i]
N\UpdateTerm(i,m[1])
VVAm[1]\leq currentTerm[i]
NUNCHANGED ((currentTerm,currentState))
NVN\grant
Nog'=[log EXCEPT ![i][m[2]]=m[3]]
N\vote’'=[vote EXCEPT ![i][m[2]][m[1]]=m[3][2]]
Nr2bmsgs’=r2bmsgs\cup {{(m[1],m[2].i,j))}
NUNCHANGED negMsgs
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\/\neg grant
NnegMsgs'=negMsgs\cup {({currentTerm[i],j))}
NUNCHANGED ((vote,r2bmsgs,log))
NUNCHANGED ((rlamsgs,rlbmsgs,r2amsgs,r3amsgs,leaderLog))

CommitEntry(i)==
N\E index\in Index,Q\in Quorums:
LET syncSuccess=={m\in r2bmsgs:
m[4]=iAm[3]\in Q
Am[1]=currentTerm[i]Am[2]=index}
IN
NcurrentState[i]=Leader
MA g\in Q:\E m \in syncSuccess:m[3]=q
NeaderLog'=[leaderLog EXCEPT ![currentTerm[i]][index][3]=TRUE]
NUNCHANGED ((serverVars,log,rlamsgs,rlbmsgs,r2amsgs,r2bmsgs,
r3amsgs,negMsgs,vote))

RequestCommit(i)==
NcurrentState[i]=Leader
ALET committed=={n\in Index:leaderLog[currentTerm[i]][n][3]=TRUE} IN
\E n\in committed:r3amsgs'=r3amsgs\cup {{{currentTerm[i],n,i))}
NUNCHANGED ((serverVars,log,rlamsgs,rlbmsgs,r2amsgs,r2bmsgs,
negMsgs,leaderLog,vote))

e HandleRequestCommit(i): 15 &1 i W F3k B 3277 201 RequestCommit i 3k m, 40 5 m #54 AT A /N F i
H 5 AR, U] 0 kA I S IR i ok ERAT
e ClientRequest(i): s B H ' T4 v &, 2345 & 1% v AE B i B SIS n ) H & .

HandleRequestCommitRequest(i)==
N\E m\in r3amsgs:
LET grant==currentTerm[i]\leq m[1]
j==m[3]
IN
NAVAm[1]>currentTerm[i]
NUpdateTerm(i,m[1])
V/Am[1]\Meq currentTerm[i]
NUNCHANGED ((currentTerm,currentState))
NVNgrant
Nog[i][m[2]][1]=m[1]
Nog'=[log EXCEPT ![i][m[2]][3]=TRUE]
NUNCHANGED negMsgs
\/\\neg grant
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NnegMsgs'=negMsgs\cup {{{currentTerm[i],j))}
NUNCHANGED log
NUNCHANGED ((serverVars,rlamsgs,rlbmsgs,r2amsgs,r2bmsgs,
r3amsgs,leaderLog,vote))

ClientRequest(i)==
LET ind=={b\in Index:leaderLog[currentTerm[i]][b][1])/=—1}
nextindex==IF ind={-}
THEN 0
ELSE Max(ind)+1
IN
N\currentState[i]=Leader
NE Win Value:leaderLog'=[leaderLog EXCEPT ![currentTerm[i]][nextIndex]=
{{currentTerm[i],v,FALSE))]
NUNCHANGED ((serverVars,log,rlamsgs,rlbmsgs,r2amsgs,r2bmsgs,r3amsgs,
negMsgs,vote))

Next i& X T X255 2 .Spec & X T 58 AT 4.

Next==\\E i\in Server:Timeout(i)
\AE i\in Server:RequestVote(i)
\AE i\in Server:HandleRequestVoteRequest(i)
\AE i\in Server:Becomeleader(i)
\AE i\in Server:CommitEntry(i)
\AE i\in Server:ClientRequest(i)
\AE i,j\in Server:RequestCommit(i)
\AE i\in Server:HandleRequestCommitRequest(i)
\AE i,j\in Server:RequestSync(i)
\AE i\in Server:HandleRequestSyncRequest(i)

Spec==Init/\[-][Next]_vars

2.2 ¥5{kParallelRaft-SE %] Multi-Paxos

ParallelRaft-SE SZHFELIFHAS S T HAT HI 7 v 4,1X 5 Multi-Paxos 4 [i]. 4, ParallelRaft-SE ) H & 1 &
W Be AR i b2 A8 T Paxos % AT ek 2% 1) H & T E i A, 1 Multi-Paxos tHif i Paxos K AEH2 . SLFr b, AR A
A7 M ParallelRaft-SE 3| Multi-Paxos [F145 6 5¢ &, MM AL W] T ParallelRaft-SE (¥ 1 fff £ X Fiofs o6 R T
ParallelRaft-SE 5 Multi-Paxos [#j LA FAHBLZ b,

e RequestVote %] |- Phasela.ParallelRaft-SE F ({4 1%} % - Multi-Paxos 77 (K4 18 2 5 ;

e HandleRequestVote X% T Phaselb. 3 #B 5 Bl i H AT HIAR U S 5 SR Y58 A2 75 IR B 28 14 2 4

BOE R, H e RS h s B 2 HAE;
e BecomeLeader X%+ Merge it 21 2 HIR ] 52 1) 3215 mi B I H B 4T Paxos P& AT BESR 2k 1 H A 1L
e RequestSync XN T Phase2a.?t ParallelRaft-SE #, =75 5 5g il H B W S, 180 W0 5 1R 25 H B 054
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Multi-Paxos #3213 # il it 3847 Paxos i H 352 UMH J& , 10142 52 2 6] 20

e HandleRequestSync %I T Vote.7f ParallelRaft-SE 1, )\ £l ) [A] 26 il K J5 9 A i H & 7
Multi-Paxos 4252 2 W B3 B3 B4 U e 52 42 ORI S AF A b

e ClientRequest X} 5T Propose.ft ParallelRaft-SE 1, 3= 7 s i £ 1 7 iy 2 )8 HoAE S H AR T ) H &
IR R.AE Multi-Paxos H, #5558 T 54 g5 8 U0 W A W0 342 U30ME, T LASR HA AT A Y (R . TR b 1A
) H 26 KR8 N4 72 H & 0.

ParallelRaft-SE Ml£y%45 i T ParallelRaft-SE Fil Multi-Paxos 7£ % 1 7% 5 2 7] [ {1k L5 -

Acceptors==Server

Ballots==Term

Instances==Index

ballot==currentTerm

leaderVote==[i\in Ballots—[j\in Index—((leaderLog[i][jI1[1],leaderLog[i]1[i1[2]))1]
lamsgs=={((m[1])):m\in rlamsgs}
1bmsgs=={(m[1],{(e[1],((e[2][1].e[2][2])))):e\in m[2]},m[3])):m\in rlbmsgs}
2amsgs=={{(m[1],m[2],((m[3][1],m[3][2])))):m\in r2amsgs}

Spec==Init/\[-][Next]_vars
MP==INSTANCE MultiPaxos

THEOREM Refinement==Spec=MP!Spec

3 ELFPUTHEEIS W R HE 6

FHX T Raft 1M 55 ParallelRaft-SE SCHFALIFHRAS AH 2, B AR ERIUFHATH P @ 2 AEA T RIFK RS
11 PolarFS L1 2 %t . il 3 5t ParallelRaft 75 22 3 5 L7 HUAT, B 2 AR VEIRASHL e AT 4 5 R 1 £ 4828 H
I AR 4 S5 5 /N ) R I B AT s AT L T AR LR AT I L 7 e AR A — B0, 7 AR
B ELF AT B fir 4 2 o 58 1. R, A 15 e A 41 Parallel Raft i 5 F (R EL 5 0T 55 28 4 43 47 ParallelRaft 13 1K)
A I B AT R I, SCHR 7]+ 56T ParallelRaft (14514 20 T 0] A& 23 SR A — S0k 0 i R H 287 i) JL AT 4
G BT 2% 10 R 465 L BUAT BT 7 SR R Bk ik
31 ELFHMITRIIRE

ParallelRaft (¥ L F AT BERI LS Y 7 FH 7 iy 2 2 1) 1K) o 5 40 e MR T 76 PolarFS SO &R 4213 3 v A
FH P i A #R AL % f A BT U IR0 BOHE (1 22 48 X B ik (logic block address, fii#% LBA).LBA AN S (K] iy & AN 74
MoE, AT LLEL R ST A R LBA 5 & (1 iy 2 75 22 4% H & g 5 )3 44T

TEVZRE YN A iy A AE R PAT AT, 1 e R A % i 2 R S5 % 5 /MW Ay & A2 AR 58 B T H R 002 AL 2
2 (0] 6 M AR B PR ) 04, H A T u] BB AF A5 257 T A A A 2 (R T AT B A B 2 Ay 4 % A AT AT
ParallelRaft ZERMGAHETLR B Z A1 KOERESH)AHET LBA MK A 5 22 X ”(look behind
buffer, & Fx LBF). Bl 1, R H & ASA7 £ K B Ik K623 m U WHE S AN H S T 2 2 8] 2 T A7 A
M N 1| Rt ) SR IR Ik S o
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32 “HiR HE"iE

2ot H & W S5  ParallelRaft 5 =1 ALK H AR ASAE AR 2537, PR ke v] Lo A H B T3 LBR.Z R, 32710
SAT LUK LBF B Ak 50— 36 45 YT R IE A 10 o S W B2 SR A AN H A 301 LB #vE A i S 76 2 11 K
A HEIR) LBASKI,“MA R H B "I G e 4 T8 BT S0 H I LBF 5L r AT B 2 ik 7 i R H &3
%, e 3 BL (B P AN TR R R — AN H BT, A0S T % H AR 0T 30 LR BT B A 0 7 A A H B I
1 P9 5).

(1) Wl 2@, 5 LB s AR T sy W HAETRIN T g5 8 1~4 1 4 A HAE DL R G 1A

2 (1 H BT s, A s 521X P A~ H R TR HR 2 4500 3 1 4 1) H AR TR 3¢ s Bl s #5250 3K
(2)  H52 W B sg Bk A2 ALsg I A2 AP MRS A b AT MR sq AR AT A I (A R 55 LT BN 2 BUR
AR H AR T, DR e K R S U 85 K H AR ORI s AR A H AR T W E 2(a), 2 fF s M H
AN T g5 R 3~6 WUB I H IR g R 6 U H RIURIELS T sp I AS . i FIX— T2
Xy BB S(y<«2), 5 Z AT H EBTC R, A s3 AT y«-2(FL P 0AT). 2 5,85 R R R STk BT K
T A S,

(3)  Unkd 2(0)Fian, 58 3 B Bt ss ZEVK R FE R IR T sy (MK sy KB IEH) AR IRASHI H BTG = 0 4),
IR R IRL s3.3X TR AT 53 1 BT & WX AR & y (45 4 (y<=3), AR08 L 55 SR T (0 10 ), %7
ZACPAT AHSE s3 CAIAT y2, I S 30T $AT I ) AR — 5

(a) (b)
Fig.2 The “Ghost Log Entries” phenonmenon violates consistency
K2 R H "R IRES— Sk

Sy fESE L BEARIRAT M H A WUARLE S 2 W BEW 3277 55 s 10 H AR (H 2 2 J5 SCHBRAE T 26 3 B BE iy 32749 45
o I HE R BATIRE M ING Ky e R HE” XA 1 s M LBF 5 5EFr AR, Al fig 2 5 SO 5 10 i 5 ) 1,
B sy ParallelRaft-SE(ParallelRaft) 7 &L 7 $AT T 1) 1EAff 1 38 f th B i R H A& 1R OB T, 76 H AR IR 1N
TEFE S 2 B B TR R s TR ZEUAHA s, T AR TRAS B H AR TP A B2 e AT R R RT, T A K S AT R R
UEZ G AR I 797 AL i R T A&7 AT T HAT (U0 Multi-Paxos 5 Raft) 1 1) G H B AN 23 5% )
BN TE B P 22 AR AT e R R ) A 75 5 At e 32 R R IR AT HEKE Multi-Paxos 1 A pie )5 26 R T
F| ParallelRaft-SE I, R ZLit & Raft X “ma R H 3 (iR w7 720 BATTRE 36 X 26 5 R IGVE R e L P AT T 19
“Hy R H & ) L
3.3 Multi-PaxosHy ik 5 £

Multi-Paxos K] 1 #l 8l 30 il kU5 58 5 BUE AR AN 288 TN OR A7 € 19 74 Rl 1] (RITZE Rl iz H S I 4 33
(AP ). 9 AT U R RS0 A I TR A 00 i 57, O O AT A 1 T TR 3R I 58 1tk S ik
R i) H S 5N — 2R3 R IR 25 B AR A5 000, B A (barrier). HUAT S8 AIAY H GG IR P A2 )i, 38108 A4 Rg 1l H
A& PR IORT ) RS PR B R IR AL T H AR A IR 2 i URORT IR U AR N H RS L SR e
AN TR A FSCIRE TR/ A TR IUER) 2 I, D0 T B O el 2R H R
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W&l 3(@) s, AN H ST A 04150 000 sk T % H RS I3 UG 5 (J5 B2 R h o) (8 5 250) 45 26 B 1)
sy WS 1 PR UCHE, B H AP T HEH S 1~4 1 H S EA10 534G 5 55 4 s 1 342 1.3
o H S5 A 3N 4 Y H ST A BB AT 5,81 KAk S5 A B2 I 4 T 2 IS I 53 W B s, 1 H RS0, 58 1 bk
SRR 1) H A SN SR HS I (H &% 0 3,26 B R B AR ), H AR I 5 5 AR N () 35 0 2,55 T O
KA HE TR IR S s, PR e 3R A 2 I 53 W P4 5K, JF 1) A RN 17 H S 45 4~6 (K H G,
HIR g5 6 K H RS04 s 152 (IR L 38 4.5 $UAT 1% H B IR R 2.

S A FE I 3 AOB U WA 3(D) 7 AE MK B T 5, A sy B HL SR 4R B T H A4 508 4(y«<-3)[ H
BTURR ER IR H & X — I iU 5 3B st B H &R, AR 0 1.0 s, #9 H &P 45 A
3 MM RS ST A JS I ()2 2. b, s P LUK H &40 5 4 19 H &S 02 “da R H 575 I H & A MR 2000,
AT A T SR S ) L

(a) (b)
Fig.3 Passive way to address the “Ghost Log Entries” phenomenon
3 MR s AR Tr 5
3.4 RaftlfERAZR

Raft % T 3 202 (0 it e 77 20220 0] P 3 = MLA v 1) B 461 4 0 A 43901 < R I 787 M1 45 R T3 4 9 1)
2 R R 0 Raft g R Y ) S A I 2R H S I AT SR H RS IO SR A S B R A A
fiemd B P 0 SRk AR Raft (12 28 000, G IS, A M A 1 A5 I 5 m0H 0 R ol 75 s (H A 5H, B3RS
ZHOIRAE ). I — U5 LA S TR S B B, 3 e I 25 T 19 0k 2 I Bt 1 A5 3005 0 B A 1 A5 0, i
A R H &

W 4@ FT7R,s AW LM ET R, EMBETSEANT S50 1~4 1 4 ASHEDLH D g5 0 3 f 4 1 H
RUE B AT A, T AL TR o 018 4(0) TR, s AR 2 W 75 fUF  s6 ) H & 5 AN — 5 H & B
AT, 2 5 s AREMT R SRR s, 2 5 s M Raft Bk 32 HLN, sy 25 AR R Y 0N T e M BR 2 AR
F &I 54 3 A0 4), FFEs A= &S T R, 2 50 3 R 4 1A A& TS 25 HERE BT 10 799 s &

iy
N
w
N

(@ (b)
Fig.4 Proactive way to address the “Ghost Log Entries” phenomenon
K4 “da R HE" B3\ lhor %
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35 ELF#ITT ROk

¥ Multi-Paoxs X i R H &Ko7 = H 3N #E ParallelRaft-SE L, JF ANRELRIE ParallelRaft-SE (5§
ParallelRaft) 76 &L 7 $AAT T (1 IE A PR A0 4 U, 76 BLF AT T v R H "I IR R BORS A — B 24
R B, 3277 00 0 H AR RS R IR A H AR T 2 A UK AR AR T ST EL ) B TR T A B AR I A
HNIE H S AR A H B2 40 s, AT 58 EUA AR R, B0 — BUNAT 4.

i —J7 1, Raft R E W AT PEAE L 25 R s B T s R H & AR T ParallelRaft-SE SRR/ F 4 AS, H ik
AT REAE AR5 73X AL 73 ParallelRaft-SE 1 AN f ELH21W J Raft [{f# v 7 &.

4 ParallelRaft-CE thill 5 24

H TR ELF AT T B9 e R H &L A 15E T ParallelRaft-SE $#: H! T ParallelRaft-CE 3i¥ .ParallelRaft-
CE i id [R i ParallelRaft-SE 7 L )7 $248 By B (W AT 15 8 o 7t R B &7 il 8, AR AUF SLF AT T RS LI —
M ParallelRaft-CE AW HE 3 A7 H A FEBHLEL 32k =AU & H &L

FAT5E4 H ParallelRaft-CE 1) JL 48 JSEE 5T, JL b [R5 5 5 A2 797 s A b 38 IO AR A ¥ A6 B T R i o 3
RH A2 — 0 T EEIE WX e OG5 LA 2 ParallelRaft-CE 1) 1E i 1tk

(1) W ASHT I S D T R

(2) EEM LM RZE R A ET S,

(3) WA AL AT IFE 524 s U s<t H RGN AAEEATIART s (M H &I

(4) TN AEAME A RN A e HE T AR ETHNT t B H &

(5)  —BOME AT RPN AL A A E AT P AR T AN IR €, 0 B AT E & L A AT R

i) H &3

4.1 AERDZHNH

7 ParallelRaft-CE 1, H A& I ) & 1% 55 3 52 02 38 49 L P 1 AT 0 AR [ 1 I R 0T DA % b A 36 5 42 32 AT
AN ) H B I T 1 7 R 0% 5 52 0 I AN T S 4l — AR E 5 (syne), Ron B T s A AT IS TR D
SR H RIS 32 0 E AR TR, AR A 1% H AR T AT . 0 SR AR I AT A AN A 1R 2B 5 A
[, DU AN 05 82 52 % H RS I, R AL A DA 2 75 U, AT A 40 3% H R I, 90 A SRS 5 R IE4S 1 . =7
RASME AN T AU S R BT R )2 I, Y S TR Al SR R RS AT RO
Y RAT T 00 B — 4% H AE TS 58 AU G, 1275 AU TS s R 25 5 1 BN R — AT X H & [R5 L4 BR
TRAT B AT
4.2 EEHH

ParallelRaft-CE [1i% - HL i 55 Raft AHALL AN [H] 1 /2, ParallelRaft-CE i iof [r] 25 5 J4 Wy H 28 (¥ 37 1H 5 5 1 [ 21
TR, H R R A T SUR AT IE A B K B CUIK ) 2D 5 2 o A Y L U S BT B R B
AN KFRIE T A G5 I, A R % 2817 5K
4.3 BAEmEMNH

£ ParallelRaft-CE A AT A ] (1) H 28 700 T LA 5 A ik B 4 52 DAt A8 o mT A A8 23 37 39 1) 1
SO AR H RS TREAT R W 2R H A A2 (45 319 s B[R] 205 T 9000 € ROAR Y, BE I, R G A C0) B A A
BN T AT AR I RS IR T IR RATT R 0 R 58 i A R I S PR D Y Rk 3 7 (leadeer
candidate). P 5 3o i 58 B BT A AR U/ T 5 AR ST S AR IR 22 A 1) - B R AT (B AT) R H A I
DAER 5 K H S 2 BRI AS ) H S I A PR— AT, AW R HZ A R A

B 2 AR | AT 0 720 5 0 s it 3,s<t) AR E it 5 R 48 CXHE /N T s 19 H AR T0E ik
SEUL AR PR 5 3, RGP AN AEAT I L s (109 H AT A bt LA 0 RAT T4 T s 1 HS TRLAR R H S T
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755 ParallelRaft-SE(E% Multi-Paxos)AH [F],1 5 22 M\ 22 BUR 1 s 4 H 2 00, f A HF o B B i H A 0L+ H
A IAT A2 [ 22 19, ParallelRaft-CE 2 REAS H &8 Wi in— N3 1748 2 H i (date). H #4H 24 T~ Paxos H H & 1
M3 RS H & g5 A R, H TR K I H 26 00 e 7.

| FHE5y 3 ANMBOK R 213 21 H G TR D48 AT 208 1 Il SR BT U RS54 n i n>s, ) H2dk
N 3 BB R n=s, W E B3N 2 B B A U SN 1B B

5 1B BE(n<s): | S8 T AR IBAT A n 1 H AR IO 240X Se 0 g YT S A A S| 38 A0 A ST 3
W P& =AMLY k

1) k>n;

(2 1WHERESHEEIN k1) H &G

(3) kWAL 1. £k 2 R MY,

WG R 2508 KRG, AT RUMBR H A& T ITE RN AR n B0 BRI IR R 5 0 k2 )5, &
IR 1 N AR B AT I Kk  H AR RS L R, B A A DS ST O s 3RS 2 B B

55 2 B Br(n=s):| 748 ) T i [ 20 H RS T, B 2T I8 s 10T A H 2 00 B AH 7 16 22 BOR$22E, Id 1X AN 2 51
JRA QIENE 3 BBt

55 3BT B (n>s): L K e M D S gk F 5 (AT I tORR A8 1 5 3,31 /& 22 4 1) AR 5 LA Q wh i1y e H &
255 Ty I B HE 2 20UR T S (0K B Q)MIA Y BSR4 | 1 =Q Rk 277 4.
4.4 ParallelRaft-CERJTLA+#£Y

ParallelRaft-CE 1§ ] & LeaderCandidate 77~ 3277 s i ik 3 ff1 €0 3L b (048 B L 4

o messages: 19 R IE I DS

e currentTerm[i]: 5 &7 i it 3% A B K AAT 4070,

e currentState[i]: 45 4 i [fIRAS, 4 Leader,LeaderCandidate,Follower,Candidate 2 —;

e votedFor: &5 s — AMEWI N K A8 A — Mk 35 55 22 votedFor[i1 7R i £EASE Y (currentTerm[i]) Y
PR RBIE T AL 1A AR R BEE, W votedFor[i]=Nil;

e sync[i]:" AL i MRS,

o end[i][t]: 5 A% i SR AT AR t i) H ST K 4 5 . ParallelRaft-CE 1] Paxos FHEEEHL
1 8 B — ME I B K45

o log[i]: ¥ £l i B HZE log[il[K]oh i B9 HEH gw 50 k i H B DL A H B BUE, v, by Y Jo gl Horet 2
H BT, A2 8Gd 2 B T2 B S DURGE H v S 3830 b 2 A0 /R1E, 2 LAY H & g
AT b I

e syncTrack: kA4 Leader 8¢ LeaderCandidate (1715 s5 FH 3 5% FoAth 15 550 14 6] 25 5 .syncTrack[i][a] 4 715 A
ISR A a RE S,

e elections,halfElections Jy JJj 52 45 &, id 3 T IE 2415 .

MODULE ParallelRaft-CE

CONSTANTS Server,Follower,Candidate,Leader,LeaderCandidate,Nil,Value,

RequestVoteRequest,RequestVoteResponse,

RequestCommitRequest,RequestCommitResponse,
RequestSyncRequest,RequestSyncResponse,
UpdateSyncRequest,UpdateSyncResponse

Quorums=={i\in SUBSET (Server):Cardinality(i)*2>Cardinality(Server)}

VARIABLE messages,currentTerm,currentState,votedFor,sync,end,log,syncTrack
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serverVars=={{currentTerm,currentState,votedFor,sync,end))

VARIABLE halfElections,elections
electionVars==((halfElections,elections))

vars==((messages,log,serverVars,syncTrack,electionVars))

ParallelRaft-CE ] 3= B & /E (U4

UpdateTerm(i):s i 2|71 & m, % m.mterm>currentTerm[i], 84 i 7+ 24T ¥ (currentTerm’[i]=m.mterm), $5 4%
9 T S5 (currentState’ [i]=Follower), 3K 35 252 i 5k 8 2 (voted For [i]=Nil), K1 24 i 7681 AT HTie & A7
JATAT S 5 AE ParallelRaft-CE o1, 5 p S AT An] w7 =R #1075 ZEAS A AT 391 49 2 AT 1 K 7710 Ry
ARSI, AT UpdateTerm, 2 5 5 Wi S 1 5K 249 W 5 IR AF 3005 715 A SU0AH ] B, 709 s 1 e A 33 5K
5 BT N1 AT H B AR 4T AR 3 SR IR H ST IR R 48 R %

RequestVote(i):i &k 2¢. 5 ParallelRaft-SE(Multi-Paxos) AN /] K] 2 i 75 2044 H O K [R5 5 (sync[i]) & 3%
25 JLAh YT A5

HandleRequestVoteRequest(i): i £3E 44355k m (45 & i ELAAT W (currentTerm[i])F1 m.mterm) 5 [7] 25 5
(sync[i]F1 m.msync).24 m.mterm=currentTerm[i] H. sync[i]=m.msync H. i 7£ A4 ] N i v& A /) 2 oA 4
SRR AR SR RS K 0 A A HEPATWIR mamsyne BT LA A i 0] BLEESZ AT 1A
m.msync (1) 2535 (1) 552 K2 (end[i][m.msync]) A& 2 45 2 28 i

UpdateTerm(i)==

MNE m\in messages:

Am.mterm>currentTerm[i]
NAVm.mdest=i
\/m.mdest=Nil
NcurrentTerm’=[currentTerm EXCEPT ![i]=m.mterm]
NcurrentState’=[currentState EXCEPT ![i]=Follower]
N\votedFor'=[votedFor EXCEPT ![i]=Nil]
NUNCHANGED ((messages,sync,log,syncTrack,electionVars,end))

RequestVote(i)==

NcurrentState[i]=Candidate
N\Send([mtyper—~RequestVoteRequest,
mterm—currentTerm[i],
msync>sync[i],
msourcer—i,
mdest—Nil])
NUNCHANGED ((serverVars,syncTrack,log,electionVars))

HandleRequestVoteRequest(i)==

MN\E m\in messages:
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LET j==m.msource
syncOK==/\m.msync\geq sync[i]
grant==/\syncOK
NvotedFor[iJ\in {Nil,j}
NcurrentTerm[i]=m.mterm
IN
Am.mterm\leq currentTerm[i]
Am.mtype=RequestVoteRequest
NVgrant/\votedFor'=[votedFor EXCEPT ![i]=j]
\Aneg grantAUNCHANGED votedFor
N\Send([mtyper—~RequestVoteResponse,
mterm—currentTerm[i],
mvoteGranted—grant,
mlog—LET C=={n\in Index:log[i][n].term=sync[i]}
IN {{{n,log[i][n])):n\in C},
mend—end[i][m.msync],
msourcei,
mdest—j])
NUNCHANGED ({currentTerm,currentState,sync,log,syncTrack,
electionVars,end))

e BecomeleaderCandidate(i): % &% 45 & i A—NZ BUUR (voteGranted) (19 5 s e B [A) mEE 25 (19 BT 55
AR R AT SARE G BTG T B DS (sync[i]) 9 B & I R BT 1 S0 e AR S AT R
sync[i]f) H & T0 ) B K5 B e AR A AE end[i][sync[il]H. 77 725 e W A3 S8 1 momend 3 $ e 7
). 5 SRS T2 W 4 1 LSO (050 I 4 5 1 G b B B e 1), 0T BN H A W BRI A i
W4k 4k syncTrack[i][p]=sync[i].

Merge(entries,term,date)==
IF entries={-} THEN [termi>term,
date—date,
value—Nil,
committed—FALSE]
ELSE
LET
committed=={e\in entries:e.committed=TRUE}
chosen==
CASE committed={-}>CHOOSE x\in entries:
\A W\in entries:x.date\geq y.date
[-] committed/={-}>CHOOSE x\in committed: TRUE
IN
[term—chosen.term,
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dater—~date,
valuer»chosen.value,

committed—chosen.committed]

BecomeLeaderCandidate(i)==
N\currentState[i]=Candidate
N\E P\in Quorums:
LET voteGranted=={m\in messages:/\m.mtype=RequestVoteResponse

\m.mdest=i

\m.msource\in P

Am.mterm=currentTerm[i]

A\m.mvoteGranted=TRUE}
allLog==UNION {m.mlog:m\in voteGranted}
endLine==LET allPoint=={m.mend:m\in voteResponded}

IN e==CHOOSE e1\in allPoint:

(\A e2\in allPoint:e1[1]\geq e2[1])
toRecover=={n\in 0..endLine:log[i][n].committed=FALSE}
toSync=={{{n,Merge({1[2]:\in {t\in allLog:t[1]=n}},sync[i],currentTerml[i])))

:n\in toRecover}
IN
A\A p\in P:\E m\in voteGranted:m.msource=p
Nog'=[log EXCEPT ![i]=[n\in Index+>IF n\in toRecover THEN
(CHOOSE e\in toSync:e[1]=n)[2]
ELSE log[i][n11]

Nend’'=[end EXCEPT ![i][sync[i]]=({currentTerm[i],end))]
N\currentState’=[currentState EXCEPT ![i]=LeaderCandidate]
NsyncTrack’=[syncTrack EXCEPT ![i]=[j\in Server—sync[i]]]

NUNCHANGED ({messages,currentTerm,votedFor,sync,elections))

o RequestSync(i): 4 i Jh 31 mi B A1 m AR IE 3 I X A AR AL p,i 1) p AROEAT A syncTrack[i][p]#
H &R I0IX 2 H 7R 0] DLEL 7 b R 16 B2 57

e HandleRequestSyncRequest(i): 17 s i W 2 [F] 26 1% =k m. 4 m.msync<sync[i]&{ m.msync>sync[ilf,i 15 4 i
SR [H1 & RequestSyncResponse 74 5L B sync[il#h &1k 1% .24 m.msync=sync[i]i,i [F=1# R, B #iiA,
FERAE m.mend(FT LA SZ AT 124 m.msync ¥ H & I B K 45 ) 1 m.mentries(fE #1249 m.msync 1 H
BINE K end[i1F0 log[il.xT B & M2 8 B B & BTG 45 KT momend 1) B &I 6 4 5 A8
i m.mend ¥ H &I 5 m.mentries 5P AH N (1 T

RequestSync(i)==
NcurrentState[i]\in {LeaderCandidate,Leader}
N\E s\in 0..syncf[i]:
LET start==Min({n\in Index:log[i][n].term=s})
end==Max({n\in Index:log[i][n].term=s})
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IN
N\Send([mtyper~>RequestSyncRequest,
mterm—currentTerm[i],msyncr>s,
mstart—start,mend—end,
mentries—IF start=—1 THEN Nil ELSE
[n\in start..end—log[i][n]],
msource—i,mdest—Nil])
NUNCHANGED ({serverVars,logVars,electionVars,syncTrack))

HandleRequestSyncRequest(i)==
MN\E m\in messages:
LET j==m.msource
grant==/\m.mterm=currentTerm[i]
\m.msync=sync[i]
IN
\m.mtype=RequestSyncRequest
NAm.mterm\leq currentTerm[i]
Nj/=i
NVNgrant
Nog'=[log EXCEPT ![i]=[n\in Index—
IF n<m.mstart THEN log[i][n]
ELSE IF n\in m.mstart..m.mend
THEN m.mentries[n]
ELSE [term—-1,dater~>—1,
valuerNil,committed—FALSE]]]
N\endPoint’=[endPoint EXCEPT ![i][sync[i]]=({currentTerm[i],m.mend))]
\/\\neg grant
NUNCHANGED ((log,endPoint))
N\Send([mtyper—RequestSyncResponse,mterm—>currentTerm[i],
msyncGranted—grant,msyncr>sync|i],
mstart—m.mstart,mend—m.mend,
msource—i,mdest—j])
NUNCHANGED ({currentTerm,currentState,sync,votedFor

1769

e HandleRequestSyncResponse(i):i 2 3 17 s sl 3= 15 Sk B 5 I 2177 25 p 1) RequestSyncResponse ¥4 3
m. 77 m & AT & (m.msyncGranted=TRUE), H. p {125 %5/ T+ i 11 [ 25 5 (m.msync<sync[i]), 1 s [ p
K% UpdateSyncRequest & =K il %0 p JTF R 2N — AR5 T —ANEE S5 iE 25 7w E STk 45 m

AT S i A& syneTrack[i][p](syncTrack'[i][p]=m.msync);

o UpdateSync(i)tR A4 T 19 sk 2 (799 0 i, N BRAFAE — AN 2 BOR 0749 55 58 T I syncl[i] i H &
TR A2, H 1 I S AT A (RequestSyncResponse 1 &), 84 s i) 3X #8775 55 % 3% UpdateSyncRequest

R B ATEA TR IF A5 2 1 AR (currentTerm[i]).
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HandleRequestSyncResponse(i)==
N\E m\in messages:
LET j==m.msource IN
\m.mtype=RequestSyncResponse
NAm.mdest=i
NcurrentTerm[i]=m.mterm
NcurrentState[i]\in {Leader,LeaderCandidate}
NsyncTrack'=[syncTrack EXCEPT ![i][j]J=m.msync]
NVAm.msyncGranted
Am.msync<sync[i]
N\Send([mtyper—~UpdateSyncRequest,
mterm—currentTerm[i],
msync—Min({sync[i]} \union {k\in Nat:k>m.msync/\
Cardinality({n\in Index:log[i][n].term=k})>0}),
msourceri,
mdest—{j}])
\/\\neg m.msyncGranted
NUNCHANGED messages
NUNCHANGED ((serverVars,log,electionVars))

UpdateSync(i)==
NcurrentState[i]=LeaderCandidate
MNE Q\in Quorums:
LET syncUpdated=={m\in messages:/\m.mtype=RequestSyncResponse
NAm.mterm=currentTerm[i]
NAm.msyncGranted=TRUE
A\m.msync=sync[i]
Am.msource\in Q
Am.mdest=i}
IN
MNA g\in Q:(\E m\in syncUpdated:m.msource=q)\/q=i
N\Send([mtyper—~UpdateSyncRequest,
mterm—currentTerm[i],
msyncr>currentTermli],
msourceri,
mdest—Q])
NUNCHANGED ((serverVars,log,syncTrack,electionVars))

e HandleUpdateSyncRequest(i):i Y% UpdateSyncRequest i3k m, 72 B K [ 25 5 (sync'[i]=m.msync),
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ST AR AR )R I B AE SO TR 2P S 8 3 (syncTrack);
o HandleUpdateSyncResponse(i): 3= 5 s 8¢ 5 fifix 6 i Y3 UpdateSyncResponse [ 5 )5, BB ot A ik
AP 5 1 k.

HandleUpdateSyncRequest(i)==
\E m\in messages:
LET grant==/\currentTerm[i]=m.mterm
Am.msync>syncfi]
j==m.msource

IN
N\m.mtype=UpdateSyncRequest
Ni\in m.mdest
NAm.mterm\leq currentTerm[i]
NVN\grant

Nsync'=[sync EXCEPT ![i]=m.msync]

Nog'=[log EXCEPT ![i]=[n\in Index—>

IF log[i][n].term=sync[i] THEN
log[i][n].committed=TRUE
ELSE log[i][n]]]
\/\neg grant
NUNCHANGED ((log,sync))
N\Send([mtyper—UpdateSyncResponse,mterm—currentTerm[i],
mupdateSyncGranted—grant,msyncr>sync'[i],
msourcer>i,mdest—j])
NUNCHANGED ({currentTerm,currentState,votedFor,end,syncTrack,electionVars))

HandleUpdateSyncResponse(i)==
MN\E m\in messages:
LET j==m.msource IN
N\m.mtype=UpdateSyncResponse
N\m.mdest=i
NcurrentTerm[i]=m.mterm
NcurrentState[i]\in {Leader,LeaderCandidate}
NVAm.mupdateSyncGranted
NsyncTrack'=[syncTrack EXCEPT ![i][j]=m.msync]
\/\\neg m.mupdateSyncGranted
NUNCHANGED syncTrack
NUNCHANGED ((messages,serverVars,log,electionVars))

e Becomeleader(i): 1% S MEXE#H i $14T UpdateSync Jo, 55 H —MNLEIE Q MY SHIFE ST & N
currentTerm[i], H. i ¥ 2 & A 1#4#A (Vqe Q:syncTrack[i][q]=currentTerm[i]), I8 4 i #5485 Ay 3274 s, IR AL
H &S arE H &I,
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e ClientRequest(i):i Jy 317 sUisf, T LAmA S F 7 138 Sk Q0 P i A 4i N8 H A&

BecomeLeader(i)==
N\currentState[i]=LeaderCandidate
MN\E Q\in Quorums:\A g\in Q:(g=iV/syncTrack[i][q]=currentTerm[i])
Nelections'=elections\union
{[eterm—currentTerm[i],
esyncsyncli],
eleaderi,
evotes—Q,
evoterLog—{log[k]:k\in Q},
elog—log[ill}
N\sync’=[sync EXCEPT ![i]=currentTerm[i]]
NcurrentState’=[currentState EXCEPT I[i]=Leader]
Nog'=[log EXCEPT ![i]=[n\in Index—>
IF log[i][n].term=sync[i] THEN
log[i][n].committed—TRUE]
ELSE log[i][n]]]
NUNCHANGED ((messages,currentTerm,votedFor,end,syncTrack,halfElections))

ClientRequest(i,v)==
LET nextIndex==logTail(log[i])+1
entry==[term—currentTerm[i],
dater>currentTerm[i],
value—yv,
committed—FALSE]
IN
NcurrentState[i]=Leader
Nog'=[log EXCEPT ![i][nextIndex]=entry]
NUNCHANGED ({messages,serverVars,electionVars,syncTrack))

Next 7& X T X255 3 .Spec & X T 5e AT W 4.

Next==\/\E i\in Server:Restart(i)
\AE i\in Server:Timeout(i)
\AE i\in Server:UpdateTerm(i)
\AE i\in Server:RequestVote(i)
\AE i\in Server:HandleRequestVoteRequest(i)
\/AE i\in Server:BecomelLeaderCandidate(i)
\AE i\in Server:BecomelLeader (i)
\AE i\in Server,v\in Value:ClientRequest(i,v)
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\AE i,j\in Server:RequestSync(i)

\/AE i\in Server:HandleRequestSyncRequest(i)
\AE i\in Server:HandleRequestSyncResponse(i)
\AE i,j\in Server:UpdateSync(i)

\AE i\in Server:HandleUpdateSyncRequest(i)
\AE i\in Server:HandleUpdateSyncResponse(i)

Spec==Init/\[-][Next]_vars

5 ParallelRaft-CE 89 IE #f 14 iE FR

AT IR ParallelRaft-CE WS [ iF 7 14 . ParallelRaft-CE [ i fffi 0,45 W5 35 23— & SR WL i — %
Pk, )& ParallelRaft-CE H A& tHHL“u R H & " BLG. t1 AT LS B S RS HL 2 A vk L BT AN H &
TG (VIR A 5% RS LIRS — 3

PR 1 Y RUAT A [R) 20 B .

HR 5 HE L 75 5 45 B AT 0] 15 SR AT RN ) 255 42 SR R 36 199 1)

MR RL, T M S B ST IS TR 5 1 H BB A S . Mg sE S S AN T E2E 5 M H
AN

MR 208 %R M), BAMMEWRZE B —A 3 .

ParallelRaft-CE 1, A5 5 e g 3275 A 75 B ANBY BL— 2 T AT Tl i 2% el =7 ki &, — R =77 40
% 35 5t AR by T e LR R I N SR 3R A ) 5 X S Raft HROge I3 AU O SOM [ AR B Raft a2 = i 22 4 1k,
"] LA13 3| ParallelRaft-CE rh 4T Hd 20 16 th AN 1279 pifik

TR AR IR, R GEEN T AR R M B 2k A A AL

FESIARTRD S 2 A T 010 AR T 5 A ) P i & MR G 2% 10 22 4k, A RRORHAE G 5 RS 1 Rl e 22
A HEI0AT LU 23X AME S Raft A 1.

PERR 3. BEE RURE A AN R 504 s U s<t H ARG A AAFAEARIIR T s i H BT

TG AT R R D 5 AN K TR YL b T 1Y A AR B 28 1 I AR (IR 28 5 AR, HAE B 38 1 F A
W15 )0 5 AN, PR 4 e 3 A )20 5 /N AR L B Y s o i ()22 500 s AR HION t(s<t);

XTI s<k<t, NAFAEAT I A KK 545 A0 B RV, BB A A8 19 5§ A AT K (K 324 e AR R A7 A2 2 5K

J,QuNQ#D. W reQunQa. 45 r S5 1 BRI A v THEATI N t il T tok PRtk r 2 J5 2146 § THRE 5 13 K,
K5 reQ A v SETHRIAL 50 KA T k>s, 2 Ji,r 23546 0 B 253 R (VR IE B R R AR 1A 0 ),
XY reQq A JE . M L AL X FER k;

X kAR, k(K 3295 f0 A RGP AFAEAR I kI 5 A k AR 28 3RS 2 B0k A Q 1Y
P2, Pt Q o AT AT I A /b 0 K b T IR AT ST 1 DRIt R AR R 2 I, Q rP T ST I B A KTt B4
SR t ALY B S A 20 1 B T O AR t A Y R T .

5 B ARG B B AT IR T s (0 279 5 AN AR R T s 19 H AR T

MR AETRTEEM). &1 RRENC G SRS PrA D Tt AR AZ i H ST

ParallelRaft-CE " AT 314 ty i 45 RO RO B i 32739 A3 2 (R3O t) 2 xRt i H S TR AT 1
BN AL LA A B AR P PrAT AR S TR IR 2 B A A e 4R AT el 5 EE A R RE A RS, 1Y AR
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BT SEIRIN H RS AN & Rk RG24 58 IR A5, — > 2 BOR Y s TR 2 500 t, o T a1 )

A, 25 R SN Tt BT RUCVR R I S O T kA D © 2 AR AR A 1 K H ST
AL,

PERR S(—BUME). AT RPN A W AT R R85 O T AT ¢, R AT s v B 5 A T (AT 300 4
t (¥ H &

ParallelRaft-CE ) == 715 s MR H8 A 1Y ;S 1 [R5 5 [R5 H AR T, 31X 5 W &2 B BE RO IE B (1 it 3 S5k 4), B F
T R H S

ParallelRaft-CE A4 By R HE" L.

# ParallelRaft-CE 5 (1 35 17 AUt 3% 2 i SR A I Rt b— =715 2 i H AR AT A A S A
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6.2 1EE G I IFLE R

6.2.1 ParallelRaft-SE ¥4k Multi-Paxos
B 5 25 T AEANE L B Al AR A 36 30 1 ParallelRaft-SE K54k Multi-Paxos 1156 iF 45 1.

o et TL(?: H»&’_'ﬂ , HEEERE A NGRS it

(ZLEdoE, JUE L TR (Al : s8)
(3,2,2) 22 1183766512 | 104836664 10:05:25
(3,2.3) 23 899846293 102806000 09:54:49
(:3,3.2) 22 950017774 100064549 12:49:10
(3,3,3) 22 828085252 | 100020363 12:40:07
(4,2,2) 24 1045345827 | 100093827 12:52:38
(4,2,3) 22 1483023804 | 100044759 09:42:07
(4,3,2) 24 1150819236 | 100101884 23:21:09
(4,3,3) 21 1452458568 | 100054689 20:04:08

Fig.5 Model checking results of verifying the refinement from ParallelRaft-SE to Multi-Paxos
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6.2.2 ParallelRaft-CE Ji j& — 3
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(3.3.2) 22 1369865234 | 200265437 05:44:01
(3,3,3) 19 1236091812 | 200041489 05:02:33

Fig.6 Model checking results of verifying that ParallelRaft-CE satisfies consistency
| 6 ParallelRaft-CE i A& — SV (1 30 iIE &5 IR
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AllIEntries(i)=={(n,log[i][n])):n\in Index}
Consistency==\A i,j\in Server:
{e\in AllEntries(i):e[2].term\geq 0/\e[2].term<Min({sync[i],sync[i]1})}=
{e\in AllEntries(j):e[2].term\geq 0/\e[2].term<Min({sync[i],sync[j1})}
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TLC B! T Lotsiaa]
(Z5HYE, RUENE BEERE) (hh = mm : ss)
(3,2,2) 3203570873 06:00:01
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(3,3,2) 3137465261 06:00:00
(3.3.3) 2670655875 06:00:01
(12.2) 2011602481 | 06:00:00
(4,2,3) 2414873632 06:00:00
(4,3,2) 2976053370 06:00:00
(4,3,3) 2298047612 06:00:01

Fig.7 Simulation results of the refinement from ParallelRaft-SE to Multi-Paxos
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TLC {3 - H B fu)
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(3,2,2) 3181834406 06:02:14
([5.2,:5) 2722329411 06:00:10
(:3.3,2) 3116899023 06:00:45
(3.3,3) 2690629148 06:04:19

Fig.8 Simulation results of the consistency of ParallelRaft-CE
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