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Abstract

In this research project, we created formal specifications of some leader elec-
tion algorithms and then verified that they enjoy desired properties using model
checking. By doing this, we will show how to create a formal specification of a
leader election algorithm and how to model check that the algorithm enjoys desired
properties based on the formal specification in a realistic execution time.

In distributed systems, centralized management is not a good idea in terms
of system load and failure, and it is considered better to design a system with
multiple processes that have the same role. However, it is easier to make sure to
keep data integrity if there is one special process that is in charge of it.

The process of selecting one elected process, or "leader,” from among multiple
processes that comprise a distributed system is called leader election. Various
algorithms have been proposed for leader election.

Since leader election has been used in recent years for distributed databases
and for building fault tolerance into systems, the accuracy of the leader election
algorithm has become very important from the perspective of system operation.
For this reason, leader election algorithms are modeled and model checking tools
are used to verify that such algorithms satisfy desired properties. However, the
difficulty of modeling and the unrealistically long verification time due to state
explosion have become problems.

In the experiments described in this report, we created formal specifications
using Maude for three leader election algorithms: the Bully algorithm, the Chang-
Roberts algorithm, and the Franklin algorithm. In addition, based on the created
formal specifications, we used model checking to verify whether each algorithm
satisfies the guaranteed properties.

In the Bully algorithm, when a process detects that a leader has stopped, it
starts the next election process. The process that started the election sends a
message to all processes whose IDs are greater than its own ID. If there is no
reply from the processes to which the message has been sent, the process that
started the election becomes the leader. Conversely, if a process whose 1D is
greater than the process that initiated the current election replies to the message,
the election is replaced. Eventually, there will be no processes left that reply to
such a message, and the one remaining process will become the leader. In this
report, we formalize and specify the Bully algorithm, which performs the above
operations, as a state transition system with eight observable components, and 11
rewriting rules for state transitions. We then used model checking to verify that
the algorithm enjoys desired properties based on the formal specification created.
In the verification experiments, the number of processes targeted by the Bully
algorithm was set to five, and model checking was performed. The results of the



validation experiments confirm that the Bully algorithm satisfies the properties of
a leader election algorithm.

In the Bully algorithm, all processes perform the selection process step by step
in synchronized timing. Therefore, it is difficult to perform model checking in
Maude, which inherently performs the process asynchronously. However, in this
report, we decided to perform model checking of the Bully algorithm by performing
three synchronous measures to the rewriting rules of the formal specification that
we created. As a result of the measures, it was confirmed that the properties of
a leader election algorithm were satisfied, so the measures are considered to be
effective.

In the Chang-Roberts algorithm, when a non-candidate process detects the ab-
sence of a leader, it starts the election process. The process that detects the
absence of the leader becomes a candidate as a starting process and sends a mes-
sage including its own process ID to the neighboring process. If the process that
received the message is a non-candidate, the message is relayed to the neighboring
process, and if the process that received the message is a candidate, it compares
its own process ID with the process ID in the received message. If its own process
ID is higher, it sends the received message to its neighbor. Conversely, if its own
process ID is lower, it discards the received message. This process is continued un-
til only the message containing the lowest process ID has gone around the ring. In
this report, we formalize and specify the Chang-Roberts algorithm, which operates
as described above, as a state transition system with four observable components,
and nine rewriting rules for state transitions. The five properties that the algo-
rithm must satisfy are described as LTL formulas. We then used model checking to
verify that the algorithm enjoys the five properties based on the formal specifica-
tion created. In the verification experiments, the number of processes targeted by
the Chang-Roberts algorithm was set to five, two initial states were defined that
considered the sorting order, and model checking was performed. The results of
the verification experiments confirmed that the Chang-Roberts algorithm satisfies
the properties of a leader election algorithm, regardless of the order of processes
arranged in a ring. Additionally, it was confirmed that the three properties specific
to the Chang-Roberts algorithm were also satisfied.

In the Franklin algorithm, a non-initiator process starts the election process
when it detects the absence of a leader. The process that detects the absence of
the leader becomes the initiator and sends a message including its own process
ID to both neighboring processes. If a process receiving the message is a non-
initiator, it relays the message to the neighboring process as a passive process.
However, if a process that received the message is an initiator, it compares its
own process ID with the higher of the process IDs of the messages received from



both neighboring processes. If its own process ID is higher, it sends a message
including its own process ID to both neighboring processes again. If its own
process ID is lower, it becomes a passive process. If it is equal to its own process
ID, it becomes a leader. In this report, we formalize and specify the Franklin
algorithm, which operates as described above, as a state transition system with
four observable components, and 12 rewriting rules for state transitions. The two
properties that the algorithm must satisfy are described as LTL formulas. We then
used model checking to verify that the algorithm enjoys the two properties based
on the formal specification created. In the verification experiments, the number
of processes targeted by the Franklin algorithm was set to five, two initial states
were defined that considered the sorting order, and model checking was performed.
The results of the verification experiments confirmed that the Franklin algorithm
satisfies the properties of a leader election algorithm, regardless of the order of
processes arranged in a ring.

keywords: model checking, distributed algorithm, leader election, Maude, safety
property, liveness property, state transition system
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Z1Z Election X v —I ®iEET 5,

2. Election X vk —I % ko207 a2 2N OK X vl —IYDIRENL
WIEEIE, BEDO St 2B — KTk 5,

3. BT et R AXRIDZ(O7EELZINE OK X vl —IJDiIRED
H oA BEERRT 5,

a2 ZEEDID X h/hXWID 2O 7 at X5 Election X vt —I%
ZELEGE. OK Xyt —UZIREL. BEZTIZMS IR B, mRHIIC
OK X vt =Y %ZiRETZ 70 ADRLRD, HoXk 12D 7u XN —KIZ
b, V—RIZlkol=7at R IMDITRTD 7+t X2 Coordinator X vt —3
PREELTY) =X ho/2Z 2 Z2HILHE S,

X312, ZV=713 YV XLBED LI RENET 20% RS, IRXTOSuk
2 ANV 2 35, EiE, oot 2t X v —YFEsTWS, X
3.1(a) TE. 7REX403) —XDEIEEHRHL, BHDID KO KERID %D
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D, 7t A5, 6. 712 Election X vt —I#3FE(ET S, Election X vk —I%
R o7 vt x5 61, EEZGIEZHMSTZD, OK XA v —Y %2 a4
WIRET %, M3.1(b) T, #EEZGIZHNTE T ELRXE52, TrERX6 L TIZ,
FULEBEZT =V T 26072+ R 712 Election X vt —Y %K ET
o TRERGITEEZTIZHS D, OK X vt =% Tut X 5I1TRET %,
¥/, TR 6IEEEEIDRERID 2HO7B8 X705 OK X vt —Y DR
BBV 2R L. BEXV —XKIZKR3Z 2 5, K3.1(c) TE, Fut
Z6DBEHENY —XIZio72Z 2 BMDFTRTOD S+t 12 Coordinator X v+t —
DEEELTHISHE B,

@®® @

@\@)@/ ///

X

(a) (b) (c)

X 3.1: 7V—=713aYJ XA

3.2 JU=7J)L3) X LOFR LR

3.2.1 &LRIRTRER S

T —F7NTY XALTIE, YV —RA2— F3.1IRT 8 DOBIHIATRERR 77 % FiWT
REER Y 27 A2 TERIL L 72,

Y—2a—F 3.1: 7Y =713V X LOBHRTRER ST
op proc[_l:_ : Nat ProcState -> 0Comp [ctor]
op curLeader[_]:_ : Nat Nat -> 0Comp [ctor]
op sndElectionMsgCnt[_]:_ : Nat Nat -> 0Comp [ctor]
op rcvOkMsgCnt[_]:_ : Nat Nat -> 0Comp [ctor]
op rcvTimeoutMsgCnt[_]:_ : Nat Nat -> 0Comp [ctor]
op procIds:_ : Set{Nat} -> 0Comp [ctor]
op network:_ : Soup{Message} -> 0Comp [ctor]
op tran:_ : LabeledEvent -> 0Comp [ctor]

ProcState X7 0t X DIKFE, 0Comp IIBIHIFIREN 7. Message lF X v —T %
ZFhEhRKT Y-+ TH 3,



proc[_1:_1&. H15lEc et XID, 25T at RDREL L 5, 7
Ot X DIKAEEIX leader. normal, initiator. failedLeader DWW NHDIT7 5,
ZOBBMIEERE. TR XDREEZRLTED, H 15180 vt XD 2
D7 AN, H2F5BMDIRETHS 2 Z2EKT 5,

curLeader[_]:_ &, B15IBBIUOE 2518 Tat A DR 5, ZOEH
AJRERN M. BfE, VX e@EHBL TWb o2 2R LTED, FH151D 70
21D 2o ut2h, FH251 070 XD 2o av A 2HE, U —
ReBBHLTVB I EBER®RT 3,

sndElectionMsgCnt [_]:_ & B 1570t X 1ID, & 251827 vt XH%5E
f§ L7z Election X v — 8% 5, ZOEHIFTRER 71X, (L Tk - 7z Election
Xyt —IFERLTED., B15I8DO a2 ID 2o 7ot 25, E# LT
7ut 2K o 7z Election X v —J 8L, FB25IBDMETH S Z e 2 EHKT 5,

rcvOkMsgCnt [_]:_ &, S 158U vt X ID, H2518uc vt A03%2(E L
72OK Xyt —=Y8rr 5, ZOBIRIATRERNRTIE, BETZITI -7 OK X vt —
PHERLTEDY, H151 80 a0t 21D 2> 0t 2, BETHO Fnt
ADPBRZIFE 272 OK X vt =8, HB25I1BOETHZ 2 ZEKT %,

rcvTimeoutMsgCnt [_]:_ &, 157 vt X 1D, F258U 70 A0 5L
7= Timeout X v =% & 5, ZOEHMIEER DX, B TRITE - 7z Timeout
Xyt—IDERLTED, B1518O TR ID 2o at 2h, #IT
fhod 7ot 27 521 FB - 7= Timeout X vt —I 8, HB25I1MDETHZ Z ¢
ZEKT 5,

proclds:_ &, 51870 XD OEEZ L 5, ZOBRIATRERTIZ. 7V —
TN ZLDNNGICH B T X—EE2RL, 5IBDMEINRD T ot 2D 1D
TH3 L E2HEKT 3,

network:_ X, 5B A vt —YDR—-T2 ¥ B, ZOEBAIFTRER 71X, %7
0t 2B ENHTEZETEIXA v —IDEDDRy b —2%2FK L. 515D
Xyt —I0 %y NI —TNIZH 2 EHEKT S,

tran:_ (X, SIBUCE X FRANIET 2 7 NAfFEA RV bR B, ZOH
HIRTRERR 7 iE. ERNICET I NFZ XA, T & 4 R Mt s
ZEXMIBAITHZ Z L 2EKT 5,

TV =703V RXLTIE, FE7 0 APMERD TR LT vt —U %k
B335, ARHOFEAIHETIERY bV —2 bR P DT TORV, X v
LD WREBILEEEEDO TR ID ZRETEHIEL T, xvy Y —F ) —F
MDY Y27 %2REL, 70 XAPMENRE LD X v — Y RRPERREIC LT
W3,



Sw NN e

Sw N e

3.2.2 ETHBXHKRE

T =73 AL R LTRRT 272012, MIBIORT 11 OE &4
ZHAZRHST 2, /2. ZNH50EXHIHARITIEE 3.1 OEREHWTW3,

#£31: 7V —7013Y X 2LOEXHZHAITHWAZH

e Gz

S. S0, S1 BRIATRER 7 DG DEEL

ID. LID. IDO, ID1 Za+t 21D O

SEC 7E{2 L7z Election X v & — IEDOEE
ROC ZIELEOK X vt —IHOE
RTC Z(E L 7= Timeout X vt — DL
IDS 7at 2D DEEDEK

NW Xyt —YDEEDEK

E TR EAL RV N DER

7Y =703 XLDOEEZRAITIX, ERNCEfTINE B ZHEANER
THBITRERR 1. BEOEEHEIBRANSHIE L7 A EAL RV P EHRET
5y V—=ZAa2A— K321, FNIU[EARY FDEETH 5, notran lF. EHHIIZ
FITZINLEFEXMIBFADP LN E2RT TN EA RV MT, ERE LTE
HLTWVWS, ¥/, ZHLHD I EALRY MI, XD ZED, IR
MPEARYFRRIHEYL LTERLTWS, Aoz 2 HAlo 00k,
BEROBGEENAL 7 TORTEFER LT0S, HELXLTEELTWVS IN
MIZEARY FOZENE, MG L72E SR D F7 0L DK EFED I F% D
BIF7doicLTwd, Bz, E =2 become-failed-leader IZXE L
727 N E A4 XY R DOARNE, bElL 725,

Y—RZa—F 3.2 IRAUFELRY L OER
sort LabeledEvent
op notran : -> LabeledEvent
ops bfl bi se nee nie et iee
ieo iet ibn ibl : Nat -> LabeledEvent

Y —Za— K 3.3: become-failed-leader D EF&
rl [become-failed-leader]
{(proc[ID]: leader) (network: empty) (tran: E) S} =>
{(proc[ID]: failedLeader) (network: empty)
(tran: bf1(ID)) S}

V—2Z2a— K 3.31%, E=ZHH|vecome-failed-leader DEFETH 5, T D
E X2 HANX, leader REED O X IDA., v P =21 X v -
W (empty) AR L., failedLeader IREEICRZ Z ¥ 2R L TV 5,

10
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TV =7 TY XLTIE, TRTO ot RN, 2F b, §XRTOS
QYL ANRA IV TEEOETIRATy SO0 T ITDHDE, HEAT YT TY
O 2AMR v —IBEE LGS, TORDAT v FIIIEERD T at 2h
HBAyE—=YMREEINDE, TOAWI, TAELAPEEDXA IV I TAyE—
DERMIT 2 i3V, LA L. Maude IZ & 2 EFIOUEE CIXIEFR B I LEE 2
EITT 3720, TR AREEDEA IV I TRy -V RIS 22212175,
ZDo, DIENCHEHBEINIEETERE L vy E2—=—U0, 2y PT =712
72IRBE T leader IKEED T ADMIE L. ROBEED BRI NZGENDH 5, T
DBE. 2y FT—2 1o X v =12k, BESXELLIfTbOREZWV, L
7230 T, 2w b —UDNETHIH5E1C. leader IREED Tt AR T 5 &
gL TW3,

Y — A3 — K 3.4: become-initiator D EFz
rl [become-initiator]

{(proc[ID]: normal) (proc[LID]: failedLeader)
(curLeader [ID]: LID) (sndElectionMsgCnt[ID]: SEC)
(rcv0OkMsgCnt [ID]: ROC) (rcvTimeoutMsgCnt[ID]: RTC)
(tran: E) S} =>

{(proc[ID]: initiator) (proc[LID]: failedLeader)
(curlLeader [ID]: LID) (sndElectionMsgCnt[ID]: 0)
(rcvOkMsgCnt [ID]: 0) (rcvTimeoutMsgCnt [ID]: 0)
(tran: bi(ID)) S}

V—Za— K 341%, FZXH#ZHH| become-initiator DERTH S, ZDHE
XL Z AN, normal IREED Fmt X IDH, HEMNV —KXEFBHLTWSE 1
2 LID OMFEICR OV HEIC, initiator KEEICRZ e 2R LT3, %
oo 7 A0REEFEICADE, TR DPEZFELLEX v —VB%
WL § %72, (sndElectionMsgCnt[ID]: 0). (rcvOkMsgCnt[ID]: 0) BX U
(rcvTimeoutMsgCnt [ID]: 0) & LT\ 5,

Y —Za— K 3.5: start-election DE K
crl [start-election]
{(proc[ID]: initiator) (sndElectionMsgCnt[ID]: SEC)
(procIds: IDS) (network: NW) (tran: E) S} =>
{(proc[ID]: initiator)
(sndElectionMsgCnt [ID]: | biggerThanIds(ID, IDS) |)
(procIds: IDS) (network: (
sndElectionMsgs (ID, biggerThanIds (ID, IDS)) NW
)) (tran: se(ID)) S}t
if SEC ==

V—Z2a—K351F. Ex¥Z Al start-election DERTH S, ZDEXH
ZIHENZX. initiator ]REED Fut X ID 2., E/EMEZBHB L TCWiRWL, 2F D
Election X v £ — Y ZEEFE L TOVARWESIGEMTEZHIB L. BHD 7t X 1D X

11
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DRERID ZFo 7 a2 2120 LT Election X v —Y ZXETHZ 2R LT
W5, sndElectionMsgs (3. 5%E L7 D 7 1t 2125t LT Election X vt —
VRIXET S, ¥/, biggerThanldsld, 7V =713V XLDMNED S0t AD
BT, BEBD et RXID KD KRER T uL XD DESTH %, sndElectionMsgs
%Y —Za— K 3.6, biggerThanlds Y — A 32— F 37D X ITEET %,

Y —Za— ¥ 3.6: sndElectionMsgs D & F&

op sndElectionMsgs : Nat Set{Nat} -> Soup{Message}

eq sndElectionMsgs (FID, empty) = empty

eq sndElectionMsgs(FID, (TID, IDS)) = message(FID, TID,
election) sndElectionMsgs (FID, IDS)

Y —Za— K 3.7: biggerThanlds D EF%
op makeBiggerThan : Nat Nat Set{Nat} -> Set{Nat}

op makeBiggerThanIds : Nat Set{Nat} Set{Nat} -> Set{Nat}
op biggerThanIds : Nat Set{Nat} -> Set{Nat}

eq makeBiggerThan(NO, N1, S) =

if NO < N1 then insert(N1, S) else S fi

eq makeBiggerThanIds (NO, (N, S), S0) =

if == empty then makeBiggerThan(NO, N, SO)

else makeBiggerThanIds (NO, S, makeBiggerThan(NO, N, S0))
fi

eq biggerThanIds (N, S) = makeBiggerThanIds(N, S, empty)

Y — 2 a— K 3.8: normal-execution-election M E F=

crl [normal-execution-election]

{(proc[IDO]: normal) (proc[LID]: failedLeader)
(curLeader [IDO]: LID) (sndElectionMsgCnt [IDO]: SEC)
(rcv0kMsgCnt [IDO]: ROC) (rcvTimeoutMsgCnt [IDO]: RTC)
(network: (message(ID1, IDO, election) NW))

(tran: E) S} =>

{(proc[IDO]: initiator) (proc[LID]: failedLeader)
(curLeader [IDO]: LID) (sndElectionMsgCnt[IDO]: O0)
(rcv0kMsgCnt [IDO]: 0) (rcvTimeoutMsgCnt [IDO]: 0)
(network: (sndOkMsg(IDO, ID1) NW)) (tran: nee(IDO)) S}

if IDO > ID1

V—2Z2a— K 381%., FE=#ZHH| normal-execution-election DEFKTDH
5, ZOFE=HZHANI, normal JKED vt 2 100 25, HHD vt X ID
Ebh/hNxn7at2ID 2o 70t 2 Id1 B 53%E(E XNz Election X v+t —
Y message (ID1, IDO, election) #%2(5 L7255, FEZ I /X, initiator
REIChR2Ze xR LTWS, £/, vt 2 1D0 X, Election X v t— D3k
B0 ID1 NGB Z 5 EE S 720, OK X vt — snd0kMsg(IDO, ID1) %ik(F3
%, 7Ot ZADREEFICEDYE, 7RE R IDONEZELLEEX v —V8%

12
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Wt %729, (sndElectionMsgCnt[ID]: 0). (rcvOkMsgCnt[ID]: 0) BX U
(rcvTimeoutMsgCnt [ID]: 0) & LT\ 3,

Y —Z a— K 3.9: normal-ignore-election D iE#%

crl [normal-ignore-election]
{(proc[IDO]: normal) (curLeader [IDO]: LID)
(proc [LID]: leader)
(network: (message(ID1, IDO, election) NW))
(tran: E) S} =>
{(proc[IDO]: normal) (curlLeader [IDO]: LID)
(proc[LID]: leader) (network: NW) (tran: nie(IDO)) S}
if IDO > ID1

YV —Za—K391F, FEEHZHHnormal-ignore-election DEFXTH %, T
DOE = ZIRANT, FFIC XD a2t A LID A leader IRAE L 72 © /27212, normal
KD e 210025, BHHDO vt ID Lh/hXk7utXID 2o ot
A ID1 7 B53X[E E 7z Election X v+t — message(ID1, IDO, election) %%%
BLZEZRLTWVWS, TTIGEEDIK T LTWA%D, T Election X vt —
JIWCERIEZW, Lo T, 20D Election X vt —JI3WEL, 2y FY—72
DHHIBRT 2, 7V =713V XATIHREETY —X2RE LRI, TrtR
M Election X v £2—I 232 FH 5 Z X7V, L2 L, Maude 12 & % E7IUVHE
GIEFBNC LI 2 TS 5720, FRED XA I V7T Election X v £ —Y %321
WBZrichs, ZOEXHFZHFANX, Maude T7V =713V XLDET IR
BEITD7-DDHAITH 3,

YV —Z2a— K 3.10: election-timeout D IEF

crl [election-timeout]

{(proc[IDO]: failedLeader)
(network: (message(ID1, IDO, election) NW))
(tran: E) S} =>

{(proc[IDO]: failedLeader)
(network: (sndTimeoutMsg(IDO, ID1) NW))
(tran: et (IDO)) S}

if IDO > 1ID1

V—2a—FR 3101k FE=HZHA]election-timeout DEFXRTH 5, ZDEX
1z BHHNZ, failedLeader JREED 71+t 2 ID0 A5, HEHD 7t 2 ID & H /N
7% 7mat X ID ZHiDo 7 at X ID1 5 5 3£(E T 47 Election X v £ — message
(ID1, IDO, election) #%Z{E L 7=%&. 7B+t R ID1 IZ Timeout X vt —3
sndTimeoutMsg(IDO, ID1) ZXETHZ & 2R L TWb, 7V —=71LITV XA
TiE, EED 7 v+t 212 Election X v £ =Y ZEFLIERD AT v 712 0K X v
L —IPREINBVGE, XA LTV N eEZ L, AREOEAMALTIE, Timeout
Xyl —=IRIRETHIETRA LTV NeRET 5,

13
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Y —Za—F 3.11: initiator-execution-election D EF%

crl [initiator-execution-election]
{(proc[IDO]: initiator)

(network: (message(ID1, IDO, election) NW))

(tran: E) S} =>
{(proc[IDO]: initiator)

(network: (snd0kMsg(IDO, ID1) NW)) (tran: iee(IDO)) S}
if IDO > 1ID1

V—2RXa—K3111F, =2 HHH] initiator-execution-election DEFHRT
Hb, ZOFEXHWZHHANL, initiator IKEED Bt X 1D0 2, HEHD Fut R
ID X h/hNXZ7Fav 21D &2F> 71+t 2 ID1 7 H3%(F X417z Election X vt —
message (ID1, IDO, election) ZX(EL7HAE. FMEZ 5| ZH 7, Election
X vt —IDIEEICIDL N OK X v+t — snd0kMsg (IDO, ID1) ZiEET S I &
ZRLTWVWS, 7t 1D0E, BEICHBIZED Y =Xt X0ffEIZKOW
7=, o -t Z2h2 86 D Election X vt —I12 X - C., initiator JKEEIZZ 5T
Wa7z, TR ZADREEECEZE LB X v - BOuIHHEIE ThR W,

Y —Za— K 3.12: initiator-execution-ok D EFH
crl [initiator-execution-ok]
{(proc[IDO]: initiator) (rcvO0kMsgCnt[IDO]: ROC)
(network: (message(ID1, IDO, ok) NW)) (tran: E) S} =>
{(proc[IDO]: initiator) (rcv0kMsgCnt[IDO]: ROC + 1)
(network: NW) (tran: ieo(IDO)) S}
if IDO < 1ID1

V—2Z2a— K 3.121%, E={Z A initiator-execution-ok DEFETH 5,
COTEMZHANZ, initiator IREED Yt 2 ID0 A, HEHD a2 1D &
DR&ER7rERID 2O 701 2 ID1 22 5EE X7z OK X v+t — message
(ID1, IDO, ok) ZZELGAE. ZIELZOKX vt —I8ROCEA VYRV
b2z Z2RLTNVS,

Y — A a— ¥ 3.13: initiator-execution-timeout M EFH

crl [initiator-execution-timeout]

{(proc[IDO]: initiator) (rcvTimeoutMsgCnt [IDO]: RTC)
(network: (message(ID1, IDO, timeout) NW))
(tran: E) S} =>

{(proc[IDO]: initiator) (rcvTimeoutMsgCnt [IDO]: RTC + 1)
(network: NW) (tran: iet(IDO)) S}

if IDO < ID1

V—2a— K 31313, E=Z A initiator-execution-timeout D EFHL T
Db, ZOFXHZHANL, initiator KEED v X 1D0 2, HHD vt X
IDXhR&EH7utX D ZHo7 0+t X ID1 5 53%E X7z Timeout X v £ —
Y message (ID1, IDO, timeout) #3328 L7z8%5E. 32{8 L7z Timeout X v £ —
BRICEA Y ZVXYINTHIERLTVS,
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Y —Z a— K 3.14: initiator-become-normal D E &
crl [initiator-become-normal]
{(proc[IDO]: initiator) (sndElectionMsgCnt[IDO]: SEC)
(rcv0OkMsgCnt [IDO]: ROC) (rcvTimeoutMsgCnt [IDO]: RTC)
(tran: E) S} =>
{(proc[IDO]: normal) (sndElectionMsgCnt[IDO]: SEC)
(rcv0kMsgCnt [IDO]: ROC) (rcvTimeoutMsgCnt [IDO]: RTC)
(tran: ibn(IDO)) S}
if SEC > 0 and SEC == (ROC + RTC) and ROC > O
V—2a—F3.141%, F=#ZHAl initiator-become-normal DEFRTH %,
COFXHZHANIL, initiator IREED 71t R 1D0 A3, FE T[S L 7z Election
Xyt —IRSEC L ZIE LT OK X vt —I#ROC B & Uf Timeout X vt —I%
RICOEFDFEL L, OKXA vt —Y%ZELTWS, 2%D, HHD 7t X 1D
EhR&ER T XID 2HFHOMO ot IGEENF | EHBNTWBIFEEI, 7
2 Z IDO X normal IREEIZR B Z 8 2R L TWb,
7V =703 Y XA TIRELTD 71 212 Election X vt — Y % EE L 7=8
Ay RDAT Y FIEOK Xyt =Y %RZETDh, WERL (R4 L7V H) &
LCHET 2, 2z, B#IEDMO 7 vt 25| BN TV 20 . KD A
Ty 7 THII T2 Z e TES, ZOFZHZIHMANITIE, B TKE(E L 7% Election
Xy =N FTBREX Yy =TI DB ITRTHIV, OK Xy t—I%ZELZ L
PRS2 F T, vt XD normal JRREIZZ &2V K 512, [[IHARNICAT 5 D
Hb, BAEOTY =7 N3Y) XLDFAEHETIE. X vt —Y DERZEZ RN
WAT D 72D, &7 et ADEETIE(E L7 Election X vt —Y %8, Z{EL 7 OK
X vt —IHB LU Timeout X v £ —IEIRBICED, X v -V 2EZE
THHEMABATA y b= PE2ZLZELTWE, ZOFZMZAMAITIE, KRG
CEBENIMEED T O AR TERZEBELLEX vy =Y BZEHMHL T, *(E
L 7z Election X v £ =M 2REX v —=IBIXTHIWV, OK X vtL—I%
ZELZ e 2R T 2542 L TWw 3,

Y —Z2a— K 3.15: initiator-become-leader D EF

crl [initiator-become-leader]

{(proc[IDO]: initiator) (curlLeader [IDO]: ID1)
(sndElectionMsgCnt [IDO]: SEC) (rcvTimeoutMsgCnt[IDO]: RTC)
(rcv0kMsgCnt [IDO]: ROC) (procIds: IDS) (tran: E) S} =>

{(proc[ID0O]: leader) (curlLeader[IDO]: IDO)
(sndElectionMsgCnt [IDO]: SEC) (rcvTimeoutMsgCnt [IDO]: RTC)
(rcvOkMsgCnt [IDO]: ROC) (procIds: IDS) (tran: ibl(IDO))
syncCurLeader (S, IDO, smallerThanIds (IDO, IDS))}

if SEC > 0 and SEC == RTC and ROC ==

V—2Z2a— K315k, =2 HH] initiator-become-leader DEFKRTH 5,
COEXHZHANT, initiator IKEED 7 1+t 2 ID0 23, BT Ti%E(E L 7= Election
Xt —IRSEC ¥ 3Z{E L7z Timeout X vt —IBRTCHFEL L, OK X vt —
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PEZELTOVRY, 2%, EEERAT M0 Tt 20w nwEEI, 7
0+t Z ID0 /¥ leader JREEICR B Z 2R L TV, ¥/, TRELADIREELHIZ
HbE, FrLRID0OVHME. VX EFHML TS TR RICHEZRET %
& & HIT, syncCurLeader (S, IDO, smallerThanIds(IDO, IDS)) ZHWT. H
Ho7av XD KD/NERID 2o at A0, BlfE, V- e@B#EL TV
TakRIZHHSZHREL TW5,

TV =7A3VXLZBVT, FED TR AN —KIZk25DiE, #EETE
f§ L7z Election X v 2= LT, OK X vt =Y %iRET 2 T ut AH7% <
D, RECK 721 0D T 0t AR5 ETH D, FD2h, TOE &M
ZIRANZ, F’ETIE(E L7z Election X v £ —J T BIREX v —I MW FTRT
v, OK X vt —YZ2ZELTVWARWI L E2HERT 2% T, Yat X7 leader
KREEIZR o n K52, FCITI RED D B, RO TV =TTV X LD
ERLERR TR, X v £ — Y DERZEZFWIINCIT S D2, {70k A0EMET
i5{8 L7z Election X vt —I 8, Z(EL 7 OK X vt —I8B XU Timeout X »
- VBEREBIZED, BEXA v —I2ERETLIEEHAFATA v -V
ZEBELTWVWS, ZOFEZHIHAITIE, RKBICEENIEED T vt A00EE
TEZBLEREX v =Y FZMAEL T, %[5 L% Election X v £ =145 %
BRIEX v —IFTRTHID, OK X vt —I%BZEL TWRWT L 2iERT 55
HrEiddh L Tna,

TV =7 N2 XLTE, EED IO AN =Ko 1856, foFRT
@ 7vt 212 Coordinator X v —I%EET 5, V—XLAND Tu+ %, Co-
ordinator X vy 2 =Y %G L. Fh) —XEHb, ZONEIFETCAT v 7T
AR TS, LD L Maude TIEIEFRBNCUE % 52175 5 72, Coordinator
A=Y DZEBRMEREDXA I kD, TXTO T a2 EEACH 72
BV =X B LB LV, ZD1D. ARTEHIC) —XiZkoseTut
2 D/hETaeRID E2RHOTaRAN, VK eE B LTI otk
syncCurLeader Z W TEH Z#12 5 Z ¥ T, Coordinator X v £ —I%X%2ZF L.
Hilz7e ) —XEHMBUHEORDD ¥ LT3,

syncCurLeader %2 Y — A 2 — K 3.16, smallerThanlds ZY — A 32— K 3.17 D
K OIWCERT %, syncCurLeader (I, F8E LB D 7 a1 LT, HIE,
V—REFBMLTWE TR, FEL TR RAEZRET %, 7. smaller-
Thanlds &, 7V =713V XLDWRDO Ta AOHFT, HHE L7 vt R ID
EO/NE B Tat XD DEATH S, syncCurLeader D 1 58213 curLeader
ZECOBMMTRER 7 DR — 7%, H25[BUCi3V =X a2 7at X 1D %,
FHIFIEICIIEETMIANNRE L2 T 0 XD DESGEFNETNET,

Y —Za— K 3.16: syncCurLeader DEF
op syncCurLeader : Soup{0Comp} Nat Set{Nat} -> Soup{O0Comp}

eq syncCurlLeader (empty, ID, IDS) = empty .
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eq syncCurLeader (S, ID, empty) = S
eq syncCurlLeader ((curLeader [IDO]: ID1) S, ID, IDS) =
if IDO in IDS then
(curLeader [IDO]: ID) syncCurLeader (S, ID, IDS)
else (curLeader[IDO]: ID1)
syncCurLeader (S, ID, IDS)
fi
eq syncCurLeader ((proc[IDO]: initiator) S, ID, IDS) =
(proc[IDO]: normal) syncCurLeader (S, ID, IDS)
eq syncCurLeader (SO S1, ID, IDS) =
SO syncCurLeader (S1, ID, IDS) [owise]

YV — 23— K 3.17: smallerThanlds D EF

op makeSmallerThan : Nat Nat Set{Nat} -> Set{Nat}
op makeSmallerThanIds : Nat Set{Nat} Set{Nat} -> Set{Nat}
op smallerThanIds : Nat Set{Nat} -> Set{Natl}

eq makeSmallerThan (NO, N1, S) =
if NO > N1 then insert(N1, S) else S fi
eq makeSmallerThanIds(NO, (N, S), S0) =
if S == empty then makeSmallerThan(NO, N, SO)
else makeSmallerThanIds(NO, S, makeSmallerThan(NO, N, S0))
fi
eq smallerThanIds (N, S) = makeSmallerThanIds(N, S, empty)

3.2.3 LTLI

ZV=7NTY XLH, EEOWEEZMET I 2ETNAVRET 572012, XU
BEl2R 3 LTL N2 AT %,

vV —Za— K 3.18: BULLY-PREDS £ 2 — L DES

mod BULLY-PREDS is

pr BULLY

inc SATISFACTION

subsort BState < State

vars ID : Nat

var E : LabeledEvent

var S : Soup{OComp}

var PROP : Prop

op leader : Nat -> Prop

op enabled : LabeledEvent -> Prop
op applied : LabeledEvent -> Prop .

eq {(proc[ID]: leader) S} |= leader(ID) = true
eq {(tran: bi(ID)) S} |= enabled(ibl(ID)) = true
eq {(tran: nee(ID)) S} |= enabled(ibl(ID)) = true
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eq {(tran: E) S} |= applied(E) = true
eq {S} |= PROP = false [owise]
endm

Y — 22— K 3.181%. BULLY-PREDS EY 2 —LDERTH 2, TDEI 2—J)L
. 7V =703 X0 E % LTL N TRIT 2 /- DICHERF T % E 5%
LTW3,

BULLY-PREDS &, BULLY 3 & (F SATISFACTION %= A ~7R— b L T\ %, BULLY |,
322WHTHHALEXHZIFAZER LTS 22—V Tdh 5, SATISFACTION I,
Maude C LTL &7 /UREE: 2 M H 3 3 72D 1208 72 model-checker.maude 12 EF%
ENTVEEY 2— LT, REBLRFmEDTTEMFRERT |=HBEF RN T
W%, BULLY-PREDS T!3. leader, enabled B X applied D3 DDHE Y |=]#
HFYZRMAL T, LTL ISR ERIRE L H D EBREER L TWd, FlZ
X, IREEDM{ (proc[ID]: leader) S}IDIHHIC, i leader (ID) IITTET 2,
B, leader 370t AN —XTH5 I L%, enabled T T NIAf&E A R b
WEITAIREIRIED 2 Z L %, applied X 7L & A XY M DERNIE TN Z
CEREFNENETHETDH 2, /2. T LA XY P ibl, D F D E=HZ A
initiator-become-leader 3FEIT XN 211X, FE =12 HH| become-initiator
F721%. normal-execution-election Z3FEITE ., It ADIRAED initiator
Lo TWARENRD S, FD2d, T A RV b bi BX P nee B 7 LA
A XY b ibl BEITAREIRE . T2 REBRICED TV 5,

Y —2Z2a—F 3.19: BULLY-CHECK &2 2 — /L DEH
mod BULLY-CHECK is
inc BULLY-PREDS
inc MODEL -CHECKER
inc LTL-SIMPLIFIER
var E : LabeledEvent

op leaderLiveness : -> Formula
op sf : LabeledEvent -> Formula
op sfair : -> Formula

eq leaderLiveness = <> (leader (0) \/ leader (1) \/
leader (2) \/ leader (3) \/ leader (4))

eq sf(E) = ([] <> enabled(E)) -> ([l <> applied(E))

eq sfair = sf(ibl(0)) /\ sf(ibl (1)) /\ sf(ibl(2)) /\
sf(ib1(3)) /\ sf(ibl(4))

endm

YV —Za—F 3.191F. BULLY-CHECK EY 2 — LDERTH 3, ZDEI 2—)L
F, ETURBHOEY 22— T7 ) =713 ) A0 EE2RT LTL Xz EF
LTW3,

BULLY-CHECK !, BULLY-PREDS. MODEL-CHECKER ¥ X (X LTL-SIMPLIFIER % 4
AR— h LT3, MODEL-CHECKER 3 X Of LTL-SIMPLIFIER %, model-checker.ma-
ude WEREINTWBEY 2—/LTH5, MODEL-CHECKER I21%. LTL EFLMHRE
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THIF$ % modelCheck B ELIR X LT W3, LTL-SIMPLIFIER 21X, LTL EF
ARED D DTS 2 — LT, LTL RZ2H LT 3EAnERZIhTW3,

BULLY-CHECK T, LTL X% 3 D2 EEL TW53, 1 DHD leaderLiveness
. Twordizded 120 7at 2R, V—XIEINE] LW TEEOEE
ZRILILATH S, 220HD st &, WA FHEEZEKRT 5 LTLXTH %, 320H
D sfair 1&, FNIUAFA XY b ibl 10 LT EEZRES 2 LTL A TH %,
AFROER M E HOTEEDETAVRERITo 56, FEXHIHANC K 52
BhL—7L T LEW, EXZHHlinitiator-become-leader 3ETI LTI
RIS EN2 212k, ZOMBEIZHIGT 3272012, FfFE 4 XY b
ibl WX LT, AN RIRE LTz TRt ZADIRAEDS leader BT 3 DI,
EHx{z ] initiator-become-leader BEITEINIIHETH S, FD=D, T
AU A XY b ibl I U TN EEERRE L TW 5,

3.3 TU—7ILdVILDETIEE

AHITE, BIEICHAL ZERERRICEOSWT, V=713 X405, U—
REHTLITY XL LTOIESEZTEE LTV 000R%Z E T ILIRE CHEE
55,

J—EH 7 LT ZLDIELSHETIE. RO 2O00OME #MIFT 5,

o [HIZ2OMUEDELZ a2 H, FRAICY —XIGEINR W] 2WHE
oMY

o Tnopbilyl1o07atAp, V—KRIGEIINS ] LW TEEOHE

ETVRELZFEMT 512H72D, 2 OUHIREL EHRT 5, 1 OHIE, THic2o
U EDR 2 FatZxd, FRHIZY —XIGEIR RV b WH Lo EDE
TR CHIH S 2 IHKEE init TH 2, 20HIK, Twordbilir 1o
-t 2H, V—=KIGEIENS ] WO EROWE O T T AME THA T 2 PR
BEinit2 TH B, 7V —7ILTV XLDMNRIZILZ T aL AN 5DT, ZhZh
D7 AIDMB 015 4 DGE, WIHAREE init B X CPHPIREE init2 2 FidD
XIITERT %,

Y —Aa—F 3.20: YIHHIKEE init DEFR
op {_} : Soup{0Comp} -> BState [ctor]
op init : -> BState
eq init = {
(proc [0]: normal) (proc[1]: normal) (proc[2]: normal)
(proc [3]: normal) (proc[4]: leader)
(curLeader [0]: 4) (curLeader[1]: 4) (curLeader[2]: 4)
(curLeader [3]: 4) (curLeader [4]: 4)
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(sndElectionMsgCnt [0]: 0) (sndElectionMsgCnt[1]: 0)
(sndElectionMsgCnt [2]: 0) (sndElectionMsgCnt [3]: 0)
(sndElectionMsgCnt [4]: O0)

(rcv0kMsgCnt [0]: 0) (rcvO0kMsgCnt[1]: 0)
(rcvOkMsgCnt [2]: 0) (rcvO0kMsgCnt[3]: 0)
(rcv0OkMsgCnt [4]: 0)

(rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt[1]: O0)
(rcvTimeoutMsgCnt [2]: 0) (rcvTimeoutMsgCnt [3]: 0)
(rcvTimeoutMsgCnt [4]: O0)

(procIds: (0, 1, 2, 3, 4))

(network: empty)

(tran: notran)

YV —2Z2a—F 3.21: FIHAIREE init2 DEFE

op init2 : -> BState
eq init2 = {

(proc[0]: normal) (proc([1]: normal) (proc[2]: normal)
(proc[3]: normal) (proc[4]: failedLeader)
(curLeader [0]: 4) (curlLeader[1]: 4) (curLeader[2]: 4)
(curlLeader [3]: 4) (curLeader [4]: 4)
(sndElectionMsgCnt [0]: 0) (sndElectionMsgCnt [1]: 0)
(sndElectionMsgCnt [2]: 0) (sndElectionMsgCnt [3]: 0)
(sndElectionMsgCnt [4]: O0)

(rcv0OkMsgCnt [0]: 0) (rcvO0kMsgCnt[1]: 0)
(rcvOkMsgCnt [2] : 0) (rcvO0kMsgCnt [3]: 0)
(rcvOkMsgCnt [4]: 0)

(rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt [1]: O0)
(rcvTimeoutMsgCnt [2]: 0) (rcvTimeoutMsgCnt [3]: 0)
(rcvTimeoutMsgCnt [4]: 0)

(proclIds: (0, 1, 2, 3, 4))

(network: empty)

(tran: notran)

YV — 23— K 320 IXFHIIREE init. Y — R a— F 3.21 [ZWHIIRAE init2 DE
HTH 2, 2200FHIIREEDZFE X, T XDIRETH 3, FIHIIREE init Tld.
7at ZDIREIX., TutZXIDA4DTaL 2% leader IREEX L. ZDMD 7
0t 222V Tl normal REE L T 5, FIHAIRAE init2 Tld, vt R DIKREIZ,
Tt ZA1DH4DSat A% failedleader JREEEZ L. ZDfhd vt 212D
Tl normal IREE X T %, WHAIKEE init2 1BV T, L2 IDA4D kR
% failedLeader IREEY L7=DiX, #HAKREET Tvwordiitd 1ot
M, V—=RIGEINDE ] EWHEEOHE R -T2l 5720 TH B, Bl
., V—RLeFEHBLTVWB o LRIZOVTIE, TRTOFELRATL4R2Y) —X
LEEER L TWB, EETEEL Election X vt —I8, ZEL/7Z0K X vt —
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B XU Timeout X vt —IBIZOWTIZ02 35, 7V =731 X LDX
RICKDZ TR Z—EZ, 00264 FZTOID ZHFHE25200 70 A TH5, % v
Y —=2U—2Fempty & L. Y PY—Z1Z XAy b—=IJ 320D T 5, %
Joo ERNCFETINEZHMIBANIZ L T 5,
TV—FZNTYRXLDY) —FE N7 LT XL LTOIEYSZKREFT 5, [F
W 2O EDEZLZ a2, FRIZY —KIGEINRV e WS ZeEotE
W, Y—Ra—F320avry Rz, Twordkled 12007k, VJ—
RIERIIND ] L WO EEOMEIZ, Y—ZXa—F3.230a~vy N2 ZhZFhE
T2 CHERTE 3,

Y—2Za—F 322 EAHICBI 2 ReENONEZERT 52~ F
search [1] in BULLY : init =>x
{(proc[IDO]: leader) (proc[ID1]: leader) S}

V—Za—F 323 EHXHICBI2EROMHEHER T Aa~v R
red in BULLY-CHECK : modelCheck (init2, sfair ->
leaderlLiveness)

V—2a—F328XY—Xa—F3230a<xy FZFE{TL T, Maude 25
Bon 2RI TO@ED TH 5,

search [1] in BULLY : init =>* {S (proc[IDO]: leader) procl
ID1]: leader?

No solution.
states: 846912 rewrites: 68014564 in 2986938ms cpu (3002461
ms real) (22770 rewrites/second)

reduce in BULLY-CHECK : modelCheck (init2, sfair ->
leaderLiveness)

rewrites: 68667974 in 3733396ms cpu (3745548ms real) (18392
rewrites/second)

result Bool: true

YV —Za—FK3.220a~vy FOFETHERIZ, WIHPREE init 2> & FE ] REZ HiFH
12, 20085 T a ANRFERFCY — R DIRENDOBRIER O Sk o7
TrERLTWS, Zhuckb, M2 2o FoRL 2 Fat x5, FRIZY —
RIEINB V] E WS LD MEDI M- END e Dhol, RiZ, V—
Aa— LR 323 Da~y FOFETHRIE, RAENIHRHE ST, ST UREIRIIL
TW5, ZHUTEb, Twordkhird1o07atAn, )V—KIGEIINS )
WS TEHEOWENM I NDE Z e ol TNHDERNS, TV =T
TV RXLDY —RFEHT7LIY XL E LTOEYEOEER, Wi-xhTnd 2
EDMERTE 7,
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34 XL

ARETIE, 7V =713V XLDEAERZER L. ETAMEZITo72
FTAMBOERTIE. 7V —71LITV) XLDONRLLELZTawxz25o8 L, U—
ZEH 7LD XL LTOESHEHMZINDE Z e BMAE LTz, V—XEHT
NIV XL LTOEYSME. THIC22oM FoRR 2 Fat xp, FRHICY —&
WHERIZNZW] WO REHEOHE Y Thodbil b 120t xn, V—
RIEINDG ] L WOTEEOHEEMEE L, 2 ODOMWENHI- IS Z & ZHEZREL
oo TRUTED, TV =7 ATV XLF, V-—KENT7LITY XL LTDIEY
WEMZLTWAZ e 2R TE,

TV —=7)LIY XLE, TRTO a2y, FEHNICEA IV Z72EbET
L RATy TSSO AELT S 720, AK, FEFWI T 2 FEii 3 % Maude TIXET
MREZRITD ZePH#EL W, 725, 1B L 720 F =2 2 FHANCFEIARIC
BREHED ZXEEITO 28T, 7V =713V XLDETIVMEEZITO Z LI
L7zo ARROERAEDE ZH X HRAITIT - 7288 % RN HED 2 B IHIERD
3DOTH b,

1 DoHORIGIE, E=Z HHHlinitiator-become-normal TfToTW5, ZDE
= Z AN, #ETHED L X ID X h KERID % 3D 7 1+ A2 Election
Xyt —I"BFEELEEZ. MO At AN 0K X vt —I %R L0, &
FEiEftho Fat 225 k-2 LT, BHHIE normal IKEEIZ /4 2 F =44 2 #HHI
ThH2, ZOEEHZHRAEFIHNICITV, BT TS L7z Election X vt —3
T BIREX vy =Y TRXTHIV, OK X vt —I%ZE L2 RT3
FC. Bt AD normal JREEIZR SR VK HIZLTWES,

2 OHDOMIMNE, E=H#Z HHH]initiator-become-leader T{ToTW5, ZDE
= Z AN, BETHED  nE 21D X h K& ID % 3D 7 1+ 22 Election
Xob—UREELEE. DT at2d OK X vb—U BRI Rhol=7-0,
HED leader IREEIC R 2 EXMIHAITH 2, ZoF =X IRAZ FIIZAT
W, SEETE(E L7z Election X v =D T BIREX v —I DT RTHIWV,
OK X vt —I%ZELTWREWZ L2352 £ T, At R leader IRFEIC
BROEBRNVWEIIILTWS, AEOEAMERETIE, s 2 o0F =2 HAIZ[H
HARNCATZ 2 £ 912, B 70 A EETIEE L7z Election X vt — I8, 212
L7Z0K Xyt —Y8B X Timeout X vt —IZIREEICFR > TED, A v
bt — O REZETIEXHZIBAITA vy b —VHOEH Z1To T3, Zhe 2o
OFXHZHAITIE, KEICEEN S, FED B ANEETERZB LAY
t—IBEAAHLT, FEEZHAOFEMAZIAR L. R ZITS X512
LTW3,

3OHDMINNE, 2 20H R U E &2 M| initiator-become-leader TfT»
TW3, 7YV =713V XALTIE. TRt ARH=I) — &K% 5856, Coordi-
nator X vt —I %K 70t 2IGEE LT, HilzkV — X0 % FEHIIZIT S,
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AFROEARMLRETIE, &7 AN =X el TWs a2 1D ZikEL L
TH>TW3, EX# 2 HH] initiator-become-leader Tld. Coordinator X v
L —I%KE TR GEE L, i) =X EEALT, £ ZAn) —K ik
LTS 7t XD ZEET 52HODIC, 1 DOOFEXTHRBIICERE L TW5,

IS DOMIEDRER, VB R T LTY XL LTOESEOHE 2 L
TW3 ZEDHRTERTzD, MINTIIMRYE D -T2 EZ 5,

Mo dbded1 o0t AN, V-—RIEINSE WO EEOHE
DETIVHRETIX, BEOFHEEIRE L THREEZTT - 720 ZAUTTR S 2R E S
FTIETAMREZTo 756, FEMIAHANC X 2IREEELL—TLTLEW,
REIDPBH N0 TH 2, FIZXRNEEZREETICETAVMEZIT-> 7235
A, PRRoRFIBHEHEN S, 2B, FiLOMRIE. 7V —=713) X LDN
Re BB % 5D LU TEMLIEIGE. REBENZ Y REIPEL RS
72, TutZAEA4DICLUTEMLTVAS,

reduce in BULLY-CHECK : modelCheck (init3, leaderLiveness)
rewrites: 704 in 2ms cpu (2ms real) (251069 rewrites/second)
result ModelCheckResult: counterexample ({{procIds: (0, 1, 2,
3) network: empty tran: notran (proc[0]: normal) (proc
[1]: normal) (proc[2]: normal) (proc[3]: failedLeader) (
curLeader [0]: 3) (curLeader[1]: 3) (curLeader[2]: 3) (
curLeader [3]: 3) (sndElectionMsgCnt[0]: 0) (
sndElectionMsgCnt [1]: 0) (sndElectionMsgCnt [2]: 0) (
sndElectionMsgCnt [3]: 0) (rcv0kMsgCnt [0]: 0) (rcv0kMsgCnt
[1]: 0) (rcvO0kMsgCnt[2]: 0) (rcvOkMsgCnt [3]: 0) (
rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt [1]: 0) (
rcvTimeoutMsgCnt [2]: 0) rcvTimeoutMsgCnt [3]: 0}, ’become-
initiator} {{procIds: (0, 1, 2, 3) network: empty tran:
bi(0) (proc[0]: initiator) (proc[1l]: normal) (proc[2]:
normal) (proc[3]: failedLeader) (curLeader [0]: 3) (
curlLeader [1]: 3) (curLeader[2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 0) (sndElectionMsgCnt[1]: 0) (
sndElectionMsgCnt [2]: 0) (sndElectionMsgCnt[3]: 0) (
rcvOkMsgCnt [0]: 0) (rcvOkMsgCnt[1]: 0) (rcvOkMsgCnt [2]:
0) (rcv0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt[2]: 0)
rcvTimeoutMsgCnt [3]: 0}, ’become-initiator} {{procIds: (O,
1, 2, 3) network: empty tran: bi(1l) (proc[0]: initiator)
(proc[1]: initiator) (proc[2]: normal) (proc[3]:
failedLeader) (curLeader [0]: 3) (curLeader[1]: 3) (
curLeader [2]: 3) (curLeader[3]: 3) (sndElectionMsgCnt [0]:
0) (sndElectionMsgCnt[1]: 0) (sndElectionMsgCnt[2]: 0) (
sndElectionMsgCnt [3]: 0) (rcvOkMsgCnt[0]: 0) (rcvOkMsgCnt
[11: 0) (rcvOkMsgCnt[2]: 0) (rcvOkMsgCnt[3]: 0) (
rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt [1]: 0) (
rcvTimeoutMsgCnt [2]: 0) rcvTimeoutMsgCnt [3]: 0}, ’become-
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initiator} {{procIds: (0, 1, 2, 3) network: empty tran:
bi(2) (proc[0]: initiator) (proc[1]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curleader[2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 0) (sndElectionMsgCnt[1]: 0) (
sndElectionMsgCnt [2]: 0) (sndElectionMsgCnt[3]: 0) (
rcvO0kMsgCnt [0]: 0) (rcvOkMsgCnt[1]l: 0) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: 0)
rcvTimeoutMsgCnt [3]: 0}, ’start-election} {{procIds: (O,
1, 2, 3) network: (message(0, 1, election) message(0, 2,
election) message(0, 3, election)) tran: se(0) (procl[0]:
initiator) (proc[1]: initiator) (proc[2]: initiator) (
proc[3]: failedLeader) (curlLeader [0]: 3) (curlLeader[1]:
3) (curLeader [2]: 3) (curlLeader[3]: 3) (sndElectionMsgCnt
[0]: 3) (sndElectionMsgCnt[1]: 0) (sndElectionMsgCnt [2]:
0) (sndElectionMsgCnt [3]: 0) (rcvOkMsgCnt[0]: 0) (
rcvOkMsgCnt [1]: 0) (rcvOkMsgCnt[2]: 0) (rcvOkMsgCnt [3]:
0) (rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt [1]: 0) (
rcvTimeoutMsgCnt [2]: 0) rcvTimeoutMsgCnt [3]: 0}, ’start-
election} {{procIds: (0, 1, 2, 3) network: (message(0, 1,
election) message (0, 2, election) message(0, 3, election
) message(l, 2, election) message(l, 3, election)) tran:
se(1l) (proc[0]: initiator) (proc[1]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curleader[2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt [1]: 2) (
sndElectionMsgCnt [2]: 0) (sndElectionMsgCnt[3]: 0) (
rcvOkMsgCnt [0]: 0) (rcvOkMsgCnt[1]l: 0) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: 0)
rcvTimeoutMsgCnt [3]: 0}, ’start-election} {{procIds: (O,
1, 2, 3) network: (message(0, 1, election) message(0, 2,
election) message (0, 3, election) message(l, 2, election)
message (1, 3, election) message(2, 3, election)) tran:
se(2) (proc[0]: initiator) (proc[1]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curlLeader [2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcv0kMsgCnt [0]: 0) (rcvOkMsgCnt[1]: 0) (rcvOkMsgCnt [2]:
0) (rcv0kMsgCnt [3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt[2]: 0)
rcvTimeoutMsgCnt [3]: 0},’election-timeout} {{procIds: (O,
1, 2, 3) network: (message(0, 1, election) message(0, 2,
election) message(l, 2, election) message(l, 3, election
) message(2, 3, election) message(3, 0, timeout)) tran:
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et (3) (proc[0]: initiator) (proc[1]: initiator) (procl[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curlLeader [2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcv0kMsgCnt [0]: 0) (rcvOkMsgCnt[1]: 0) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: O0)
rcvTimeoutMsgCnt [3]: 0},’election-timeout} {{procIds: (O,
1, 2, 3) network: (message(0, 1, election) message(0, 2,
election) message(l, 2, election) message(2, 3, election
) message (3, 0, timeout) message (3, 1, timeout)) tran: et
(3) (proc[0]: initiator) (proc[1]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curleader[2]: 3) (curlLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt [1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt[3]: 0) (
rcvO0kMsgCnt [0]: 0) (rcvOkMsgCnt[1]l: 0) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: 0)
rcvTimeoutMsgCnt [3]: 0}, ’election-timeout} {{procIds: (O,
1, 2, 3) network: (message(0, 1, election) message(0, 2,
election) message(l, 2, election) message(3, 0, timeout)
message (3, 1, timeout) message(3, 2, timeout)) tran: et
(3) (proc[0]: initiator) (proc[1]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curlLeader [2]: 3) (curlLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcv0kMsgCnt [0]: 0) (rcvOkMsgCnt[1]: 0) (rcvOkMsgCnt [2]:
0) (rcv0kMsgCnt [3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt[2]: 0)
rcvTimeoutMsgCnt [3]: 0},’initiator -execution-election} {{
procIds: (0, 1, 2, 3) network: (message(0, 2, election)
message (1, 0, ok) message(l, 2, election) message (3, O,
timeout) message(3, 1, timeout) message(3, 2, timeout))
tran: iee (1) (proc[0]: initiator) (proc[1]: initiator) (
proc[2]: initiator) (proc[3]: failedLeader) (curLeader
[0]: 3) (curLeader[1]: 3) (curlLeader[2]: 3) (curleader
[3]1: 3) (sndElectionMsgCnt[0]: 3) (sndElectionMsgCnt [1]:
2) (sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt[3]: 0) (
rcv0kMsgCnt [0]: 0) (rcvO0kMsgCnt[1]: 0) (rcvOkMsgCnt [2]:
0) (rcv0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt[2]: 0)
rcvTimeoutMsgCnt [3]: 0},’initiator -execution-election} {{
procIds: (0, 1, 2, 3) network: (message(l, O, ok) message
(1, 2, election) message(2, 0, ok) message(3, 0, timeout)
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message (3, 1, timeout) message(3, 2, timeout)) tran: iee
(2) (proc[0]: initiator) (proc[1]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curleader[2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt [1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt[3]: 0) (
rcvO0kMsgCnt [0]: 0) (rcvOkMsgCnt[1]l: 0) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: 0)
rcvTimeoutMsgCnt [3]: 0},’initiator -execution-election} {{
procIds: (0, 1, 2, 3) network: (message(l, 0, ok) message
(2, 0, ok) message(2, 1, ok) message(3, 0, timeout)
message (3, 1, timeout) message(3, 2, timeout)) tran: iee
(2) (proc[0]: initiator) (proc[1]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curlLeader [2]: 3) (curlLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcv0kMsgCnt [0]: 0) (rcvOkMsgCnt[1]: 0) (rcvOkMsgCnt [2]:
0) (rcv0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt[2]: 0)
rcvTimeoutMsgCnt [3]: 0}, ’initiator -execution-ok} {{
procIds: (0, 1, 2, 3) network: (message(2, 0, ok) message
(2, 1, ok) message(3, 0, timeout) message(3, 1, timeout)
message (3, 2, timeout)) tran: ieo(0) (proc[0]: initiator)
(proc[1]: initiator) (proc[2]: initiator) (proc[3]:
failedLeader) (curLeader [0]: 3) (curLeader[1]: 3) (
curLeader [2]: 3) (curlLeader[3]: 3) (sndElectionMsgCnt [0]:
3) (sndElectionMsgCnt [1]: 2) (sndElectionMsgCnt[2]: 1) (
sndElectionMsgCnt [3]: 0) (rcvO0kMsgCnt[0]: 1) (rcvOkMsgCnt
[1]: 0) (rcvO0kMsgCnt[2]: 0) (rcvOkMsgCnt[3]: 0) (
rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt[1]: 0) (
rcvTimeoutMsgCnt [2]: 0) rcvTimeoutMsgCnt [3]: 0},°’
initiator -execution-ok} {{procIds: (0, 1, 2, 3) network:

(message (2, 1, ok) message(3, 0, timeout) message(3, 1,
timeout) message (3, 2, timeout)) tran: ieo(0) (procl[0]:
initiator) (proc[1]: dinitiator) (proc[2]: initiator) (
proc [3]: failedLeader) (curLeader [0]: 3) (curLeader[1]:
3) (curLeader [2]: 3) (curlLeader[3]: 3) (sndElectionMsgCnt
[0]: 3) (sndElectionMsgCnt[1]: 2) (sndElectionMsgCnt [2]:
1) (sndElectionMsgCnt [3]: 0) (rcvO0kMsgCnt [0]: 2) (
rcv0kMsgCnt [1]: 0) (rcv0kMsgCnt[2]: 0) (rcvOkMsgCnt [3]:
0) (rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt[1]: 0) (
rcvTimeoutMsgCnt [2]: 0) rcvTimeoutMsgCnt [3]: 0},°
initiator -execution-ok} {{procIds: (0, 1, 2, 3) network:

(message (3, 0, timeout) message (3, 1, timeout) message (3,
2, timeout)) tran: ieo(1l) (proc[0]: initiator) (proc[1]:
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initiator) (proc[2]: initiator) (proc[3]: failedLeader)
(curleader [0]: 3) (curlLeader [1]: 3) (curLeader[2]: 3) (
curLeader [3]: 3) (sndElectionMsgCnt [0]: 3) (
sndElectionMsgCnt [1]: 2) (sndElectionMsgCnt[2]: 1) (
sndElectionMsgCnt [3]: 0) (rcvOkMsgCnt [0]: 2) (rcvOkMsgCnt
[11: 1) (rcvOkMsgCnt[2]: 0) (rcvOkMsgCnt[3]: 0) (
rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt [1]: 0) (
rcvTimeoutMsgCnt [2]: 0) rcvTimeoutMsgCnt [3]: 0},
initiator -execution-timeout} {{procIds: (0, 1, 2, 3)
network: (message(3, 1, timeout) message(3, 2, timeout))
tran: iet(0) (proc[0]: initiator) (proc[1]: initiator) (
proc[2]: initiator) (proc[3]: failedLeader) (curLeader
[0]: 3) (curLeader[1]: 3) (curLeader[2]: 3) (curleader
[3]: 3) (sndElectionMsgCnt[0]: 3) (sndElectionMsgCnt [1]:
2) (sndElectionMsgCnt[2]: 1) (sndElectionMsgCnt[3]: 0) (
rcvOkMsgCnt [0]: 2) (rcvOkMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt[0]: 1) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: 0)
rcvTimeoutMsgCnt [3]: 0},’initiator -execution-timeout} {{
procIds: (0, 1, 2, 3) network: message(3, 2, timeout)
tran: iet (1) (proc[0]: initiator) (proc[1]: initiator) (
proc[2]: initiator) (proc[3]: failedLeader) (curlLeader
[0]: 3) (curLeader[1]: 3) (curLeader[2]: 3) (curLeader
[3]: 3) (sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt [1]:
2) (sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt[3]: 0) (
rcv0kMsgCnt [0]: 2) (rcvO0kMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 1) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt [2]: O0)
rcvTimeoutMsgCnt [3]: 0},’initiator-execution-timeout} {{
procIds: (0, 1, 2, 3) network: empty tran: iet(2) (proc
[0]: initiator) (proc[1]: initiator) (proc[2]: initiator)

(proc[3]: failedLeader) (curLeader [0]: 3) (curlLeader [1]:
3) (curLeader [2]: 3) (curLeader [3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcvOkMsgCnt [0]: 2) (rcvOkMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt[0]: 1) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator -become-normall}, {{
procIds: (0, 1, 2, 3) network: empty tran: ibn(0) (proc
[0]: normal) (proc[1]: initiator) (proc[2]: initiator) (
proc [3]: failedLeader) (curlLeader [0]: 3) (curlLeader [1]:
3) (curLeader[2]: 3) (curlLeader[3]: 3) (sndElectionMsgCnt
[0]: 3) (sndElectionMsgCnt[1]: 2) (sndElectionMsgCnt [2]:
1) (sndElectionMsgCnt [3]: 0) (rcv0kMsgCnt[0]: 2) (
rcv0kMsgCnt [1]: 1) (rcvO0kMsgCnt[2]: 0) (rcvOkMsgCnt [3]:
0) (rcvTimeoutMsgCnt [0]: 1) (rcvTimeoutMsgCnt [1]: 1) (
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rcvTimeoutMsgCnt [2]: 1) rcvTimeoutMsgCnt [3]: 0}, ’become-
initiator} {{procIds: (0, 1, 2, 3) network: empty tran:
bi(0) (proc[0]: initiator) (proc[l]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curLeader[2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 0) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcv0kMsgCnt [0]: 0) (rcvOkMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
0) (rcv0kMsgCnt [3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt[2]: 1)
rcvTimeoutMsgCnt [3]: 0}, ’start-election} {{procIds: (O,
1, 2, 3) network: (message(0, 1, election) message(0, 2,
election) message(0, 3, election)) tran: se(0) (proc[O]:
initiator) (proc[1]: initiator) (proc[2]: initiator) (
proc[3]: failedLeader) (curleader [0]: 3) (curlLeader[1]:
3) (curLeader [2]: 3) (curlLeader[3]: 3) (sndElectionMsgCnt
[0]: 3) (sndElectionMsgCnt[1]: 2) (sndElectionMsgCnt [2]:
1) (sndElectionMsgCnt [3]: 0) (rcvOkMsgCnt [0]: 0) (
rcv0kMsgCnt [1]: 1) (rcvO0kMsgCnt[2]: 0) (rcvOkMsgCnt [3]:
0) (rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt[1]: 1) (
rcvTimeoutMsgCnt [2]: 1) rcvTimeoutMsgCnt [3]: 0},’election
-timeout} {{procIds: (0, 1, 2, 3) network: (message(O0, 1,
election) message (0, 2, election) message(3, 0, timeout
)) tran: et(3) (proc[0]: initiator) (proc[1]: initiator)
(proc[2]: initiator) (proc[3]: failedLeader) (curLeader
[0]: 3) (curLeader[1]: 3) (curLeader[2]: 3) (curlLeader
[3]: 3) (sndElectionMsgCnt[0]: 3) (sndElectionMsgCnt [1]:
2) (sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt[3]: 0) (
rcvOkMsgCnt [0]: 0) (rcvOkMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator -execution-election} {{
procIds: (0, 1, 2, 3) network: (message(0, 2, election)
message (1, O, ok) message(3, 0, timeout)) tran: iee(1l) (
proc [0]: initiator) (proc[l]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curlLeader [1]: 3) (curlLeader[2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt [1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt[3]: 0) (
rcvOkMsgCnt [0]: 0) (rcvOkMsgCnt[1]l: 1) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator -execution-election} {{
procIds: (0, 1, 2, 3) network: (message(l, O, ok) message
(2, 0, ok) message(3, 0, timeout)) tran: iee(2) (procl[0]:
initiator) (proc[1]: initiator) (proc[2]: initiator) (
proc[3]: failedLeader) (curlLeader [0]: 3) (curlLeader [1]:
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3) (curLeader[2]: 3) (curlLeader[3]: 3) (sndElectionMsgCnt
[0]: 3) (sndElectionMsgCnt [1]: 2) (sndElectionMsgCnt [2]:
1) (sndElectionMsgCnt [3]: 0) (rcvOkMsgCnt[0]: 0) (
rcv0kMsgCnt [1]: 1) (rcvO0kMsgCnt[2]: 0) (rcvOkMsgCnt [3]:
0) (rcvTimeoutMsgCnt [0]: 0) (rcvTimeoutMsgCnt [1]: 1) (
rcvTimeoutMsgCnt [2]: 1) rcvTimeoutMsgCnt [3]: 0},°
initiator -~execution-ok} {{procIds: (0, 1, 2, 3) network:
(message (2, 0, ok) message(3, 0, timeout)) tran: ieo(0) (
proc [0]: initiator) (proc[1]: initiator) (procl[2]:
initiator) (proc[3]: failedLeader) (curLeader[0]: 3) (
curLeader [1]: 3) (curlLeader[2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcvOkMsgCnt [0]: 1) (rcvOkMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator -execution-ok} {{
procIds: (0, 1, 2, 3) network: message(3, 0, timeout)
tran: ieo(0) (proc[0]: initiator) (proc[1]: initiator) (
proc[2]: initiator) (proc[3]: failedLeader) (curLeader
[0]: 3) (curLeader[1]: 3) (curLeader [2]: 3) (curLeader
[31: 3) (sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt [1]:
2) (sndElectionMsgCnt[2]: 1) (sndElectionMsgCnt[3]: 0) (
rcv0kMsgCnt [0]: 2) (rcvO0kMsgCnt[1]: 1) (rcvOkMsgCnt[2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 0) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator-execution-timeout} {{
procIds: (0, 1, 2, 3) network: empty tran: iet (0) (proc
[0]: initiator) (proc[1]: initiator) (proc[2]: initiator)
(proc[3]: failedLeader) (curlLeader [0]: 3) (curLeader [1]:
3) (curLeader [2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt[3]: 0) (
rcv0kMsgCnt [0]: 2) (rcvOkMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
0) (rcv0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt[0]: 1) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator -become-normall} {{
procIds: (0, 1, 2, 3) network: empty tran: ibn(1l) (proc
[0]: initiator) (proc[1]: normal) (proc[2]: initiator) (
proc [3]: failedLeader) (curLeader [0]: 3) (curLeader[1]:
3) (curLeader [2]: 3) (curlLeader[3]: 3) (sndElectionMsgCnt
[0]: 3) (sndElectionMsgCnt [1]: 2) (sndElectionMsgCnt [2]:
1) (sndElectionMsgCnt [3]: 0) (rcv0kMsgCnt[0]: 2) (
rcvOkMsgCnt [1]: 1) (rcvOkMsgCnt[2]: 0) (rcvOkMsgCnt [3]:
0) (rcvTimeoutMsgCnt [0]: 1) (rcvTimeoutMsgCnt[1]: 1) (
rcvTimeoutMsgCnt [2]: 1) rcvTimeoutMsgCnt [3]: 0}, ’become-
initiator} {{procIds: (0, 1, 2, 3) network: empty tran:
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bi (1) (proc[0]: initiator) (proc[1]: initiator) (proc[2]:
initiator) (proc[3]: failedLeader) (curLeader [0]: 3) (
curLeader [1]: 3) (curLeader[2]: 3) (curLeader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 0) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcv0kMsgCnt [0]: 2) (rcvO0kMsgCnt[1]: 0) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 1) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’start-election} {{procIds: (O,
1, 2, 3) network: (message(l, 2, election) message(l, 3,
election)) tran: se(1l) (proc[0]: initiator) (proc[1]:
initiator) (proc[2]: initiator) (proc[3]: failedLeader) (
curLeader [0]: 3) (curLeader [1]: 3) (curLeader[2]: 3) (
curLeader [3]: 3) (sndElectionMsgCnt [0]: 3) (
sndElectionMsgCnt [1]: 2) (sndElectionMsgCnt[2]: 1) (
sndElectionMsgCnt [3]: 0) (rcvO0kMsgCnt [0]: 2) (rcvOkMsgCnt
[11: 0) (rcvOkMsgCnt[2]: 0) (rcvOkMsgCnt[3]: 0) (
rcvTimeoutMsgCnt [0]: 1) (rcvTimeoutMsgCnt [1]: 0) (
rcvTimeoutMsgCnt [2]: 1) rcvTimeoutMsgCnt [3]: 0},’election
-timeout} {{procIds: (0, 1, 2, 3) network: (message(l, 2,
election) message(3, 1, timeout)) tran: et (3) (procl[0]:
initiator) (proc[1]: dinitiator) (proc[2]: initiator) (
proc[3]: failedLeader) (curLeader [0]: 3) (curLeader[1]:
3) (curLeader[2]: 3) (curLeader[3]: 3) (sndElectionMsgCnt
[0]: 3) (sndElectionMsgCnt[1]: 2) (sndElectionMsgCnt [2]:
1) (sndElectionMsgCnt [3]: 0) (rcvO0kMsgCnt [0]: 2) (
rcvOkMsgCnt [1]: 0) (rcvOkMsgCnt[2]: 0) (rcvOkMsgCnt [3]:
0) (rcvTimeoutMsgCnt [0]: 1) (rcvTimeoutMsgCnt [1]: 0) (
rcvTimeoutMsgCnt [2]: 1) rcvTimeoutMsgCnt [3]: 0}, °
initiator -execution-election} {{procIds: (0, 1, 2, 3)
network: (message(2, 1, ok) message(3, 1, timeout)) tran:
iee(2) (proc[0]: initiator) (proc[1]: initiator) (proc
[2]: initiator) (proc[3]: failedLeader) (curLeader [0]: 3)
(curLeader [1]: 3) (curLeader [2]: 3) (curleader[3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt [1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcv0kMsgCnt [0]: 2) (rcvOkMsgCnt[1]: 0) (rcvOkMsgCnt [2]:
0) (rcvO0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 1) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator -execution-okl} {{
procIds: (0, 1, 2, 3) network: message(3, 1, timeout)
tran: ieo (1) (proc[0]: initiator) (proc[1]: initiator) (
proc[2]: initiator) (proc[3]: failedLeader) (curLeader
[0]: 3) (curLeader[1]: 3) (curLeader[2]: 3) (curlLeader
[31: 3) (sndElectionMsgCnt[0]: 3) (sndElectionMsgCnt [1]:
2) (sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt[3]: 0) (
rcvOkMsgCnt [0]: 2) (rcvOkMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
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0) (rcv0kMsgCnt [3]: 0) (rcvTimeoutMsgCnt [0]: 1) (
rcvTimeoutMsgCnt [1]: 0) (rcvTimeoutMsgCnt [2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator-execution-timeout} {{
procIds: (0, 1, 2, 3) network: empty tran: iet (1) (proc
[0]: initiator) (proc[1]: initiator) (proc[2]: initiator)
(proc[3]: failedLeader) (curlLeader[0]: 3) (curLeader [1]:
3) (curlLeader [2]: 3) (curLeader [3]: 3) (
sndElectionMsgCnt [0]: 3) (sndElectionMsgCnt[1]: 2) (
sndElectionMsgCnt [2]: 1) (sndElectionMsgCnt [3]: 0) (
rcvOkMsgCnt [0]: 2) (rcvOkMsgCnt[1]: 1) (rcvOkMsgCnt [2]:
0) (rcv0kMsgCnt[3]: 0) (rcvTimeoutMsgCnt [0]: 1) (
rcvTimeoutMsgCnt [1]: 1) (rcvTimeoutMsgCnt[2]: 1)
rcvTimeoutMsgCnt [3]: 0},’initiator-become-normall)

X 3.2, ZORBIDKEEREZXRLI=2bDTH S, #HIHIKEEZ SO L, K
B X 72 IKAE S34 F TOEBZRL TS, IREBRTHHIN-F X
ZFRANZ, BIMITRERK 77 tran CTHERRTE %, ZDOKBEITIX. IKAES34 1. tran D/
AN DEHRIFTRER 7 A5, SIS BX U S27 LR UfHICKZ > TEB D, ZDHKIZSI9 25
S27T FTDEBRS28 05 S FTOEBEL—T T LI12k5,

F7o, FNEEERIE L TETAMREZITo 5 E b E U RBIHRHE T 5, 55
INFEHETIE, T E A XY MDEITAIREIREETH D i) 5 & T UL, Bk
TR EA RS PDPETENSE ] ZERINETES, A, M32053bh
% E 512, AREOEAMEERWZET VRETIE. 70U FE AL XY b ibl A3
FEITAREIRAE, D F D BUHIFTRERNS) tran 2 bi £ 7213 nee TH HHilF 2 Z L 137
. fioF =z FHAINFEIT N, FATAIEEIRRE & EITAAJEEIREEZ & DR 3 2
Yok B, 20D, INEERIRE LR WSS L FEREC. S197 5 S27 £ TOER
928005 834 FTOBE R E L — 7T 2 HFIBMmH XIS,

Z ORIEICHIN T 272912, BN FEHEIRE L THREEZ 1T - 720 AT
[ AU & A XY DDA SATRIREIRREIC 2 5 & T 4UE, BEIIIC T ~ULfS
XANRY IDFEITEINDE] ZERRETES, ZHUTED, FUFEAL RV |
ibl DSWGEINC FEATRTREIRREIC AU, D % D BIHIRTRERL ) tran 2SI bi &
7213 nee I AUX, TARAfFE A RV b ibl WEITEINBE LI 5,

B, EBRTET) =713 XLDONReRZ Tt 20%E 6 L EicLT
ETFNUMBEZITo TALDE, EFTAVREBICKEEL2» D, EREEZENTE
Rho Tz,
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482 Chang-Roberts77JLdVU X
LD ETILEER

ARETIX, V-—XEH7L3) X202 O0HDEH| 2 LT Chang-Roberts 7L
Y X% B3, H#IZ Chang-Roberts 713 1) X 2 ORFENZ DWW TR
%, RIZ Maude TReiR L2 FERMERRICOWTHIFH L 7214, BIZICHERR L 722
Hkk 2 BTN L 7B TR E FERICOWTEIATS 5,

4.1 Chang-Roberts ZILJU X LDEE

Chang-Roberts 7L 2VU X 4 [3, 5] 1X. Ernest Chang & Rosemary Roberts (&
Fo TREZINV —XBEHOTNVIVALTH P, ZOTNLITYXLTIE, Hi
RELTH TR, BHICEGEZONHEARLZ—-EDID 2H>TW\Wd, %
Foo BT HERZY VRSB > TWT—HADBEDAAREL T 5,

B TRTOT -t RIHMEMETDH 20, V—XONEZIRIT 2 L XD
R 2 RS 5

1. V—XRORNEERALE7Tat 03, ih#7utv e L TE/ME 2D, B
DL RACHEDO UL RAIDZEHA v —U%FES,

2. Xt —I%RFWo -7 a0t ADIEEME OGS, Xvt—kF0F
FhED S ut 2ICHRET B,

3. Xt —Y%RFZIFW o720 AN EMEDELEIX. BHDOD I n+L X ID &
ZELEAvyE—=D0 v XD 2L T, BHHDO vt XD DK
XWEEIE. R X v =Y %BE S, KNz, BHD vt X 1D
DIEVNEWEGEIZ, RITW 72X vt —I % WET 5,

Rl RZMEICE D, BTk X D EELA v —IRFnY v —
5%, LizhoT, BEOT X ID 280X v —I%ZITW- 1255, &
MHEZEERY —XIGEH SN h b, V—XIGEHEIN-T a3, f
DIRTOTaEAZHEN) X2 EHIOES-0, BHEDO kR
DE2EPRXvE—I%BHS—FH, O 0t 21T%E3, EHINE ot 255,
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Eol-XA vt —IY%BZIFTHE L Tut R 3V —&Kehkb, 7ILITYILEKT L
2%,

4.11Z, Chang-Roberts 7 L3V XA LBED XS WZENEST 2 0% RT, TT
D7 RF) YIZRCEES N, GEIDIIX v —Y XN TES, K
41(a) TlE. FBER6, 4. 7. 203 —XRDONMEZMAI L. trEI 7ot x e LT
BfiE o TW5, T/, BE LR R, ZRZFhBEED €2
ID % &% Candidate X vt —I %D Tt A2k > TW5E, Ot 6HES
7= Candidate X vt —&, BEDOIEERHE D 7 0t ANZIFED ik L 7-1%. 7o
YR ADRZITEE, Tt 41k, BHDO ot A ID OJ5H Candidate X v+ —
To7at 21D XHh/PhXWnwH, Fatz6h 560 Candidate X v — 3 R
T3, AR, utz24BLr7Tat X 7HE -7 Candidate X vt —J0F, W
oD Fat APk L =%, Tut X 20352385, Futx2id,. HEDS
ot 2 ID DA Candidate X v —ID7at 21D & H/NX W=, Candidate
EXyb—I%WET S, 7t R 2h%E 57 Candidate X v 2 —20%, EHHE
OHTER/ND 7at X 1D TH 570, MMOFEME T ot RTINS Z &<
Vo 7R =L T Rt R2ICR%, 7t X2, HEDFE- 7 Candidate X v
L —UM, LD, BEBY Xk RIS, K4.1(b) Tid. Hir
WY —Rekhi 7 atvzx 2, BEDOFut X 1D # & Coordinator X vt —3
ZED, MOITRTOT e RIZH LW —XD et A 1ID 2 Ho6E %, Fut
2 2M, V7% —JE L7 Coordinator X vt —I 2R OK T 5,

4.1: Chang-Roberts 7L 31 X 4
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4.2 Chang-Roberts 7JL ) X LD

4.2.1 ERAIFTEER S

Chang-Roberts 7 L3V XA TIE, Y —RA2— K 4.11ZRT 4 DOHHIATRER 7
EHWTHREEER S 27 22 B UL L 1,

Y —Z 32— K 4.1: Chang-Roberts 7L 31 X 2 Q&M RER 577

op proc[_]:_ : Nat Process -> 0Comp [ctor]

op rcvCandidateMsgCnt[_]:_ : Nat Nat -> O0Comp [ctor]
op rcvCoordinatorMsgCnt[_]:_ : Nat Nat -> 0Comp [ctor]
op network:_ : Soup{Message} -> 0Comp [ctor]

Process {371t X, 0Comp |IBUAIFATRERL 77, Message 3 X vk —T R ZEhEh
RIV—-1TH5,

proc[_]:_1l&, #1158z vt X ID, H25/8c et x%2 3, 7rtXx
!Z. normal. cand, lost. elected. leader DWW FTNDIRFE, V—X Lk L
TW3 70t 20 D BIUHO T 2D ID ZHERELTWS, 2 OBIHIATHERR
SiE. TeERERLTED, HB1518O 7m0 XD 2o a2, H25|
BOTaLATHE L 2EKT %,

rcvCandidateMsgCnt [_]:_ (&, B 15[ mE X ID, 2587 ot X
M3Z{5 L7z Candidate X v 2= DEEZ & 5, ZOBHAIATRENRTIX. #ETH
B D3E(E L7z Candidate X v £ =Y 2R ELBEEZRLTED, H 15807
0t X ID ZFpo 7 a0, #EETHEDE(E L7 Candidate X v £ —I % %13
L7zmEE. B25DETH S L 2EKT %,

rcvCoordinatorMsgCnt[_]:_ &, ZE 15[ 7rL X ID, H25[Fc vt
AD352{E L7z Coordinator X v —Y DA% & 5, ZOEHPIFTEENRTIX, FEIET
H 5 233%1E L7z Coordinator X v 2 =Y 22 F LzMEERLTED., H 158D
Tt R 1D ZFo a2, BEETHEDIERE L7z Coordinator X v —%
ZAELEEZ, B251DETHS Z e 2EKT %,

network:_ (. SIBICA v —YDR—-T% ¥ 3, ZOBHAIEENTIX. &7
Ot ZAETUETEZETE2XAvE—ID0D0%ry VU —2 %KL, 518D
Ay =IWB 3y VT —=FRNIZHZEEHRT 5,

Chang-Roberts 7L 3V XA TIE, 701 2130 ¥ ZIRICEIE ST 305,
AREOERARETIE R Yy P —2 P Ea Y DEFTAMUITO RV, & 7at R12
o 7ot X ID 2, 20702 XID R X vt — Y DRERICHRET 2
ZET, 2y bU—=2/—=FEOV VI R2REL, 702000 RE &S
Xy —YRRERRICL TV,
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4.2.2 EFIHZIHRA

Chang-Roberts 73U X A ZJEAMARRE UTEIT 57012, DUFFITRT 9D
DOEZMZHANZHHT 2, £/ Zho0FSH|MIBAITITE 4.1 0ZEZHW
TWd,

7% 4.1: Chang-Roberts 7L 3V X L DFE X 2 FHAITHW 3 Z#

ZRA Gz

S BRIPTRER 7 DG DEEL
ID. LID. NID., CID. EID Zut 21D OZER

RC. RCO, RC1 ZELER Y E— R DL
NW Xt —Y DELEDER

YV — R 3a— K 4.2: start-election DIEFE

rl [start-election]
{(proc[ID]: process(normal, LID, NID))
(rcvCandidateMsgCnt [ID]: RC) (network: NW) S} =>
{(proc[ID]: process(cand, LID, NID))
(rcvCandidateMsgCnt [ID]: 0)
(network: (message(NID, candidate, ID) NW)) S}

V—Ra— K421, E=HZHRH] start-election DEXRTH b, ZDEXH
ZHRANE, V=X DAEEMRHAIL /2 normal JKFED P mt X ID 3, #R#E) S mt 2
¥ LT cand tREE (EMHE) Wb, FEZBITE2Z 2R L TWS, cand IKAE
WZRo77at X IDIX, BidD 7 v+ A NID IZ candidate X v 2 — 3 message (NID,
candidate, ID) EET b, /2. 1+t X ID A3%{5 L /= candidate X vt —
PR E LS 5729, (rcvCandidateMsgCnt [ID]: 0) & L TW5,

Y — X 3a— F 4.3: normal-execution ® %€ Fx

rl [normal-execution]
{(proc[ID]: process(normal, LID, NID))

(network: (message(ID, candidate, CID) NW)) S} =>
{(proc[ID]: process(lost, LID, NID))

(network: (message(NID, candidate, CID) NW)) S}

V—2Z2a— K 431F, EZ#ZHH] normal-execution DIERTH 5, ZDE
=2 FRANE, normal IRRED 7 v+ X ID A3, candidate X vt —3 message (ID,
candidate, CID) %25 L7255, lost REEICR B2 Z 2R L TWE, /2. 7
0t 2 IDIFIHEME TH 5725, (5 L7 candidate X v £ =%, ZDF £k
@D 7B+ A NID IZ message (NID, candidate, CID) & L TiEEL TV 5,

Y — A a— K 4.4: cand-execution-ignore D EF%

crl [cand-execution-ignore]

36



o W N

OO WN -

© 0 N O O W N -

[
o

{(proc[ID]: process(cand, LID, NID))

(network: (message(ID, candidate, CID) NW)) S} =>
{(proc[ID]: process(cand, LID, NID)) (network: NW) S}
if ID < CID

V—2a— R 4.41%, FZHZ A cand-execution-ignore DEFRTH b, T D
FEWZHANL, cand REEDO 7B ZX 1D, HHEDTuELRAID XHhKER St
ZIDT®H 5 7t X CID D candidate X v+t — message (ID, candidate, CID)
BZELHE. ZDcandidate X vyt =V ZRHET 22 2R L TV 5,

Y — 23— K 4.5: cand-execution-lost D EFR

crl [cand-execution-lost]

{(proc[ID]: process(cand, LID, NID))

(network: (message(ID, candidate, CID) NW)) S} =>
{(proc[ID]: process(lost, LID, NID))

(network: (message(NID, candidate, CID) NW)) S}
if ID > CID

V—2a—F451F, E=Z M| cand-execution-lost DERTH b, ZD
FXWZHANL, cand REED 7B ZX 1D, HHD v XID X h/hakSat
ZIDT®H % 7t X CID D candidate X v+t — message (ID, candidate, CID)
EZE LGS, lost REEICR 2 2R LTWVWD, T2, %21{5 L7 candidate
X vt =%, BiD 7B+t 2 NID IZ message (NID, candidate, CID) ¥ L Cik(E
LTW3,

YV —Z3a— F 4.6: cand-execution-elected D IEF

crl [cand-execution-elected]

{(proc[ID]: process(cand, LID, NID))
(rcvCandidateMsgCnt [ID]: RCO)
(rcvCoordinatorMsgCnt [ID]: RC1)

(network: (message(ID, candidate, CID) NW)) S} =>

{(proc[ID]: process(elected, LID, NID))
(rcvCandidateMsgCnt [ID]: RCO + 1)
(rcvCoordinatorMsgCnt [ID]: 0)

(network: (message(NID, coordinator, ID) NW)) S}
if ID == CID

V—2ZAa— K 4.61% FEZHZHH] cand-execution-elected DEFRTH 5, Z
DEXZIFANT, cand IKEED 70t X IDAH, HEHDFu+RID LFEL Fot
ZIDT®H % 71t A CID D candidate X v+t — message (ID, candidate, CID)
B LGE. elected IRREICR B2 Z 8 R L TWVW5, elected IRREIZR o 72T
o+ Z 1D, B D 7' v+t X NID IZ coordinator X v+t —3 message (NID, coordi-
nator, ID) ZiX(ET %, £/, 7t X IDASZE L /= candidate X vt —J[EE%E
A7 VRY T BT, (rcvCandidateMsgCnt[ID]: RCO + 1) ¥ L., Z(EL 7z
coordinator X vt —J [z UL S 5728, (rcvCoordinatorMsgCnt [ID]: 0)
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£ LTW3, Chang-Roberts 7LV X AT, SEME 7 0t AHEE L7z can-
didate X vt —I OH T, /DDt 21D Z &I candidate X vt —I 7213 H3,
V7R —ET 5, BHOTrEXID 2HL 7RrEXID % &% candidate X
t—I%BZELEZ I, candidate X vy —I D) V7B —F LI BREL
TWb, 2D/, ZOFEXHMZHAITIEZ, Fut R 1D ZEFUHIC X h#EH X
Ni=7at 2L LTelected IREEICL TW 5,

YV —ZAa— K 4.7: elected-execution D EF%
crl [elected-execution]
{(proc[ID]: process(elected, LID, NID))
(rcvCoordinatorMsgCnt [ID]: RC)
(network: (message(ID, coordinator , EID) NW)) S} =>
{(proc[ID]: process(leader, EID, NID))
(rcvCoordinatorMsgCnt [ID]: RC + 1) (network: NW) S}
if ID == EID
V—Ra—FR4.71%, ExzHH]elected-execution DERTH S, ZDEE
P2 HHANZ, elected RKEED FmL X ID2, HHD7u+ XD L FL 7rE R ID
TdH 57+t EID D coordinator X v 2 —3 message (ID, coordinator, EID)
EZELSBE. leader IRBEICHR 2 Z 2 2R L TW3B, %7, 7tk X ID A,
) —REeBHELTWE et XD ID % EID IZEH L, %8 L7z coordinator X v
t—YEBEA 7Y R MT B0, (rcvCoordinatorMsgCnt[ID]: RC + 1)
LLTW3, BEOnt X ID 2[F L Fut X 1D % &% coordinator X vt —
RZE LT Z 2ld. coordinator X vt —I 03 L2 2 BRIEL TV
b0 ZDH, ZOFXHZIRANITIX, coordinator X vt —I12 Xk D3R T
DTV AANDOBEHNIET L7zdDE L, BEXID% leader IREEIZL TV 5,

Y — 23— K 4.8: lost-recieve-cand-msg D iEF%
rl [lost-recieve-cand-msg]
{(proc[ID]: process(lost, LID, NID))
(network: (message(ID, candidate, CID) NW)) S} =>
{(proc[ID]: process(lost, LID, NID))
(network: (message(NID, candidate, CID) NW)) S}

V—Za—F481F, HF=2#Z ] lost-recieve-cand-msg DEFRTH 5, Z
DOF ZHZFHANL, 1lost IRRED 7't X ID A3, candidate X v+ — message (ID,
candidate, CID) #%[EL7=%&. Z D candidate X v —I %2 ZDFE kD 70
42 Z NID IZ message (NID, candidate, CID) ¥ L CGEET R I 2R LTV,

YV —Za— K 4.9: lost-recieve-coord-msg D iE 7%
rl [lost-recieve-coord-msg]
{(proc[ID]: process(lost, LID, NID))
(network: (message(ID, coordinator , EID) NW)) S} =>
{(proc[ID]: process(lost, EID, NID))
(network: (message(NID, coordinator, EID) NW)) S}
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V—2a—K491F, FEHZHAlost-recieve-coord-msg DEFKTH 5, T
DE =X HANK, lost IRAEED 71+t 2 ID A, coordinator X v+ — message (
ID, coordinator, EID) Z%fEL 725G, 70X IDH, V—X ML TW3
7t AIDZEIDIKEETZ I E2RLTWS, 2, 7aE2IDIE, {57 co-
ordinator X vyt — % ZDF kD 7 1+ X NID IZ message (NID, coordinator,
EID) & L TEEL TW5,

YV — A a— K 4.10: leader-recieve-cand-msg D & F&

rl [leader-recieve-cand-msg]
{(proc[ID]: process(leader, LID, NID))
(network: (message(ID, candidate, CID) NW)) S} =>
{(proc[ID]: process(leader, LID, NID))
(network: (message(NID, candidate, CID) NW)) S}

V—2Z2a—F4101%, FZ#1Z A leader-recieve-cand-msg DERTH %,
ZDOEZWZHANK, leader IRREED 7'mt X ID A3, candidate X vt — message
(ID, candidate, CID) %25 L7=¥8&. Z D candidate X v —I% Z D ¥ L[k
@D 7\t X NID IZ message (NID, candidate, CID) & L TEET A 2RL T
W3,

4.2.3 LTLI

Chang-Roberts 7 L3V X423, {EWZMLZT I EDETAMEZITI 72DIZ,
DR s LTL X E 3 %,

YV —Za— K 4.11: CR-PREDS £ 2 — L DEFH

mod CR-PREDS is
pr CHANG-ROBERTS
inc SATISFACTION
subsort CRState < State
ops cand elected leader : Nat -> Prop
op rcvMyCandidateMsg : Nat -> Prop
op rcvMyCoordinatorMsg : Nat -> Prop
vars ID LID NID : Nat
var S : Soup{OComp}
var PROP : Prop
eq {(proc[ID]: process(cand, LID, NID)) S}
|= cand (ID) = true
eq {(proc[ID]: process(elected, LID, NID)) S}
|= elected (ID) = true
eq {(proc[ID]: process(leader, LID, NID)) S}
|= leader (ID) = true
eq {(rcvCandidateMsgCnt[ID]: 1) S}
|= rcvMyCandidateMsg(ID) = true
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eq {(rcvCoordinatorMsgCnt[ID]: 1) S}
|= rcvMyCoordinatorMsg(ID) = true

eq {S} |= PROP = false [owise]

endm

YV — 23— R 4111%, CR-PREDS BV 2 —LDEHFETH 3, ZDEY 22—,
Chang-Roberts 7032V X L OWHE%Z LTL A TRIT 2 7-DICHERIE FmdE%x
ERLTWVWD

CR-PREDS !&. CHANG-ROBERTS 3 X (XN SATISFACTION %A ~7R— F LT\ %, CHA
NG-ROBERTS I&, 4.2 2 HTHH L - H XA HAIZER LTS 2— L ThH DS, ¥
72. SATISFACTION /%, Maude T LTL E 7 /i e 2 A 3 5 72 DITAEE T model-
checker maude ICEBRXNTWVWAEY 2 — /LT, RELHFmEOTEMEGREFE
T =HA TR XN T WS, CR-PREDS T, =& F%F|H L C. LTL Rz
DERIRFE E [T O FTEEBEREZ ER L TV b, HlZIX, IREED{ (proc[ID]:
process(leader, LID, NID)) S}IDIGHEIZ, JEFin leader (ID) II7T/ET %,

V—Za— K 4.12: CR-CHECK £ 2 —LVDERH
mod CR-CHECK 1is
inc CR-PREDS
inc MODEL -CHECKER
inc LTL-SIMPLIFIER

op leaderlLiveness : -> Formula

op beleader : -> Formula

op candidateMsgCircleRing : -> Formula
op coordinatorMsgCircleRing : -> Formula

eq leaderlLiveness =
<> (leader (0) \/ leader (1) \/ leader(2) \/
leader (3) \/ leader (4))
eq beleader =
(cand (0) |-> leader(0)) \/ (cand(1l) |-> leader (1)) \/
(cand (2) |-> leader(2)) \/ (cand(3) |-> leader(3)) \/
(cand (4) |-> leader (4))
eq candidateMsgCircleRing =
(cand (0) |-> rcvMyCandidateMsg(0)) \/
(cand (1) |-> rcvMyCandidateMsg (1)) \/
(cand (2) |-> rcvMyCandidateMsg(2)) \/
(cand (3) |-> rcvMyCandidateMsg(3)) \/
(cand (4) |-> rcvMyCandidateMsg(4))
eq coordinatorMsgCircleRing =
((cand (0) |-> elected(0)) /\
(elected (0) |[-> rcvMyCoordinatorMsg(0))) \/
((cand (1) |-> elected (1)) /\
(elected (1) |-> rcvMyCoordinatorMsg(1))) \/
((cand (2) |-> elected(2)) /\
(elected (2) |-> rcvMyCoordinatorMsg(2))) \/
((cand (3) |-> elected(3)) /\
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30
31
32
33

(elected (3) |-> rcvMyCoordinatorMsg(3))) \/

((cand (4) |-> elected(4)) /\

(elected (4) |-> rcvMyCoordinatorMsg(4)))
endm

Y — 23— F 41213, CR-CHECK £ 2 — L DEHFTH 3, TDEY 22—,
ETIMERHDEY 2 — /LT Chang-Roberts 7132V XL OHE %3RS LTL X%
EFRLTWD,

CR-CHECK (&, CR-PREDS., MODEL-CHECKER 3 & (X LTL-SIMPLIFIER % A > 7KR— b
L TCTW\%, MODEL-CHECKER 3 X If LTL-SIMPLIFIER {X. model-checker.maude IZ%E
EINTWVWBEEY 2—/LTH 5, MODEL-CHECKER {Z1&. LTL €7 AMECTHIH T
% modelCheck B FLIA X T3, LTL-SIMPLIFIER 21, LTL &7 AARED
72DDMMEY 2 — 1T, LTL A 2R T 2EFEXDERIN TV S,

CR-CHECK TlX., LTLX%Z 4 2%ZE&L T\ 5%, 1 DH®D leaderLiveness I,
Mo biaded 1207, V—RIGEIITNS] LWVWHTEEOWEZ R
FTLTLRTH %, 2 OHD beLeader 1Z. [V —XDEME UL, WINY —X
27551 LWHIEHOHEEZXRT LTLINTH %, 3 OHD candidateMsgCircle-
Ring \&. [V =X DEMEIZZIUI. WITNHEDIE(E L7 candidate X v —
BV —lT 5] WO TEHEONEZRT LTLATH %, 4 DHIX coordi-
natorMsgCircleRing (3. [V —&ITEH X AUT, WITIHEEDIE(E L7z coordi-
nator X v =3V Y72 —ET5) WO EROMEEZR T LTLRTH 5,

4.3 Chang-Roberts 7LV XLDETILEE

AREICIX, BIETCHA U 72 IS \WT, Chang-Roberts 713 ) X A4
DIEYEME 71T X AEEOHENEZINTWENE2 T URE CTHIES %,
TNV XLDIELETIIRD 2 OOWEERIET 5,

o HIZ2OFEOELZ Tut2h, FRHIZY —XIGE XNV 2WH
2o

o VO hilry1 o0 7at AR, J—XIHEIINS] W EEOME
7T XLEBEDOHETIERD 3 OOWEZMHET 5,
o ) —XDBEMHEICHIUI., WTHY —KIZk5] LW IEROWE

o 1) —XDEMEFICHIUL, WINHEHEDERE L7 candidate X vt —J1%
V735 WO IEEOHE

o ) —XIEHINNE, WINHEDIEE L 72 coordinator X vt —J1%
VYT 5] WO EEOME

41



© 0 NO Ok WN -

10

12
13
14
15
16
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e e T e
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EFARBELZEMT B ICHD. T2 NIEZZR L -0HKkERZ 25
EFRT B, 12HIZ. FuokxpnFsotXIDOFNMEICY v ZIRCEBEI ATV
WIHIREE init TH 3, 20HIZ. FTuLZAT VXL Y RICEEBE IR TY

% JHAIKRE init-random T %, Chang-Roberts 713V XL DNRIZIL 5 T 1
L2 5DOT, ZNFRDOTat X ID 005 4 DG, WIHIKEE init BX
#HAIRAE init-random & RacD X 9 ITEFKR T %,

V—Za— F 4.13: FIHPIREE init D EFHR

op {_} : Soup{0Comp} -> CRState [ctor]
op init : -> CRState
eq init = {
(proc [0]: process(normal, 0, 1))
(proc[1]: process(normal, 1, 2))
(proc[2]: process(normal, 2, 3))
(proc [3]: process(normal, 3, 4))
(proc[4]: process(normal, 4, 0))
(rcvCandidateMsgCnt [0]: 0) (rcvCandidateMsgCnt[1]: 0)
(rcvCandidateMsgCnt [2]: 0) (rcvCandidateMsgCnt [3]: 0)
(rcvCandidateMsgCnt [4]: 0)
(rcvCoordinatorMsgCnt [0]: 0) (rcvCoordinatorMsgCnt [1]: 0)
(rcvCoordinatorMsgCnt [2]: 0) (rcvCoordinatorMsgCnt [3]: 0)
(rcvCoordinatorMsgCnt [4]: 0)
(network: empty)

}

Y —Aa— K 4.14: YIHIREE init-random DEFK
op init-random : -> CRState
eq init-random = {

(proc[0]: process(normal, 0, 3))
(proc[1]: process(normal, 1, 4))
(proc[2]: process(normal, 2, 0))
(proc[3]: process(normal, 3, 1))

(proc[4]: process(normal, 4, 2))

(rcvCandidateMsgCnt [0]: 0) (rcvCandidateMsgCnt [1]: 0)
(rcvCandidateMsgCnt [2]: 0) (rcvCandidateMsgCnt [3]: 0)
(rcvCandidateMsgCnt [4]: 0)

(rcvCoordinatorMsgCnt [0]: 0) (rcvCoordinatorMsgCnt[1]: O0)
(rcvCoordinatorMsgCnt [2]: 0) (rcvCoordinatorMsgCnt [3]: 0)
(rcvCoordinatorMsgCnt [4]: O0)

(network: empty)

V— 23— K 413 FHEAREE init., Y — A2 — K 4.14 13F)HHIRAE init-random
DERTH 2, £ 70LRE, PIHHKE init TIE 7 v X ID OFIEIZ, FIHRKE
init-random Tl 3, 1. 4. 2, 0 DJHICEE N TWVWE, Tt ADIKREIX, W
HIHEREE B T RTD Tt X% normal SREEX L, V—XR @ L T\Wa 7 ut
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AZBHDO T ut R d 5, BETHEDIEE L Candidate X v 2 =Y B XU
Coordinator X vt —I % ZE L EEICOWTIX0 T 5, 2 VY= T—F
Fempty & L. 2v PY—=ZIZ XA v =3 H0VdDE T 5,

%3, Chang-Roberts 713V XL DIESMZMRAET 5, [HIZ2 20D EDOER
5 7at AN, FRICY —RIGEENR W) L0 EeEOMEIR, Y —RAa—
Fa1b0a<ry Pz, hwohrdbixded 120 7vt2H, V—XIGEINS ]
EVWHIEROWEIK, Y —Ra—K416Da~v Y REZNENFEITT S Z & ThHE
RTX 5,

Y—Za—F 415 ESHEBI 2 ZetotE R T 2a~v R
search [1] in CHANG-ROBERTS : init =>x
{(proc[IDO]: process(leader, LIDO, NIDO))
(proc[ID1]: process(leader, LID1, NID1)) S}
search [1] in CHANG-ROBERTS : init-random =>x%
{(proc[IDO]: process(leader, LIDO, NIDO))
(proc[ID1]: process(leader, LID1, NID1)) S}

Y —Za— K 4.16: IESHICBI 2EHEOMELZHER ST 2a~<v Y R
red in CR-CHECK : modelCheck (init, leaderLiveness)
red in CR-CHECK : modelCheck(init-random, leaderLiveness)

V—Z2a—F415 BXURY—Ra—F416 Da~<> FE2EFTL T, Maude 2> 5
BonERIILLTo@ED TH S,

search [1] in CHANG-ROBERTS : init =>% {S (proc[IDO]:
process(leader, LIDO, NIDO)) proc[ID1]: process(leader,
LID1, NID1)}

No solution.
states: 4080 rewrites: 20418 in 102ms cpu (102ms real)
(200082 rewrites/second)

search [1] in CHANG-ROBERTS : init-random =>* {S (proc[IDO]:
process (leader, LIDO, NIDO)) proc[ID1]: process(leader,
LID1, NID1)}

No solution.
states: 3462 rewrites: 16001 in 69ms cpu (69ms real)
(229362 rewrites/second)

reduce in CR-CHECK : modelCheck (init, leaderLiveness)

rewrites: 29043 in 59ms cpu (59ms real) (489376 rewrites/
second)

result Bool: true

reduce in CR-CHECK : modelCheck (init-random, leaderLiveness)
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rewrites: 21398 in 43ms cpu (43ms real) (494145 rewrites/
second)
result Bool: true

YV —Za— K415 ®Da~vy FOFETHRIE, WIHIREE init B X CYIHIIREE
init-random 22 6. 2 DDERR 3 L AMFERIZ Y — K122 BIREANDEBEBIZ R
OMERPozZ8ZRLTWS, ZAUTED, THIZ22OD EORKZ T nt X
M, FIRICY —XIGBEN RV E WS REHOWEI M-I NDE Z 239 h -
72o RiZ, Y —Ra— K416 Da~y FOETHERIE. KBRS, 7
MREDPEINI L TVWS, ZHUZED, Twordidrd 1207 mERAn, V—
RIEIIND | WO EROWEN M- EINE e ahoiz, TS DFERD
5. Chang-Roberts 7LV X A DIESMHEOMEE I /- d 05,

X2, Chang-Roberts 7LV X AEHOMWEZMEET %, [V — X DEMEIZ
ZAUX, WITY —XI22 5 WO TEEROMWEIX, Y—RXa—-F4l50avy
Kz, 1) =XOEMEICRIUL, WITHHBDIEE L7 candidate X v £ —21%
VY7 —ET 5 tWOEEOWEIZ, Y—Ra—-F4l60avr Fx, [V—
AGEH IR, WITRHBDE(E L 7= coordinator X vt —J13) v 7 —J
T2 WIIEROWEIR, V—Ra—F4l6paxy REZFRETRETT S
¢ CHERRTX %,

YV — 23— F 4.17: LTL :\ beLeader ZHfEiR T2 a~< > K

red in CR-CHECK : modelCheck (init, belLeader)
red in CR-CHECK : modelCheck(init-random, beleader)

YV —Za— K 4.18: LTL 3 candidateMsgCircleRing Z {855 a~ > K

red in CR-CHECK : modelCheck(init, candidateMsgCircleRing)
red in CR-CHECK
modelCheck (init-random, candidateMsgCircleRing)

Y —Za—F 4.19: LTL 3 coordinatorMsgCircleRing #8325 a~ > R

red in CR-CHECK

modelCheck (init, coordinatorMsgCircleRing)

red in CR-CHECK

modelCheck (init-random, coordinatorMsgCircleRing)

V—Z2a2— K417, V—RAA—F418B XY —Xa—F4190a~xry F%E
1ITL T, Maude 2515863 EEIELNOEY TH 5,

reduce in CR-CHECK : modelCheck(init, beleader)

rewrites: 58932 in 272ms cpu (272ms real) (216454 rewrites/
second)

result Bool: true

reduce in CR-CHECK : modelCheck(init-random, belLeader)
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rewrites: 48894 in 207ms cpu (207ms real) (235935 rewrites/
second)
result Bool: true

reduce in CR-CHECK : modelCheck(init, candidateMsgCircleRing

) .
rewrites: 57902 in 239ms cpu (239ms real) (241673 rewrites/

second)
result Bool: true

reduce in CR-CHECK : modelCheck(init-random,
candidateMsgCircleRing)

rewrites: 48029 in 193ms cpu (193ms real) (247991 rewrites/
second)

result Bool: true

reduce in CR-CHECK : modelCheck(init,
coordinatorMsgCircleRing)

rewrites: 69130 in 765ms cpu (766ms real) (90290 rewrites/
second)

result Bool: true

reduce in CR-CHECK : modelCheck (init-random,
coordinatorMsgCircleRing)

rewrites: 58335 in 631ms cpu (632ms real) (92403 rewrites/
second)

result Bool: true

BOINC, VY —RZXa—F417Da~xy FOETRERTIE. KAl3BmEshd, £
TARBRRII L TWD, ZRUTED, 1) —XDEMEICZAUL, WITh) —X
W25 EWHTEEREDOMWEN M- ENE 0D, R, V—RAa—FK 418
Davwy ROETHRTORANIMHIN T, ETIVRENPEIILTWD, Z
W&, T —=XoEmE IR, WITHEBDIEE L7 candidate X v 2 —
BT E—ET A EWOHTEROWE DI ENDE Z e ah b, R, V—
Za—F419Da~<y FOETHERBMD 2 DR L R U < RANIEH X3,
ETAMBEPENIL TS, Zfuck b, ) —KGEH XU, WIhBEad»
7£{8 L7z coordinator X v —3V > 7% —RE3T 5] WO IEEDOHE Bz X
NBZEennhbd,

4.4 F®

ARETIE, Chang-Roberts 713 ) X LA DEAMAEREER L. ETAMEBEZIT-
720 ETUREDFHEEETIX, Chang-Roberts 7LV X LDNRE L5 T at X%
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502 L., rt 2D NIEEZERE L7z 2 0DWEIKAEIZEB VT, Chang-Roberts 7
NIV XLDIEHMEE 703 ) X ABEOWED - T WD Z & ZMREE L 72,

73V X LDIEHETIX, T2 O EDRZZ Fat 25, FRHCY) —X
WEIZNV ) E WS EEREOWE Y Thwondbiied o0 atxn, J—
IR IINDG ] L WOEEOHEEMGE L. 2 DOMWENFERHCH - X TW\W5 Z
CHEMBGEL7-, 2T X D, Chang-Roberts 713 X aid, V—XE N7 LT
VAL LTOESHZHZLTWS 2 2R TE 7,

73 XAEEOWE T, [V —XDEHEICRIUE, WThY —XIZk3 ]
EWVHTEREOMWE. TV —ZDEME IRV, WITHEBDIE(E L7z candidate
A=V 7% =35 WO EEOMHE, BXU 1) —XIGEHIN
U, WITNHEEE LTz coordinator X vt —JX) V272 —E3T 5] £\
EHEOWED, FRENEZENTWS Z L RHERTE =,

728, EBRTIX Chang-Roberts 703V X LD 15 T ut 2O % 6 LU
LR LULTETAREZITo ThRLD, YIHREDO a2 8Dl Lickhs e, £
TONREICRID D D, FERZEE Z e B TERDI o 72,
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E5E8 Franklin 7L X LOFT
TR ETILEE

AETIE, V-—FKEHT7LVITV XL DOHEOHEH & LT Franklin 713V X L%
HH EF 3, ®#IC Franklin 7L 3 X 2 OFEICOWTHHT %, KIZ Maude
Titih L2 TERHEARIC O W TR L 728, RIRICIER U 7T ARk BRIt L
T2 E T RE ERRICOWTHAT %,

5.1 Franklin 7L X LOEE

Franklin 7LV X 4 [5] 1%, W. Randolph Franklin IZ & > TIRE XNz — X
FEHD 7131 X LT, Chang-Roberts 713V X LD X v+t — I DEHENZ L
EFTAZrREMNELTWVWS, ZO7LTY RATIE, L LT& It X3,
HEWCS5Z o rgELR—EOID ZHl>oTW0W5, £/, 7tk 3) v
RICED 5 TWT, WITADBEDFEETH %,

&, IRTHOTa L RARFIEA =T —X—ThH2MH, V—XDREERAT
% & ROETINIE 2 BLA T 5,

1. V—=ROAEZRAILaXvRiE, 7277477 0tRA LT =T —
RZ—Yvibh, WD atRICHED T atE R ID 280X vk —U%%ES,

2. Xt —I%ZFWo27 0t AL = T —X—DFHFIF. v TS
OtZAL LTAvt—I2FZ0FFR D ot X ichfkd 3,

3. Avt—VBZITW-oT2T a0 AN, 2> T —Z—DFAIR., W0 ot
ANBZELEAvE—YD 7 atXIDDIH, KELRGFDTatXID &
HED7at 21D 2T 2, HEDO 7ot 2D OFBKEWGEIX. B
E. @i 7 nt RIcHEO T nt XD E2EH A vt —I%%35, HEOD
Tt R ID DFTHNIWEEZ, Sy TRk, BGDO vt
ZID EFELWEAIK, V—XE kb,

IR LD Y —ZER XIS, V—RIGEH I T a2,
HOITARTOTuL RN — X2 2H6E2-0, HHDO ut
ZID 2 EHR v =IO T ut RICEE, EolzXvb—In) v T E—F
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L. V—RICEHINEZT02 AN v —I2ZIFWMB e 703 X LIKT
i3,

X 5.1, Franklin 7L 3 ) XA ED LS ICEHET 2 0% RS, IXTOHOT 1
£ 203 ) Y RCEB XN, WHRICX vt —V%ELZ N TE S, K5.1(a)
T, 7t X4, 3, 5BV —XDONEZRA L, 72774770t LTA
SV —R=IZRoTWB, ¥/, A=V —R=—RolTutRI, ZHhZ
NEHHD 7o+t 2 1D & Election X vt —I %MD 7ot 212iE > T\,

X 5.1(b) Tl&, FrtR4%, FatR3 ¥ a5 -7z Election X v
t—YRZIFED., KEZFOTuLZXIDTHE25HHDutXIDTH3
4T3, HBHEOT oL XD OHFINNIWED, Tat243 vy > 770
23, FAkICTatEZA3%, a4 Sat 2 505% 57 Election X v
t—IBZIFED., KRELFO TR IDTHBE5HHED T utXIDTH S
3K TS, 7ut X3 HHD Tt X ID DHFHB/NE W=D, Ry > T TFn
2R3, a5, a3 SatR497% 572 Election X vk —
22D, RERFDOTuLXIDTHS4HEDSutRIDTHS 5%
B33, 7rt2513. HHOSut XD OFRKREWD, BHE, mEcHs
D7 a2 1D Z & Election X vtk —I %% o TWAB,

X 5.1(c) Tl 7rtER 5%, K 5.1(b) THiXL % Election X vt — % HE
TR S, ZITW->77vL2A D HHED vt X 1D ZLEEE L -A8R, Hic
S5THLLRDELD, TutA50n) —KIEHINE, V-XIGER I8
L2511, MOITRTOT LRI —KeibZe2HALEE2H, BEDS
bt 21D & Elected X v £ =Y ZH0 D TiEoTWb, FrEX52, VYV
7% —JE L7z Elected X v —I 2O T 5,

A:n.& —.__E\!sr,t»oN A:n;s
=

I

| | [
Elaction:5 ; | Election:4 Elamnn-s':.
P B

(@) (b) (c)

5.1: Franklin 7L 31 X A
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5.2 Franklin 77JL 3V X L ORI ER

5.2.1 &LRIRTEERL 9

Franklin 7 L3V X AT, YV —ZXAa— F 5113713 4 DOFHIATEER 75 %2 W
TIREEBER > X T A 2B L L=,

YV —Za— K 5.1: Franklin 7 L3V X 2 OEHIFTEERR 7

op proc[_]:_ : Nat Process -> 0Comp [ctor]

op rcvleft[_]:_ : Nat MessageType -> 0Comp [ctor]
op rcvRight[_]:_ : Nat MessageType -> 0Comp [ctor]
op network:_ : Soup{Message} -> 0Comp [ctor]

Process {70t X, 0Comp \JBIHIATAEN 7. MessageType & X vt — I,
Message lZX v =Y 2N ENEKTY -+ TH 5,

proc[_]:_1l&, #1158z vt X ID, H25/8c et x%2 3, 7rtXx
¥, leader. normal, initiator, passive DWW TN DIKRE, 1V —K ilikL
TW3 720D BIUHEBEDO et 20D 2 FEELTWE, ZOBIHIAIEE
BiE, 7reRERLTED, H158O 7t ID 2o vt A5, 52
SO Ta R TH3 BRI %,

revleft[_1:_1E. 151z ut X ID, E2518c X v =R L 3,
Z OBRATRER L, BETEMICEEINTVSE e A5 T -7 X v
L —VERERLTEBD., 158D FatRID 2H>o 7 at 253, B#ETLEM
KEHEXNATWE a2 bZ I io/zX v -, 258D X vt—
DHPITHB L BEKT B,

rcvRight [_]:_ &, BB 158U v XID, H2518UTX vE—Hhl%E & 5,
Z OBRPTHER 7 E. BETHUICEHBEI N TV T A0 5% o7 X v
L —IEHEERELTEBD., H 15180 ot X ID 2Ho ot 22, B#ETHH
KHEXNTWS a2 6Z oz X vt — I/ BNE, 258D X vt —
DHBITHB I EEKT S,

network:_ X, 5B A vt —YDR—TH L B, ZOEBAIFTRER 71X, %7
Ot ZPRFNHETEZET I3 A v —SDdDRy b v—2%2KL. 518D
Ao —=I WAy NI =T NIZH B EEKRT %,

Franklin 7.3V X AT, 70t 230 U 2ZRIEBEZIATE D, N5 MH
DBEENFRET D 203, AFROEAMHETIEAY T =2 bRrYDET LI
Tbwv, &E7at 2O 7ot 2 1D 2 FXE, 2070k XD E2 Xy
-V DOREZERICHRETEIET, xvy M= 7 —FREDY 7 2R L, &
TR APMENRE 25X vt —IRRETELXIICLTWVWS,
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5.2.2 ZFHZIRA

Franklin 712V X A 24 L TR T 272018, LBIORT 120&E X
B2 RAERHAST 2, /2. 2SO EMIIFAITIZER 5.1 0EHEHVTW3

# 5.1: Franklin 7L 3 ) X A OE X#a 2 HAITHW 3 ZH

ZR A ETAE!

S BHIPTRER 7 DR B DL
1D, IDO, ID1, LID. EID. ID_L., ID_R Zu+t X 1D @ﬁ’k

NW Xyt —YDEEDEK

Y —Za2— K 5.2: start-election DEFH
rl [start-election]

{(proc[ID]: process(normal, LID, ID_L, ID_R))
(rcvLeft [ID]: none) (rcvRight[ID]: none)
(network: NW) S} =>

{(proc[ID]: process(initiator , LID, ID_L, ID_R))
(rcvlLeft [ID]: none) (rcvRight[ID]: none)
(network: (

message (election(ID), ID, ID_L)
message (election(ID), ID, ID_R) NW)) S}

V—2ZAa—F521F, FEHZHH] start-election DEFETH b, ZDE X
ZIHANZ, V=X DOPEZ WA L7z normal IREED 7' 2 ID 23, Ip#E 7t R &
LT initiator IKREIZZR D, BEZBIT 22 2R L TWS, initiator JRHE
WZioz7at R D, MikED 7e+ 2 ID_LEB XU ID_RIC Election X vt —
message (election(ID), ID, ID_L) & message(election(ID), ID, ID_R) %
EET %,

© 0 N O O W N =

Y — R a— K 5.3: initiator-rev-left DEF
rl [initiator-rcv-left]
{(proc[ID]: process(initiator, LID, ID_L, ID_R))
(rcvLeft [ID]: none)
(network: (message(election(EID), ID_L, ID) NW)) S} =>
{(proc[ID]: process(initiator , LID, ID_L, ID_R))
(rcvLeft [ID]: election(EID)) (network: NW) S}

V—2Z2a—K531% ExZHH]initiator-rev-left DEFRTH 5, T DE
EHAZ FHANZ, initiator IKEED 7wt 2 1D, £fldD 7 v+ 2 ID_L %5 Election
A v+t —Y message(election(EID), ID_L, ID) 235 L75AE. rcvleft IZZ
DXy t—IHAZRFET 2 E2RLTVD

Y —Za— K 5.4: initiator-rev-right D EFR

1 rl [initiator-rcv-right]

D O W
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{(proc[ID]: process(initiator, LID, ID_L, ID_R))
(rcvRight [ID]: none)
(network: (message(election(EID), ID_R, ID) NW)) S} =>
{(proc[ID]: process(initiator, LID, ID_L, ID_R))
(rcvRight [ID]: election(EID)) (network: NW) S}

V—Z2a—F541% FE=HZHAinitiator-rev-right DERTH 5, ZDFHE
=L ZFHHNZ. initiator IKEED 7t X 1D 23, Aflld 7 1+ 2 ID_R %5 Election
X w4t —3 message(election(EID), ID_R, ID) 2%{8 L 723 & . rcvRight IZ
ZOX v —IHRZRFEFTL2IEZRLTWVS,

Y —Z2a— K 5.5: initiator-become-leader D EFR

crl [initiator-become-leader]

{(proc[ID]: process(initiator, LID, ID_L, ID_R))
(rcvleft[ID]: election(IDO)) (rcvRight[ID]: election(ID1))
(network: NW) S} =>

{(proc[ID]: process(leader, ID, ID_L, ID_R))

(rcvLeft [ID]: none) (rcvRight[ID]: none)
(network: (message(elected(ID), ID, ID_R) NW)) S}

if (IDO >= ID1 and ID == IDO) or

(IDO < ID1 and ID == ID1)

V—2a— K55 =2 HHH] initiator-become-leader DEFETH 5,
COEXZHANI, initiator JREED Y1k X IDAH, WD 7mt 2 ID_LE X
NID_R D H32IFTE - 7z Election X vt —JWC&Fns 7 utAIDDO5H, K&
REDODTutZAIDHEDO a2 1D #HELTEHELWESE, 7ot X IDIE,
leader JREEICH B Z e 2R L TW5B, /2, leader IREEICH o727 Bt R ID I,
G 7 1 2 ID_RIZ Elected X v+t — message(elected(ID), ID, ID_R) %
EET 5,

Y —Z a— K 5.6: initiator-become-passive D E 7%

crl [initiator-become-passive]

{(proc[ID]: process(initiator , LID, ID_L, ID_R))
(rcvLeft [ID]: election(IDO)) (rcvRight[ID]: election(ID1))
(network: NW) S} =>

{(proc[ID]: process(passive, LID, ID_L, ID_R))
(rcvleft [ID]: none) (rcvRight[ID]: none) (network: NW) S}

if (IDO >= ID1 and ID < IDO) or

(IDO < ID1 and ID < ID1)

V—2a—F561% F=XHZIHHHAlinitiator-become-passive DEFRTH 5,
COEEMZ AN, initiator IREED Fm v 2 ID A3, WD 7Ym+ 2 ID_LEB &
(NID_R 253215 72 Election X v £ —JIZ&EN5 702 IDDH B, K&
BRADTaERXID EHED vt A 1ID ZHE L TN WEE, 7rt X 1D I,
passive JREEIZR 2 Z e 2R L TV 5,
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Y —Za— K 5.7: initiator-repeat-election M EF&

crl [initiator-repeat-election]

{(proc[ID]: process(initiator, LID, ID_L, ID_R))
(rcvLeft [ID]: election(IDO)) (rcvRight[ID]: election(ID1))
(network: NW) S} =>

{(proc[ID]: process(initiator, LID, ID_L, ID_R))
(rcvLeft [ID]: none) (rcvRight[ID]: none)
(network: (

message (election(ID), ID, ID_L)
message (election(ID), ID, ID_R) NW)) S}

if (IDO >= ID1 and ID > IDO) or

(IDO < ID1 amnd ID > ID1)

V—2a—F571% F =Xl initiator-repeat-election DEFKTH 5,
ZOEXHZ AN, initiator IKEED v X 1D 2, MWD vt R ID_LE X
O ID_R D HZITHL- 7z Election X v 2 —JIWCEENE TaLXIDDH>H, KER
FiD7aLZAID L HEOFut R 1ID ZHE L TREWEE, a2 DX, Mk
D7 vt X ID_LIEXWID_RIZ Election X v+t —3 message (election(ID), ID,
ID_L) & message(election(ID), ID, ID_R) ZHXET LI ZRL TV,

YV — 23— K 5.8: normal-rcv-left DEFHR

rl [normal-rcv-left]
{(proc[ID]: process(normal, LID, ID_L, ID_R))
(network: (message(election(EID), ID_L, ID) NW)) S} =>
{(proc[ID]: process(passive, LID, ID_L, ID_R))
(network: (message(election(EID), ID, ID_R) NW)) S}

V—2a—FR581F FEE#ZIAnormal-rev-left DEXRTH 5, ZTDEH XA
ZHANZ. normal JREED 71t X 1D A3, | 7' vt X ID_L A5 Election X v
t— message(election(EID), ID_L, ID) Z%(8 L7855, passive JRREITR
5ZERLTVD, Fio. ZIE L7z Election X v =&k, 2O F EHMO S
1+ X ID_R IZ message(election(EID), ID, ID_R) & L TX(ET %,

Y —Za— K 5.9: normal-rev-right D EFR

rl [normal -rcv-right]
{(proc[ID]: process(normal, LID, ID_L, ID_R))
(network: (message(election(EID), ID_R, ID) NW)) S} =>
{(proc[ID]: process(passive, LID, ID_L, ID_R))
(network: (message(election(EID), ID, ID_L) NW)) S}

V—Za—FK591%, FE=HZHHInormal-rev-right DERTH 5, ZTDHE
ZHZHANZ. normal IREED 71t X 1D 23, Hfflldd 7 v+ X ID_R %> & Election
X v+t — message(election(EID), ID_R, ID) %2%2(5 L 7=3%&. passive {REE
WREBZeZRRLTWD, ¥, %8 L7z Election X v =%, ZD % FEM]
@D 7 v+t A ID_L IZ message (election(EID), ID, ID_L) & L CiX(ET 5%,
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Y —Za— K 5.10: passive-rcv-left DEFHR
rl [passive-rcv-left]
{(proc[ID]: process(passive, LID, ID_L, ID_R))
(network: (message(election(EID), ID_L, ID) NW)) S} =>
{(proc[ID]: process(passive, LID, ID_L, ID_R))
(network: (message(election(EID), ID, ID_R) NW)) S}

V—Za—K510%, FEHZHH] passive-rcv-left DERTH 5, ZDH
X HRANZ, passive IREED Fut 2 1D A, Ml 71t Z ID_L 7 5 Election
X vt —3 message(election(EID), ID_L, ID) Z%(5L7HAE. 2D F 24l
D7 v+t X ID_RIZ message(election(EID), ID, ID.R) X LTXETHZ %
KL TW3,

Y —Z a— K 5.11: passive-rcv-right D EFK
rl [passive-rcv-right]
{(proc[ID]: process(passive, LID, ID_L, ID_R))
(network: (message(election(EID), ID_R, ID) NW)) S} =>
{(proc[ID]: process(passive, LID, ID_L, ID_R))
(network: (message(election(EID), ID, ID_L) NW)) S}

V—Z2a—F5111%, FEHZHH| passive-rcv-right DEFRTH 5, ZDH
X FHANZ, passive tREED Fmt 2 1D, Al 7 v+ R ID_R 25 Election
X v+ — message(election(EID), ID_R, ID) 2%2(5 L7856, ZDF /AHMl
D7 vt R ID_L IZ message(election(EID), ID, ID_L) & L TEET AL %
RLTW3,

YV —Za— K 5.12: passive-execution D EF%

rl [passive-execution]

{(proc[ID]: process(passive, LID, ID_L, ID_R))
(network: (message(elected(EID), ID_L, ID) NW)) S} =>
{(proc[ID]: process(passive, EID, ID_L, ID_R))
(network: (message(elected(EID), ID, ID_R) NW)) S}

V—Ra—F5121F, FEZHZHiH| passive-execution DEFRTH 5, ZDFH
= Z AKX, passive IREED 7t 2 1D 23, Al 7o+t X ID_L 75 Elected
X vt —Y message(elected(EID), ID_L, ID) 2%f5L7HE. rt R IDIS,
V—ReBHMLTVWE TR IDZEIDICEET S E2RLTVWS, -,
7at 21D, ZEL7/zElected X vt —I %2 Z0FF4HMO o+t 2 ID_RIC
message (elected (EID), ID, ID_R) ¥ L TEELTW5,

YV —Za— K 5.13: leader-execution D EF

rl [leader-execution]
{(proc[ID]: process(leader, LID, ID_L, ID_R))
(network: (message(elected(EID), ID_L, ID) NW)) S} =>
{(proc[ID]: process(leader, LID, ID_L, ID_R))
(network: NW) S}
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V—2a— K 5.131%, E=H#Z ] leader-execution DERTH 5, ZDEZ
$az HHANZ, leader IREED Fut X 1D 23, KMl 71+t 2 ID_L A5 Elected X v
2 — ¥ message(elected(EID), ID_L, ID) %[5 L7=HA. Z D Elected X »
Yt —VRWETLZIERLTWS, Franklin 7 L3 Y X AT, 7at20%) &~
TRICEBINTWS, ZD®, leader IRFED Tt 2, Al 7o+t X2
EE LTz Elected X vt — %, O Tt 2 5%2Z{E L2 2id. Elected X v
L —IBY) TE—ALEZ B REBLTWS, Lz 5T, Elected X vt —
WEBMDIARTO T AANDBEINIE T L72dbDE L, Elected X vt —I%
WES %,

5.2.3 LTLZ

Franklin 7 L3V X A0, EEEZMZT I DETIAREBLRZITD 2010, LI
RS LTL X EFHT %,

YV —Za— K 5.14: FRANKLIN-PREDS € 2 — /)L DER

mod FRANKLIN-PREDS is

pr FRANKLIN

inc SATISFACTION

subsort FState < State

ops leader : Nat -> Prop

vars ID LID ID_L ID_R : Nat
var S : Soup{0OComp}

var PROP : Prop

eq {(proc[ID]: process(leader, LID, ID_L, ID_R)) S}

|= leader (ID) = true

eq {S} |= PROP false [owisel

endm

Y — 23— K 5.14 1%, FRANKLIN-PREDS £ 2 —/LDERTH S, ZDEI 2 —
M, Franklin 7 v 3 ) X2 0WE % LTL N TR T 2 =D ICHBERRFamEr
EFRLTWS,

FRANKLIN-PREDS (. FRANKLIN 3 X OF SATISFACTION # 4 " R— h L TW3,
FRANKLIN |Z, 522 HCitH L - E S MAHAZERLZEY 2 — L Th b, %
7=, SATISFACTION (. Maude T LTL &7 W EEE % FIH 3 2 72 DI E7 model-
checker. maude \ICEZRINTWVWAEY 2— )L T, REY HFmEDTR EHEZRERT | =
HE TR XN T W2, FRANKLIN-PREDS Tld. |=H&ET%#F|H L T, LTL Rz
T RRE L R T DT B BfRZ ®FR L T\ 5, FRANKLIN-PREDS ICER XL TW
% )R F-fd 1leader (ID) &, IRRED{(proc[ID]: process(leader, LID, ID_L,
ID_R)) SYIDLAICIET 5,

YV —Za— K 515 FRANKLIN-CHECK E 2 — L DEFH
mod FRANKLIN-CHECK is
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inc FRANKLIN-PREDS
inc MODEL -CHECKER .
inc LTL-SIMPLIFIER
op leaderlLiveness : -> Formula .
eq leaderlLiveness =
<> (leader (0) \/ leader (1) \/ leader(2) \/
leader (3) \/ leader(4))
endm

YV —Za— K 5.15%. FRANKLIN-CHECK EY 2 —/LDEERTH b, ZDEI 2 —
ME, ETIUVBREHRDEY 2—/L T Franklin 713 ) X2 0MHE %% S LTL X%
ERLTWVWD,

FRANKLIN-CHECK Tl&. 320DET 2a— /1% A »7K— b L C\W3, MODEL-CHECKER
B X X LTL-SIMPLIFIER ¥, model-checker.maude ICERINTWVWBEY 2 —)LT
% %, MODEL-CHECKER !2{Z. LTL EFAME CTHIFH T % modelCheck B AEIAR
XN TW3, LTL-SIMPLIFIER (ZIZ. LTL ET AR ED /=D DMBIES 2 —IL T,
LTL X2 g b3 2 X ERI TV 5,

FRANKLIN-CHECK TlX. LTL 3 leaderLiveness #€F* L T\ %, leaderLive-
ness . VWOl 120t AN, JV—KIZEINS | L WO TEHED
MHEZRTLILRTH 3,

5.3 Franklin 73V X LDETFTILZRE

ARHITLE, BIETCHA L 2RI W T, Franklin 7 L3 ) X455, U —
ZFEHT7 LTV XL L TOEYSZEZ LT\ 00MREE T AT CHEE
ERAN

V—ZEHR 7 L3 ZLDIEHETIERD 2 ODHWHE EZMGEES 5,

o FIZ22oEDELZ Tt 2h, FFRFIZY — X IE IRV 2 WS
2o ME

o VOohilry1 o0 7at AR, J—XIEIINS] W EHOME

ETFAREEZEMTZICH-D,. a2l NEEZER L -0HREY 2
EFT D, 12HIZ, et 7oA IDOREIEICY Y RICEBIATWS
WIHIREE init TH B, 20HIZ. oA TF VX LY Y RICEBE IR TY
2 #HAIREE init-random T %, Franklin 7L 3V X LADWNRIZIE 5 Tt AH
50T, ZRZFEND Tt XID A 005 4 DIFE. FIHPREE init B K CHIHIRAE
init-random % Nt D X D ICEET 5,

Y —Aa—F 5.16: FIIREE init DEFR
op {_} : Soup{0Comp} -> FState [ctor]
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op init : -> FState
eq init = {
(proc [0]: process(normal, 0, 4, 1))
(proc[1]: process(normal, 1, 0, 2))
(proc [2]: process(normal, 2, 1, 3))
(proc[3]: process(normal, 3, 2, 4))
(proc[4]: process(normal, 4, 3, 0))
(rcvLeft [0]: none) (rcvLeft[1]: none) (rcvLeft[2]: none)
(rcvLeft [3]: none) (rcvlLeft[4]: none)
(rcvRight [0]: none) (rcvRight[1]: none) (rcvRight[2]: none)
(rcvRight [3]: none) (rcvRight[4]: none)
(network: empty)
}
YV — 22— K 5.17: FIHIIREE init-random DEFE
op init-random : -> FState
eq init-random = {
(proc [0]: process(normal, 0, 2, 3))
(proc[1]: process(normal, 1, 3, 4))
(proc[2]: process(normal, 2, 4, 0))
(proc[3]: process(normal, 3, 0, 1))
(proc[4]: process(normal, 4, 1, 2))
(rcvLeft [0]: none) (rcvLeft[1]: none) (rcvLeft[2]: none)
(rcvLeft [3]: none) (rcvLeft[4]: none)
(rcvRight [0]: none) (rcvRight[1]: none) (rcvRight[2]: none)
(rcvRight [3]: none) (rcvRight [4]: none)
(network: empty)
}

YV — 23— K 5.16 \Z#HEAREE init., Y — A2 — K 5.17 1IXF)HHIRAE init-random
DEFRTDH 2, &7 Ri%, FIHAIREE init TIZ 7 vt 2 ID OFNEIC, FIHAKRE
init-random Tl 3. 1. 4. 2. 0 DJHIZARI D THEIN TS, FrtADIR
REIX, MR I RXRTDO St A% normal tREEE L., V—X @ikl TW»
270 RAIEHHO 0t AT 5, EETEMBLEEAICEBEENATWS S
0t 2P 52T Wo 7 X v —IfANE, none (RL) &F 5%, Xy hT—T U —
Zidempty & L. 2 V=27 EIZX v =J3R0VWHDE T 5,

Franklin 7L 3 ) XD ) = XE 7 LTV XL LTOIEYHEZMRIET %,
M2 DO DR 2 T at XA, FRHICY — KGRIV LW B
WHIZ, Y—Ra—F4l50a~xy Rz, Thordiaied 120070t 25,
V—=RIEEINS ] LW TEROMEIE, V—RXa—-F4l6Da~vy Fezhz
NFEITIT B Z & CHERTZ 5,

Y —2Z2a—FK 518 EYRHICBIT 2Lt EEHR TS a~< Y R
search [1] in FRANKLIN : init =>x*
{(proc[IDO]: process(leader, LIDO, IDO_L, IDO_R))
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(proc[ID1]: process(leader, LID1, ID1_L, ID1_R)) S}
search [1] in FRANKLIN : init-random =>x*
{(proc[IDO]: process(leader, LIDO, IDO_L, IDO_R))
(proc[ID1]: process(leader, LID1, ID1_L, ID1_R)) S}

V—2a—F 519 E4MHICBI2EEOMEZHERET2a~ R
red in FRANKLIN-CHECK : modelCheck(init, leaderLiveness)
red in FRANKLIN-CHECK : modelCheck (init-random,

leaderLiveness)

V—Z2a—F518BIULY—Ra—F5190a~vy FEEFTL T, Maude 2> 5
BoNERIILLTOED TH S,

search [1] in FRANKLIN : init =>* {S (proc[IDO]: process(
leader, LIDO, IDO_L, IDO_R)) proc[ID1]: process(leader,
LID1, ID1_L, ID1_R)}

No solution.
states: 18494 rewrites: 389673 in 729ms cpu (730ms real)
(5633827 rewrites/second)

search [1] in FRANKLIN : init-random =>* {S (proc[IDO]:
process (leader, LIDO, IDO_L, IDO_R)) proc[ID1]: process(
leader, LID1, ID1_L, ID1_R)}

No solution.
states: 21699 rewrites: 432689 in 818ms cpu (818ms real)
(5628939 rewrites/second)

reduce in FRANKLIN-CHECK : modelCheck(init, leaderLiveness)

rewrites: 482057 in 702ms cpu (702ms real) (686492 rewrites/
second)
result Bool: true

reduce in FRANKLIN-CHECK : modelCheck(init-random,
leaderLiveness)

rewrites: 541098 in 858ms cpu (866ms real) (630163 rewrites/
second)

result Bool: true

V—RXa— K518 Da~<y FOETHEIX, FHPIKE init B X CFTHIIKE
init-random7° 5. 2 DDRR 3 Tt AMNFEIIZ Y — X172 B IREANDEBITZ A
OMBERPo72Z R LTWS, ZHUTED, TFIZ2o FEORKR 2 Tut X
2, R —XIE IRV WS REMEOWE WIS Z e 0o
72o KIZ, Y —Ra—F5190a~vy ROETHERIZ, Kl shd, =57
MEBEPEII L TWDE, ZHUTE D, Twordklird1o0FataAh, 1 —
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RIGBIZNS ] LWV EHOHEDLTEZXIND e T otz T DFER D
5. Franklin 7 L3V X240 —XFEH 7 LTV XL UTOIESHEDOHEE D, i
72X NTWBZ L DHERTXT,

54 L

ARFETIE, Franklin 703V XL DERERRZER L. ET MR ZITo72, €
FOMMBEDEERTIX., Franklin 713 XLDONRe 53 atbAx 5o L, 7
-t 2D\ NEZEE L 72 2 D DHHEPIRAEIC B W T, Franklin 713 XA DY) —
ZEMT NI XL UTOIESMED S5 Z & ZMEE L 72,

V—REH7LTY XL LTOESHE, TEI22 oMU EDRL 2 T at 223,
FIRFICY —ZIGEIRR V) EWHEZEHOMEE Thwodrd ki 1207
nt2AH, V—=RIGEINS | CWHIEEOMEZRIEL., 2 ODOMWED - I
5 RMERLZ, 2 KD, Franklin 7 b3 U XalE, V—&E N7 LT
ALY LTOIEYEERMZLTWS 2 ZMGEETE 72,

B, FEEETIE Franklin 712 ) XD RE %% 7at 208% 6 A EicL
TETIREEIT-> ThED, HRED a2 8 LIk 2, T
BICKED D, WREEL B TERI o7,
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FeE DI

AETIE, BV —KXEZET LY X LD OIENSE T AMEDFHE %
BLTRLONMREZMET 5, £y FY—ZEHTALITY XLDEBRITED
FoONREDRET 5,

6.1 Lo

ARWFFERETIX, 7V =73V X4, Chang-Roberts 731 X 4, Franklin
FILITYZXLD3DODY —FEH 7LD Y X LIZDOWT Maude 12 TERARE % 1E
BRUTzo Fio B LTERMEREZRIC, 7030 XLIZBWTHIET N &M
7. 2N TV 20 DR ZETAMABATHRIAEL 2, 713V XLDONMNRE A
% 70t ZEDOHIPRE = 1 2 BRI O DEARIC TR 2 L Tidwn %25,
RERN BN TET VBB ZETTETWS, DX, &Y —XEH7 LD
VRALZ EIWZFFEMZ AT %,

6.1.1 JU—=7IJUXL

TV —=7TY) ZLDFLNHTIE, 272N —XOEILEEZHEHTS
ERDFLNIRZ GG T %, BMEERFMM L7t BEHDID X Hh KZH 1D
ZHOITRTDTRELRIIRA v =V %KEET S, Avb—I% Ko vt A0
LIREDRRWIGER. BEO o ANY —KIZkD, BTfo ot 2 kb kx
21D %2 b0 ut A0 HIRIED D - 758, BEERRT 5, FEINIE, K
BT 702035 ED, Bol120 7 ut A —XiZh 3, ARETIE. &
OETMB O AR EER L, 7z TR EHEOMER%E € T A CHEE L 72,

AREDOERTIX, FIHIRETZ LT ) X200 Re k2 Tat 2% 520120
T, ETIVREZITo72, ETUVERETIE. ROWENMZIND Z & ZWMEEL 72,

o [HIZ2OMUEDELZ a2 H, FHRFICY —XIGEINZ W] 2WHE
2o MY

o Tnopbily1o07atxp, V—RIGEIINS ] LW TEEOHE
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TV =70 TV XLE, TRTOTat 2, FHICE A I V72 E5b8ET
L ATy FSONMZIT S 720, AK, FEFIITUE 2 E i3 5 Maude TIZET
MEEERITO 2 e DLWV, Maude TR A7 %25 2 ¢ DR X 2R3
He LT, A A7 DA ZER LET VT Z ik A0, IRIEZLH R
HDIDTERPoTLEVWOIME 15 D2, ZOMETIE, KL VY -2
HDH ZHME LY AR Ta R %, 77 RR—ZADETILE LTEARLL,
ETIVMBEEB IR 70, %77 FTEHETERVHORATER & HREIREE
DRAET Z720, ETAURENPAAJRETH o722 INTWE, L2rLEDES, K
FECIIERR L 7z etk o S 2 FRANC, FEANSER 2 HED 2 720 OXt g 3
DN ANBZ LT, 7=V XLDETFARER{ToTWVWS, £, T
OYi b1 o0 AN, ) —XKIGEINDE ] WO IEHOME OMEE
T, EEHIAANCE 2B L—TLTLEW, KADHBHEXRTL E 5/’
R fRIRT 5712, RN ZRE L THREEZ T - TV 5,

7B, FETIX, IHPRED e 22 6 LLEIC Lz ET VB S EEL 72
D, MREEICKIE D30 D, MR Z21E 2 Z e B TERD o7,

6.1.2 Chang-Roberts 7JLJU XL

Chang-Roberts 7LV X 2 OEEMHIX, JHEFHEDO Tt X5, V—KD
NEERAT 2 eI NE, VXD EERA LT nt R, BBE T rt
2y LTCEfME LD, B 7uetRicBED e X ID &80 X vt —Y %k
0 At —=I%ZFWoTz 70 ANIHMERHE DL EIE, Xvk—C%Z20FF
B 7ot 2ICHHE L, X v —YBZITH -2 T at ABMEMEDLEZ. B
DFatZAID eZELEXvE—YD v XD 2T, BHD utk X
ID DHFBKENGEZ. RITE 72X v —I%BICES, i, BEHDn
£ 2 ID DHNIWGEEIZ, ZIT- T2 X v — YV RWET %, I DU E F/)
D7atZAID EZELRA v —IRFNY IR —ET52FTITY, AT, 2
DIEFNHE DR RRZAER U, 7 TN EHEE DR % £ 7 VBRE THEE L 72,

ARDFEHETIX, 7LV RLDNRe B2 7T at 2% 52012, WSIER
ERLUVHEPRELZ 2 0BR LT, ETAMREZTo72, ETUMETIE. XD
MWE - X N5 Z & ZREEL 7=,

o [HIZ2OMEDELZ a2 h, FHRFICY —XIGEINZ V] 2WHE
oMY

o TVobii 1ot V—KIGEIINS LWSIEEOHE
o ) —XDBEMEICHIUI., WTHY —KIZK5] WO IEROWE

o ) —XEMEICHIUL., WINHEEDIEE L7 candidate X vt — I
Vo —ET 5 WO iEHEONE
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o [V —RIEHZINIE, WITNHEDIERE L7z coordinator X vt — &
Vo7 R—ET 5 t WO EEOME

FERIZ X D, Chang-Roberts 7 L3V XA AlE, VY 7 RICEE SN vt R
D CIEICBEfRR . V—ZBH7LTY X482 LTOIESTOWE DX h
TW3 Z L 2R TE /2, £7-. Chang-Roberts 713V X ALEHD 3 DDOMHE
WOWTHTEEINTWS Z e DBHERTE T2,

B, EFTIE, PIHRKED o 2B 6 LRI LET AUME D FEML 72
M, FIHKREED a v X238 DL Rk 2 &, MARICK RS0 D, #ERZ1§ 5 Z
EMTERDIoT,

6.1.3 Franklin 7JL3dV X L

Franklin 703 ) X LT, A =32 —R—DFat 2D, V—XDNEER
T2 B EUHEEZFGT 2, V—FDORNEERI Lm0, /1 =>x—
X—Y kb, WO Tt RICHED et A ID 28R vt —I% %S, X v
-V R o2 AN T — R —DFEIE, Sy TTakRl
LTAv b=V ZDFEERO 0 AICH#HT 25, X vt —IY%ZIFH- 7
TREAPA, =T =X —D5EAEE, MEO T et AnoZEFELEXvyE—ID
TatXIDD5H, KELFOFSatXIDrHED S0t X 1D 2T 5, H
GO 7ut XD OAPREIVEEIX, BE, MO et RICEED I rE X 1D
PEORA v —U%%ES, HEDOFut XD OFNIWEEIZ. v 77 n
t2¥ i3, HHEOFuE XD LELWEEIRY X3, AETIE. 0%
FE O AL ER L. W T XN HEOMEZ 7 UVRE CHMEE L 72,

AFDEERTIZ, 71TV XLDNREE T2 % 5212, WlEE
ZERLUIPHREZ 2 OFER LT, ETUMAEZITo72, ETLMAETIE., XD
WEAR-END 2 ZMEEL 72,

o HIZ2ODEDELZ Tut2H, FKAICY) —XIGEINR V] EWHE
2oty

o WO bilrH1o07at AN, J—XIHEIINS] W EREOWE

FERZ X D, Franklin 7L ) X ai&, VY RIECE SNz 7 v 201l f
NECRERZR ., V—RBEBH7 LIV XL LTOEYHOMENHIEZIATVS
Zr EIRTE T,

B, EBFTIE. HHREDO Foe 2 8E 6 L EIC LT UVREDEML /-
M. OIHIREED Tat 2238 LU EI2/ 2 v, MEFICKRE 22200 b, #ERZ2152 2
EMTERDPo T,
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6.2 SEDFE

ARETIE. 3DODERLZY —BH 7 LY Z2IZOWTERRERER L.,
I REMEOMREETVMECTHIE L2, ZAUC XD, BHENRREERRE T
K TEZ) —XEH7L2Y) ZLDEREBEDIERRETNARED FIEERT
T EEN, AMFEHEEZEDZICHD, BOorOBENRZTE,

1 OHOHHEIZ, ETVMBEOMIEREORE XIZOWTTH 5, KFDOEEKT
. IRTOY —XFEH7LTY XL T, FIHRED 7ot 2% 521 LTE
FURBREML TV, ZHUETat 2% 6 OLLETHEITT 2 L., IREBIEHR
WD, EFAREOMIERMAKIEICEZ 30 TH 3, 7V —7LTY XA
¥ 6 2. Chang-Roberts 7.3V X 4 & Franklin 713V X A8 DD Frt R
ZHHPRBICIEE T % £ ET AMABDOFATICRMD 20D, MREZE OB -
720 FRHC7V =703V XLIZDOWTIE, JAIST OFtEMY— —2FHL T, 1
FERMAE (T o 7205, EREB/BLZIENTERIo2, ZOFREIO VT, R
BERUE TS THIBDRETH %,

2 OHDFEIX, Chang-Roberts 7131 X4 ¥ Franklin 7LV X LIBT3
7at 2D FNHDKFEIZDOWTTH 5, V—XEZET7 )L X LD REIC
. XAy —YHERDLDH L, ZOFMIEREX. 73V X LOFTHIRIEI N
72X vt — Y DRETHHG % 1T 5 23, Chang-Roberts 7L 31 X 4 ¥ Franklin 7
NI ZLZERA Y =Y ORI IR DL B EMUIEDRH 5, 1205, AFRD
EERTIEZ DM SLIMETIT o TWRV, AROEBKRTIX, V7 Lo atx
DA NNEIC & D, REBEDENLL TV, 20720, TRt RADWNIHIC X > T
T T VBB DOMGER NS 2 0 DFERIINERL B X 5,
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T &A VY—XO—F

AR DEERTHHW Maude @ 22— Fid, https://github.com/tarugo07/leader-
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