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Studies on Self-Stabilizing Distributed

Protocols for attaining High Fault-Tolerance*

Satoshige Ukena

Abstract

A distributed system consists of autonomous processes connected by commu-
nication links. In recent years, distributed systems are widely in use. They are
given in various forms, e.g. communication networks (local area networks (LAN)
and wide area networks (WAN)), multiprocessor computers, etc. Because of ben-
efits that a disrtibuted system can provide parallel and simultaneous services for
multiple users, importance of distributed systems is increasing. The services in
a distributed system usually need collaboration of processes. A distributed pro-
tocol (algorithm) is a procedure of communication and calculation for solving a
problem for process cooperation, which is called a distributed problem.

Fault-tolerance is one of the most important advantages of distributed systems.
Because a large-scale distributed system consists of a large number of processes
and communication links, we cannot assume that all the components are fault-
free. Therefore, a property “fault tolerance” is strongly required for a distributed
system. The property guarantees that the system can continue to provide services
even though several portions of a distributed system are collapsed. Fault-tolerant
distributed protocols are necessary for such fault-tolerant systems.

Several approaches have been proposed for attaining fault-tolerance to pro-
cess or link failures on distributed systems. Self-stabilization is a promising
paradigm for designing fault-tolerant distributed systems. A self-stabilizing pro-
tocol is a distributed protocol that achieves its intended behavior regardless of
the initial configuration. This instantly means that no self-stabilizing protocol
requires system initialization. And furthermore, even when the system configu-

ration changes to an arbitrary one because of transient faults, e.g. destruction

*Doctor’s Thesis, Department of Information Processing, Graduate School of Information
Science, Nara Institute of Science and Technology, NAIST-IS-DT9961005, February 12, 2001.
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of contents of memories, a self-stabilizing protocol converges and achieves the
intended behavior. It follows that a self-stabilizing protocol is resilient to any
number and any type of transient faults. A long-term-surviving system will be
stable and can flexibly cope with transient faults by using self-stabilizing proto-
cols. In this research, we are aiming at designing efficient self-stabilizing protocols
and designing self-stabilizing protocols with more advanced fault-tolerance.

In this thesis, we first investigate a self-stabilizing protocol for constructing a
heap-ordered tree. The protocol makes use of a self-stabilizing neighborhood syn-
chronizer. For sequential algorithms, heap is an important data structure used in
various applications, e.g. sorting and priority queue, etc. It is useful for design-
ing distributed systems to realize such important data structures as distributed
ones. Although many researches have studied on distributed protocols for various
data structures, there are only few researches for self-stabilizing distributed data
structures. The protocol proposed in this thesis has O(h) convergence time and
O(K) space complexities, where h denotes the height of the tree and K denotes
the size of each input value. Both of the complexities are improved comparing
with previous protocols.

Next, we investigate possibility of self-stabilizing protocols that can also tol-
erate some type of permanent faults in addition to transient faults. Although
a self-stabilizing protocol is an excellent design paradigm for tolerating tran-
sient faults, it is also desired for practical systems to tolerate some permanent
faults. We newly introduce non-quiescent permanent faults and present a
self-stabilizing protocol that constructs a spanning tree under existence of the
faults. The protocol stabilizes within n(n/2 + F)d rounds, where n is the num-
ber of processes, d is the maximum degree of the network, and F is the upper
bound of delay before state change of faulty process is observed by a neighboring

process.
Keywords:

distributed system, self-stabilization, transient fault, permanent fault, heap, span-

ning tree

v



godao

oo

Ooon

1. 0000,0000,0000,0000,0000,“0000000000O
0000000000 oooo”,000000o0ooog (DI), Vol.J84-D-1,
No.1, pp.48-57, Jan. 2001.

2. 0000,0000,0000,0000,“0000000000000O
O000000ooooooooOo”,0oooooooooo (DI, (Dooo
0).

ooogd

1. S. Ukena, Y. Katayama, T. Masuzawa, and H. Fujiwara, “A Self-Stabilizing
k-Exclusion Protocol with k-Wait-Freedom”, Technical Report of TEICE,
(COMP98-87), pp.33-40, Mar. 1999.

2.0000,0000,0000,0000,0000, 000000000
O00000ooOoooooOor,ooooooooooog, (COMP99-79),
pp-1-8, Mar. 2000.

3. 0000,0000,00D00,0000,“0000O0ODOobOOoOoOoOn
O00o00O00ooooO00o»,0ooo0oooooog, (CoOMP2001-
31), pp.17-23, Sep. 2001.



godao

vi



1 00
0 S I
1.2. DOO0ogooooboooooooboboooooooboon ...
1.3. dgoobbooooboboboooobobobuooooboon

2 Jobodobdboobooobobbuooobooo
2. OO0 oo
22. 00000000000 .00 oo s s
23. 0bOboooobooboooooboooooaog oo
24. O0OOO0O0O o000 s

3 gobbbouobbbouodgoobbbuoobbbobbo
3.1 OO0 oo
32. 00000 .0
33. UOOOOO .o o

4 00O

HEN

gooo

Vil



viil



goad
21 0000O0OO0OO0OO0OO0OO0ODOOOOO NSPOOOOO O ... ... 11
22 00000 HPPOUODOO O oo oo oo oo 17
23 00000 HPPUOUODOO RESETUHEAPIFYUUODOOO 0 18
3.1 ODbo0boogoobbbooooboboboooobbbooobooon 34

1X



O




O

[]

1.1

gobodoooobbobbuoooobbboooood

x1



O

xii



10

] [

1.1. 0O0O000O000O0

gbbodgoboodgbbbooboobbubobbboobooooboood
0000000000000 000000000ooon (LAN)OODoOOooo
000 (WAN)OOOOOOOOOOoOOoUoooooooooooooooooo
goobooobododbodbobodbooooobouobbboooooaa
goooodgouboobgbobbuooboooboobooooobobbooo

e 0D 0000 DLDOO0OOODLLODLDOUObLOOODLDbDbOUObLDOO
godobbbooodbobobooood

e D0 OOscalabilityd: DOODOODDOOOOODOOOOOOOOOOODO
gubbooogd

e OO0 availability: 00D ODOOODODOOOODOOOODLOODOOOOO
goodbuobbbooodbobooobbbooooboooboboo
goooodg

e H0OUDOO:DO0U0O0O00O0O0O0OOOUDLDDOLDDLODLDODDDLOODLDDOO
ggg

gboooboubobodboboobboobouooboboobbabn
gbobbuooogogobbbbbbuobbbdoooboboobobodoo
goggboogoboobbboobbooobobbboboobboboobbon
gboobobobooobbbboooboooooobobouooooboboo

gboogogboogouboobbuooboobbbooboooboooon
gogbooooooboobbbuoobooobboobobobbbbooobobo
gobboboobbbodooobobboobbobobobobobobbboboboa
goguogbobbbuoogobbbdoobobouobbouoboboobbobb
gbobbbooooboobboboguobooobboobobooobboo
000000000 (Doooooo)g



010 00

00000000000 0000000000000 oOooooDOooDoO
O000O0O0000ODODOO0O0DO00bO0obO000oo0bOoDOoOoboooDbooOOo
0000000000000 O0bOO0bOO0bO0ODDOO0ODbOO0ODbO0ObOOObOOobOOO
000000000000 (CoooooOoo)ooooooooooooo

O0db0bobooooboooboboooboboooobooboboooo
Ooobodobobobo0ogoobobobobooogooooogoboboboobooooo
OO00do0obOobo0ooboooooooboboboo0oooooooooooooo
oooboogooboooboobooboobobboboboogoboooog
00000000000 bO00DbOO00o0o0ooDbOoooobDoboDbOoOooOoooo
00000000000 0O000obO0obOO0bO0obO00oobOOobOoDoDoooDoon
O000O0oDoOoooo

0000000 000 self-stabilizing protocol 0 O 0000 OO0OOO0OOOMO
O000D000bO000O0bO0o00o0ooDDOO0ooODbDO0oO00oOobOooboooDboobooo
O000ob0o0oooboodooboobooobooooobobooooooo
g0boooooooobobobooobooobooobooooooooDbo
ood

e D0 0UUOLO0OOLUODLOUODLOOULUDLODLOODLDLDLDOObLOOD
goboobboboobobooboobboodooooboobobooood
gboboboobobbboobbbuobobboooobobuobbon

e JIDODUIDOUODODDOUODDOUODN transient fault 0D OO O ODOOOOODO
gbobbobbooooobbbobodooooobobbbobbbooao
0 @CO0O0O00000oo0oooO)00O0000C0C0O00DOoooOoooOoO
gbogbbobuoobodoobobbobbooobobobooboo
gboboobbbouogooobobbbbooooboobboooouaa
goboboubbbuooogobobobugobuooobonoobbbbb
gbbooogbbbduoboooobooodn

e JOUD0OOOUODLODLDOLDULOUUDLOLDDDDODbLDLODLODLDDOO
goobdoobooouoooooboboooooboobbbboogo
OO0000000000D000 dynamic networkODO OO OOOOOOOO
gouoboobobodboboubbooobuoooobboobod
gbbooubbioboduooooooobobobobbbuobobboon
gugdobououboobboooobbboboiboon

O000000000000O00O0O (bO0oOOOoOoOooUooOUoUboooooo
000000000)00000000000000000000o0oooo0O
gbobgobbuodooboooobuoooboobbooboboooooon
goboboobuogboobobbobbboboooooobbooonooobo
O0000Dijkstra0 00000000000 [6000000000ODOOOOOO
gguoguoboooooobobbbooooboobobbbobobbooo
goobobobboobobbobobooodubuoooobbooooooboogn



1.2. 000000000000 000000000o004ad

gbobobgogoboooboooobbooooboboboooobobobooon
gobboobdboob200000b0b00bboboobbboaa

e HUJODODODLODOOOODLDOOOODLDODLDODLDO

e UL DLOUOODLDOLDOOOODLDLDUOUOUODLOOO

1.2. JU00O0OD0O0OO0OOUO0O0OO0O0OO0OO0O00OO0
O od

00000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0000000000000000000000000000000000000
0000000000000000000000000000000000

00000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
000000000000000000000000000000

0000000000000000000000000000000 OBourgon
0 40000000000000000000000000 O(Rk)0OOOO0
000-,000000000000ROOO0D0O00000000O00O0O0CO0
00000 OBK)DOO00OO0000s000000000KOOOOOOOO
0ooo

Alima2] 0 00000000000000000 OkOOO0O00000O00
00 O(f+K)0OOO0DO000000000000000000000000
0000000000000000000000 10000000000000
000000000000000000000000000000000000
000000000000000000000000000000000000
0 o(k})00000000

0000000000 Oo(ROOO000000000 O(K)0000000
000000000000000000000000000 4o)20000on
0000000000000000000000000

00 [40[200000000000000000000000000000

000000000000000000000000000000000000
000000000000000000000000000000000000



010 00

U000l |oooooooo
goooo
Bourgon O [4] || O(nh) O(6K)
ooQ O(h) O(K)

n: 00000, 0000
o0obopbdbb,K:00ogoobob

011 gbbododooobbbbuoooobbbooobooo

0000000 13|0000000000000000000000000O0O0
googgoboo
gboboboodgbouogoboobboobbbooooboobboon
O00000000000000000000000OooO0O0 [14, 17, 18]0 Johnen
gboboboooouuooboboboboobboobbobbbooooouoo
(B0 000000000000 00OCO0OO000000OO0OooOoOoUoDo
gogdbobooboodbuooooboooobooboboooooooboo
000001000000001000000(@O0O00O  o())booooon

1.3. UJUO0O00O0U0o0oooooooboooooogn
o ogonf

gbobogboogoobobboobbuooobooooobooobobobon
gbobgoboboguoooboboobuobuoooboobbbuooobbooboagnn
gbbouoooooogbbuoboobuoboobbboobbooboboon
gbobobobooboboboboboobbobbobobbobboobooobn
gboogdouooboobbbobbbbobbbooobooooboon
goboguboobobdgoboobbooobbobboboaobbboobobn
gogobobboobbobboodgbobooobbooobobbooooobon
0000000000 [12,3,15,16)00000000000000000O0O0OO
gbobobooogoooobbboooogd
guodboggboboboooooboobbouooboboobobobon
gbooboogoobobobooboobboogbboobboboobobboon
gobodboooboogbobuooooooobooboboboboobbbog
gbbodgoguabboboboubbouooobuoobboobobobogo
gobbobogbbobbbobbobuououoobooboobobboobbo



1.3. 000D0O000booogggooooogoooboooon

0000000000000 0O0000o00O Puoooooooooooog
goodoooboooooboooooobooboooooooooooooo
O00000000000000Anagnostould [3]0 00000 (failure-sensitive)
gddooboooboooooouobooooboooooooooooooa
0ooooooodoooooooonooooooooooonooooon
0ooooooooooooong
Jooooooooooooooiooooooooooooooooooo
00 0000000000000 o0o0oooo0oooooDOoDddGallager
O [11]00o00C0000000000000oboooooOoUoooooooooDoO
Dolev O [8]0 ChenO [5|00000000O0O0ODO0OODOOODODOOODODOO
0000000000000 00000OAggrawal D (10000000000
000000000 000000 O(diem)D000000dien 0000000
oo ooooooooooooooooooonoon
goodoooodooonoioooogooonoooooonoooon
gooooooooooooooonoooooooooooooooooon
Joooooooonoodoooooonooooooooooooooood
000000000000 ooooonooonooood
doodouoodbooooobooobooooooboooooboooon
goooooooooooboooooboooooooboooooboooon
gdoooooooobooooooobooooooooobooooouoooa
doooooooobboooooooooooad
doooooooooodoooododoooonononooooooon
0oooooooonooooooooonooooooooooooooood
ooooooooooooooooooooooooobooooodood
goodoboooooooooodoooooooooooooooood
goooooooooooooooooooooooooodooooon
ddodooobooooobooooobooooooobooooooooood
dododooooooboooooooooooooooooooooooood
00000000000 n(n/2+F)d0000n0000O0C0ODOdOODOODOO
O0000000F000C0O00O0OO0O0O0OOOODOOOOOOOOOOOD (O
0)0000000O00000ooooooooo



010 00




1 20

oo oobootdobobobotdd
HRERERNRNREINRERE

gbgoobodooogboboooboboobooobbuooobboon
gobdgodgbooboogoouoooobooobobboooobooboobo
gobodbdood 2gbooobobobooboobobbobboooobo
gbdobbodbooobooobbobbobobooboooboobboo
022000 0Johnen 0 [13]00000000000000O0O0OO 230000
godbbobobuodogobbuooobobboououooubobboodgbo
gobob 2400000000000

2.1. 0O00O0O

2.1.1 0OO0OO0OOO

0000000000000 00 G=(VOp)ODOOOoooooooovoo
oooo (V={oOid--On—-1}000)0EO0O000O0O0OOOOODODODOO
gobodobbbooooooobbobobbooboboboonobooa
gooooooobbooobooooobo rbOooboob0oobo Loog
0000000 (00000000 o0O0ooO000o0o0)00Uo I0D0ooOo

oooboo.000booboboboob0 Nooboobobo-.0oooboo
0000000000000 0ooooooOO000Do0oOoO | Vo000 0O 0
gboogobodood..00bdbdoooooobbooboboooan
oboooooboobob0 pOOob0O000ob0oDbbD Ccld; DOOoOoooo PyCld;
gbdobodd.00bdogoogbubbbdobobbboabobbabobodo
Oooooooo AOODDO

godogobbobuogbboobobbobbbobooooboobood
0000000000 (0000000000 0)ooo0oooooooooog

7



20 000000o00doooooggoooobogoon

gbooodoboobobbuoooboooboboobobbobbooobboon
00000000 (0000000)0000000ooooooOoooU0oOOg
gbobobogoobobooobobbooogn

< label > :: < guard > — < statement >

00000000000 <guard>00:000 ;000000000000
gubodbogoobbubb.0ddbubudbodbibd < statement >
gooooboboboobobd.0udguooooobbooooboboboood
goooobdoooooo 1o ob oo b 1o
bbbt bobuobbuboUuo

gooob 000000 s;0budbbobooobbobobbooooo
00 C 00000C=S,x8 x---xS,,000000000000000
00000 (CO0ODO0O0O000) eO0O(sy81,---,8,.1) 0000000000
s;i€85,(0<i<n—-1)0000

godooOo P O00OO0OODODOO0OODODODODOO0ODOO0bLOoOOg P OO
O0ooo0obobo ¢ b0 2000 —000O00OD0D0O0O0O0O0OcecOOoonO
gobocvioooooooooboooboooUuuobobobooooon
000001000000000000000 ¢c0O0 000 (OO0 ¢~ ()
O000d =A(e,Q) 0 000c¢ = (80,81,.--,8,-1)0¢ = (sp,81,...,8, 1) 000
O00:.¢QU0D00000000O:eUIOOD0O0O0O0O0OO0O0OODOOODOOO
s;=s,0000

00000000000000000000000000000Q=qQ°QY,Q2,...
00000000 00000000 €=20&,¢,,---0 ét' = A(d, Q) (i > 0)
0000000EODOUODD L0000 DO0 QUOUUUOUOOOOOOOOO
£0 Q°,Q',¢?,.. 0000000000000 00000000000000
gobdoooobbouoooooobooboobooboobooon «.0ob o
0000 ¢ 00000000000000004d 00 0000000000
goodobobobooooboob bbb ooouobooboo
gojdogbbooboobbobbuoooooboooobbobobuooooo

goboobogobbobbbbobobdbbboootbodooouoob oo
bbb ooobboodoooobobbbobooooouo
00000 i(>0)0000Q =vV000000000 Q=0°%QY,Q% -0
ooooo E=A,¢,-.-000000 d00+«00000000000000
goodobg egououobougo

2.1.2 JUOO0oooogd

gbobogboodobboobbobobbooobboboooobboobon
gboogbbbouboooobooobbobobooobabbbooan
000000000 (DDO0D000OO0O00UU0O00DoOoDOODOoOooOOoOo)o
gboubbdobboobboooobooboobbooooboooobooon



2.1, 000

gogbbbobooobooobbbboobboobuooobboobooon
gbooooboooboboooobboooon
goboo aettractor OO UOOODODO0OO0O0OODOOOODOOOOO0OOO

OO0 2.1 Closed Attractor

Xy oogooogooooooooo cooooooooguoouooogog
OO00000000 YO XOOOO closed attractor OOODOOOOXpY O
ogdo

1. 00 XO00OOooooooo foooodlooooooooooooa
O&=CL00-- 0000000 YOOOOO0OOGE>0000000

2. 00 YODOOOODOOODOOD o000 00ooooooooood
O¢&=0)"0--00000000000 000 YOoOoooo O

XY UOUOUOO XOOOOoOooboooboboboobobooooooogo
goboboob vyoooooobooooobbobooooobooboooboooo
goooobooboobobooobb vyoooobooobooobobooboooo
gboobooooobboobboooooon

b 22 00000000040

pPOCOOOOODOOOPOOODOODOOUODD AODOOOOOSPODO
0000 A 00D0OO00ODOOOODOOOODOOO0DODOODODOO ¢ Oood
oboooobo cOodbobOoobobooobobooooogoo PO SPUO
gooboogbobobooon

1. 000 00 0000000000 «0O00Oe0ODbDOOoObOODOO
oooo e00ono spPOoOOOO

2. 0000000 :treex£0000000 £O00000O0O0OO0OOOOO
O00 cOO0O00 closed attractor D O 0O O O

OO0 220000000 SpPUOU00bO0UOOODOOODOObODOODDbDOOO
goooobooogbbobo spPUOb0ObDDO0OOLDObLOODODOO £cOO
ooooboboboboobobooooboboboocbboboooon
gogoobooo

ooooboo spOobuooboobobboobobbbboobobbbon
oooboobobg spOOb0OODOO0OObO0O00OODLDDOOOOOOOOLOOD
goooggn

b 23 0000

P OOOOOOOO0O SPOODLOOODOODOODLDOOOOP ODOODO
ooogoob eooboobt:tgoooboboboooooboobobogP b
gboood tobbogon a



20 000000o00doooooggoooobogoon

2.1.3 0OO0O0OOOOO

gbodobooboodoouoobobbobobbobooooouoobboon
goooboboobobobuooboobbooboooooooooo NSoooo
gooogoon

OO0 240000000 NS

Ooooooo € =A040-- 000000000000 +000:0000
S, (s<t) 00000000000 (00000 oo0oooooon ¢,¢)
0o0ooq0 ¢+, 00000000000000000000000:00
ooo0ooooo o ¢, 000000000000000000000O

gooobbobogo NSOggbgogoobobgo eoobooobboobg e
gboogoobbb2000obbdodubo.0000bbuoooobobbn
gbooboobbooooooobbooooooboon

214 0O0O0O0OOOOOOOOO

0000000000000 O000000oo0ooooooO (boo)ooo
000000000000 00 (0000000 0oD0o00o0oooooooo
00)00000000000000000000O000O0ODO0O00OO0OOooOO
gboobobooooooobbobobuooboboboooobboHPOD
gooo

o0 250000000 HP

gobob .0bugobbbbibdd «» 0000000000 owt; OO
00
OO0 E00b00Oe0nUbnbmUb0b0b000bb0dbeut;, DOODOOOODO
gboooboogdobod

1. {out;| i € V} = {in;| i € V}

2.¥i eV —{r}: out; < outp, O

2.2, JOUOO0ooOoooooo

0000000000000000000000 NSP[13]00 21000. O
goob.0,00000c;000.00000.0,000000000000
O00ececdO00O0.000,0, 0000000 colp OOO0OO0OOO,00,0
00000000 el O col;, OODODODOOOOOOo, DOOODOODODO. O
gog,bgoobobboobboobgouboogoobobbboog. O
g, ggbogguogbuuboggouob,goboouooagboooobogn
guooggb,bogogbgoboobn.

10



22. 0000000 0ODOOO

(00) Cld;: 0000, P,: 000000

(00) eo; : 00000

For the root
Sy 1 Vy3elld; : colj = col; — col; := =col;

For the internal processes
Sy 1 colp, # col; N (Vj € Cld; : col; = col;)

— col; :== colp,

For the leaf processes S; :: colp, # col; — col; := colp,

021 000000000000000 NSPOOOODO <0

00 2.1 /15 00000 NSPO,00000, 00000000000 O(1)
0000000000000000000. O

Johnen 00 00000000 NSPOOOODDODDOOOODODDOOOOOOOO
NSOOOoobOoobooobooooboobooobuobbuoobooboobooo
00000000000000000ANSPOOOOOOOOOOOOOOO 2k
gogbboobobob,0oobbtoo 200b0b0b11b0,0b0b00b00boooo
gooobobod

gboogoboooobbooooon

d(i): 0000000 (000000)
col;(c): OO0 cO0DOODODODO col; OO
000000 Ry ={ildi) <} (0<£<h)
000000 L= {i|di) >} (0<f<h)

00 21 00000NSPOOUOOOOOODEODDODOOOOOE>R—(0<
(< hnOO0O0OO0O0O0O0000O0D0OD0Dq:eL, 0000000000000
000 000000000000

o ;0 0I000D0OkO0DUO0ODDDOODODUUODUODDUOUbODOOOYV) €
Cld; : colj(c*) = col;(c¥)

e i 0000000000 Ocoly(cF) = colp(cF) v (Vi € Cld; : colj(cF) =
col;(c®))
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20 000000o00doooooggoooobogoon

HEN

(O000bbO0ooooooon

e /=hp00000000::¢, 0000000000000

e /+1(<h)0D0D00ODODODOODOOODOODDOOO

12

0000000000000 jeCd,00000000K >h—(¢+1)0
0000 col;(c*) = coli () v (V5" € Cld; : colj(c*) = colj(c¥) D000
goooood

oobobD:el, 0000000000000 0OODODO0ODLDOODODDOO
gbooooobbog

—0ooooo.ooo0on
coli(cF) # colp,(cF) A (35 € Cld; : col;(cF) # col;(¥) DD DDDODODO
0 2.10 000 coli(c*) # colp () 000000 i00 k000000
Oo0oooooooooooogoon

-~ 000004+«0000035 € Cld; : colj(c*) # coly(F)DDDOODO
0000000 k000000000000 00000O0OOOOO
ogooood

ooooooooouobo.00 k000 booooboooooooo
coli(cF=1) = coly(F)DDDD0O00000OD0DO col(cF) # coly(F)DD D OO
Oo0oodgjecld; 00 00000O0OOOyO00O0O000 20000000
ooooog

- 0000000 40000000000000000000000
000000 colj(ck) = coly(*) 0000000000 ;00000
oooo

-000b0yO000kO0OO0OOODODODODDODOODOODODODOODOD
0000000000000 colj(cb 1) = col,(c) 00000000
000 col;(cF1) = coli(cF) # col;(c*) 00 O O colj(c*1) # col; (1)
0000;000000000000¢'000000000000
goodoobbyobbobbooogo
Elj'eC’ldj:col;-(ck_l)#colj(ck_l)ﬂDDDDDDDDDDDDDD
gogdoooooon

obooboobbe.el,0000gbooboobbobbOoboogn
gbooobooooogd [



22. 0000000 0ODOOO

00 2200000NSPO0O0O0OO0ODODEDDOUOOOOO k> h+£(0
(< h0O00000O0OD0000D00O000GeR 000000 KDOOOOOO
000 000000000000

<
O

e i 0000000000 Ocoly(cF) # colp(F) v (Vi € Cld; : col;j(cF) #
col;(c*))

e 000000000 KODOODDOOODOODDOOO0OOOOO0 Ocoly(c*)#
colp,(c¥)

HEN
(0000 oOobooobooog

e /=000000000:000000r0D0000O0O0OODODO

e /—1(>0)000000000D00ODOODODODO

0000000000000 jeR,0000000O0K >h+(¢—-1)0
0000 colp(cF) # colppi(ck')\/(‘v’j € Cldp, : col;(cF') # colp,(c¥)) OO
guoaoooooo

oobobD:eRUO0O0O00O0ODOOOOLODODOODOODODODODOOO
goooooobod

- goooon.0oaggo
col;(cF) = colp,(c*) A (35 € Cld; : col;(cF) = col;(¥)) DODD OO0
Od00d:e R OO0 FO0O0O0OOOOOOOOODOODOODODOOOO
gbz21000000b00ogboog jenN,Ubbooooobobo
0000000 Vye Cld;: colj(c®) # coly(F)D0DDDODODOODODO
oooboo0o .00 #0000000000000000O0O0O0O0
oo

- 00000400000 coli(c®) = colp(F) 00000000000
0000000400 k00000000000000000

gooooooooobo .00 k00D0b0O0000ooooooon
col;(cF 1) = coly(F)DDODOOOODODO coly(c*) =colp(cH)DDODOODODO
doop000000200b0bb0O0ObbOODD

-0000pO000kDOO00OO00OO0ODOOOOODOOODODODO

0000000 colp () # coly(¢F)0000000000000O0
0oo

-0000 RO0O0FO0O0O0OODOO0OO0ODDOOO0OOODDLDDODOOO
0000000000000 colp (b ) = colp(c)) DOOD OO D
0000 coly(ck 1Y) = col;(c¥) = colp(cF) DO OO
colp,(cF 1) = col;(cF"1)D DO OO
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20 000000o00doooooggoooobogoon

pO000OD0O0ODOOOOOOk-1(>h00000000OOCODDOO
0000000V) e Cldp, : colj(c*1) # colp (A=) DD DDOODOO
000 cf—10000000000000O00000000000 2.1
00 Vj € Cldp, : colj(c*') = colp(F~)DDDDDODO & 0000
godooooooooogo

00 00000000000 000O000
colp,(F1) # colp, (*1) V (V5 € Cldp, : colj(c*) # colp, (")) O
DDcolpi(ck_l);écolppi(ck_l)DDDDDDD cA~'000g PO
0000000000035 € Cldp, : col;(cF1) # colp(F~1) D OO
goooooo2ag0ooood

oboobobbobodreR,O0ODO0O0OOODODDOOOODOODOODOO
gbooooobooboodad [

00 2200000NSPOOODOOOOOOO EOODO. E00 20000
gboooo,bbdofogb 200bbb110,0000o000o0obooo0d. o

HEN
O021000220000000000::eR 0000 k>2h0000000
gbobooobobon

o ;00000000 EKOUOODDOUODDODUOOUUODbObODbDDbOODbDOO
Vj € Cld; : col;(c*) = col;(c¥)

e 0000000000 O (coli(cF) = colp,(cF) A (V5 € Cld; : colj(cF) #
col;(c*))) V (col;(cF) # colp (cF) A (V5 € Cld; : col;(c*) = col;(c¥)))

o ;00000000 KDODOUODDODODODODUOODbDbODbDDOObDOO
col;(ck) # colp,(c)

OoboO0oOge>2r000000000000000000DODODOODODOO
gogbobuobobubdgbbboobdobboouooobbugo [

doooooooo 2000000000000 000000O000b00O
00000000000000000000 r8,6,...,4 000000000
O Ocol, () = colg, (*) =...=colg, (") DDO000000000 r,v,%2, -7
D0D0D0000000¢=1,3,5,...0000 col, () # colo(<®) 00D DO DO
¢=24,6,..0000 col,, (") = col,(°)0000000000000D0 6,0
000000 2xr000000000000000000
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23. J00O0oDoDOOo0ogooobogdonooogn

23. UbO0oubououououoobooooo obd

000000000000000000000000000000000 O(h)0
00000000000 OK)O0000000000 HPPOOOOOOOO
D0rRO00O0O0000KOOOOOOOODOO0.00000000000 [40
0000000000 ORROODODO00 OUK)00000000

23.1 000D OO HPPUOOUO

goboggboobuogobbbbbooo1gbuguguoobooboon
gbobooobooboobbboobboobooogoboooboggon
gobggbbbobodouooobboboobboooooooobooogn
gougbobugbooboobooobbbbobboobaobobooboon
gbobooubobbobobbuogobobobuogbobbooooooggo
gobooooobooooonon

gobbboobboobobuoobbobobboobooobbboooba
gboodgobbobbboooobbobboobon

godogd .0000d «m00bbguduoguogubuogbbugibn
gboggboogbbuobbboobooobuoobbboobaoooon
gobodbo.gugoobbbbdd w, 00oboobobooooooon
gobbboobbbooooabbbooobbuoobooooboooboo
gboooouoboobobobobwl/lO0ObbOobobboboooboboboboboboon
googboboboboboooobuoobobboobbbooooooboobo
gobgbbobogboboobouoooboboobbooooobbooon
gooogobobbtogbobobobbooobbobo -.0bggg e, g
godgobboboobobbbbbobbuooobbboboooooon
guobuoodgobobobobbobbbbd.0obbbiobboboogo
out; UOUODDOODODOOOOODLOOOOOODOOODLOODbDOOLODOOO0OuanDn
gbobboobobbooobb2b0bbuoobbbooobooobbbboab
gboboooooboboD «0 owt, UODDDOUOOODDDODOUout; U0
gogoobodgg

O00000O0O00000000 «; 00000000000 (DODOooOoO
0000000000000 0000ooooOoOoooooooooooon0)O

2.3.2 0OU0O0OOO HPP

ggobobboobbbooobbbuobooooo 22,230000000
goboobobdobgoobboboboobbogbabbobooobbobb
gobobboouogbbbuooobboubuoooobboboobuobooon
ooood HpPOOOODOOODOODO
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20 000000o00doooooggoooobogoon

gobooooobogbuobogoobbobobuoooboooooa.
(00)

P00
Cld; - i00000
in; - 100000 (00000000000 OO00O0)

(@)

col; : DOOO NSPOOOODOOOOO

out; : O

w, : OO0 0000000000000

r; » 000000000000 O000O000

change, : + 00000000000 0OODOOOOOOO0OOODOOODOOO
reset;, : OO0 RESETO0O0OU0OOOOOOOOOOOO

(00o)

RESET (O 2.3)
0000000000000000000000000 (00000000
000000)000000000000000000000000000
0000000000 :0000000 w, 0000000 out; 00000
0000 in, 0000000000000

HEAPIFY (0 2.3)
000000000000000000000000000000000
00000000 0000000000000000000000000
0000000000000000000000000000000000
0000000000 »000000000000000000000C0
0000000000000000000000~r000000 LOOO
000000000000D0000000000000000000000
000000000000000000000000000 »r00000
000000000000
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23. J00O0oDoDOOo0ogooobogdonooogn

For the root
Hy ::Vj€ Cld; : col; = col;
— HEAPIFY;
if (= LA (Vj € Cld; : change; = false))
/* heap order accomplished */
reset; := true; RESET; change; := true;
else
reset; := false; change, := true;
col; == —col;;

For the internal processes
H, :: colp, # col; N (Vj € Cld; : col; = col;)
— if (resetp, = false)
reset; == false; HEAPIFY;
if (r; = L A (Vj € Cld; : change; = false))
change, := false;
else /* heap disorder in the subtree rooted i */
change; := true;

else
reset; := true; RESET; change; := true;
col; := colp;

For the leaf processes
Hj :: colp, # col;
— if (resetp, = false)
reset; = false; HEAPIFY; change, := false;
else
reset; := true; RESET; change; := true;
col; := colp;

022 00000 HPPOODOOO 20O
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20 000000o00doooooggoooobogoon

RESET:

out; := w;; w; =1y r; = L

HEAPIFY:
For the root
maz; == max{w;| j € Cld,};

if (w; < maz;) /* a child has a bigger value */
T = Wy W i= Mam;; /* exchange values */
else
;= 13
For the internal processes
if (w;=wp, N rp # 1) /* parent of i picked up the value of i */
w; = Tp; /* copy the returned value */

maz; == max{w;| j € Cld,};
if (w; < maz;)

Ty = W Wy = Taryy
else
;= 13

For the leaf processes
if (’LUZ = Wp, VAN p 7& L)
Wy ‘= Tp;;
;= 1;

023 00000 HPPUUUOO RESETUOHEAPIFYUUODOOO 0

0000000000 HPPOOOOOO OROOOOOO OK)O0O0OO
0000000000000000000000000
00000000000000

di): 0000000 (000000)0

Acted(c’): OOOODO €=, c,...0000000 ¢L¢(G>1)00000
godobbogbobbooooao

var;(¢): 0O ¢c0000000 wvar; 000

goooo A PPLOUOOUOOOODODLOODOODOOODOOODOLDO
guobbouoobobdodubboooouboobobuoobobooobooodo
gobobbooooob APPLOLUOLDUODLOOLOODOOOOODLODLOOODOO
goboobobbbobboouguogobboooobobobooboon
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23. J00O0oDoDOOo0ogooobogdonooogn

goodobbdobbbooouooooboooboooooboboboboodo
goboboodoooobbobobbooobbobooobbobbobboobbo
goobodd

00 26 (QO000)00 £E=C¢,...0000000000000&£000
gooood

e J0ODODO c£AL00OOO
Acted(c) = {i € V| d(i) mod 2 # 0 } V Acted(c) = {i € V| d(i) mod 2 =
010000
O0000Acted(c?) =V — Acted(c!) DOODOO

e 00O Lf0D0DOOUDOOODO

— Vi€V : reset;(c”) = false
—VieV: r(c®) <wi() V() =L
— Vi € Acted(?) : r(°) # L= Fj € Cld; : wi(c”) =w;(c")
— Vi & Acted(c?) : 7;(c?) # L = 3j € Cld; : wj(c®) = r;i(®) vV ri(?) =ri() O
0oo0o0o0o0o HPPOUOUODODOD E000000DO0DDOOOOOODOO
ooobooobo0o E000bbdu 00000000 0ODODOODODODOOOO0

gogobobooobooobboooboooouoobbooobooobooa
ggodgobuooboobooo

00 27000000 €=C¢,...00000000000 ;000000 ¢
godogbbooodoaon

Enable(;,¢): 00 ¢ 00000000000 +000000000000O0
goodooobooo

LastActed(i,): k<j A i€ Acted(c®) 000000 000000000
NxtActed(i,c?): k> j A i€ Acted(c?) DODDODO 4000000000

NxtEnable(i,¢’): k> j A i€ Enable(s,c*) 000000 4000000000
|

00 28 00000 £0000000000000000000 100000
000000000 c00000 »000000000 &,c,¢2,...,c,...0
00000000000000000 ¢'=c0000

e Enable(r,c!™!) = ¢& = NxtActed(r,c. ™)

e ~Enable(r, c.') = ¢! = NxtEnable(r, ¢/ 1)

19



20 000000o00doooooggoooobogoon

00000 &c0..00000000 (a°d),...,0" Y cdy)) t=0,1,...) O

Ty T )

00000000000000¢ = (s0,...,8n4) 00000(d)=s 0000
o P; € Acted(ch,) = ¢; = NxtEnable(i, c},)
o P, ¢ Acted(ch,) = ¢} = LastActed(i, cp,)

Oob0 29 00000 00000000 .eVODOOOODDOOOODOOO
000000 §,s),...0 E04+00000000Proj(&,4) 0000

29 9%

e s)0 £00D00DUDOODO +0ODOODO

os{D cgoooooboob 0 y000D0D0ODOODOODDbOOD ¢ 0
gon a

00 2300000 £00000000000000 &O000000
00000 ieV 0O0000Proj(&,i) = Proj(&7,i) 00000

O&e0O0OO0O goooooo
000000000 OOODE OOUOOOO €0 400000000000

OO0 [0O0 2200000 £000000000DO00DO0ODODOOODOOOOO
O00e00b000Oo0 2pr000000OO0DO00O0ODODODODDOODODO0OOO
dbbodbbooooboobuoobboboon .eVoooo
reset;(c)=false 0000000 ¢c00000EQDDDOODODOO cODODOOO
00 4~ 00000000000

£00000 (0o(ch),...,0n4(c_,) 0000000000 DOD AODOODOD
DDDZ'DDDDDQD CDDDDDDDDDDDDDDDDDDDDDDS
00000000 db=ct=---=¢_,=cO0000
guooooooagoodan co,cl,...ct DDDDD5DCDDDDDDDD

» n—1

O & 000ProjElLi)=s%,s,..0 000000 &=, ...(0000
i

d=(st s, st ) (t=0,1,2..)0000000000000000

gb 230000000000000b000bboo0bboboobooobn
gobobagg

00 2.10 0000000 £E0000 OD0O0DO0OO cOOOOOOOO Vals(c)
guobbobooooon

Vals(c) = W(e) U R(c)
gooo

— W(e) = {{w;(c),i)| i € Acted(c) V w;(c) # wp(c) V rp(c) =L}
— R(c) ={(rp.(c),7)] i & Acted(c) A w;(c) =wp,(c) N rp(c)# L} O

20



23. J00O0oDoDOOo0ogooobogdonooogn

00000 i0000(v,i) e Vals(c) D00 »000000000000 o0
i000 ¢c000000000((v,i)eRE) 00000000 vO rp, 0000
000r, 0 i00000000:00000000000)000000000
00000000

00 211 (0 vO0OO0) 0000000000 ¢ 000000000 0
00 (v,i) € Vals(c) 0000 (v,s) 0000 (v,j) € Vals(¢) 000000000
(v,i)y=«(,j) 0000

e i ¢ Acted(d) DO O

(a) rp(c) # LAwi(d)=wp(d) (P,0 :00000)000O0O
<Ul7j> = <U’Pi>
() 0000000 (,5) = (v,i)

e i c Acted(¢) 0O O

(c) mi(d)# L A0000000)0000w(d)=w(d)000 k € Cld;
0000®,j) = (v,k)

(d) reset;(¢') =true (i0 RESET O000)OO00OO(W,j) = (in;, 1)
() 0000000 (,5) = (v,4) 0

0021100000()0000000000000000000 (v,4) = (v, k)
00 k0000000000000 C0RESET 0000000000000
00000000000 =.(,j)00 (/,j)00000000

00 2.12 000 (v,i)€Vals(c) 000 Wrong((v,i),c) 00000000000
Wrong((v,1i),c) = {{v',7) € Vals(c)| v <v A 40 0007 O

(Wrong((v,4),¢)] 000 (v,4) 0000000000000 O0ODO0ODO
000000000000 i00000[Wrong({v,4),¢)|=0000000 000
O00000000bO00bOb0o0obooonD 240000 290000VeeV:
reset; = false O OO0 DO 0O0O0O0O0ODO 2r000000000000000O00DODO
O000000000000000Wrong({(v,1),¢) = {{v1,41), (va,42), ., (s, 04) }
0D0000d, =d(@,) (1<s<¢00000000000000 d, > dyyy
(1<s<t-1)000000000(v,i)=e{v,j) 000000000000
Wrong({0, 1), ) = {{u}, ), Wiy}, -, vh, )0 d, = d(if) (1< 5 < #) 0000
d>d, (1<s<t-1)000000

000000 (vs,4,) € Wrong({v,i),c) 00000 000000000000
O000000O00000000000ds., =d,+10000000 454 € Cld;,
D00000D000000 jeCld, 0000 (,Y0000 v <v, 000
O (v,,i,) 0000000000 c00000 (v4,4,) (1<s<m)000000
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20 000000o00doooooggoooobogoon

0000000000 mO Top((v,i),c) DO0OODO0O0OOODOOOOOOOO
goooo 290000000 DODLDOODO0O0OOUODLODODODOOOO
Od2r000000000000000O0O000O00ODODODODOODOODDO

00 2.13 00000 ¢, 000 (0,4) € Vals(¢) 00000
Wrong((v, i), ¢)={({v1, 1), (va,82), ..., (ve,3)} 0000 Top({v,i),c) DO0DO0ODOO
goooo

e Wrong({v,i),c)=0 000

Top({v, 1), c)

e Wrong((v ,z),c) po0Og
Top({v, ), c) ax({m|Vs,1<s<m<t:dy, 1 >ds+2}U{1}) O

00 2.4 0000000000 ¢,d 00 O(v,1)=«(v,7) 0000t = [Wrong({(v, 1), ¢)|,
= |Wrong((v,5),)|00000t>¢ A d,<d, 000000

0

00 z=,y0000 z€ Vals(c),ye Vals(d)DODDODDOOO0OO0 300000
godad

o WO ={(z,y)| = € Wrong((v,14),c), y € Wrong((v,5),c)}
o W~ ={(z,y)| x € Wrong((v, 1), ¢), y & Wrong({v, j), )}
o W* = {(z,y)| & Wrong((v,4), ¢), y € Wrong({v, j), ) }

t>#00000 [W-|>|W+ 0000000000000 21100 W OO
00 ((vy,0), (v, i) e WH (Le Cldy,) 00000 (vg, i) = (vs, £)

(vs <1, =1il) 000 ((vs,z)<vs,€))€W 000000 O000e—d O
v, 00, 000000) WHdoooooooooooooo w-ooooo
0000 [W|>|[WH 00000004 <d, 00000 .

00 24000 v0000 [Wrong((v,4),c)|000000000000000
00000000 29000000 HEAPIFY 0000 [Wrong((v,4),c)| 00
00000000000000

00 25 0000000000 ¢,d 00 O(v,4) =« (v,7) 0 000m = Top((v, i), c)
ooooood e,...,1, OO0O0OD00OO /0000000 0OODODODODOOO
(v*,0) € Vals(¢) 00O O

(v, £y € Wrong((v, j),¢') = £ & Acted(c)

00 00,...,000¢000 j,€Cld, 0000000000 £€ Acted(c)
00000000 2110000450 =.(4 ¢ 0000
3, € Cld, : (v, j))=.(v,0) 00000000000
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23. J00O0oDoDOOo0ogooobogdonooogn

o (W0 =,(vt0) 0000

jog Acted(d) 0ODOODOODOOODODON O (0%, j) =a(vi, j) 0D
0000000000 2110000 <*00000000000000
(v*,0) € Wrong((v,j),¢) 0000 <+ 000000 mO000000
v4, 0) & Wrong((v,4),¢c) VvV (v, 5,) & Wrong({v,4),¢) 0000

¢
v<ofve <y 00000000000000

o Jj, € Cld,: (v, j)) = (', 0) 0000

~ j/=j,0000¢0 j, 0000000000000, 6) = (v, j,)
000000000000 2110000 <2 0000000000
0000 (v ¢) € Wrong({v,7),d) 0000 <o 000000 m
000000 (v, f) & Wrong((v,4),¢) vV (v%, jo) & Wrong((v,4),c) O
O00v<ove<o 00000000000000

— ##40000¢0 /00000000004, 000000000
DDDDDDD@ﬂQ:@@LM(NJA:AWJADDDDDDD
00000 211 000ve <At <2*000000000000
oo (l@eWrong((vj) 0000w <0v00O0O000 mOO
000 D(vjl ) & Wrong((v,1),c) V (v, j,) ¢ Wrong((v,4),c) O O
O0v<oive<otO00000D00O00O00O0OO0

gboobobooooboooo [

00 26 0000000000000 ¢O000m="Top({v,i),c) 000000
i,...,i, 0000000 ¢0000000000000000O,¢) € Vals(c)
0000

(v*, 0y € Wrong((v,i),c) = (& Acted(c)

00 002500000000000004,...,600 ¢000 j,€ Cld, O
000000000 £€ Acted(c) 00000000 2.11 000 (0f, 0) =.(v*, 0)
0000 3j, € Cld, : (v, 53)=.(4,¢) 00000000000

o (v, 0)=.(v',0) 0000

ﬂgmmd)DDDDDDDDDDDDDDDD@%M (v, 30 OO
0000000000 2110000 <2»'00000000000000
(v*,0) € Wrong((v,4),c) 0000+ <0 000000 mOD0000O

v', £) & Wrong((v,4),c) V (vt 5,) & Wrong({(v,4),c) 0000

~

¢
v<o'veu<otO0O000000D0000000
e Jj, € Cldy: (v, ) =.(v%¢) 0000
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20 000000o00doooooggoooobogoon

/=4 0000¢0 5, 0000000000000 @, 6 =(v", j)
000000000000 2110000 <2»*0000000000
0000 (v ¢) € Wrong({v,i),c) 000 0 <o 000000 m O
00000 (v ¢) & Wrong({v,i),c) vV (v%, j,) & Wrong({v,i),c) OO
O0v<2tve <o O00000000000000

- ji#j0000¢0 j;,0000000000;000000000
0000000 (v 6) =¥, j7), (v, je) S(v*,i) 1000000
D0D000 2110000 <o A0t <! 000000000000
oo (v E}GWrong((vz> c)0000x<v000000 mO0O0O
DDD(U ) & Wrong((v,1),c) v (vt 5,) & Wrong((v,4),c) 0000
v<o've<0h0O0000O000000000

gooboboooobobooo [

021 0000000000000 ¢O000m = Top({v,),¢) 3000 i &
Acted(c) 00O OO0 n

00 2.7 0000000000 ¢,d000(v, 1) =(v,7) 0000m = Top({v,1),c)O
m' = Top((v,7),¢) 000000000000
O<m<t A ip€Acted(d) = d,,, > d,,

00 000000006 =P, ¢Acted(d)000000 211000

<Um+1a im+1>:>c’<vm+17im+1> 0 <vm+1a Z.m+1> :>c’<'Um+17 IDim_H) oooooodd
gdd

o (Uit imi1) = e (Uit ime) 0000m 000000
<Um+laim+1> € WI‘OHg((’U,j>, CI) nooon

° (’Um+1,im+1>:> (Vmg1, P, ) 0000, P, ) =V, ing) 00000
V' < Uy <o 00000, 1) € Wrong((v 5,d)yo0ooo

0000000 (V,ime) € Wrong({v,§),¢) 0000000000 m" 000
oid.=i,,0000d,<d, 00000000 4,...,4, 0000000
(€ Acted(d)D00DO0ODO 25000 (0 ¢) & Wrong({v,5),¢) 0000
Vs,1<s<m’:d,, <d-200000000d,<d,0000d, <dy,0
ogoooo |

00 2.8 0000000000 ¢¢ 00 0(v,4d) =u(v, ) 000 Om = Top({v, i), )0
m' = Top({v,§),¢) 000000000000
m=t>0 A i € Acted(d)) = m/ =t A d; <d}
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