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Adding local spin to mutual exclusion algorithms: principles and experience

Student : Cheng-Ming Chien Advisor : Dr. Ting-Lu Huang

Institute of Computer Science and Engineering
National Chiao Tung University

Abstract

Busy waiting is common in shared .memory mutual exclusion algorithms. To reduce
memory contention incurred by busy waiting, we follow the concept of local spin made
popular by Mellor-Crummey and Scott and propose @ generic approach for adding local spin
to mutual exclusion algorithms of the atomic read/write° model. Taking Dijkstra’s, Knuth’s,
Eisenburg-McGuire’s, Lamport’s bakery and Burns® mutual exclusion algorithm as examples,
two levels of local spin version were obtained. The first is an easy product of the generic
approach. The second, with better.inter-process communication made possible by an in-depth
understanding of the algorithm, ‘e.g. bounded waiting, significantly reduces the number of
remote memory accesses.

There is another approach used in Gadi Taubenfeld’s local-spinning bakery mutual
exclusion algorithm by adding 2-dimensional permitted bits. We try this approach to add local
spin to the other mutual exclusion algorithms of the atomic read/write model. We find out the
difference between the generic approach and this approach by the tree structure. And this
approach is not suitable for all mutual exclusion algorithms.

According to the experience of adding local spin, we divide mutual exclusion algorithms
into two parts: the algorithms with starvation are suitable for using 2-dimensional permitted
bits to add local spin; the algorithms with bounded waiting are suitable for the generic
approach plus focused release to add local spin.

Keywords: mutual exclusion, local spin, shared memory, atomic read/write register
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— ~ Introduction

Mutual exclusion problem % multiprocessing system ¥ & — B ik & c0f* 48 > 3t %
FrREF A EZ PR B S ¥ 3 — B process Ak LF FBEE R G -
® processes f ¥ * - #710 Er & 8 7 & % mutual exclusion i%
o £ 4 + » mutual exclusion problem f]*u{é_& 3+ - 1 concurrent
algorithm » H # 5 — B4 % critical region ( 2 critical section » CS for short) < code i

gl B £ — & process i 43 :& » CS 44 {7 - Mutual exclusion problems s &% ¢
77

(1) safety property:
EepEy 3 % - i process ¥ 11 #H 7 CS o

(2) progress property:

do% A E Py t & E process & CS» @ ¥ ©

© 3 process i trying region
(4c : Figure1l) » P& A% — % process &t 2. {8 &

2 {6 X pERFECS-

A

remainder region

A

trying region

A

critical region (CS)

A

exit region

Figure 1: Life cycle of mutual exclusion algorithm

Mutual exclusion algorithm 7 code ¥ % 4 % w i region : trying region - critical region

(CS) -~ exitregion ~ remainder region[9] » & » CS z_ = & /f i% i trying region # #13k

-1-



3+ «h contention protocol ;&2 % process ¥ r4i& » CS > & contention protocol ¥ *#73
processes 5% «& JREHE T processes w3 p ¢ F_contender » CS z_ (& ?f% &% exit region 0 &
exit region ¥ & A7 H v processes #F IF|p ¢ ¢ HAHE CS fx = exit region 2

fs » process ij.*u_% 3| remainder region > 4 Figure 1 -

% algorithm 34 {7 p% » % ¢ 7 process i& » CS» # v {& trying region 7 processes f]*u
& JF waiting > # L eniF;2 3 2 # 3 spinning on shared variables & 2 4% & = sleeping %
OS srischeduler % f ek A2 > iz & & F 425 scheduler &% L2842 » ¥ a0 * spinning
77 38 GldeiTE & LA ¥ 5 @ spinning on shared variables € % £ % fisxit o processes
&% Jf — E #-shared memory ¥ % 3% B~ 3| register wif i+ %7 > & memory bandwidth
3 ek T 5 shared memory contention #-:f = ik S f 4 o

Local spin &_— i# f#;4+ shared memory contention 7~ ;% 2z — » % distributed shared
memory (DSM) =h78 £ » 3R § & busy waiting = process ¥ 7 # P~ local shared memory
® grdata > 12> remote memory access =% #ic 0 $ 2k steki o DSM Ok BT aE B
process #7F B>t p ¢ < local shared memory » ¥ & p & ¥-:# ¢ local access » # v
processes » ¥ * remote access = ;% zf Bt Bk memory > e i B HF 5 o MCS[10] A& 1991
£ 3 31 15 & local spin £ 4 somutual-exclusion algorithms» ¥ ® % 2006 & & {¥ 7 Edsger W.
Dijkstra Prize » iz v i * 7 compare-and-swap 7.4 % ¥ 5 i fesg PRl B 4 0§ R 5 2
fs ®p 7~ 5 local spin #p BT % 0 4o Tsay[12]£ Chen and Huang[3] - - #% atomic
read/write model z_ = local spin algorithms £t # 5 ° “,$ 7+ ik Tsay[12]4C &F algorithms
derivation & .= ;2 2. “t » & 5 Yang and Anderson[13] 14 tree 5= 3\ :#-% contention 2 T
trying region ¥ = time complexity 4 O(n) 2 2/ O(logn) » # 51 * Lamport’s fast mutual
exclusion algorithm[7]=#4! » # contention-free e ;=™ 2 2 O@) # & » CS» i F_
4% % fast path 3@ 3 H T process 7 contention f'] worst case 7 #X £_0(n) ; 2. {¢ Anderson
and Kim[1]:#- fast path © i§ i@ contention =~ time complexity =~ *% 3] O(log n) -

* < #% 11— i generic approach> — & 12 atomic read/write registers = model = mutual
exclusion algorithms - 357 1% i ¢* generic approach 4t} local spin =412 i & DSM %
Fu b 75 218 2 Dijkstra’s[4] ~ Knuth’s[6] ~ Eisenburg-McGuire’s[5] ~ Lamport’s bakery[8]
4= Burns’[2] mutual exclusion algorithms = ] » 5§ %% /&% 3 generic approach » & 31| < g *% i<
shared memory contention 2_ 4~ # £ local spin malgorlthm ; 2_ {6 * & F7igdt algorithm &
T & + g { #T program structure» § i&— # ¥ & > A exitregion ¥ i * remote write
P EEH v oprocess sk #eF| 1 = v ipfd B 4d @ - B local-spinning process (g i i
2. % “focused release” - 3 7 focused release & > i ¥ 3#45 3| “fast track” > EALFE
Tenprocess ¥ g 4 & & H U processes ;K Ay ft A 4 - i@t ¢ remote memory access & i
@ 2 &1~ CS» #7118 algorithm = #% sa3% & & safety property f- progress property i 7
1 o &< 73 local spin algorithms 2. worst case time complexity & 7 4= Anderson and



Kim[1] > e 40% % 333 % st heavy loading prend I > B FIAE ¥ 7 3F  processes i
trying region % #
PRI R AEMy A 3 0 24 CS - X #1F remote memory access - 355 #c "%

% F] %] constant i& e

3 FI* & 2 algorithms 2 44 7 »x % » H# ¢ 12 Eisenburg-McGuire’s[5]



= ~ Definitions

AE AP @ B d L PR RERE T KL > 4o Ff i o
(1) update status:

& - process ¢l B 5’ e 4 ¥ { #xenlocal shared variable % 3z 4534 7 enpe jo &4 5k
fi 0 1 H v processes ¥ A4 % process P i algorithm @ # {7 eiE B > 487 5 AL S
update status - 4- 4 < algorithm Do z_ flag(i) & /& >* process i -

(2) extended CS:

#° & F 304 trying region ~ & i CS~ 384 exit region » 4- Figure 2 - 7 trying region
5 contention protocol ¥ « A3 — F % 4% safety-property 7 loop » 4 e i il B 3% F
checking z_ & 1 process & X ¥ vt — ¥ 12 & » CS e process » j£3% checking 2| %] ¥ 12 g
CS #] £ It i& CS 2w chjf [f] - #-v p » T extended CS ¥ ;@ { exit region * update status
T2 w ir g B 7L 7o o~ extended CS ¢ - update status #4725 4 E & 4= CS
B BTS2 e SRS 0 & (B extended CS & - B F chregion > Al - R G
- 1 process ¥ 1434 {7 iz e B N edp £ is A $H3K 3 mutual exclusion algorithm 3 {% <
shfles » iz extended CS #= F p\ hdy £ X 1] mutual exclusion 3£ » B pF% T 5 5 -
process ¥ 134 {7 o F]pt Red $LEE A 45 40 Concurrent program gt g B T AL 2 &
sequential program -

(3) permitted(i):

The generic approach #g t & * 7 iz n'i# shared variables(#- % 1-dimensional permitted
bits) »2 if local spin i * o For every i » 0<i<n-1 - permitted(i) £_ writable by all
processes - readable by process i - = i permitted (i) >+ process i 7 local shared memory

° % process i % & busy waiting ¥ ¢ spinning on permitted (i) - i&4& spinning # ¢ 3!
7% memory contention > @ i — i process j AL CS {& & = #r3 & & spinning

process i * remote write to permitted (i) = ;% = pZi -
(4) permitted(i, j)

% 12 generic approach -z £ 2g ¢ * 7 n® i shared variables(4£ 5 2-dimensional
permitted bits), for every i, j, 0<i<n-1, 0< j<n-1, writable by i and j, readable
by i»* - = permitted(i, j), 0<j< n—l,T.%fi*? process i = local shared memory ® - %
process i F] % process j ik fe @ % & busy waiting B - ¢ spinning on permitted(i, j) -
ixfé spinning 7~ % ¢ 514 memory contention > @ process j ¢ fi¥ = # v processes i& »

busy waiting =% % ij % {¢ - * remote write to permitted(i, j) * ¢ V“’ﬁil o BIET X G



process j f#7x process 1% ¥ rEE process i F] i process ek ik @ &~ local spin ¥ %
# process j eff iz o

(5) await some condition:

% #F some condition & true 4 & = = hdg £ e
(6) focused release:

Process % exitregion » ¥ f# x4+ 2 - B local-spinning process °
(7) fast track:

Local-spinning process # trying region # #f#xpF > & /g3 focused release s % T »

VP i~ CS T e

A

remainder region

A

trying region

safety property related loop

T A

A

critical region (CS)

Extended CS

A

exit region
update status
\ 4 (critical region is free)

Figure 2: Extended CS



= ~ The proposed generic approach

AL L A& Ry mutual exclusion algorithm ¢ e — 4t variables £33 £ > 3K 7 #&c
e trying region B 45354 e processes % | FEdp 2 {8 o i&s\ local spin s it %7 % 5 6 >
i Jﬁ % & A trying region sz B (program loops) kw45 &%= > BEREFE T A x F 8

%‘r i Ed > ¥ EG H &R - B process g i i trying region #73 loops @ i& CS °
% T I exit region Bﬂ* rn-1=x remote writes = FEATG B FEE F o kX (RAR T
algorithm # X g3 frim e R A L X2 Br £ {h F L BR - FRRFod > 4ok 7
7 b 4o chigtt variables 2245 4 0 R R £ Ry algorithm 2 38 %72 Y > b i 7 iR 5 8
AR % #7pF F] context switching @ JX & (¥ > 4opt @ & o H 7 30frv @ 4L 3F § processes 14
remote memory access ~ ;% & trying region fiE 3} 0 i o LI AT L FitheT o

ﬂJ -m\u

% trying region ¥ £ contention protocol & processes i+ z_i# ﬁ ¥4 S winner @ ig
» CS > 3% protocol =72k 3+ € @ mutual exclusion algorithm U £ progress property £ safety
property » % Dijkstra’s[4] ~ Knuth’s[6] - Eisenburg-McGuire’s[5] ~ Lamport’s bakery[8]
4= Burns’[2] % mutual exclusion algerithms:# 7 iz &= contention protocols < program code
$5 1) progress property related loop ( P-loop for short) 4= safety property related loop ( S-loop
for short) - iz & loop 4% =7 ¥ » 3 dpvf & o ﬂ%—ﬁ&ﬁ],@iﬁ% v AR ST R
DAY E ~» F &P G- Al o A R B process # it i i S-loop SHEE 2S00 %
S Ea Ak % 2 winnerom walaE ~ CS @ P-loop # it 5 RE kAL AT RAN
(deadlock) - H i & p e§ & Je - £ process 2 & & -° #icyt gt 2. process i i >
process . trying region % 7 & /5 ¥ > Foii® 53 & =t P-loop ~ S-loop ~ P-loop ~ S-loop -
P-loop --- 234 > % % st heavy loading ;¢ i8 = » + & processes B 434 7 trying
region s #* P-loop A /A 4% + % #ic process A [E 3% 2 > Fr FF~ E_314% memory contention
BB E oy A& nd ¢t P-loop 7 4r + local spin & & 2_ e 2 F] &3t P-loop FE3 process
FHER B RG o AT o
A~ £ processes # {7 trying region pF > P-loop Fe3§ % #ic process » 3K -> #c process
L (B0 5 FEREF A fitRe ) o 323‘@ shared variables # & process i % algorithm
|5 p o B_F s g P-loop 0 & ¥ q s f e wP-loop; — H Rk T o Wy 0 Hodk
i dﬂz ¥ s g loop (GB)A G A7 pE Winner) P B A R GRS iRt P-loop ¢ (R
L pF loser) o A& < 7% 2 approach & :E process i % P-loop #|+-p & p @ e “;7
iv "8 3@ i P-loop > BB + spinon p & local shared variable permitted(i) » # FH v

2_F G E

L X
2 PR

X process & » CS # exit region * remote memory write to i& i variable Mﬁia & oot
'E‘: JP b dz processes § #eM LT 0 f #AReTE S % 54 remote memory access = #c - 33

~

7 4% e P-loop ¢ & #-4 A% <1 processes 1 #c (5B = P-loop~ S-loop~ P-loop --- %
& iE {8 f—c}fﬂ‘%“é‘ BMEIF]T - B o ioH - chprocess £ Aw IF S-loop cFipEpF F1 42 2§

=
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H is process *+ 4 - ¥ rE e g s & CS o F] o local spin % ¥ & P-loop > ¥ 12 & tg

"% 1< % %L remote memory access =< #ic °

A

remainder region o
local spinning

A
trying region

loser path

contention protocol

loser path

progress property related loop

safety property related loop

|
\Winner path/
.

A

critical region (CS)

N
exit region

release all local-spinning processes

Figure 3: The generic approach

¥ - > % > P-loop 8¢ ¢ [E4§ % #ic process > & F 7 [E¥747F process fLw (4 A FEIE
P e iR m )oiz il fRm F B4 3T generic approach #7 8 2 algorithms ¥ & F o~ local spin
¥4 #1351 % e deadlock - 2% 3+ local spin algorithms & #2 ¢ > 4% local spin iz % & = ;¢
F g 0 (T Rk Sifns deadlock o bil4e g BLpE R N K B SR (k<n) f trying region
HiTE e TR p e #r 5 loser » F]@ x> 3%ig »~ local spin % F ki o Bl Pk B
processes #% &+ & (¥ H v processes k1AL A & - bW % deadlock v & F AR AKX A o B K AL
24 FH 33 FE o F kA< 2 approach #- local spin 3% f P-loop 2 loser path (4=
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Figure3 + + & /][], ) + e 4 =% » iy ¥ & 1548 deadlock - 4@ iE %_local spin
Wy ¥ o mF & R % algorithm 0 progress property f % 3 % A2 & B 3 > i 4o
T o
B 4¢- algorithm #%% mutual exclusion problem z_#& ™ 1 safety property £2 progress
property - 3% i i3 generic approach r % { # J 4 algorithm 4k & program structure % &
& R B> 41 * %g *t er local shared variables (4t i permitted (i) ) & processes & local spin
o Y 0 R 4e-algorithm i 3 e safety property % € <% &_processes i i local spin
PERTPE 5 0k 44 (7 R 45 algorithm 45 4 0 % #F 2 & X process i& CS & % exit region 12 remote
write ¥7AE R & PRAR 17 R4 algorithm dp 4 o FlEpen® > & do e f - T_7F =3 process
i CS ? 7>+ & algorithm £ 3 < progress property » 4% 25 3% ¥ local spln SR
F f— 1B process | ¥ i& » CSe A < #73 generic approach - 78 £ & 1 1% 43" & 35 local
spinif § % ik &S g 0 (1) i process j& ¥ 7 ¢ flocal spin ¥ (2) #77
i local spin 7 process & ¥+ 7 ¢ 4* %% process j i& CS o R process j i exit region p ¢
e (»1p2) 75 & & local spinning 7 processes > & £ B i ALx ¥ O MF T R
algorithm h % 45 4 - 7 ¢ %15 local'spin @ f~ deadlock o
4rfm iF Z_local spin iF % =B 5 ¥ Rt G A EE A wEp o [Ei2 1] 34 7 P-loop
X IIEFEE H § ARk & 3p A8 CS+ 2 #-Jocal spin X % loser path ! fi*w :}é%",ért process
v local spin 2 ¥ it {+ » F]5 process |4 S5 P-loop pF 4R i (2 & S-loop P ¥ it
FIASresE) o [wFiE 2) ¢ %15 2 £ ex /o k program structure » & A * & local spin
REAT R VAR 4T e process  Jag CS e it > e £v ¥ aw ¥ 5 & P-loop ¢

M- *r_\k- Wa e

. frq*k"l Z_p @ #_loser m i& » localspin & # - % & ik /n 5 algorithm &7 process j 3 &
3 #m (B process jiaAiE CS»4rF i % T2 (%75 5a if & 4558 5] process j i
CSe %7+ rloser 2 2| & ri¢ k5 uts 7 € 51424828 ¥ & 5] local spin 2 = »x o
FI o - loser 20 F) g g R4 {8 A RE > oo F AR A2 B W algorithm pF 0 E AL B
i’rdﬂz ¥+ progress property 2 o )*I*un; 25 3% E local spin % %« 7 8teg § i
B o3 iy =% 0 ¥3] local spin algorithm ehp* 7k & 2 18 > ¥ 7 & i {5 progress
property 2_ 7 % 3| 27 algorithm < progress property P o g -@#P A VAP
ot — Bhenlocal spin 8 > £ EEFEM o dopt o B oW ETF R 4 -

W @ 2 2. > the generic approach & 3 ‘a4 & % * Ja 4 algorithm 2 & g244 @ (1) local
spin ¥4 & & * gp ¢h 3K ¥ o variables 1 s dF 4 algorithms 2 5 < safety property» (2)
local spin #+4]% & ,?;é-«i EH L * e algorithms £ 5 &9 progress property 3¢ f# local
spin ¥ it 3142« deadlock -



= ~ The practice

~ & ¢ 12 Dijkstra’s[4] ~ Knuth’s[6] ~ Eisenburg-McGuire’s[5] ~ Lamport’s bakery[8]f=
Burns’[2] mutual exclusion algorithm % & » 4 %] r2 3§ ¢t 2-dimensional permitted bits'#? the
generic approach % _F it crralgorithms 4e F 2k & 7 local spin %+ T 35 p & ?‘{ 2. B enifdd
B> 3 F 4 2 ¢ * the generic approach 4c + local spin s & » % &35 41 focused release
fe fast track -

Dijkstra’s[4] ~ Knuth’s[6]4= Eisenburg-McGuire’s[5] mutual exclusion algorithm &_2-
#p 2 sF B 72 > Knuth 24 Dijkstra’s[4] ¢ process ¢ starvation =R 4% > v & & 2" -1
bounded waiting {2 5 » 2 & Eisenburg and McGuire #- Knuth’s[6] { <& 3| & # n—1
bounded waiting =+ 5 - 1% B 2 B4R ¢ code % it 21| 2-dimensional permitted bits
i * M4 > 112 4 fé * the generic approach 2z 1 » & F % % J& 1% focused release f- fast
track o

Lamport’s bakery[8] 4= Burns’[2] mutual exclusion algorithm 4% gL 5 5 & *
one-writer/multiple-reader registers. > # # L amport’s bakery[8] & # first come fist served
M8 @ Burns’[2]#r 5 starvation i 48+ 4pfe 2 2 5 bounded waiting 2 B ¢ B
2 local spin 41 eE & > 2 § 3% % JEF focused release v fast track o “,f g2tk i
% 1% & % 9 S-loop » ¥ ra4e +olocal spin@ 7 ¢ 514 dead lock o 5% & #75 dE B i o
* <~ B 7 UK A4 Table 1 #77) -

original local spin by using local spin by the adding adding focused
g 2-dimensional permitted spin by focused release & fast
version . generic approach
bits release track
Dijkstra Dy D, D,
Knuth Ko K, (Dead Lock) K, Ks
Eisenberg &

. EM D Lock EM EM EM
McGuire 0 (Dead Lock) 2 3 4
Lamport’s
bakery Lo L L La
Burns By B,

s g eng 8

1 # 2-dimensional permitted bits r *+ local spin == ;% j& >t Gadi Taubenfeld . Synchronization Algorithms

Table 1: Algorithm versions

#-¢ 1% P8 Table 1 #75)| ch8Lg kB 3P o

and Concurrent Programming - 2 # 3 1 ¢ local-spinning bakery mutual exclusion algorithm -
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4.1 Dijkstra’s mutual exclusion algorithm and its variation

4.1.1 The original version: Algorithm Dy

Original version » 4~ Algorithm 1 » £ &% safety property ~ progress property » e §_¥ ;2
3 & % starvation freedom - variable turn 3 p 933 4% progress property e

Shared variables:

® turn €{0,.....,n =1}, initially arbitrary, writable by all processes

® forevery i, 0<i<n-1, flag(i)e{idle,want—in,in—cs}, initially idle,
writable by process i and readable by all processes

Process i:
(private variable j : integer)
R:  ** Remainder Region **

T1: | L: flag (i) .= want —in

T2: while turn=i do > P-loop

T3: if flag(turn) =idle then turn:=i fi
T4: od

T5: flag(i) :=in—cs

T6: for j=i do > S-loop

T7: if flag(j)=in=cs then goto L fi
T8: od

C: ** CS **

E: flag (i) = idle

R:  ** Remainder Region **

Algorithm.1: Dy
Claim : Do & #% safety property -
Proof by contradiction : 4 E; # 7= process x = = if ¥ ¢ line y % & - t(E))

T FEE A R o K G oprocess afr SR pFE N CSO T M| T AR B gL (S
Jllﬁﬁ, :

(1) t(Ef) <t(Efsqrg) > FliiEn BE 2 E - B process #73 {7 o
(2) t(EL)<t(EL.,) > Flaiea BE 2 E - 3 process 734 {7 o

(3) t(Ef,,s) <t(EY) » F15 process fixF 4 I process a ik i 5 in—cs
=~ CSo

(4) t(E%_;,) <t(EL) » #15 process o X % I process Bk iy G in—Cs @
x> CSeo

3(2)~ (3) ~ W) EFI(ES o) <t(ES) » &) 43 F o
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Claim : Do & % progress property °

Proof by contradiction : 3% % FF%| S & =™ process & CS @ ¥ ¢ 3 process i
trying region> % S 2_ {4 & iT @ process ¥ & CSe & turn & #7 4 7+ errprocess =ik ik & idle »
7R P % 1 process e line T2-T4 & {7 turn & < ip[3EPF » € LT turn:=1i ; % turn &7 4 ¢
£ process ik i & non-idle » £ 57 3 ¥ ¢ — 1% process § A3 T UM =iz & 7 &S
Z_f8F X BPF% Sl A S1 z {8 turn & 47 £ & process — #_¥_contender » ¥ ﬁ‘}t»g'—\;ﬁ_,
# S1 21 flag(turn) = idle }=2_- % S1 2_{¢ - § process if & line T2-T4 ¥ line T6-T8
PF o F1 G LG e process ¥ iE ~ CS oy Bl ZAF] 5 X B process ik fg 5 in—cs @ v 3
line T1 & #7:p3& turn /& » #* P¥ process % % F.turn & 2 p & rindex )].*L? e il i line
T2-T4 i3 loop @ 3| line T6-T8» & 2 R| ¢ %] % flag(turn) = idle @ & F % line T2-T4 > i& gt
#% o ¥ processes #c® £F LB 0 A A —H K A ST 2 {55 R BRFR S2 JE
S2 z_{$ #13 £ processes 75'3" remainder region # trying region ¥ > ® ;‘l’ﬁ iz @ process
£ i& ~ trying region ¥ > B R PFR S35 A S3 2 Sturn B2 £ G E R gH o A A
S3 2 1 ",4rt turn @47 i & chprocess ¥ 140 & 5 line T6-T8 2 ¢ » # 4% processes 3 #-i
7 2 line T2-T4 > & izd processes =ik ik K:Ls-ln‘%é;’ want —in » #7112 7F A— 1 process
¥ 1238 4 line T6-T8 i& » CSw #F A4 o

d bt g P i woline T2-T4 5 P-loop > @ line T6-T8 % S-loop » i # 4 5%
algorithm ¢ &1 P-loop £ S-laop 2. & » ¥ ™ 3 £ ¢~ local spin %41 -

4.1.2 Adding local spin"to.-D, by using 2-dimensional permitted bits:
Algorithm D,

2-dimemsion permitted bits «:8 &+ 52 generic approach 2£% 4p 07 » & BB AP o R4
¥ LR Bl A > 4e Algorithm 2 - #] 5 processes & spinning on permitted (i, j) ¥ > j &
Ripk o AT E iR P F f*ﬁkz - T_¢ @ty processese 1 5-processes

A UIJ”Lr’W = e15x 5 permitted bits *& 7] £ & KPP iZ B % > 4o Table 2 -

I permitted (1,2) I permitted (1,3) permitted (1,4) permitted (1,5)

permitted (2,1) permitted (2,3) | permitted(2,4) | permitted(2,5)

permitted (3,1) permitted (3,2) permitted (3,4) permitted (3,5)

permitted (4,1) I permitted (4,2) permitted (4,3) permitted (4,5)

permitted (5,1) permitted (5,2) permitted (5,3) | permitted (5,4) |

Table 2: 5x5 permitted bits
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Shared variables:
) turn €{0,.....,n =1}, initially arbitrary, writable by all processes
® forevery i, 0<i<n-1, flag(i) e{idle,want—in,in—cs}, initially idle,
writable by process i and readable by all processes
® forevery i, j, 0<i<n-1, 0<j<n-1, permitted(i, j) e{true, false},
writable by process i and process j and readable by process i
Process i:
(private variable j: integer)
R: ** Remainder Region **
T1: | L: flag (i) := want —
T2: while turn=i do > P-loop
T3: j=turn |
T4: permitted (i, j) = false|
T5: if flag(j)=idle then turn:=i
T6: |e|se await permitted (i, j)| fi
T7: od
T8: flag(i) =in—cs
TO: for j=i do > S-loop
T10: if flag(j)=in—-cs" then goto L fi
T11: od
C: ** CS**
El: flag (i) :=idle
E2: | for j=0to'n—1do permitted(j,i) = true od |
R: ** Remainder Region **

Algorithm 2: D,

Table 2 ¢ = 4= & [l permitted(i, J) # 7 process i # % {F process j +f# x> process
2 e exitregion ¢ ## x5 permitted(x,2) > {% &g 2% F] % i& i algorithm =Hturn & % line TS
¢ PR D m#rl“i » ¢ 17 process 2 - f#xpF £ ¢ $#7% process 1 frprocess 45 iz € F -
B ehst g o ot AL e processes E w123~ CS @ # € if = dead lock =8 ? #

P 4T oo

¥

Claim : Dy & &% progress property °

Proof : % 4 & 7 i case k343 >

(1) % process «a B P- Ioop 2_{s 3| process a % = # {7 line E2 2_ & » turn i&
BFLar LRy

% it 1B case ¥ 144 g processes AL AT pF o turn B A7 & o process a s
status ¢ % idle » iz B Do =7 progress property > 4% f 2z processes ¥ & X3 —
Bv i~ CSo

(2) - process o ¢! P-loop 2. f¢ ¥] processa = = 34 i7 line E2 z_ fF > turn &
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ﬂjvaa:

iBiE case ¥ M IEAUN EF Lo 7'3%("‘:»1\ 7T % 1 b — B process
process « #* 1 P-loop 2- ¢34 i 7 line TS5 enturn:=i > fgﬁ:ﬁdé— B3

turn:=i <o process S # % ¢ &7 local spin ie» 7% ¢:&» CS» ¥ & § process
a w317 line E1 2 {¢ > process ﬂﬂk? 2 ig ~ CSo B process o 3 &£ %

iz i® processes % 4 i progress property

p & 2 i g 3R 2-dimensional permitted bits sk & Z & J1 3 AL % e processes £_F
T oehic fgie » CS» ¥ 5 £ 2 A 475 chprocesses 4% ¢ 4§ > fe &i¢ * generic approach
4¢ + local spin #4152} B b

4.1.3 Adding local spin to Dy by the generic approach: Algorithm D,

Shared variables:
® turn €{0,.....,n =1}, initially arbitrary, writable by all processes
® forevery i, 0<i<n-1;nflag(i) e{idle, want —in,in —cs}, initially idle,
writable by process'.i ~and readable by all processes
® forevery i, 0<i<n-1, permitted(i)eq{true, false}, writable by all
processes and‘readable-by process ‘i
Process i :
(private variable i integer)
R: ** Remainder Region **
T1: | L: flag (i) := want —in
T2: while turn=i do > P-loop
T3: | permitted (i) := false}
T4: if flag(turn) =idle then turn:=i
T5: |e|se await permitted (i)| fi
T6: od
T7: flag(i):=in—cs
T8: for j=i do > S-loop
TO: if flag(j)=in—cs then goto L fi
T10: od
C: ** CS **
El: flag (i) :=idle
E2: | for j=0ton-1do permitted () :=true od |
R: ** Remainder Region **
Algorithm 3: D,
% y% Do % safety property £ progress property Z M 8 4 ftrying region ¢ X -
i® P-loop » %=~ & processes #% CS p* > 3% P- Ioop ® processes # ¥tk i B~turn iw &2

flag(turn) & ¢ = B & < shared memory contention » i P& generic approach =4 » # 12

F£ %% B P-loop 2% if & 4c + local spin> # © #loop # iz /3t S-loop @ & 4c + local spin
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¢ ¢ = dead lock - d ** local spin £_%g “ ¢ + variables = spin B 17> T3 %2 safety
property 3 4p B c-acode » #7114 iv L dF 3 < safety property » f *% F generic approach #t
¥ 2_ algorithm D, » 4 Algorithm 3 » % % J 4~ algorithm Do 4c + g ¢t = 7 code (12 =
B o

Z4e b olocal spin z_ fs b gk Do 22 Dy 7 5 o & & F %3 7w m the generic approach #
+

£

EIRL ST 2} ¥ progress property [ - ﬁ’*cﬁ,’q‘:ﬁi P-loop ¥ processes & # = ;% » ¥ 35 3
loser path + i % =% 4 local spin’ i & 3% % processes 7 P-loop 7 %73 & 373 B~turn i&
¢ flag(turn) i@ s 15 %] 5 local spin #+4] 4 » @ A&7 is - ¥ % local spin = % iF # =

o AR * Dy chprogress property T 24 5 9 @ = D, ¢ progress property 7

P deig & 2R fe— 1B process j ¥ r4ie CSe 7R84 process | 417 CS 7 exit region 3
{7 line E2 $# =13 local-spinning processes s ° ﬁﬁ? VIR kBB s processes A iE (7o
@ &g = 254 B € o shared memory contention » F1 % local spin 3 7+ tg A& ezt o

& 22 2-dimensional permitted bits 4p#.2. ™ > % %g 2R generic approach i¢ = 7 shared
memory contention &_* $& B & 0 F] L & exit region $§ *x i processes #E
2-dimensional permitted bits #-5% ¢ < #:generic.approach 5% » Vi * tree k & iz Jﬁ
eN% f o F process a % {F process p ¥ o 2R - process [ i process o £ parent
node » & BB izt e3P 7 2 F 0w &) Figure 4.0 root s % £ ¥ 12 i ~ CS & process
% root $#z children p¥ » izl processes ¢ st = % root > ;X = i root <7 processes #-
€ = = A7 root 1 children » g« &_ level “{ JFeri= % » ] * Figure 4 2% i@ ¥ IR
2-dimensional permitted bits * -level 4% 7 processes +* % Do ¥ { % % % 4 starvation- 2
7R *% 1< 7 shared memory contention ».ie & % i processes ¥ -k { fr & < starvation > @
generic approach A= ihtree ¥ 3 2 levelsh % #r3 local-spinning processes € % £ 48 X
Senis Z wARIE Do - ko

¥ eh g B & hE_{ exit region ® 8% processes #- it §_% extended CS 2. “F > 4
ﬁ%‘ué'jn;*ﬁ T ie € 7 @ B eoprocesses f i A ends (7o e § iz B 3 B2 algorithm
it FEd > F15 20 - B fE 20 process FR.e Jf £ ik R R A b algorithm #4147 > &
algorithm 4« + local spin # ] p# ¥ 4% processes i2 7 #& 3 » £ % #E 4L £ 47 i
Ir x> @ focused release ¥ r g b 3B fE E AF 1B % o
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2-dimensional permitted bits

The generic approach
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4.2 Knuth’s mutual exclusion algorithm and its variation

4.2.1 The original version: Algorithm K,

Knuth’s[6]4= Dijkstra’s[4]# = 7% [ 8 30 T #-turn =1 & B & (¥4 | 7 extended
CS ® » 4 Algorithm 4 > i&7 e jg > 7 processes ¥turn 45 & ek s > » Frifturn & iz
PR Y F F - 1 process ¥ 1 g { H B & safety property 3k 3+ F fa 4% &2 Dijkstra’s[4]
- RengE o @ Rk dF progress property 5 40 bounded waiting m%a‘rrii}qs e iRk

2L
E

Shared variables:
® turn €{0,.....,n =1}, initially arbitrary, writable by all processes
® forevery i, 0<i<n-1, flag(i)e{idle,want—in,in—cs}, initially idle,
writable by process i and readable by all processes
Process i:
(private variable | : integer)
R: ** Remainder Region **
T1. | repeat
T2: flag (i) .= want <in
T3: j=turn
T4: while j=i.do > P-loop
T5: if flag(j) #idle then j:=turn
T6: else ji=j+1modn. i
T7: od
T8: flag(i) :=in—cs
TO: j=0
T10: while (j<n)and (j=i ‘or “flag(j)#in—cs)do j=j+1 od
T11: | until (j>n) > S-loop
T12: | turn:=i > extended CS begin
C: ** CS **
El: | turn:=i+1modn
E2: flag (i) ;= idle > extended CS end
R: ** Remainder Region **

Algorithm 4: K,
Claim : Ko & &% progress property °

Proof by contradiction : 3K &% FF%| S & = process & CS @ ¥ ¢ 3 process i
trying region » % S 2_{$ & = @ process ¥ i& CS o F] z :x % turn & «nd> ¥ line T12 2 E1
F0 i extended CS 2 # > #fr1& S2 fstun £7 ¢ 3 iz fs%éir% o F] % processes # & &7
B> A —HIBERE S 28Tk BRF% Sl & S1 2 f597F 1 processes iR
remainder region £ trying region ¥ - ¥ ;X i process £ i& » trying region ¥ > B

|
- B index & LiTturn & (& 7 %3%) ehprocess o ¥ 14 E I3 i line T4-T7 chipl3

F_L

St
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e processes 3% & ¥ process a @ fline T4~ T5 2 B 2 #r£4F 117 (%5 turn &2
7 %) @ et processes sk ik FhA_want —in - #7124 process o ¥ 14 i€ i line T10-T11

<

Eﬂ/Eszé‘m _XE-)\ CS ) );—?i,a V—FLJ- °

FEP Ko £ # 2" —1 bounded waiting =i+ & » Lg% 21 & i algorithm g4

(1) ¥ turn @ #7 % & ¢ process ;& it &_idle ¥ » 73 f— 1 execution sequence i
“73 hprocesses ¥8 ¥ 123§ P-loop > & % LML (T line T8 @ & A 17
fE B L PE R — B3 T line T8 i i S-loop 1 process #-7 11 i& » CS»
2_{s ehprocesses © & & Lo i~ CS eprocess # {7 line E2 2_ {8 » f #4
{7 S-loop ek v i~ CS @ * Z & = 5 S-loop * #nloser = 3] P-loop
EATH T o

(2) k3 = B non-idle processes a ~ By B P a<f<y X y=p+1>
process F:&» CS ® turn & % S - B process o ¢ ' process y & » CS
*E — £ execute sequence )’j%{xz: Pe (1) » process o @ id i P-loop m e
w317 line T8 @ AFUTenfFE Ly ¥ ¥ B process f 347 lineE2 ¥ » =
T 7 line T8 2 413id i S-loop » T i¢ process S # line E1 H#-turn & %
» 7 ¥R X 245 processe 442 process y 2w i~ CS e

(3) % % i# processes :71status s non-idle 3k ;. > >+ line E1 = P-loop & i®
T > - i process # ¥ it @ iE O~ CS A =t oo

(4) =+ B non-idle processes Sy s B f<y > :;‘5 process [ . process y

T g CS A s R ik R (2)f0(3) » & process f @ =k iE» CS

¥ &

(\x.

SR - B process i > CSH HP ag<fla>y °

(w,
(\

Claim : Ko £ # 2" -1 bounded waiting & % -

Proof: B3k process a B v processes & ¥ it e bypass: # 4 - &M EXR a=n-1"
£ B3k f =0 B & bypass process « = execution sequence ¥ i g2 (4) > process S ¥
¥ i i~ CS - & » H#-process fi& » CS ewi— — =04l 5 4 -k 4g #- execution sequence
5= 3 oo fprocess f &~ CS z @ ¥ AR N —1 1 processes 34 {7 > @ process [ 3
7 line E1 #-turn & assign = 1 ehpFiE » & process 1 ey is 44 5 idle » pjx v
AR5 n—118 processes w34 7 » & f(n) %77 n processes ¥ % i process #& bypass 1k
< = #)c > ¥ oz A recursive function i f(n)=2f(n-1)+1 and f(@Q)=0 > #

otk o kAR HEART " B4 7% P-loop ¥ S-loop > iz F B4 4e b local spin
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i

4.2.2 Adding local spin to K, by using 2-dimensional permitted
Algorithm K,

T1:
T2:
T3:
T4:
T5:
T6:
T7:
T8:
T9:

T10:
T11:

T12:
T13:
T14:
T15:
C:
El:
E2:
E3:
R:

Shared variables:

L] turn €{0,.....,n =1}, initially arbitrary, writable by all processes

® forevery i, 0<i<n-1, flag(i)e{idle,want —in,in—cs}, initially idle,
writable by process i and readable by all processes

® forevery i, j, 0<i<n-1, 0<j<n-1, permitted(i, j) e{true, false},
writable by process i and process | and readable by process i

Process i :
(private variable j : integer)
** Remainder Region **

repeat
flag (i) :=want —in
j=turn
while j=i do > P-loop
| permitted (i, j) = falsel
if flag(j) =idlethen
|await permitted (i, j)|
ju=turn
else ji=j+imodn fi
od
flag(i) :=in=¢s
j=0
while ( j<n)and/(j=i_or flag(j)#in—-cs)do j:=j+1 od
until (j=n) > S-loop
turn =i > extended CS begin
*%* CS **
turn:=i+1modn
flag(i) :=idle > extended CS end

| for j=0ton-1do permitted(j,i) :=true od|

** Remainder Region **

Algorithm 5:  K;

bits:

Knuth’s[6]si4# 8k & v f2;4- 7 Dijkstra’s[4]® starvation % 4 > { Dijkstra’s[4]4p
2. s turn & A extended CS ¥ At:x %t o F aid s 2§ % 2-dimensional
permitted bits e 3% % 4 + local spin %41 °

4o Algorithm 5 > pt 5% & ¢ 513 dead lock > f§ v& e34 (78 & 4o

1)
()

turn & 5 0 > process 0 % idle -

process 2 7 #> i i S-loop i A& {7 line T15 e % A {7 -

-18 -



©)
(4)
(5)

(6)
(7)

process 1 # # » = & X $ {7 % line T2 f],%%‘rfﬁff%i °
process 3 & # ¥ local spin on permitted(31) -

process 2 34, {7 line T15 2_ {2 i& » CS> % exit region 4 {7 line E1 > ¢t p* turn

B 3
process 1 4 #4 {7 ¥ local spin on permitted(1,3) -

process 2 34 {7 line E3 $# *x permitted(j,2), j=0 to n—-1- &_process1-
343 4pE FH chf# > 13 2 dead lock o

d g E 7 {F 4 2-dimensional permitted bits e ;8 T 2 F i % g Y o

4.2.3 Adding local spin to K, by the generic approach: Algorithm K,

T1:
T2:
T3:
T4:
T5:
T6:
T7:
T8:
T9:

T10:
T11:

T12:
T13:

T14:
T15:

El:
E2:
E3:

Shared variables:

L] turn €{0,.....,n =1}, initially arbitrary, writable by all processes

® forevery i, 0<i<n-1, flag(i)e{idle,want —in,in—cs}, initially idle,
writable by process_ i " and-readable by all processes

® forevery i, 0<i<n-1, permitted(i)e{true, false}, writable by all
processes and readable-by process |

Process i:
(private variable = integer)
** Remainder Region **

repeat
flag (i) := want=in
j=turn
while j=i do > P-loop

| permitted (i) = false|

if flag(j)=idle then
|await permitted (i)|
j=turn

else ji=j+1modn fi
od
flag(i):=in—cs
j=0
while (j<n)and (j=i or flag(j)#in—-cs)do j=j+1 od
until (j>n) > S-loop
turn =i > extended CS begin

** CS **

turn:=i+1modn
flag(i) ==idle > extended CS end
| for j=0ton—-21do permitted(j) :=true od |

** Remainder Region **

Algorithm 6: K,
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K, i P generic approach s 4¢ s4F 7 progress property 4- Algorithm 6> e &_%_ exit
region ¢ line E3 3 linear remote write c2{7 % > 4| * exit region © line E1 { #zturn &
7 a0 RIBPORB - B process eNV iy b 0 Ao T ATt o

4.2.4  Adding focused release to K,: Algorithm Kj;

Shared variables:

) turn €{0,.....,n =1}, initially arbitrary, writable by all processes

® forevery i, 0<i<n-1, flag(i)e{idle,want—in,in—cs}, initially idle,
writable by process i and readable by all processes

® forevery i, 0<i<n-1, permitted(i) e{true, false}, writable by all
processes and readable by process i

Process i:
(private variable j:integer, k:integer)
R: ** Remainder Region **
T1: | repeat
T2: flag (i) :=want —in
T3: ji=turn
T4: while j=i do > P-loop
T5: |permitted(i) -~ falsel
T6: if flag(j)# idle—then
T7: |await permitted(i)l
T8: j=turn
T9: else ji=j+1modn-fi
T10: od
T11: flag(i):=in—cs
T12: j=0
T13: while (j<n)and (j=1 or “flag(j)=in-cs)do j:=j+1 od
T14: | until (j>n) > S-loop
T15: | turn:=i > extended CS begin
C: ** CS **
El: | turn:=i+1modn
E2: if flag(turn) =idle then j:=turn
E3: |[else j.=—1fi
E4: flag(i) ==idle > extended CS end
E5: if j=-1then for k =0ton—-21do permitted (k) :=true od |
E6: else permitted(j) :=true fi| ~ focused release

R: ** Remainder Region **

Algorithm 7: K3

jE_original version ¥ 2 4vig turn 97 % & ¢ process § i~ g il 1B P-loop
@ FliE S-loop > &R 7 — @i i S-loop W MFEFL 0 F - B process ¥ v 3| iE
S-loop - iz — L3174 focused release {8 /2 &_» & 2R & exit region #-turn & assign =

a =i+1mod n 3% > 7R 4o % process « ’sstatus £_non-idle » ¥ 7 & ¥ & §¥ < process
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)]}u? e 4F progress property ri ? i A extended CS ¢ 4c b | ¥t process o E_F E

I

non-idle > 4= Algorithm 7 » 44 % 2 = = > 7RA- 7 & §#3% process a ¥ > * F] 5 turn &

F ¢ fextended CS ¥ Ak > 7 & H ¢ 3 read - = flag(turn) & ¥ &_flag(a) chiE >
P e OB Bk 7R progress property E_F F] U AR AL o

Claim : Kj =7 focused release s24¥ progress property o

Proof : i3k process i#-turn i& assign = ¢ =i+1modn » m ¥ # extended CS % 3
process « ’sstatus Z_non-idle - 7R /& % process o #f#3xis | - i process i& » CS 2.
ARG E PR N 0 Rturn B mARI g A A B ocase kg 0 (1) Aok turn 7 % 0 7R
Fi- process o & #X Lvi— & » CS eiprocess: (2) 4% turn Eee % - 7Rk 4 703 ¥ ¢

-

&

— i process S @ Xi& » extended CS 4 {7 7 line T15 78 /& process B~ ¢ i&» CS» #7
4 progress property i § AL AL o

SFEFE Ky4o b fast track > 2 & FF F £ F3pean > Ko frig g2 v £ 3
starvation freedom- 7z £_bounded waiting faupper bound £_2"" —1-Kq 7 &— B3R % - turn

g % 4 e process i §_non-idle » T » R 2 dgag » CSo ﬁ} LB AL B g enE Lk
A 3R~ 1B process H_E & ivdg i ~CS errprocess o 2R - fast track s 1%z R ERE IR

e ¥ E &% n—1 bounded waiting s7Eisenburg-McGuire’s[5] mutual exclusion algorlthmi} f%
% % $5 3] fast track eniE it o
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4.3 Eisenburg-McGuire’s mutual exclusion algorithm and its variation

4.3.1  The original version: Algorithm EM,

Shared variables:
® turn €{0,.....,n =1}, initially arbitrary, writable by all processes
® forevery i, 0<i<n-1, flag(i)e{idle,want—in,in—cs}, initially idle,
writable by process i and readable by all processes
Process i:
(private variable j: integer)
R: ** Remainder Region **
T1: | repeat
T2: flag(i) .= want —in
T3: j=turn
T4: while j=i do > P-loop
TS: if flag(j)=idle then j:=turn
T6: else ji=j+1modn fi
T7: od
T8: flag(i) :=in—cs
TO: j=0
T10: while (j<n)and (j=i or flag(j)#in=cs)do j=j+1 od
T11: | until (j>n)and (turn'=i -or- flag(turn) =idle)~ > S-loop
T12: | turn:=i > extended CS begin
C ** CS **
El: j=i+1modn
E2: | while flag(j)=idle do}j:= j+1modn- od
E3: | turn:=j
E4: flag(i) :=idle > extended CS end
R: ** Remainder Region **

Algorithm 8: EMg

Eisenburg-McGuire # 1972 # #73 mutual exclusion algorithm[5] (7~ 2. Operating
System Concepts - 5th ed. - Silberschatz & Galvin » p.201) » 4= Algorithm 8 » Kf TRER
*enit g b x 2 3 n-1 bounded waiting sdF it o 4 & §_ix # algorithm ¥ shared
variable turn > ¢ & & & extended CS *® 4 i2 iz > » i]*u{;xuxf o Y & 5 )T}ut" 7 -
® process &t %3  #xturn & ; process L CS % exitregion ¥ & 1% linear search % 1)~ -
® non-idle process I #-turn & :x 5 #* process 2z index(  # i¥ X 1| extended CS 3£ )
@ turn & 97 & & goprocess & & E_non-idle fih{ - & L&~ CSeprocesse % safety
property 73k 3t im 2R ik g 22 Dijkstra’s[4]- k4] 0 @ progress property =R L 2
Knuth’s[6] & FF o

Lemma4.3.1:EMy ® >process « i exitregion ¥ #5 37 — i non-idle process S

H#-is 2R - process o 2. {8 i~ CS o
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Proof by contradiction : &3k 7 process y #i -t fx process [ 2w ¥ process o 2 is
B~ CSH P MR T AE R A ER DR R

(1) t(EL)<t(EZ,) » process o o exit region ¥ 45 ¥ - & non-idle process

% process S o
(2) t(EZ,) <t(EZ,) <t(Eg,) > iz — 1 process #734 {7 o

(3) t(EgZ,) <t(E{,) >process y 4 process « z is:& » CS> R process y i line
T11 sh j>nipliEiE i 5 true o

4) 42~ QR)FtEL)<t(EY,) > process y & line T11 FH iFpFturn= 4 » &

turn =i plE 2 5 false o

(5) t(E7,) <t(E%) » F14 process y & line T11 $fturn =i ip|:& 5 false » 7Y
flag(turn) = idle sip|z& 2 5 true > > ¥ & » CS o

4 (1)~ (2) -~ (3)|§t(E )<t(ET11 » 1 (5)5 4 5 rF:l. .

Lemma 4.3.1 # 5 7 algorithm EMg ¢ processes 2. ¥ il 2 i CS (it » 7 e
¥ P n—1 bounded waiting - » & A 14 #x i€ generic approach -3 % % o 3 4
focused release {v fast track = 72 #* sxind & LA o

Claim : EMo £ # n—1 bounded waiting =7s}2 5 o

Proof by contradiction : zc# n'<1 ‘bounded waiting ¥ i **+# P 1 bounded bypass - i

& % ¥ non-idle processes « ~ S i~ CS» % process fi&» CS 2w > process « i
~ CS® =tofprocess a % - =xi& » CS 2 1 >3t exitregion # 45 7 — i non-idle process
FES 2845 ) % = 1 non-idle process y o F-#-turn @it i oy A 4 - M BEXa<y< B
A

;

N

process y i& ~ CS z_{s ¥| process o % = =xi& » CS z_ % > turn B s i 47 &

mﬂ F.k

T A E Y B e §_ErpkiE process B K process o % = =x i » CS:iz# Lemma4.3.1

“mh
o

oy

. EMo + i * 2-dimensional permitted bits 52 3% 4c * local spin ¢ & Ky - #7324
dead lock- & EM } i * generic approach ¥ i % # ¥ 3|4~ 4% 1 local spin algorithm EM;>
4o Algorithm 9 > i 422 X 7 & F » By f% algorithm EMo 2. & iFfm &> > 78 5 © & 5 32 )
trying region ¥ P-loop 7 loser path » Bz % processes 7 P-loop # 7 #52_ =% ;% > 35 diag 5 =
% 4+ local spin code ¥ » H &% ¢ 2% memory contention "% <% % - ¥ F]72 { R
7 program structure » & FE{EF FE i o T ET 0 N ig & <“z«”§i ° &‘L & concurrent
programming ﬁﬁﬁ B Ae iF O~ B f# 1 %) algorithm 238 (Ffmés > ¥ 10— ) { TR G
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program structure :#-local spin z_ # »c g #£17 { 47 > 11 EM, 5 §F 5|3 4o i@ e »~ focused
release #2 fasttrack & 78 ¢ 3c4- 4.3.2 ~ 4.3.3 & #7if o

Shared variables:

(] turn €{0,.....,n =1}, initially arbitrary, writable by all processes

® forevery i, 0<i<n-1, flag(i)e{idle,want —in,in—cs}, initially idle,
writable by process i and readable by all processes

® forevery i, 0<i<n-1, permitted(i)e{true, false}, writable by all
processes and readable by process i

Process i:
(private variable j : integer)
R: ** Remainder Region **
T1: | repeat
T2: flag (i) .= want —in
T3: ji=turn
T4: while j=i do > P-loop
T5: | permitted (i) = false|
T6: if flag(j) =idle then
T7: |await permitted (i)
T8: j=turn
T9: else j:=j+1lmodn fi
T10: od
T11: flag(i) = in=cs
T12: =0
T13: while ( j<n)and (j=i-or flag(j)#in-cs)do j:=j+1 od
T14: | until (j=n)and (turn=i or flag(turn)=idle) > S-loop
T15: | turn:=i > extended-CS begin
C: ** CS **
E1l: j==i+1modn
E2: | while flag(j)=idle do j:==j+1modn od
E3: turn = j
E4: flag (i) :=idle > extended CS end
E5: | for j=0ton-1do permitted(j) :=true od |
R: ** Remainder Region **

Algorithm 9:  EM;

4.3.2 Adding focused release to EM,: Algorithm EM;

1 EMo k35 > & H exit region 3 — £ linear search > # 31 & ¢hp cnd 5 7 iFn-1
bounded waiting =% & » 24 i i local spin pF# 41 * iz i linear search < (¥4 3| ¥ -
process k i release #%: (zcfi- = focused release » # i generic approach %_& release *f
7 # v local-spinning processes ) > &% Lemma4.3.1 > #rf# ¥ — process & X7 iE »
CS>7RE-¥ 7 & — =X remote write =" fZiz process %*»z’a 7> H a0 -2 B remote writes &
H 2R Ak eI iR processes v =@ & o By (8 SplArdkpea i~ local spin e Fgt o
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=~ B f# 4o algorithm & v & R ¥ * focused release = tg /& = "% i< remote write =X
# s EM3 > 4 Algorithm 10 > #¢5 @ {7 code ¥t & ¥ 3% focused release 2 # ¢ > % linear
search ;B 3| non-idle process & ¢npF i * — =X remote write ** f2v ; v §_> ¥ linear search
- i A B|4 non-idle processes > Bk kifs T 4_F © 3 non-idle processes # @ v o
Z A TG R @ % n—1=x remote writes #- permitted bits # & 43 > 2 R IF IS FEF (T2 1
FEl: o 7% asynchronous atomic read/write shared memory model 2. & 5 » ¢* %] 43¢ linear
search ta=- #w e { % #&F 35 ™ — B non-idle process 77X & j* 3. IR i

R FIEL o A B * 3 4 #1099 read-modify-write model 84 5 B AE B pris R ¢
3 non-idle processes » MCS [10] 5 iz#4 algorithms -

Shared variables:

® turn €{0,.....,n =1}, initially arbitrary, writable by all processes

® forevery i, 0<i<n-1, flag(i)e{idle,want —in,in—cs}, initially idle,
writable by process i and readable by all processes

® forevery i, 0<i<n-1, permitted(i)e{true, false}, writable by all
processes and readable by process i

Process i:
(private variable j:integer, k :jinteger)
R: ** Remainder Region **
T1: | repeat
T2: flag (i) .= want — in
T3: j=turn
T4: while j=i do > P-loop
T5: | permitted (i) = false|
T6: if flag(j) =idle then
T7: |await permitted (i)|
T8: j=turn
TO: else j:=j+1modn fi
T10: od
T11: flag(i) :=in—cs
Ti12: =0
T13: while (j<n)and (j=i or flag(j)#in—-cs)do j:==j+1 od
T14: | until (j>=n)and (turn=i or flag(turn) =idle) > S-loop
T15: | turn:=i > extended CS begin
C: ** CS **
E1l: j==i+1modn
E2: | while flag(j)=idle do j:==j+1modn od
E3: | turn:=j
E4: flag (i) :=idle > extended CS end
E5: if j=ithen for k =0ton-21do permitted (k) :=true od |
E6: else permitted (j) :=true fi| > focused release

R: ** Remainder Region **

Algorithm 10: EM3
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4.3.3 Adding fast track to EM;: Algorithm EM,

T1:
T2:
T3:
T4:
T5:

T6:
T7:
T8:
T9:

C:

El:
E2:
E3:
E4:
ES:

E6:

Shared variables:

) turn €{0,.....,n =1}, initially arbitrary, writable by all processes

® forevery i, 0<i<n-1, flag(i)e{idle,want —in,in—cs}, initially idle,
writable by process i and readable by all processes

® forevery i, 0<i<n-1, permitted(i) e{true, false}, writable by all
processes and readable by process i

Process i:
(private variable j:integer, k:integer, spin—wake —up : boolean)
** Remainder Region **

T10:
T11:
T12:
T13:
T14:
T15:
T16:
T17:
T18:
T19:

|spin —wake —up = false
repeat
flag (i) :=want —in
j=turn
while j=i do > P-loop

permitted (i) := false

spin —wake —up = falsel
if flag(j) = idle «then
await permitted (i)

spin = wake=up = truel
j=turn
else j==j+1lmodn fi

od
flag(i) :=in=cs

[if spin — wake = up then goto CS fi | > fast track

j=0

while (j<n)and (j=i ‘or “flag(j)#in—-cs)do j=j+1 od
until (j>n)and (turn=i or flag(turn)=idle) > S-loop
turn =i > extended CS begin

*%* CS **

j=i+1modn

while flag(j)=idle do j:=j+1modn od

turn = j

flag (i) :=idle > extended CS end

if j=ithen for k =0ton-21do permitted (k) :=true od |

else permitted (j) :=true fi| > focused release

** Remainder Region **

3K 3+ fast track PR 7 iR s 7 £_F € AL3k safety property @ 7 7 fast track 2 & >
i~ CS ehipath ¢ % — 1 > safety property it et 2. & 47 % = b fogg fe o p o f 34 F

Algorithm 11: EM,

fast track p=i» 7 i& algorithm 2 % %@ B %|daw > @@ - ¥ 7 5o+

algorithm #% 5 fast track 3% & - 2 Eisenburg-McGuire’s mutual exclusion algorithm[5] %
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hpas)

o R R IIRIZ T TR R g process at fg iRkl p 2 P wmirE- ¥ VR
» CS = process > ?Kfif‘u 7 X492 d ¥ 5 fast track E 4283 CS> 4T 2 & ein-1=
remote memory accesses (S-loop » & & P en 3t plarH 5 processes 2k ik ) o ek en
W & fast track ek 3 1+ 1 * §f ¢t chprivate variable ¢ process p ¥ iz 45dd {7 fLEt

4e Algorithm 11 » EMy # spin —wake —up
Claim : EM, %3+ safety property °

Proof : § process fSipl-vp & & fast track =spin—wake —up i% i B » & i M
process B &_p wmri— it i& CS 2. process > Pl ¥ M H ¥ & n-11 flag bits =h# iF
(line T17~T18) » ® #&:& CS- ik B o fasttrack pl4v+¥ :£ CS e A& CS pFiz ) 2 # »
Pld HiEd #rAd B i v Mg &R & ¥ — process o ¥ f exitregion 2 remote write
EE S o '?qzif # + & Lemma 4.3.1 #rifz ok o _’ﬂt”% 7 eha B v process ¥ oY
#CS-

SR A EMy 4250 M i %3 R EMo& 3 n—1 bounded waiting si Bk > F i S
F*t heavy loading P local spin.siaz4 x4 w4+ B2k process . trying region 7 P-loop *
i * 7 remote access T i==t #c i m= i&aﬁ;m:}iﬁ @ s& ~ local spin % i - & exit region 43
T — i# non-idle process #7 7 remote access ¥ #5=t #c & k =t > P 554 fast track ¥ focused
release #4 7 B j& > ¥ 3+ & 1) process i€ 31— =t CS #rZ remote access T35 i m+k +4

,H ¥ m+2=t & trying region » k+2 =t fexitregion- % ,x :t heavy loading 422 4% % -
miEg kg4 ] o

4.4~ 45 &35 4 %5 B one-writer/multiple-reader algorithm 4- i@ 4c + local spin
s K,ért 7 ig * 2-dimensional permitted bits z_ “t » » 3 iz S B algorithm # 7 S-loop
7= ¥ 4+ local spin °
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4.4 Lamport’s bakery mutual exclusion algorithm and its variation

4.4.1 The original version: Algorithm L,

Shared variables:

® forevery i, 0<i<n-1, choosing(i)e{true, false}, initially false, writable
by process i and readable by all processes

® forevery i, 0<i<n-1, number(i)e N, initially O, writable by process i
and readable by all processes

Process i:
(private variable j: integer)
R:  ** Remainder Region **
T1: | choosing(i) :=true
T2: | number(i) =1+ max{number(j)|0< j<n-1,j=i}
T3: | choosing(i) = false
T4: | for j=0 to n-1, j=i do

T5: while (choosing(j)) do nothing od

T6: while (number(j)=0 and (number(i),i) > (number(j), j)) do nothing od
T7: | od

C. **CS**

E: | number(i):==0
R:  ** Remainder Region **

Algorithm 12: L,

Lamport’s bakery[8] mutual exclusion algorithm » 4= Algorithm 12 > % line T1-T3 3 -
I P~5Lp ag s 1% > in B384 fE2 Sdoorway & process if i doorway 2 & i & & 7
first come first served 3+ » A i ¥ 12 B2 7] original version ¥ zkii-%“ﬁ = i waiting
e > o — B E_line TS fw? waiting B T processes #-5L g B~ » iz B IR > ¥ 14 30t 1l
FARRIF 5 o i@ process #% ¢ i =+ H v processes <& i waiting © ¥ - i R E_line T6 j
f waiting 55 v p & -] ehprocesses #H CSe B3k - B8 % processO i+ & CS # »
7R F‘)’]*u € 13 = ¥T7 £ processes id £ ¢ % waiting process 0 > pt pFi¢ = cr1shared memory
contention #-2L % B & o

7_3 (number(x), X) & # :
(number(i),i) > (number(j), )
< number (i) > number(j) or (number (i) = number(j) and i > j)

Claim : Lo £ % safety property o

Proof by contradiction : 3% & i process a &2 S pFiE ~» CSe B 5 line T6 7 f¢
P 18 (number(a), a) < (number(p), B) 11 % (number(a), ) > (number(B8), B) * % 4 4 5

-28 -



Claim : Lo £ #% progress property °
Proof : #.id i doorway z_ {¢ » (number(X), X) |- &1 process T ¥ i& » CS o

d P aRE P AR MF IR Lo B F — ® loop (line T4-T7) > ¢~ loop # &_P-loop ~
H_S-loop iz A R ehd K & @ - Ok S o AW g E & ¥ Sy i S-loop 4c + local
spin ##4]+ ic € 7 dead lock 1k *& ; 2 Knuth’s[6]4~ Eisenburg-McGuire’s[5] & ] » & *
2-dimensional permitted bits 7= :$ == dead lock- iz ¥_Lamport’s bakery[8] # fe ¥ 12 & S-loop
® 4v + o local spin > 7= ¥ 12 i * 2-dimensional permitted bits 03 ;¢ > FEiEAofs o

442 Adding local spin to Lo by using 2-dimensional permitted bits:
Algorithm L,

Shared variables:

® forevery i, 0<i<n-1, choosing(i) e{true, false}, initially false,
writable by process i and readable by all processes

® forevery i, 0<i<n-1, number(i)e N, initially 0, writable by process i
and readable by all processes

® forevery i, jo0<i<n-1,0<j<n—1, permitted.ch(i, j)e{true, false},
writable by process ji——and process j andreadable by process i

® forevery i, j, 0<i<n-1,0<j<n-1, permitted.nu(i, j)e{true, false},
writable by process | and process j and readable by process i

Process i :
(private variable j winteger)
R: ** Remainder Region **

T1: | choosing(i) :=true

T2: | number(i) =1+ max{number(j)[0< j<n-1 j=i}
T3: | choosing(i) = false

T4: | for j=0ton-1do permitted.ch(j,i) :=true od |
T5: | for j=0 to n-1, j=i do

T6: [ permitted ch(i, j) = false

T7: if (choosing(j) ) then |await permitted chi, )| fi

T8: [ permitted nu(i, j) := false

T9: if (number(j)=0 and (number(i),i) > (hnumber(j), j))
T10: then |await permitted.nu(i, j)| fi

T11: | od

C:  **CS**

El: number(i):=0
E2: | for j=0ton—-1do permitted.nu(j,i) :=true od |

R: ** Remainder Region **

Algorithm 13: L,

PR A rd Gadi Taubenfeld[11]#7#% ot » 4- Algorithm 13 » & PR 2. v e0/5 5% 0 (5 5%
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7 i¢ * 2-dimension permitted bits 4c + local spin £_F 7 ¥ it ¢ = dead lock: #] % original
version * 3 & i waiting s+ > > ¥ waiting chiE 2 2 oo 270 18 #§ S 2 permitted bits
" E He = & % local spin - % — % local spin (line T7) &_ A % FH v processes P~ % 575
i BER 7 ¥ i i & dead lock s % = 1 local spin (line T10) & % ¢ i# = dead lock 5

HRFEACT o
Claim : L; ® % = i local spin (line T10) 4% progress property e

Proof : % process « i& > % = B local spin» % 5= process « # line T9 ep|:&%# 7
¥ ¢h— 1 process S 0 # ¢ (number(a),a) > (number(B),8) & process B it » CS
{4 3| exit region p¥ - i{ ¢ f#< process « > ¥ process S~ i& > local spin Bl & 7 5 &
process y - H ¢ (number(f),3) > (number(y),y) » %t #g4& > & B original version &
progress property ¥ 12 1 & (number(X), X) & -] <73 process # ¢ i& » local spin s 78 A& v i&:g
i exit region ¥ §# 2z (number(x), X) = -] -1 process ( =t -] r1process ¥ ¢ Fl# -] 1 process
@ i ~ local spin) - & (number(x),x) # |- & process ¥ | remainder region FF -
(number(x), X) = -] =2 process T = & (number(x); X) £ -|: & process > £ & 4 #F & > process
a R e fica e~ CSe

v b local spin 2 {& > b= aegf 3] eofi- 5t process 0~ CS # g = 224 B & < memory
contention #-j& (& ~ g B ezl o

4.4.3 Adding local spin to Lg by the generic approach: Algorithm L,

22

iz P& generic approach 3 4¢ 4c + local spin » 4- Algorithm 14 » .2 L, eh{7 5 &%
- i local spin (line T9) #¥Ri» » & #HYR— B process P~ = Hirg 2 {4 o ;’Kg AN
processes f#3< (line T6) - iz BINizE Ky * 2-dimensional permitted bits e 5% > #F £
Hieix s 2 2 & i@ @ §ARds (T FF R graph &k & 3 processes z. A £ {F &2
H{ el % o 2B graph chedges € X AP #-r dnodes i e

% = 1 local spin (line T13) » 3 #g i enfiiw > & 8% 4 & 43 b ¥ 31 exit region wf§
2x#s iF (line E2) & processes # & ik > »t % — i local spin en§#7< (line T6) > #tu &
AR F L 5 PRABRE S - R U * tree k & IR processes 2 & & ¢ ff 2 enRd % o
%P Figure 4> 72 i Ly #7731 tree 3 — B3R ¢ engd e o f]}wi (1) parent node ¢
(number(x),x) — #_+* children -] > (2) (number(x), x) =% -|- &1 process — _&_root = child -
% line E2 f##3xchi7 5 F & linear time » i 3 it 43 3| focused release - ffif*fﬁfu? LR G
e £F 8 & 4 ) (number(x), X) = -] &7 process » 78T fi‘u—f{\ - Bi&» CS

€11 process
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Shared variables:

® forevery i, 0<i<n-1, choosing(i)e{true, false}, initially false,
writable by process i and readable by all processes

® forevery i, 0<i<n-1, number(i)e N, initially O, writable by process i
and readable by all processes

® forevery i, 0<i<n-1, permitted.ch(i)e{true, false}, writable by all
processes and readable by process i

® forevery i, 0<i<n-1, permitted.nu(i) e{true, false}, writable by all
processes and readable by process i

Process i:
(private variable j : integer)
R: ** Remainder Region **

T1: permitted.ch(i) := false
T2: permitted.nu(i) == false|

T3: | choosing(i) :=true

T4: | number(i) =1+ max{number(j)|0< j<n-1 j=i}
T5: | choosing(i) = false

T6: | for j=0ton-1, j#ido permitted.ch(j):=true od |
T7: |for j=0 to n-1, j=i do

T8: while (choosing(4) ) do

T9: await permitted.ch(i)

T10: permitted.ch(i) = false|

T11: od

T12: while (number(j) =0 and (number(i),i) > (number(j), j)) do
T13: await permitted.nu(i)

T14: permitted.nui) := false|

T15: od

T16: | od

C: ** CS **

El: number (i) =0
E2: |for j=0ton-1do permitted.nu(j) :=true od|
R: ** Remainder Region **

Algorithm 14: L,

4.4.4  Adding focused release to L,: Algorithm L

45 (number(x), x) =< |- 2 process * i focused release &4 + H 224 i ¥ - fa ki
% > 4c Algorithm 15 » & &3 2\ — 1 min function % 1} $]i% % process » 4= Figure 5> 5 %
H

fI* original version ¢ max function % - =t linear search » 5 7 £.7% 7% & 4
S

35 ¥ (number(x), X) =% -|- -1 process > & Bk 3T iR 71 JRehpFEiE > W@ I H U process &+ AP~
BB AR B F o @ SR e
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Shared variables:

® forevery i, 0<i<n-1, choosing(i)e{true, false}, initially false,
writable by process i and readable by all processes

® forevery i, 0<i<n-1, number(i) e N, initially O, writable by process i
and readable by all processes

® forevery i, 0<i<n-1, permitted.ch(i)e{true, false}, writable by all
processes and readable by process i

® forevery i, 0<i<n-1, permitted.nu(i) e{true, false}, writable by all
processes and readable by process i

Process i :
(private variable j:integer, next: integer)
R: ** Remainder Region **

T1: permitted.ch(i) := false
T2: permitted.nu(i) = false |

T3: | choosing(i) == true
T4: | number(i) =1+ max{number(j)|0< j<n-1 j=i}
T5: choosing(i) := false

T6: | for j=0ton-1, j#ido permitted.ch(j):=true od |
T7: |for j=0 to n-1, j=i do

T8: while (choosing(j)) do

T9: await permitted.ch(i)

T10: permitted ch(i) = false|

T11: od

T12: while (number(j) = 0 and (number (i), i) > (number(j), j)) do
T13: await permitted.nu(i)

T14: permitted.nu(i) = false|

T15: od

T16: | od

C: ** CS **

EL: | [next:= min{(number(j), j)[0<j<n-1 j=i}|
E2: number(i):=0
E3: if next=—-1then for j=0ton—-1do permitted.nu(j):=true od|

E4: else permitted.nu(next) :=true fi|  focused release
R: ** Remainder Region **

Algorithm 15: L3

Claim : function min ¥ 12 45 31| =t -|- 57 process °

Proof : % max{number(j)|0< j<n-1 j=i}#0> Bl % > % &~ 1 process & &% =
(1) max{number(j)|0< j<n-1 j=i}=number(i) - Bl % 7 3 - B 2+ @
processes 7 doorway B-EifS M B BT 21 process i 4p I cELEE 0 PR AT

A0 e BLAG 1 processes ¥ & 2§ — 1B £_(number(x), x) = /|- £ process > @ =
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é_»_process i :® A trying region Bﬂ* =¥ A Fg TR process €7 -
i » CS =7 process o

(2) max{number(j)|0< j<n-1,j=i}> number(i) R A RS- B
process B~I|5L85 5 number(i)+1 > T L ¥ At F fenumber(X)
2 number (i) 4p F i process > 7RA-F & Aot fenpF iz & 975 60 processes
FE X PR GAG 2 18 ﬁ%‘u“’ "SS5S 5 number(i) & number(i) +1 ¢
processes ® 35 (number(X), X) B -|: & process T i =< -|: €57 process o

#1120 function min ¥ 12 35 31| =t -] e process °

F1: next :=-1

F2: if (max{number(j)|0< j<n-1 j=i}=0)then
F3: for j=0 to n-1, j=i do

F4: while (choosing(j) ) do

F5: await permitted.ch(i)

F6: permitted.ch(i) := false

F7: od

F8: if (number(j)==0and (next = —Lor(number(j), j) < (number(next), next) ))
Fo: then. nexty:=-j

F10: fi

F11: od

F12: fi

function : min{(number(j), j) |0<j<n-1 j=i}
Figure 5: Function min

% process . exit region ¥ EF ¥ 51T - B~ CS 7 process Bl E & O(3n) =%
remote read + O(1) =x remote write > & &.43 % 3| > B % & O(n) == remote read + O(n) =

remote write » = 7 3F first come first served 4+ |+ > & focused release + ¢ i=4p % =
= A K #a search e#s i o
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4.5 Burns’ mutual exclusion algorithm and its variation

45.1 The original version: Algorithm By

Burns’[2] & m#rﬂ,hfih{*&' © % 3 n i shared variables - & ¥_atomic read / write
register mutual exclusion algorithm %7 lower bound > 4= Algorithm 16 » e & r5 % ¥ % &
s starvation » ¥ 2] Bo3 = 1 loop » 4 %] &_line T2-T4 ~ line T6-T8 ~ line T9-T11 -
i% i safety property §= progress property =7gg p# £ 4 %141 P-loop ¥ S-loop -

Shared variables:
® forevery i, 0<i<n-1, flag(i) {01}, initially O, writable by i and
readable by all processes

Process i:

(private variable j: integer)
R: ** Remainder Region **
T1: | L flag(i) =0
T2: for j=0 to i—1 do > P-loop
T3: if flag(j)=41"then-goto-Lfi
T4: od
T5: flag(i) =1
T6: for j=0 to.i—1 do >S-loop
T7: if flag(j)=1 then goto'Lfi
T8: od
T9: | M: for j=i+1to n-1 do > S-loop
T10: if flag(j) =1 then goto M fi
T11: od
C: ** CS **
E: flag(i) =0
R: ** Remainder Region **

Algorithm 16: By
Claim : By & # safety property -

Proof by contradiction : i 7 = i processes o ~ Sl prig » CS» B ¥ (B 5| T 7

TeEgd s

(1) t(Efs) <t(Efsry) ° Fl & && - B process #7344 {7 -

2) t(ETﬁS)<t(ETﬁG—T11 ’
(3) t(ETaes—Tll)<t(ETﬁs ’

4) t(E'I'ﬁG—Tll)<t(E'I?5) ’

¥l % &4 F - ¥ process #TH {7 ©
¥] 5 process « "gfJiE » CS -

¥] % process B Eqlig » CSo
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d(2)~(3) ~ @) Ft(Efs ) <t(Efs) » EQ)# 24 'ﬁ .
Claim : Bo £ # progress property -

Proof by contradiction : 3% &% FF%| S & = @ process & CS @ ¥ © 3 process
trying region > % S 2_{¢ & i i@ process ¥ i& CS - F] % processes #c& q;ﬁ R
B iEK & S 2 e ehR R %] S1 o & S1 2 {8 #73 <hprocesses #% & remainder region £
trying region ¥ - ® ;23 ix f@ process £ i& » trying region B| & S1 2 {4 ¢ & F B PF%| S2-
f S2 2_ {8 % trying region ® id & -] e process « ¢ ¥ i i#E line T2-T4 ~ line T6-T8
i# loop ™ ‘in line T9-T11 &7 loop > ® F] 5 X3 i i@ process ¥ i& » CS» #7141 process «o
€- 2K B lineTOT10» 7RAE-A] 4 77 75 .— 1 process geiflag @2 102 a<f o
s = ik case kiti, process B eniT it (1)process B it w# {7 line T6-T8» | process
p € Fli process o @ ¥ 3 line T1» * ¥ @& §F & line T2-T4 > * p* process ,B_&ﬁflag i3
% 0> (2) process f it 44 {7 line T9-T11 » 7RA-F] % L 5 ixi® process ¥ i& » CS» {7
% ¢ frprocess o - e~ B3 i7 line TO9~T10 o F)pt » £ 82 2 {575 &% B4 S35 &
S3 z {5 #r3 e trying region ¥ flag & %1 =aprogesses % i § - line T9-T11 =~ loop ¢
flag i& 5 O < processes 3% i & line T2-T4 hloop # - & S3 2 {& » izkt flag £ 5 1

erprocesses o id &~ 1 process <& #8 ¥ Maiai line T9-T11 v loop A & » CS» 4 4 4

ric

d bk aggp ¥ v A o line T2-T4 «~loop 5 P-loop > @ line T6-T8 £ line T9-T11
1% 1% loop 5 S-loop - P-loop d ‘generic.approach =i 42 ¥ 2 if if & 4c + local spin >
e g gd FafaEp ¥ g IR line T9-T11 =1 S-loop 7= # 4c + local spin » #if 4eis o

45.2 Adding local spin to By by using 2-dimensional permitted bits:
Algorithm B;

B1 > 4- Algorithm 17 » 822X & 4 %] &4 & loop #c b local spin > 7 i 3 Pl 3 ik i
FALf flag(j) =1then-- » & FALILIF TR L - Hhen > & FIRAEFF 207 16 ey
- Feno 97U R F & - ®mopermittedbits) 7 F & kL - A Sd e RBEKRDTR
e B A7 g4 24 deadlock » ¥ 145 * By <1 progress property # 0 k # 4 o

Claim : By £ & progress property o

Proof : 3k i process a ~ f B¢ a<f » & 43 i case k5
(1) process S #] process a @ i > local spin :

process S € % line T6 sz spinning on permitted(f, ) > #* F¥ process f
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flag i& 5 O- @& P& By erprogress property 2 P! i 427 +v process « & #X % process

p &~ CS- R process o i line E2 ¥ ¢ $# 2 process f -
(2) process « F] process S @ i~ local spin :

process « ¢ % line T17 s spinning on permitted (e, f) » #* F¥ process « 3
® = 1> ik P& Bo <7 progress property # F* i 427 s process 3 = Bk i%: OF
% process «a & % i process ¥y (y< B> flag(y)=1)m w | line T1 & 37 4> >
R process f #line T2 " ¢ $#*< process o >process S ¢ & i k F| i process
a &% % process ¥y (y<p > flag(y)=1) @ &~ local spin > &% £ =X [E4§
process « &> CS» (@'t process « *i& » CS- B process S i line E2 7~ ¢ §#

3% process « °

d it A BT 4o ie o~ local spin ¢ process & 2% € 4L f#c » 4 line T2-T9 1 loop
> — i process # ¢ i& » local spin> # line T14-T20 ~loop 7 5 &% > — i process

3
¢ g local spin » #7121 By & # progress property °

2
2

¥] % Burns’ mutual exclusion algorithm[2] & 5 starvation =7 3% > fjﬁgé_stﬁ__r R IR
focused release 14 2 fast track ¢n73 > @i & B 5 &9% JF B S =t @ * generic approach
4v 1 local spin > t“@é{aag LI AR
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T1:
T2:
T3:
T4:
T5:

T6:

T7:
T8:
T9:

T10:
T11:
T12:
T13:
T14:
T15:
T16:
T17:

T18:
T19:
T20:

C:
El:
E2:

Shared variables:

® forevery i, 0<i<n-1, flag(i) {01}, initially O, writable by i and

readable by all processes
® forevery i, j, 0<i<n-1, 0<j<n-1,

permitted (i, j) e {true, false},

writable by process i and process | and readable by process i

Process i:
(private variable j: integer)
** Remainder Region **

L: flag(i):==0
| for j=0ton-1do permitted(j,i) :=true od |
for j=0 to i-1 do > P-loop

| permitted (i, j) == falsel
if flag(j)=1 then
|await permitted (i, j)|

goto L
fi
od
flag(i) =1
for j=0 to i—-1 do > S-loop
if flag(j)=1"thengotoLfi
od

M: for j=i+1 to n-1-do _»S-loop

| permitted (i, j) := false|
if flag(j)=1 then
|await permitted i, j)|

goto M
fi
od
**% CS **
flag(i):=0

| for j=0ton—1do permitted(j,i):=true od |

** Remainder Region **

Algorithm 17: B;
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-

I ~ Conclusion

A2 R IR R RIS B G  Rd T dh

(1) generic approach i * **ix i mutual exclusion algorithm of atomic read/write
model -

(2) 2-dimensional permitted bits == ;% i * 3t £ starvation £ algorithm » 4c :
Dijkstra’s[4] ~ Burns’[2] -

(3) 2-dimensional permitted bits 2= ;% ig * % one-writer/multiple-reader mutual
exclusion algorithm » 4= : Lamport’s bakery[8] ~ Burns’[2] -

(4) fasttrack i #f focused release @ %

(5) £ starvation 7 algorithm % %45 3] focused release > 4= : Dijkstra’s[4] ~
Burns’[2] -

(6) £ bounded waiting &ralgorithm = 1445 3 focused release - 4 : Knuth’s[6] -
Eisenburg-McGuire’s[5] > Lamport’s bakery[8] -

(7) one-writer/multiple-reader mutual exclusion algorithm - S-loop 7 # ¢ #c

local spin » 4+t Lamport’s-bakery[8] ~ Burns’[2] -

B IR b b IR % B REGNT F W e algorithme F gF A Tk o B om A R R AT
mutual exclusion algorithm » iz ﬁ}uﬂgﬁj S T P BEIL 0 FEAE e T o

1)
(2)

(3)

4ok = F it oo

¢ 3 2 starvation s algorithm i % 5% ¢ & processes i& 7 k7] chie & > i@ 4
vIUENCSTUEHRE > “f_ﬁ‘iﬂ% AT 0s F i Aot @ % 2-dimensional
permitted bits 4c + local spin ##]pF > B2 R A EAE F A
local-spinning processes #+ §# < » e &_ig#* 4 $# 2 & local-spinning processes
BTl A pFE s v R a4 i~ CSo

one-writer/multiple-reader mutual exclusion algorithm 3 - & 3& B > /T*u{
process & JE {7 gk ot 2 ¥ el i ¥ st 3% 1E linear reading H v process & K e
shared variable = ¥ ## &> » ¥ % dept > ig4f 0 algorithm & 4 % P-loop =
S-loop & % pris o i F B FF &7 linear reading #hds 7 > — B I FEEg
)% f2 ﬁ”ﬂf %1k > 7R % 2-dimensional permltted bits % 4 + local spin
B#13 § i+ dead lock ek Flje st {7 5 1 1 A F & ptheanthfl > 2 L
Figkd g+ H v process i~ local spin =0 process i #+:if i (§#73c)
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local-spinning processes ¥ 12 %4 it A 3% F 0T 5 o degt @ @ oo

4) 7 focused release #£iZ § 4% & 3378 B process 7 1% € i& » CS» { 7 it
A 3R 1 process FE € ¥ 11 i~ CS o

(5) ¢ % 4 starvation Halgorithm & /% 72 T_processes i& » CS cVE R » #7114 &
2 1 * focused release :# #c 7z %7 2 4 dead lock o

(6) £ & bounded waiting % & <Falgorithm ¢ ] * X f&# % ¥ process # it if
Fer CSA=LLt > ﬁk{;ﬁu iR ] € € (B3R 1> processes 4 3 it
g g PR & 4 oexitregion f1* Ko 8445 B ARE B Y B
process » v T%q\focused release ek o

(7) =d 2(3)4_- tker - algorithm @ &~ % & {7 linear reading = loop &
S-loop » 78 A4 * local spin » 7 ¢ ¢ = dead lock -

F& Viaayg sk 0 2 £ % bounded waiting (starvation freedom ) =7 mutual
exclusion algorithm = 3%+ * 2-dimensional permitted bits 3> 3% 4c + local spin +* $3 B4
** memory contention 7% i< ; £ & bounded waiting =» mutual exclusion algorithm p|z£ 3%
$ * the generic approach 1 % ﬂ]‘ ¢ focused release + i+ heavy loading sk /w™ ¢ 7 # iz

E'ﬁ%\' IE., °

* 2 el e 7 = #4345 0 recursive function sk % P Knuth’s mutual exclusion
algorithm & # 2" -1 bounded ~waitingf% &, {1 * - & Lemma T % P
Eisenburg-McGuire’s mutual exclusion-algorithm 4r.F focused release ~ fast track i 7z {4 »
v 2 E % n-1 bounded waiting 1+ 5 ;% % * 2-dimensional permitted bits 4c * local spin
e % ¥ 7 i * 3% iz @ mutual exclusion algorithm ; 41 * tree z’ﬂ.sﬁ{&%/w\ 17 the generic
approach f- 2-dimensional permitted bits 7% £ o
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4

Gary L. Peterson's n-processes mutual exclusion algorithm and its variation

(1) The original version: Algorithm Py

Shared variables:

® forevery k, 1<k<n-1, last(k) €{0,...,n—1}, initially arbitrary, writable
and readable by all processes

® forevery i, 0<i<n-1, flag(i)€{0,...,n—1}, initially O, writable by
process i and readable by all processes

Process i :
(private variable j:integer, k: integer)
R:  ** Remainder Region **

T1: | for k=1 to n-1 do

T2: flag(i) =k

T3: last(k) =i

T4: for j=0 to n-1, {j=i do

TS: while( flag(j) = flag(i)..and last(k)=i) do nothing od
T6: od

T7: | od

C: *CS**

E: | flag(i):=0

R:  ** Remainder Region **
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(2) Adding local spin to Py by using 2-dimensional permitted bits: Algorithm P,

Shared variables:

® forevery k, 1<k<n-1, last(k) €{0,...,n—1}, initially arbitrary, writable
and readable by all processes

® forevery i, 0<i<n-1, flag(i)€{0,...,n—1}, initially O, writable by
process i and readable by all processes

® forevery i, j, k, 0<i<n-1, 0<j<n-1, 1<k<n-1,
permitted (i, j, k) e{true, false}, writable by process i and process j and
readable by process i

Process i:
(private variable j:integer, k: integer)
R: ** Remainder Region **
T1: |for k=1 to n-1 do
T2: flag(i) =k
T3: last(k) =i
T4: |for j=0ton-1do permitted(j,i k) :=true od|
T5: for j=0 to n-1, j=i do
T6: [ permitted i, j k) = false|
T7: while( flag(j) = flag(i)—and. last(k) =i) do
T8: await permitted(i, j, k)
TO: permitted(i, j k) := false]|
T10: od
T11: od
T12: | od
C: ** CS **
El: flag(i):=0
E2: |[fork=1ton-1do
E3: for j=0ton—21do permitted(j,i, k) :=true od|
E4:
R: ** Remainder Region **
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(3) Adding local spin to Py by the generic approach: Algorithm P,

Shared variables:

® forevery k, 1<k<n-1, last(k) €{0,...,n—1}, initially arbitrary, writable
and readable by all processes

® forevery i, 0<i<n-1, flag(i)€{0,...,n—1}, initially O, writable by
process i and readable by all processes

® forevery i, k, 0<i<n-1, 1<k<n-1, permitted(i,k) e{true, false},
writable by all processes and readable by process i

Process i :
(private variable j:integer, k: integer)
R: ** Remainder Region **
T1: | for k=1 to n-1 do
T2: | permitted (i, k) := false
T3: flag(i) =k
T4: last(k) =i
T5: | for j=0ton-1, j #ido permitted(j,k) :=true od |
T6: for j=0 to n-1, j=i do
T7: while( flag(j) > flag(i) and last(k)=i) do
T8: await permitted (i; k)
T9: permitted (i, k)= false]
T10: od
T11: od
T12: | od
C: ** CS**
El: flag(i):=0
E2: |fork:1to n-1do
E3: for j =0ton-1do permitted(j;K):=true od|
E4:
R: ** Remainder Region **
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(4) Adding focused release to P,: Algorithm P

Shared variables:

® forevery k, 1<k<n-1, last(k) €{0,...,n—1}, initially arbitrary, writable
and readable by all processes

® forevery i, 0<i<n-1, flag(i)€{0,...,n—1}, initially O, writable by
process i and readable by all processes

® forevery i, k, 0<i<n-1, 1<k<n-1, permitted(i,k) e{true, false},
writable by all processes and readable by process i

Process i:
(private variable j:integer, k: integer, next: integer)
R: ** Remainder Region **
T1: | for k=1 to n-1 do
T2: | permitted (i, k) := false
T3: flag(i) =k
T4: last(k) =i
Ts: [for j=0ton-1,j=ido permitted(j, k) :=true od|
T6: for j=0 to n-1, j=i do
T7: while( flag(j) > flag(i) and last(k)=i) do
T8: await permitted (i; k)
T9: permitted (i, k)= false]
T10: od
T11: od
T12: | od
C: ** CS **
EL: | next:=last(n-1)]
E2: flag(i):=0
E3: |if (next =) then
E4: fork =1ton-1do
E5: for j=0ton—-1do permitted(j,k) :=true od|
E6:
E7: |e|se permitted (next, n —1) :=true fi| > focused release
R: ** Remainder Region **
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