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1. Introduction

="8%4@'("+ %(" 2'3 8'(" )@%2 C- D"%(+ '#>E F>+6"( GE0H*IJ+)(% >"+?(*&"> )@"8 *2
FGHKC LH*IJ+)(%5 .BMN O*2 H7)?@PQE 1 +"8%4@'(" *+ % 2'2R2"6%)*S" *2)"6"( 3*)@ )3'
'4"(%)*'2+ '2 *)5 P %2> VE ;@" '(*6*2 'T )@" 2%8"+ P %2> V *+ 72?#"%(E :2 FGH KC5 H*IJU
+)(% ?%##+ +"8%4@'("+ seinpalen OH7)?@ T'( +*62%##*26 4'+)+P %2> %++'?*%)"+ V 3*)@
verhoog O*2?("8"2)V*2?("%+"P %2> P 3*)@ prolaag5 % 2'2R3'(> ("+"8&#*26 verlaag
O>"?("8"2)V>"?("%+"PE W" ?'2)*27"+5 ‘‘Opm. 2. Vele seinpalen nemen slechts de
waarden 0 en 1 aan. In dat geval fungeert de V−operatie als ‘baanvak vrijgeven’; de P−
operatie, de tentatieve passering, kan slechts voltooid worden, als de betrokken seinpaal
(of seinpalen) op veilig staat en passering impliceert dan een op onveilig zetten.’’
O!!X"8%(J ,E 9%2D +*62%#+ %++78" '2#D )@" S%#7"+ - %2> .E :2 )@%) ?%+" )@" YR'4"(%)*'2
T72?)*'2+ %+ !("#"%+" &#'?J"Z )@" [R'4"(%)*'25 )@" )"2)%)*S" 4%++*265 ?%2 '2#D &"
?'84#")">5 *T )@" +*62%# O'( +*62%#+P *2S'#S"> *2>*?%)"+ ?#"%(5 %2> 4%++*26 )@"2 *84#*"+
+"))*26 *) )' +)'4E""P ;@7+5 *) 8%D &" )@%) P %2> V 3"(" *2+4*("> &D )@" (%*#3%D )"(8+
passeer O4%++P0%2> verlaat O#"%S"PE

G" >*+?%(> )@" (%*#3%D )"(8*2'#'6D %2> 7+" )@" #%267%6" 'T #'?J+\ P *+ semacquire
%2> V *+ semreleaseE ;@" < >"?#%(%)*'2+0%("\

int semacquire(long *addr, int block);
long semrelease(long *addr, long count);

Semacquire 3%*)+ T'( )@" +"8%4@'(" S%#7" *addr )' &"?'8" 4'+*)*S" %2> )@"2 >"?("U
8"2)+ *)5 (")7(2*26 .Z *T )@" block T#%6 *+ ]"('5 semacquire (")7(2+ - (%)@"( )@%2 3%*)E :T
semacquire *+ *2)"((74)">5 *) (")7(2+ #.E Semrelease *2?("8"2)+ )@" +"8%4@'(" S%#7" &D
)@" +4"?*T*">0?'72)E

[#%2 B L[*J" ") %#E5 .BBNQ @%+ )(%>*)*'2%##D 7+"> % >*TT"("2) +D2?@('2*]%)*'2 8"?@%U
2*+85 ?%##"> ("2>"]S'7+E X"2>"]S'7+ *+ % +D88")(*? 8"?@%2*+8Z )@%) *+5 *) >'"+ 2')
%++*62 >*TT"("2) ('#"+ )' )@" )3' 4('?"++"+ *2S'#S">E ;@" T*(+) 4('?"++ )' ?%## ("2U
>"]S'7+ 3*## &#'?J 72)*# )@" +"?'2> >'"+E :2 ?'2)(%+)5 +"8%4@'("+ %(" %2 %+D88")(*?
8"?@%2*+8\ )@" 4('?"++ "^"?7)*26 semacquire ?%2 &#'?J &7) )@" 4('?"++ "^"?7)*26
__________________
_ `'3 %) a''6#"5 9'72)%*2 Y*"35 <%#*T'(2*% BC-CA
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semrelease !" #$%&%'())* '+( (+, -) %**)* ").%/0+&)" (+ 12%' 3 (+ /&+4!*) % 5%6 7+& %
&)%28(!.) /&+9)"" (+ 5%:) $/ %'+(0)& /&+9)"" 5!(0+$( &$''!'# (0) &!": +7 ;2+9:!'#,
<!'9) (0)'=>5) 0%4) %2"+>$")*>").%/0+&)">7+&>)77!9!)'( /&+9)"">5%:)$/>%'*>2+9:!'#,

2. Hardware primitives

?0) !./2).)'(%(!+'" !' (0!" /%/)& %""$.) 0%&*5%&) "$//+&( 7+& %(+.!9 &)%*8.+*!768
5&!() +/)&%(!+'" +' % "!'#2) .).+&6 2+9%(!+', ?0) 7$'*%.)'(%2 +/)&%(!+' !" !!9+./%&)
%'*>"5%/="" 50!90>;)0%4)">2!:) (0!">@ 7$'9(!+' cas=>;$( )A)9$()">%(+.!9%226B

int
cas(long *addr, long old, long new)
{

/* Executes atomically. */
if(*addr != old)

return 0;
*addr = new;
return 1;

}

C' +') %(+.!9 +/)&%(!+'= cas 90)9:" 50)(0)& (0) 4%2$) *addr !" )D$%2 (+ old %'*= !7 "+=
90%'#)">!( (+ new, C( &)($&'">% 72%#>()22!'#>50)(0)&>!( 90%'#)* *addr,

E7 9+$&")= cas !" '+( !./2).)'()* !' @, C'"()%*= 5) .$"( !./2).)'( !( $"!'# "/)F
9!%2 0%&*5%&) !'"(&$9(!+'", G22 .+*)&' /&+9)""+&" /&+4!*) % 5%6 (+ !./2).)'( 9+./%&)
%'* "5%/, ?0) AHI %&90!()9($&) J"!'9) (0) KHIL /&+4!*)" % *!&)9( 9+./%&) %'* "5%/
!'"(&$9(!+'= @M1N@OP, E(0)& /&+9)""+&"#!'92$*!'# (0) G2/0%= GQM= MC1<= %'*
1+5)&1@#/&+4!*) % /%!& +7 !'"(&$9(!+'" 9%22)* 2+%* 2!':)* JRRL %'* "(+&) 9+'*!(!+'%2 J<@L,
?0) RR !'"(&$9(!+' &)%*" 7&+. % .).+&6 2+9%(!+'= %'* <@ 5&!()" (+ % .).+&6 2+9%(!+'
+'26 !7 JSL !( 5%" (0) .).+&6 2+9%(!+' $")* !' (0) 2%"( RR !'"(&$9(!+'= %'* JTL (0%( 2+9%(!+'
0%" '+( ;))' 90%'#)* "!'9) (0) RR, E' (0+") "6"()."= 9+./%&) %'* "5%/ 9%' ;) !./2)F
.)'()*>!'>()&.">+7 RR %'* <@,

?0) !./2).)'(%(!+'" %2"+ $") %' %(+.!9 %**!(!+' +/)&%(!+' xadd (0%( %(+.!9%226
%**" (+ % 4%2$) !' .).+&6= &)($&'!'# (0) ')5 4%2$), -) *+'"( '))* %**!(!+'%2 0%&*5%&)
"$//+&( 7+& xadd=>"!'9) !( 9%'>;) !./2).)'()*>$"!'# casB

long
xadd(long *addr, long delta)
{

long v;

for(;;){
v = *addr;
if(cas(addr, v, v+delta))

return v+delta;
}

}

3. User−space semaphores

-) !./2).)'()* semacquire %'* semrelease %" :)&')28/&+4!*)* "6"(). 9%22", U+&
)77!9!)'96= !( !" $")7$2 (+ 0%4) % ").%/0+&) !./2).)'(%(!+' (0%(= !7 (0)&) !" '+ 9+'F
()'(!+'= 9%' &$' )'(!&)26 !' $")& "/%9)= +'26 7%22!'# ;%9: +' (0) :)&')2 (+ 0%'*2) 9+'F
()'(!+', U!#$&) S #!4)" (0) !./2).)'(%(!+', ?0) $")& "/%9) ").%/0+&)= % Usem= 9+'F
"!"(">+7 % $")&82)4)2 ").%/0+&) 4%2$) u %'*>% :)&')2 4%2$) kB

54



typedef struct Usem Usem;
struct Usem {

long u;
long k;

};

!"#$ u %& $'$($#)*+%,#- %+ .#/.#&#$+& +"# *0+1*2 &#3*/"'.# ,*21#4 !"#$ u %& $#)*+%,#-
+"# &#3*/"'.# "*& ,*21# 5#.'6 *071%.#.& 31&+ 8*%+ '$ +"# 9#.$#2 &#3*/"'.# k *$:
.#2#*&#.&;31&+ 8*9# +"#3;1/4

void
usemacquire(Usem *s)
{

if(xadd(&s−>u, −1) < 0)
while(semacquire(&s−>k, 1) < 0){

/* Interrupted, retry */
}

}

void
usemrelease(Usem *s)
{

if(xadd(&s−>u, 1) <= 0)
semrelease(&s−>k, 1);

}

<= +"# &#3*/"'.# %& 1$0'$+#$:#:- +"# xadd %$ usemacquire 8%22 .#+1.$ * $'$($#)*+%,#
,*21#- *,'%:%$) +"# 9#.$#2 0*224 >%3%2*.2?- +"# xadd %$ usemrelease 8%22 .#+1.$ * /'&%+%,#
,*21#-;*2&';*,'%:%$);+"# 9#.$#2 0*224

4. Thread Scheduling

<$ +"# @2*$ A +".#*: 2%B.*.?- * /.').*3 %& 3*:# 1/ '= * 0'22#0+%'$ '= /.'0#&&#& &"*.%$)
3#3'.?4 C +".#*: %& * 0'.'1+%$# *&&%)$#: +' * /*.+%012*. /.'0#&&4 !%+"%$ * /.'0#&&-
+".#*:& &0"#:12# 0''/#.*+%,#2?4 D*0" /.'0#&& 3*$*)#& +"# +".#*:& *&&%)$#: +' %+- *$:
+"# /.'0#&& &0"#:12#.& .1$ *23'&+ %$:#/#$:#$+2?4 E"# '$# #F0#/+%'$ %& +"*+ * +".#*: %$
'$# /.'0#&& 3%)"+ )' +' &2##/ G='. #F*3/2#- 8*%+%$) '$ * 0"*$$#2 '/#.*+%'$H *$: B#
8'9#$ 1/ B? * +".#*: %$ * :%==#.#$+ /.'0#&&4 E"# +8' /.'0#&&#& $##: * 8*? +' 0''.:%I
$*+#- &' +"*+ %= +"# =%.&+ "*& $' .1$$*B2# +".#*:&- %+ 0*$ )' +' &2##/ %$ +"# 9#.$#2- *$:
+"#$;+"# &#0'$:;/.'0#&&;0*$;8*9# %+ 1/4

E"# &+*$:*.: @2*$ A +".#*: 2%B.*.? 1&#& .#$:#5,'1& +' 0''.:%$*+# B#+8##$ /.'I
0#&&#&4 E"# /.'0#&&#& &"*.# *00#&& +' #*0" '+"#.!& &0"#:12%$) 71#1#&6 '$# /.'0#&& %&
3*$%/12*+%$) *$'+"#.!& .1$ 71#1#4 E"# /.'0#&&#& 31&+ *2&' &"*.# * =2*) /.'+#0+#: B? *
&/%$ 2'09 +' 0''.:%$*+#- &' +"*+ #%+"#. B'+" /.'0#&&#& :#0%:# +' 0*22 .#$:#5,'1& '. $#%I
+"#.;:'#&4

J'. +"# .#*2(+%3# +".#*: 2%B.*.?- 8# 8*$+#: +' .#3',# *& 3*$? &'1.0#& '= B2'09%$)
*& /'&&%B2#- %$021:%$) +"#&# 2'09&4 !# .#/2*0#: +"# 2'09#: .1$ 71#1# 8%+" * $'$(
B2'09%$) *..*?(B*&#: %3/2#3#$+*+%'$ '= * /.':10#.K0'$&13#. 71#1#4 E"*+ %3/2#3#$I
+*+%'$ %& B#?'$: +"# &0'/# '= +"%& /*/#.4 C=+#. 3*9%$) +"*+ 0"*$)#- +"# '$2? 2'09
.#3*%$%$) %$ +"# &0"#:12#. 8*& +"# '$# /.'+#0+%$) +"# ""8"#+"#. +' .#$:#5,'1&!! =2*)4
E' #2%3%$*+# +"*+ '$#- 8# .#/2*0#: +"# .#$:#5,'1& 8%+" * 1&#.(&/*0# &#3*/"'.# 0'1$+I
%$);+"# $13B#.;'= +".#*:&;'$;+"# 71#1#4
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!" #$%& '"( $ &)(*$+ &" (,-. &)* /("0*11!1 10)*+,2*( +*0(*3*-&1 &)* 1*3$/)"(*4 5'
&)* (,- 6,*,* %1 *3/&7. &)* usemacquire #%22 82"09 ,-&%2 %& %1 -"&4 :$;%-< +"-* 1". %& %1
<,$($-&**+=&)$& &)*(* %1=$ &)(*$+="-=&)* (,-=6,*,*>

// Get next thread to run
static Thread*
runthread(void)
{

Proc *p;

p = thisproc();
usemacquire(&p−>nready);
return qget(&p−>ready);

}

?%3%2$(27. &" #$9* ,/ $ &)(*$+ @*;*- "-* %- $-"&)*( /("0*11A. %& 1,''%0*1 &" $++ &)*
&)(*$+=&"=%&1=/("0*11!1=(,-=6,*,* $-+=&)*-=%-0(*3*-& &)* 1*3$/)"(*>

// Wake up thread t to run in its process.
static void
wakeup(Thread *t)
{

Proc *p;

p = t−>p;
qput(&p−>ready, t);
usemrelease(&p−>nready);

}

!)%1 %3/2*3*-&$&%"- (*3";*1 &)* -**+ '"( &)* '2$< $-+ &)* 2"09B 3"(* %3/"(&$-&27. &)*
/("0*11 *C*0,&%-< threadwakeup %1 <,$($-&**+ -*;*( &" 82"09. 8*0$,1* %& *C*0,&*1
usemrelease.=-"& usemacquire4

5. Replacing spin locks

!)* D2$-=E=,1*(F2*;*2 Lock %3/2*3*-&$&%"-=%1 $- $+$/&*+ ;*(1%"- "' &)* "-* ,1*+ %-
&)* 9*(-*24 G 2"09 %1 (*/(*1*-&*+ 87 $- %-&*<*( ;$2,*> H %1 ,-2"09*+. -"-FI*(" %1 2"09*+4
G /("0*11=&(%*1=&"=<($8=&)* 2"09 87 ,1%-< $ &*1&F$-+F1*& %-1&(,0&%"- &" 0)*09 #)*&)*( &)*
;$2,* %1 H $-+. %' 1". 1*& %& &" $ -"-FI*(" ;$2,*4 5' &)* 2"09 %1 ,-$;$%2$82*. &)* /("0*11
2""/1. &(7%-< (*/*$&*+274 5- $ 3,2&%/("0*11"( 9*(-*2. &)%1 %1 $ '%-* 2"09 %3/2*3*-&$&%"->
&)* 2"09 %1 )*2+ 87 $-"&)*( /("0*11"(. #)%0) #%22 ,-2"09 %& 1""-4 5- ,1*( 1/$0*. &)%1
%3/2*3*-&$&%"- )$1 8$+ %-&*($0&%"-1 #%&) &)* 10)*+,2*(> %' &)* 2"09 %1 )*2+ 87 $-"&)*(
/("0*11 &)$& )$1 8**- /(**3/&*+. 1/%--%-< '"( &)* 2"09 #%22 -"& $00"3/2%1) $-7&)%-<4
!)* ,1*(F2*;*2 2"09 %3/2*3*-&$&%"- $++(*11*1 &)%1 87 (*10)*+,2%-< %&1*2' @#%&) sleep(0)A
8*&#**- $&&*3/&1 $'&*( &)* '%(1& &)",1$-+ ,-1,00*11',2 $&&*3/&14 J;*-&,$227 %& 8$091 "''
3"(*.=12**/%-<='"(=3%22%1*0"-+1=$& $ &%3* 8*&#**-=2"09 $&&*3/&14

K* (*/2$0*+ &)*1* 1/%- 2"091 #%&) $ 1*3$/)"(*F8$1*+ %3/2*3*-&$&%"-4 L1%-<
1*3$/)"(*1 $22"#1 &)* /("0*11 &" &*22 &)* 9*(-*2 *C$0&27 #)$& %& %1 #$%&%-< '"(. $;"%+%-<
8$+ %-&*($0&%"-1 #%&) &)* 10)*+,2*( 2%9* &)* "-* $8";*4 !)* 1*3$/)"(*F8$1*+ %3/2*M
3*-&$&%"-=(*/(*1*-&1=$ 2"09 $1=&#"=;$2,*1.=$ ,1*(F2*;*2 9*7=$-+=$ 9*(-*2 1*3$/)"(*>

struct Lock
{

long key;
long sem;

};

!)* key 0",-&1 &)* -,38*( "' /("0*11*1 %-&*(*1&*+ %- )"2+%-< &)* 2"09. %-02,+%-< &)*
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!"# $%&$ '!#( %!)' *$+ ,%-( *. key *( /0 $%# )!12 *( -")!12#'+ 3. key *( 40 $%# )!12 *( %#)'+
3. key *( )&56#5 $%&" 40 $%# )!12 *( %#)' 78 !"# 95!1#(( &"' $%#5# &5# key!4 95!1#((#(
:&*$*"6;$!;&1<-*5# *$+ ,%!(# 95!1#((#(;:&*$ !";$%# (#=&9%!5# sem+

void
lock(Lock *l)
{

if(xadd(&l−>key, 1) == 1)
return; // changed from 0 −> 1: we hold lock

// otherwise wait in kernel
while(semacquire(&l−>sem, 1) < 0){

/* interrupted; try again */
}

}

void
unlock(Lock *l)
{

if(xadd(&l−>key, −1) == 0)
return; // changed from 1 −> 0: no contention

semrelease(&l−>sem, 1);
}

>*2# $%# -(#5?)#@#) (#=&9%!5# *=9)#=#"$&$*!" '#(15*7#' &7!@#0 $%# )!12 *=9)#=#"$&A
$*!";%&"')#(;$%# -"1!"$#"'#';1&(# :*$%!-$ "##'*"6;$!;#"$#5;$%# 2#5"#)+

,%# !"# (*6"*.*1&"$ '*..#5#"1# 7#$:##" $%# -(#5?)#@#) (#=&9%!5#( &7!@# &"' $%#
(#=&9%!5#?7&(#' )!12( '#(15*7#' %#5# *( $%# *"$#595#$&$*!" !. $%# -(#5?(9&1# @&)-#+
B)&" C 1!"@#"$*!" 5#<-*5#( $%&$ & D#5!#' Lock ($5-1$-5# 7# &" -")!12#' )!12+ 3" 1!"A
$5&($0 & D#5!#' Usem ($5-1$-5# *( &"&)!6!-( $! & )!12#' )!12E & usemacquire !" & D#5!#'
Usem :*)) 7)!12+

6. Kernel Implementation of Semaphores

3"(*'# $%# B)&" C 2#5"#)0 $%#5# &5# $:! 2*"'( !. )!12(E $%# (9*" )!12 Lock (9*"( -"$*)
$%# )!12 *( &@&*)&7)#0 &"' $%# <-#-*"6 )!12 QLock 5#(1%#'-)#( $%# 1-55#"$ 95!1#(( -"$*)
$%# )!12 *( &@&*)&7)#+ F#1&-(# &11#((*"6 -(#5 =#=!58 =*6%$ 1&-(# & )#"6$%8 9&6# .&-)$0
$%# 2#5"#) '!#( "!$ &))!: & 95!1#(( $! %!)' & Lock :%*)# &11#((*"6 -(#5 =#=!58+ G*"1#
$%# (#=&9%!5# *( ($!5#' *" -(#5 =#=!580 $%#"0 $%# !7@*!-( *=9)#=#"$&$*!" *( $! &1<-*5#
& QLock0 9#5.!5= $%# (#=&9%!5# !9#5&$*!"(0 &"' $%#" 5#)#&(# *$+ H".!5$-"&$#)80 $%*(
*=9)#=#"$&$*!" 1!-)' 1&-(# semrelease $! 5#(1%#'-)# :%*)# &1<-*5*"6 $%# QLock0 "#6&$A
*"6 $%# =&*" 7#"#.*$ !. (#=&9%!5#( .!5 5#&)?$*=# 95!1#((#(+ I =!5# 1!=9)#J *=9)#A
=#"$&$*!" *( "##'#'+ ,%*( (#1$*!" '!1-=#"$( $%# *=9)#=#"$&$*!"+ 3$ *( "!$ "#1#((&58
$!;-"'#5($&"';$%# 5#($ !. $%# 9&9#5;&"';1&";7# (2*99#';!";.*5($ 5#&'*"6+

K&1% semacquire 1&)) 5#1!5'( *$( 9&5&=#$#5( *" & Sema '&$& ($5-1$-5# &"' &''( *$ $!
& )*($ !. &1$*@# 1&))( &((!1*&$#' :*$% & 9&5$*1-)&5 Segment L& (%&5#' =#=!58 5#6*!"M+ ,%#
Sema ($5-1$-5# 1!"$&*"( & 2#5"#) Rendez .!5 -(# 78 ()##9 &"' :&2#-9 L(## NB*2# #$ &)+0
4CC4OM0;$%# &''5#((0;&"';& waiting .)&6E
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struct Sema
{

Rendez;
long *addr;
int waiting;
Sema *next;
Sema *prev;

};

!"# $%&' %& ()*'#+'#, -. / Lock0 1"%+" +/22*' +/3&# '"# ()*+#&& '* )#&+"#,3$#4 !"#
&#5/("*)# 6/$3# *addr %& &'*)#, %2 3&#) 5#5*).4 !"3&0 1# +/2 /++#&& '"# $%&' *2$.
1"#2 "*$,%27 '"# $*+8 /2, 1# +/2 /++#&& '"# &#5/("*)# 6/$3# *2$. 1"#2 2*' "*$,%27
'"# $*+84 !"# "#$(#)9:32+'%*2&

void semqueue(Segment *s, long *addr, Sema *p);
void semdequeue(Segment *s, long *addr, Sema *p);
void semwakeup(Segment *s, long *addr, int n);

/$$ 5/2%(3$/'# '"# &#75#2'!& $%&' *: Sema &')3+'3)#&4 !"#. /+;3%)# '"# /&&*+%/'#, Lock0
(#):*)5 '"#%) *(#)/'%*2&0 /2, )#$#/&# '"# $*+8 -#:*)# )#'3)2%274 Semqueue /2,
semdequeue /,, p '* *) )#5*6# p :)*5 '"# $%&'4 Semwakeup 1/$8& '"# $%&' $**8%27 :*) n
Sema &')3+'3)#& 1%'" p.waiting &#'4 <' +$#/)& p.waiting /2, '"#2 1/8#& 3( '"# +*))#=
&(*2,%279()*+#&&4

>&%27 '"*&# "#$(#) :32+'%*2&0 '"# -/&%+ %5($#5#2'/'%*2 *: semacquire /2,
semrelease %&?

int
semacquire(Segment *s, long *addr)
{

Sema phore;

semqueue(s, addr, &phore);
for(;;){

phore.waiting = 1;
if(canacquire(addr))

break;
sleep(&phore, semawoke);

}
semdequeue(s, &phore);
semwakeup(s, addr, 1);
return 1;

}

long
semrelease(Segment *s, long *addr, long n)
{

long v;

v = xadd(addr, n);
semwakeup(s, addr, n);
return v;

}

@!"%& 6#)&%*2 *5%'& '"# ,#'/%$& /&&*+%/'#, 1%'" )#'3)2%27 "A 1"#2 %2'#))3('#, /2, /$&*
1%'"92*2B-$*+8%279+/$$&4C

Semacquire /,,& / Sema '* '"# &#75#2'!& $%&' /2, &#'& phore.waiting4 !"#2 %'
/''#5('& '* /+;3%)# '"# &#5/("*)#4 <: %' %& 32&3++#&&:3$0 %' 7*#& '* &$##(4 !* /6*%,
5%&&#, 1/8#3(&0 sleep +/$$& semawoke -#:*)# +*55%''%27 '* &$##(%27D semawoke &%5($.
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!"#!$% phore.waiting& '(#)*+,--./ canacquire 0#*+0)% *0+#/ 10#,$2)3 4+* 45 *"# -446&
7"#) semacquire 0#84(#%92*% Sema 50489*"# -2%* ,):90#*+0)%&

7"# !,-- *4 semwakeup ,* *"# #): 45 semacquire !400#!*% , %+1*-# 0,!# *",* ;#
54+): +%2)3 <62)& <+664%# 604!#%% = !,--% semacquire ,): *"# %#8,6"40# ",% (,-+# >&
Semacquire ?+#+#% 2*% Sema ,): %#*% phore.waiting/ canacquire %+!!##:% @*"# %#8,A
6"40# (,-+# 2% )4; BC/ ,): semacquire 10#,$% 4+* 45 *"# -446& 7"#) 604!#%% D !,--%
semacquireE 2* ,::% 2*%#-5 *4 *"# -2%*/ 5,2-% *4 ,!?+20# *"# %#8,6"40# @*"# (,-+# 2% BC/ ,):
34#% *4 %-##6& F4; 604!#%% G !,--% semreleaseE 2* 2)!0#8#)*% *"# %#8,6"40# @*"# (,-+#
2% )4; >C ,): -44$% 540 , %2)3-# Sema 2) *"# -2%* *4 ;,$# +6& H* 52):% =!%/ !"#!$% *",*
phore.waiting 2% %#*/ ,): *"#) !,--% *"# $#0)#- wakeup *4 ;,$# =& I)540*+),*#-./ =
)#(#0 ;#)* *4 %-##6& 7"# ;,$#+6 2% -4%* 4) =/ ;"2!" ",: ,-0#,:. ,!?+20#: *"# %#8,A
6"40#& H5 = %286-. 0#84(#: 2*% Sema 5048 *"# -2%* ,): 0#*+0)#:/ *"# %#8,6"40# (,-+#
;4+-: 1# > ;2*" D %*2-- ,%-##6& 74 ,!!4+)* 540 *"# 64%%21-. -4%* ;,$#+6/ = 8+%* *0233#0
4)# #J*0, semwakeup ,% 2* 0#*+0)%& 7"2% ,(42:% *"# 0,!#/ ,* *"# !4%* 45 ,) +))#!#%%,0.
@1+* ",08-#%%C9;,$#+69;"#)9*"# 0,!# ",%9)4* ",66#)#:&

7. Performance

74 8#,%+0# *"# !4%* 45 %#8,6"40# %.)!"04)2K,*24)/ ;# ;04*# , 60430,8 2) ;"2!" *;4
604!#%%#%962)3L64)391#*;##)9*;49%#8,6"40#%E

M04!#%%9>91-4!$%94)9*"# ,!?+2%2*24)945 <#8,6"40# >/
M04!#%%9N90#-#,%#%9<#8,6"40# >9,):91-4!$%94)9<#8,6"40# N/
M04!#%%9>90#-#,%#%9<#8,6"40# N9,):91-4!$%94)9<#8,6"40# >/

7"2% -446 #J#!+*#% , 82--24) *28#%& O# ,-%4 *28#: , 60430,8 *",* :4#% *;4 82--24)
,!?+20#% ,): *;4 82--24) 0#-#,%#% 4) , %#8,6"40# 2)2*2,-2K#: *49*;4982--24)/9%49*",* )4)#
45 *"# !,--% ;4+-: 1-4!$& H) 14*" !,%#%/ *"#0# ;#0# , *4*,- 45 54+0 82--24) %.%*#8 !,--%P
*"# 62)3L64)39!,%# ,::%9*;4982--24)9!4)*#J* %;2*!"#%& 7,1-# >932(#%9*"# 0#%+-*%&

time per system call (microseconds)
processor cpus ping−pong semacquire semrelease____________________________________________________________________________

M#)*2+8HHHQR#4)/9STU9VWK > N&>U >&XS >&T>
M#)*2+8HHHQR#4)/9YTY9VWK N B&UUY B&TZT >&XU
M#)*2+8H[QR#4)/9N>T\9VWK Z B&TYB >&XU >&UZ
=V]\Z/9NNB>9VWK N >&BU B&N\\ B&XN\

Table 1 <#8,6"40#9%.%*#89!,--96#05408,)!#&

time per lock operation (microseconds)
processor cpus spin locks semaphore locks____________________________________________________________________________

M#)*2+8HHHQR#4)/9STU9VWK > S&Z S&Z
M#)*2+8HHHQR#4)/9YTY9VWK N >U&N S&\
=V]\Z/9NNB>9VWK N NN&\ N&S
M#)*2+8H[QR#4)/9N>T\9VWK Z ZX&U Z&T

Table 2 M#05408,)!#9459%62)9-4!$%9(#0%+%9%#8,6"40#9-4!$%&

F#J*/ ;# -44$#: ,* -4!$ 6#05408,)!#/ !486,02)3 *"# !4)(#)*24),- M-,) T -4!$%
5048 libc *4 *"# )#; 4)#% +%2)3 %#8,6"40#% 540 %-##6 ,): ;,$#+6& O# 0,) ]4+3
V!H-04.!% 64;#0 %#02#% 60430,8 ^V!H-04./ >TTB_/ ;"2!" %6#):% ,-84%* ,-- 2*% *28# 2)
!",))#- !488+)2!,*24)& 7"# M-,) T *"0#,: -210,0.!% !",))#- 286-#8#)*,*24) +%#% ,
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!"#$%& $%'()% %'*+ ,' *''-."#),& )%% */)##&% )*,"0",12 "#.3*"#$ ) %)-$& )4'3#, '5 %'*+ *'#6
,&#,"'#7 8/& )99%"*),"'# *-&),&! ) ,/'3!)#. 9-'*&!!&! )#. 4)+&! :;<2=>? %'*+ *)%%!7
8/& #34(&- '5 %'*+! @"# ,/& !&4)9/'-& 0&-!"'#A ,/), -&B3"-& C)","#$ @"7&72 ) !&4)*B3"-&
"! .'#&A 0)-"&! C"%.%17 D# :; -3#!2 ,/& !4)%%&!, #34(&- C& !)C C)! ?:<2 ,/& %)-$&!, C)!
EF;2G)#.G,/& )0&-)$& C)!G:HH7

8)(%& : !/'C! ,/& 9&-5'-4)#*& -&!3%,!7 I3-9-"!"#$%12 ,/& 9&-5'-4)#*& ."55&-&#*&
C)! 4'!, 9-'#'3#*&. '# 43%,"9-'*&!!'-!7 J)"0&%12 '#& C'3%. &K9&*, ,/), !9"##"#$
C'3%. /)0& !'4& (&#&5", '# 43%,"9-'*&!!'-! C/&-&)! ", *'3%. /)0& #' (&#&5", '#
3#"9-'*&!!'-!2 (3, ", ,3-#! '3, ,/), !9"##"#$ C",/'3, -&!*/&.3%"#$ @,/& 5"-!, ?;;; ,-"&!A
/)! #' &55&*, '# 9&-5'-4)#*&7 L'#,&#,"'# '#%1 '**3-! !'4& M;; '- !' ,"4&!2 )#. ,/&
,"4& ", ,)+&! ,' !9"# M;;2;;; ,"4&! "! "# ,/& #'"!&7 8/& ."55&-&#*& (&,C&&# 3#"9-'*&!6
!'-! )#. 43%,"9-'*&!!'-! /&-& "! ,/), '# 3#"9-'*&!!'-!2 ,/& 5"-!, sleep(0) C"%% 93, ,/&
9-'*&!! C)","#$ 5'- ,/& %'*+ ), ,/& ()*+ '5 ,/& -&).1 B3&3& !' ,/),2 (1 ,/& ,"4& ", "!
!*/&.3%&. )$)"#2 ,/& %'*+ C"%% %"+&%1 (& )0)"%)(%&7 N# 43%,"9-'*&!!!'-!2 *'#,&#,"'# 5-'4
',/&- 9-'*&!!&! -3##"#$ !"43%,)#&'3!%1 4)+&! 1"&%."#$ %&!! &55&*,"0&7 D, "! )%!' %"+&%1
,/), ,/& -&9&),&. ),'4"* -&).O4'."51OC-",& "#!,-3*,"'#!2 )! "# ,/& ,"$/, %''9 '5 ,/& !9"#
%'*+2G*)#G!%'C ,/& &#,"-& 43%,"9-'*&!!'-7

8/& 9&-5'-4)#*& '5 ,/& !&4)9/'-&O()!&. %'*+ "49%&4&#,),"'# "! !'4&,"4&! 43*/
(&,,&-2 )#. #&0&- #',"*&)(%1 C'-!&2 ,/)# ,/& !9"# %'*+!7 P& C"%% -&9%)*& ,/& !9"# %'*+
"49%&4&#,),"'#G"#G,/& Q%)#GFG."!,-"(3,"'#G!''#7

8. Comparison with other approaches

R#1 '9&-),"#$ !1!,&4 C",/ *''9&-),"#$ 9-'*&!!&! 43!, 9-'0".& )# "#,&-9-'*&!!
!1#*/-'#"S),"'# 4&*/)#"!47 D, "! "#!,-3*,"0& ,' *'#,-)!, ,/& !&4)9/'-&! .&!*-"(&. /&-&
C",/G4&*/)#"!4!G"#G',/&-G!1!,&4!7

T)#1 !1!,&4!!5'- &K)49%&2 UIV2 T)*/2 NI W2 )#. &0&# I1!,&4 X YJDW!9-'0".&
!&4)9/'-&! ZU)*/2 ?FH=[7 D# )%% ,/'!& !1!,&4!2 !&4)9/'-&! 43!, (& &K9%"*",%1 )%%'*),&.
)#. .&)%%'*),&.2 4)+"#$ ,/&4 4'-& *34(&-!'4& ,' 3!& ,/)# semacquire )#.
semrelease7 P'-!&2 !&4)9/'-&! "# ,/'!& !1!,&4! '**391 ) $%'()% ". !9)*&2 !' ,/), ", "!
9'!!"(%& ,' -3# ,/& !1!,&4 '3, '5 !&4)9/'-&! \3!, (1 -3##"#$ 9-'$-)4! ,/), )%%'*),&
!&4)9/'-&! (3, #&$%&*, ,' .&)%%'*),& ,/&4 @'- *-)!/A7 8/& Q%)# F !&4)9/'-&! ".&#,"51
!&4)9/'-&! (1 ) !/)-&. 4&4'-1 %'*),"'#] ,C' 9-'*&!!&! )-& ,)%+"#$ )('3, ,/& !)4&
!&4)9/'-& "5 *addr "! ,/& !)4& C'-. '5 9/1!"*)% 4&4'-1 "# (',/7 ^3-,/&-2 ,/&-& "! #'
+&-#&%O-&!".&#, !&4)9/'-& !,),& &K*&9, C/&# semacquire "! (%'*+"#$7 8/"! 4)+&! ,/&
!&4)9/'-& %&)+!G'5 I1!,&4GX "49'!!"(%&7

_"#3K 9-'0".&! ) %'C&-O%&0&% !1!,&4 *)%% #)4&. 53,&K Z^-)#+& )#. `3!!&%%2 :;;:[7
^3,&K "! &!!&#,")%%1 ""*'49)-& )#. !%&&92## 4)+"#$ ", ) $''. 4),*/ 5'- *'49)-& )#.
!C)9O()!&. )%$'-",/4!7 ^3,&K )%!' 4),*/&! 9-'*&!!&! ()!&. '# !/)-&. 9/1!"*)% 4&46
'-12 )0'"."#$ ,/& I1!,&4 X %&)+ 9-'(%&47 U&*)3!& 53,&K '#%1 9-'0".&! ""*'49)-& )#.
!%&&9## )#. ""C)+&392## 53,&KO()!&. )%$'-",/4! )-& -&B3"-&. ,' /)#.%& ,/& 3#*'#,&#.&.
*)!&! "# 3!&- !9)*&2 %"+& '3- 3!&-O%&0&% !&4)9/'-& )#. #&C %'*+ "49%&4&#,),"'#! .'7
8/"! 4)+&! 53,&KO()!&. "49%&4&#,),"'#! &55"*"&#,a 3#5'-,3#),&%12 ,/&1 )-& )%!' B3",&
!3(,%&7 8/& '-"$"#)% &K)49%& *'.& ."!,-"(3,&. C",/ 53,&K&! C)! C-'#$a ) *'--&*, 0&-!"'#
C)! '#%1 93(%"!/&. ) 1&)- %),&- ZV-&99&-2 :;;>[7 D# *'#,-)!,2 !&4)9/'-&! )-& %&!! $&#6
&-)% (3, &)!"&-G,'G3#.&-!,)#.G)#.G,'G3!& *'--&*,%17

60



References

!"#$%&'()*+,
-./.'"#$%& The Design of the UNIX Operating System&'012345$2 6#77&'()*+

!859:;41#&'()+<,
=.>.'859:;41#&'!!?@21'A253B#723""& EWD74&'()+<.
C%44BDEEFFF.$;.G42H#;.2IGEG;21;E=>8E2FIJJHHE=>8KL.08M&
%44BDEEFFF.$;.G42H#;.2IGEG;21;E=>8E41#3;$15B45N3;E=>8JJHHE=>8KL.%4O7P

!812BB21&'QJJR,
S.'812BB21&'!!MG42H2;'#12 T15$:U&"" BGV75;%2I'N37532 #4
%44BDEEB2NB72.12I%#4.$NOEI12BB21EWG42H.BIW.

!M1#3:2 #3I'XG;;277&'QJJQ,
!!MG;;& MG42H2;& #3I MG1FN$:;D M#;4 S;2172@27 YN$:53Z 53 Y53GH&"" Proceedings of the
2002 Ottawa Linux Symposium&'?44#F#&'[#3#I#&'QJJQ&'BB.'LK)#L)<.

!6N7\O#33&'())(,
]./.'6N7\O#33& Design and Validation of Computer Protocols&'012345$2 6#77&'())(

!05:2 24 #7.&'())(,
X. 05:2& 8. 012;N44N& ^. T%NOB;N3& #3I ]. 6N7\O#33& !!01N$2;; ;722B #3I F#:2GB
N3 # ;%#12I O2ON1U OG745B1N$2;;N1&"" Proceedings of the Spring 1991 EurOpen
Conference&'T1NO;_&'`N1F#U&'())(&'BB.'(+(#(++.

!05:2 24 #7.&'())<,
X. 05:2& 8. 012;N44N& A. 8N1F#1I& ". M7#3I123#& ^. T%NOB;N3& 6. T15$:2U& 0. >53421a
VN44NO& !!07#3 ) W1NO "277 Y#V;""& Computing Systems& 8CRP& AGOO21 ())<& BB.
QQ(#Q<L

!07#3')&'QJJJ,
Plan 9 Manual&'R1I'2I545N3'BGV75;%2I'N37532 #4
%44BDEEB7#3).V277b7#V;.$NOE;U;EO#3

61


