UWhat is_seqoedtial C(JV\SIS'{"W\(\% (SC)?

(k“\e_,:\ -H\l'vxkivwa o\[)ovd' c.ouxcunq\f pronrqwxs, WNe iwplfc{‘”ﬁ ASS0WNe v\)l/\cc“ an exem"ﬁov\ CoN

look like E.Q. in the (allow.‘v\a Prda'r«w\ \ i+ s amintoitive Lor ws 1o see "o [\Pri\)\*e}o

A=B=0
T T,
R=lk2 L (A==1)4
A =1 print (B)

L€ A was wrilten, we expect B fo have lean wriffen. This intuitive nofion Hhat we
hove of what execations are possible is ex«cﬁua coptored with SC. The
exact ossomphions we Make npder SC are:

@ Ang execotion behayes as i€ each ppevation hod beon executed Seqmen\"r{a\u\a
(ie.one alter bhe oH\er) by a single Thread.

(D) This eaoivaleat seguentiol execotion obeys program arder (PO).

This then eli minates Yhe onexpected execntion above |C the Proqrawm execation
was SC and Ty printed ‘0", thew T, soo that A=1 was wriflen, so the

e quivalent gequential execotion masd have had

A«,A?

T Sgew
J% SMCQ Tz read
Po
Now since B=%2 A=t lhe 9equential execation moast have been

= &2
A=1

But 1 £ we execdte these Opera+io“s N iso[o:‘riov\ On O Siw(]l‘e ﬂ'\i’eoi, We obviouSIa
priwt e o controdiction,
This s Yhe same kind s€ ressoning we Wse when thinking about [ad interleayings

of  ohen ove proyed that +he Peterson |ock prov,‘Aes motual exedason.



Correctness

Now when (M\)Lew\u\*iv\% concurrent objects ourselves (e-9. « duesne)

tHie some @ aestion Comes wp of what shouold l'\appeu\ w hen maltiple threads
execale these operations concarrently. And aqain Since it matches our intaition,
e Cold ose SC asour cordition for whethar an object behaves Correcty. This
means Hhat i £ e implement o concurrent goesa § that allons an execotionof

T T

1 1
Q,QM((X) qr_an\gf(%)
o = 4.deq(

wb\ere o\eq, re'\'\xrvxs V\L\l\ or Yaises Aaw chep'l'iow l)eccw)e ‘H\Q Fu-ene 'S

empty  then we woald consider this an jacorfect ”‘“Pl“"e'&‘di""\%

We wounld call oor O(v;\ec{' hSleu\ev&ia\\\\a cavxs[ehmjr", i€ m OV\‘a poss;L[e Qxec»\’hov\,

*l-l'\Q Operot‘hows 0N & Sim%le i\\SJVM\Le Hhis O(JJe,c'," are 5C (O\N}\ we ?‘&V\Orﬁ okl\
obhec gperations),

See the end of my notes on the Jock-free unbounded queue for week 12
(https://n.ethz,ch/~aellison/pprog2023/weekl2/lock-free-queue.pdf) for the outline of an/example
implementation that on the surface tooks reasonable, but allows exactly such-anexecution;

Ensoring 9C

Already with Hhe Jaun memory madel we sooy That sequential consisfency is not
alaogs  goaranteed. In the exomple €rom the beqiming, it would be possille Lor

the program to print YoM i Java. Mewory medels however give s syachronization
tools to enforce seguential consistency (volatile , locks  ete] when {A+erac+0'mla
with  memory.

ASSL»\MEV\‘& we know hoos to implement 5C ol:jer:(s, the next goestion is, how can
we be sare that execations using moltiple SC objects will be 5S¢’

Wil any execodion where the behavior of eady individoal objecd s SC
astowatically be 9C as a whale® No¥ This properly would be calle
“c,oMPo-_;o.()ilnL%‘\ ad SC does mof catis{y Fhis property.

Processors are o real example for this. Despite having Caches, (modera) processons
goavantee that all accesses 1o o Single wmemory loation will be 58 oentially

consistent (Lhis is called "“cache cob\armua“ aud i en forced WSing o Coche

coherency pratocol), So the Lollowing execution is not pomible



15 Ty

A=1 A= )
prink(A /7 "2 prMM)ﬂ“

(bemo&e |€ T,l PT!V\‘\S “(L we W\‘-W‘{’ l\‘l“? Ar:(l "’A:\l -+ fr'I*+LA) (T,()
fo

vn Yhe ee(o‘;\]q(su:\' Se",ueo\‘hd\[ Q)(e;o:‘(iou\ Bad  6ince A:1‘9 ()n‘i\"‘(m (TJ,

T, connot repd A 46"1”.)

The .Qo(\owiv\%( it L Methaly locations can hooevar oppen

A=R=o0
T T,
lprint@) //“a" IR =1
[print(®B) ~ "0 [Az2
The execotions ol Hhe ind; i daa( Ob()equ (51\”3‘1 \lqr»‘«(:(es) sre 5
Ta Ty Ty T,
prm'\'(ﬁ)/ ro’ B =1 priat (AY // "0 A=2
Eqmw(em‘r Seé(_ukd\‘hq( e cuhi mas:
print(B) /"0" A=1
5.1 print (A) /] 10

Bo{" ’H\e QKQLO\AH'OV\ a; a Nl\o(»e is Aot T hs conld l\dplen £ Tz
reordered He twe wrifes

Another example wvsing  GLeuves:

Ta 1
l q g (d IP QMVQ;)
eng (x) y
a0 Mgt et 7
Aam!\(‘\'he Q)(QC\\'\’.OV\S 0(— 'H\e |V\A, V1 &am( o()\"eclrs (5kueo\ VQN‘«‘:{GQ ale i
T4 Ty Ty T?.
end () .eng (4) p. eng (x) prena(y)
:rrm‘r@‘ de g () /“%“ M i priot(p. XQ%Q V/ARS
Eq{o\i ua(ew} Seq.ukw+iq( QXchc\ioms:
4.enq “b\ p vaﬁ_\ (K)
ﬂ_ N (*) (S
privt(4.deg ) /"y f’m\'\(P eq ) // !

while +the eatire execation is net. [ q dey() Aivesy | then we mast have



4. end (9 -0 q.enq (X inthe equiv. seq. exec . bot with PO this gives us
po Po
penaly 4 end () b 4.en4 () b perd ), so deqoeuing "x" Lrom
p woald  wot be possible ander SC.
Thes is wndesirable, (w the end we want all cor execstions o be SC
(N +o+q\l (w\l( So Qa\» 5¢ o[-,\“u,&- ,‘MP(QMQHA‘\»‘OM o\lar\e aye d\o‘\‘ Qv\omfal,\
+o %w\r&w\‘\'eﬁ us this and iF s wnclear how aje <an achieve ouy %oo\\,

L:neari2abl: 43

As olten in math, when oor delinidions allow Cor undesirable
cases, (e Fry strengthaning our assomptions. What went YOG N
the previows example? Let's +r% [ MG gy how +he opam"h'ov\s
may have kappu\@A in_ time. Since 4.end(y) b Q(.@\‘Sr(ﬁl we wonld
intaifively expect  Fhat "a.eng 00" could not haye completed
be fore “‘:sv. QV\‘A(*@“ starfed, 5o e | MAQ [ e 6owl\e1Lfm‘Ma like this:

T oendld
4 vaa((*g)/\
—r?_

Now 1€ oue comsider when the olbher operations Should have happened in PO
,eng (%) ded 1)
L P g‘ —t \..?‘__i,_‘

)

T1 !
a4 () _evxe((g)ﬂ de
T, \P A, % p.dea()

4 -eng (x

=

Thew we wouwld v\oqlwo\llgi expect 4 hat p.)\ug( Could ov\lna re<fura “3“‘
since pead(y) mast precede pemg®@ in Fime. SC alone says

no thino obount Fime, we never mentianed it in oov delinition.
This weans that gnder 5C alone, euen [ p.eng(y) VgreceAes
p.engd o *HI\)V\% in oul AssmW\M(ovxs iwply that in fhe @ quivaleat
Se(}(wu\‘('(a\ exemln‘ov\, +he opera‘h‘ovx P24 () wooldh st precele
p.eng6d, Iw\Por'hvx"P’- No\'w\o\llcﬁl wne don't care or think about +;me,
becasse we don't know how oar Pro 9 ram will be scheduled.
Rob here e see that 1L e also odd this constramt R

the real-time odering ol operations it eliminates the



ond esiced behayior 9

S let ws Aeline liv\e&ri%abn‘(i+%( (na adding Th's new constraimb

to SC

We call on execotion linearizable, if:

@ [ is SC. (see abovye)

@ The ednivaleat sngwed\’rfql axecntion {rom $C alse satis £ies all
real- time orderings bet oveen opero\WL:‘Ons,;‘.e. for ang two
operations 0n 0y (£ 6, precedes o, in the real-time

shoul\ prececxa gy (A +he eqouvaleat

’x%e coXi on ( VN o,
smj(u\e\ﬁo'ql Q%eaﬁiom.

Ang they INay to 5ay twis is a5 in the bao k-

Principle 3.5.1. Each method call should appear to take effect instantaneously at
some moment between its invocation and response.

We then call an object (inearizable, i€ n an gosille execution,

the operations on a Single instance thi object are [inearzalle.
Linearizab: ity s i Lack composcable (procg inthe baok on prge &7,
so0 il we <on be sore that pue wvoe only lineorizable vbject s,

oy execution Will be [ineari zoble aud +hus $C: qud we are

happy @ ¥

To be olle fo conteasd  lin. ond 5C, we need o inclode the Fime
Cow»t)osl\eﬁ' s b oor execotions, The Lo l(Qu\'v\% executign iy Lov

exomple 9C bat wot lin.:
T1 ‘LQ‘_QU\E‘»{(X)
T’L

Albhouvglh it is aninfuitive and harder to think of o guene

g0 lemontotion d+hat woold work Hacs oy, this execotion is SC,

Since We can choose the equivaleat seq uential executiom

|

\ }%‘U\E}Q) r q.deq(\é?

4. naly)

.end (%
;.f. AQ&Q ) Y



o[;ecaivu{\ progrom order We are all owed tu' reovdey’ 2 20y () awnd

q.en%(4) be ¢ aase &c o) 6 moJ(l/\iwa oboot +ime .
Do NOT rewmenber 5S¢ bg " allooed to reocdes operations in time" The
9 P
Hne iw+ar+f'ow/assuwp+.'oms MA-QV\+{0\A~EJ

9ic+o\re s L 6c o Kup iR are
in fhe Lirsd section. W heneyer Yo See 9C m siher places

Gt s an [ onportont "'Qrmg), ‘HA&&Q oill be re,Qamv\a T, dhese Aeos and
not histories where infer—thresd order can be i gnayed.

The real-time order betpecn threads wusnld ol y allo & the 0@ aential
Wwhich s not possinl hence +he

execoXion q . 2nd (X

. na(
zr_. AQZS(Q\M//-—B Y exe cotign is net linearizable.

Lineari 2ation poivxjrs:

The lis# 0 pen ewesjm)v\ 15 hoow to show thet  an ob\)e& s [inear zabe.
The way to do Hus s ()% r‘ciemjr;@a.wa "lineari g ation points in gur
PYo §rowm. These are poiﬁs W oo pro growm Hf\c\Jr geeor
¢+0Micc\\\u&/{ASJ(Aerav\eoasl«a and O\e:&erwu‘»\a when  Fhe Op&ra+?ovx
has uLOW\‘Pl&‘{'QAl\ oc “Faken effect" (but net %e+ reforned). There

i< no precise dedintion of what“completed” oc ‘faken effect"

WRO\NS . 0 hat H\a \{V\ear\'%dwv\ poiV\Jrg nead -l-c (u\l(;( ¢ -Hd\'(’ £ e
OW)\J?.F &(( 6 Pav&"":’omé 6%\ ‘("'\e{f lineour, eoch N poim'}s (Mtiwwa\ Hhs %\'\/es
WS the (@) e 20 yolent Seq outie| execoYiow, called the (5) “linearization’

0f the execotion.



