WFeuoa | AvG 150 -0

0. Concurremt Veclor \r\/r'aéin3=

a first exercise in program develcspmeht

I the ?oregoing chapters we have seen o num-
ber of examples of how to use the technigue of
Sjcrencaﬂﬁenima the Annotabtion to show that a given,
too weakly annototed multiprogram is correct .
There we S%ahgﬂaaned the cw'i%ina\ annctakion in a
number of steps , until it became correct ™ the
Core. Here , in this chapler, we will do exach the
same, be it not for a comg.ule{:e:d program ., buk [or a
program yet fo be Covnp\c—zl:'ed. That is, a.lom% with
a Slc'f‘or\Cjzr arnotation, new, addibional code wi H
see the light as well,  and that is what we call
program developmem'{: i We have to admit, '{:LTGU_BL)
that in this _f{rch exercise not too much additional
code will be developed, on the orne hand because
the example is very Simp\e , and on the other
hand lbecause a Co.wtiou.ﬂnj cayried ouwt de,ve,\op”
ment  does net inkroduce move than needed.

Besides using the example ko give a Pirst
performance og program deve)opmeh'{f L we will
alse use it Lo e.x‘::\cdn ymovre rec,ise,\Ej O uwt loodk-
keeping reaime with the "Noltes" and the
“gueries’ which we have been using a numnber
of Limes now without much ado. We will also
be more exp\f‘c,i{f about the status op the inter-
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mediate versions that emerge du.r;'mg the aFProxiw
mwl:ion ProceSS, whrc\q sfrar'\lrs OJ: Hﬂe 'speciptc;a,\:mm

and ends in the ultimate solution .

- ko
w

The Problem of Concu,rreml: Veckor \x\)rif:ima is Hne
Eo\\owmg . We consider an array xLo..N) , 0¢N,
and bwo Compone,mfrs AR and B . Compone,m':

A writes zeroes inko x , and component g~
ones . We wish +o sanahr‘omze the C.OMPOYJGEV\.{:‘S
such Hﬂa:l: the mul ki prccaram Lermina,l:es and

iy —

delivers a f"ma-l stakte 30.;!:’151[311’16 X =0 .

A more precise SPGCigfccd:iom of this pr‘c;lo\e,m

is given bﬂ the qu,re below.

Pe: =0 . =0

A: do i#N - xi:=0;i:=i+1 od
B do J#N - X }Jzz.J+1 od
Post: 2 (vk: 0ck<N: xk=0)

Version 0
( The individual assicahmemirs Qre a{.”omic,)

This speci{’fca\:ion is more precise in that it
reveals how the ComPomc_nES write inkto x = We
shall refer to the combinabion of the precon -
dition “Pre and the program Lexts for A and "B
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as ’H‘HE. Qm/ouéaéion /f?w/:erm

Remark  The legal stakus of the computation proper
is that it is owned blj someone else , who needs it
for some purpose thak is hot of our concern. This
imp\ies thot no matter how we pr‘oc.ezd , we afe not.
entitled +o inl:ev-{?ere withh this c,ompuka{:-iom 111 any
ather way than needed For Fhe purpose op syn-

chronization .

End

Version 0 also conkains a notakional device thabt we
shall use all -{hroug\q, namely the query . A query
indicates that something remains to be done —here,
take care of the correckness of the postcondibion —
Rs we go a[ohcj, we will alse encounter q,u,cz—r{ed
asserkions and gueried S{jﬁtem invariants ( like we

did in earlier examp)es).

Ta.lrcima care o? a. q’uaried ke means accomfa\\"o‘l—;i»ﬁ
ite correckness (in the Gore). This will always be
achieved by extending the pregroam Lext —beit
WIE\’\ cocle, assev\%}ons, or Ehvariamksm . Hovvev*ev;
these exkensions are constramed by the rwle that

the compu Laktion proper

i% not te be C\")O-ngd

Thie rule prohibits , for instance, that we rcPlace.
the parallel composition of A and B with the
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Sectu,em%ia\ program B0, which would vacuouslj
establish the re,q/u.ired Pos{:candikion“ This would
not do:  the [eaa.l ProPrfe:l:c‘r' has handed in o

_PO.FQW.} le__l Fro roun

The rule also Frohi\oa'l'.s that we Pl““fj in ?u.anef‘

changes to x,i, or J. Llnspeckions, howe ver, o?
the variables o? the c_@mpw{-:a.{:{can proper will_, il

ca@mera_l,, be allowed — somektimes tLeLtj are even
unavoidable  ( for instance in termination deteckion
alqan't\q ms) — . In many circumstances, '{]ﬂougk,

H-\é additional code will be phrased in terms of
Cresh Csfan\wrohizanm) variables.

Given the above conventions YE‘gard{ng the
status of the computaktion proper and given
our appreciation of queried items, Version 0
acts as the formal specification of the pro-
gramming bask chead of us.

’Qemadf_ ﬁdm:LEedlj . the re\oerk-ofre @F atomic
statements that we may draw from to solve the
problem has been left unspecified; in Par{:icc{lar,
not\'ﬁhg hos been said about the grain o{: o.{:omfcfl:ﬂ
in the 9u.ards and in the assign ments . Our
9znera\ pu.rsu_i{ is for quite ﬁne—arained solutions,
bul we do not want to commit curselves in too early
o ‘51\:0432. We wonk to tockle the loﬂic of the design
Pirst and see whot kind of expressions emerge in

the additional code. Onlj thern will we be con-
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"implemzmbajciom issu.es‘\ [fke makihg

cerned wikh
~if necessary and

solutions more -Fiwenara_ine_d
technically peasible — .
_E_n_g\_ Of ?emakk.

kal

T\’\a S‘!mP\eS{: Solu,{:'fovw Jco our C(,Ll’l"eh& Pro\o\cam

the behaviour of the se-

is one that wmimics
This can be achieved

gquential program B; A .
at the expense of one f[resh boolean, [ say. A
solukion 1is
Pre i=0 A~ =0 A Af
A il £ o= skip {1 B: do j#N -
s do i#N = X.j =1
xX.1:=0 ;J::j-l'"\
NEREIE R Y od
od f:= krue

It is a nice exercise to prove that this program ,
indeed , eskablishes the required post condition.

H!t\nouglq there is no logical cbdec{:iow to this
solubion , there is a S’nrcn,-l-eﬁic.a, one all the po-
tential parallelism hae been killed. Component
A starts id[i‘\ma For ,F to become L—rue., e, ik is
denied progress unktil B has terminated , whereas

thevre seems to be ro 9ood reason for this delot)
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This is not qu{f:e: proper ( towards the \ega}
swner of bhe computation proper), and there-
Lore we will a\wm‘js try to QE’ejj the rule that

Lhe COmPuEaEIon prop-er s

not to be \na\chred (= dc]ajed)
without 9005{ reasons .

Some%imes {‘.\were ave good rea.sons ?or lqam f:sermg
the progress of the computetion proper , and
near the end of this cha.pl:-er we will encounter
one such reason , w\nic\q is o? a ra,l:lﬂer q/uan{:h-
Lative nature . Tt stands to reason, however,
that the best reason @:w Lmamperinﬁ Froﬁre.ss 1S
when otherwise the veq/u,{re.c:} sunchronizaktion,
le. the (partial) correctness of the design, would

be endomﬁered. Sage-\-tj firs-}:\,

3 ¥
>

Afker these prelfm':harfas, we now proceed wWith
our problem by making a (irst design decision,
hamelb Lhe decision Lo reskrict ocur solubtion to

a mu\{iprogram of the {form
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'Pre t=0 J—D
A do 1'-?-"M 3: é_g J#‘N
- So - To
;X = ;X.J = 1
33‘} ;T'i
;i==i+1 SJ:tJ-t‘i
;52. )T'Z-
od od
Post : 9 (¥k: 0sk<N: x.k$0>
Version 1

The S's ond the Ts serve as /o/aaeko/dar:‘: {:)o:- the
Qddi&iona\ code {:1133 ind‘:ca};e tlﬁé’ le_éj_. F:)cu:,es
where we (hove decided Jc,o) allow s:jnckronich:ion
code bo be inserted . With the above choice of
P\ace\ﬂo\darﬁ we have loeen cbu.IEe_ generous, but not
Cmele;\:-e\_Lj SO we \nw}e r'u.le,d ou,Jc H’\e '/Sé’qluem.‘ts[al“
So\ujf:“loh “Su_ﬁ%zs{:ed e;a,r[ier, lc:fj OFF@.Y’EY\& o
P‘ace%olderﬁ be{ore and a,\[-s‘:er the Ye:p—e-HEEOHS,

Remark Tt is, in Laeh@ra\) a 3006\ habit Lo be
explicit in the matter of f:\a.c:el«\olders . and in owr
current zxamP]e. we are —and will be wntil the very
encd— . Drowing Lrom experience , however, we
know that Hne,uj oure mos{:lb well- understood , so
that we con afford to leave them i'mphcf{:n But
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when in doubt, we hod better not leave them sut.

In the rest of this mowogmp\v, we willonlﬁ
occasionally feel the need to introduce P\ace—-
holders , and -For%uha.l;chj so becauwse, in fact,

they ae a notational mistake. Tk would be far
more e(.ﬁi‘ciewi and aleﬁm{ to have «a no{:a{ioncxl
device fLor indicating where no additional code
may be inseried , but we have not been able to
dcsia\n a notation that would be Piaiy\ efnou.glo

to be adoPJced and Pu.{: into pr‘ac[:?C&‘ use .
End of Remark .

% >
>

Version1 contains one quers‘ed ibem, viz. the
Posl:condi%iom From the Rule for the Tosteon-
dition we know that its correckness is guaran-
teed whenever it {jc;llows Prom the C.oh\jwncjrion of
k\ne, POS'LCOV)@U{:IOV\S O-F Hﬁe ihdivfc\ua} compahe.mjrs,
Now observe that

{(Vk: 0¢ k<N: xk=0)
&=
(Vk 05-\(4-1 : X.k=0> A I=N

From the structure op Com‘ocmen’:‘ AR we see that
i=N is a cerrect posjccondi(—;fon of A, variable
i being private to A So what remains 13
the correctness of
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P. (Vk: 0¢kei + xk=0)

as a Pos{:c;ondi%i‘on £ A or B. We ‘cnpor‘ce

L —and thisis a design decision— by demand -
ing that P be a SBSL’.@W} ivariant . With these
choices ik Su.g:{:ices to take Lrue as o Posul:w
condition of B, oand because true s a
correct assertion an:jw\were in a Mu\kiproaram,

we never write it down.

Thus we arrive at our nexk version .

Pre ! =0 A )zo
Thv : TP (vik: 0¢ekei: xk=0)
a:  do i#N B do j#N
- So - To
; x.i =0 ; X =
0 S s T4
;]':l+‘1 ')J':‘h‘\]-ir’l
;S'}_ 3T2
od od
{i= N
Post: {V¥k: 0<¢k<N: x.k-—=0>

Version 2.

Observe that the postcondi Lien has lost its query
because in passing .from Version! +o Version 2

NoMi10
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we turned it into a correct ene, be it ot the ex-
pense of a —here vacuously correct — assertion
i=N in A and a new GV,Leriec\ item L, vz, ‘SEij

Lem invariant P .

This is the p\ace to draw atbention o what we
think 15 an impor{:a.n{; Ma{:\nodologica\ issue . Version?2
tells us ina very Precise. and comPanc way w’ﬂo_l:

has been achieved —viz. the correctness of as-
serkion =N and H\e Pos{-:(;cmd'ijc?on-—‘ and
whot remains to be achieved  — viz. the correct-

ness of the queried items | hhere sgsl:em mvanant
P Thus the Q‘cau.re hamed \Version 2 acts as
the _P_\j@@j@@ in-%erl;a.r_,e: between the fDafs{: and the
Puture of the development process. Rs a result,
Version2 is the 5ped§’fca,£iom of Ehe Procarammmfj
problem ahead of us , and it is a\oSolee[ﬂ ir-
relevant how we arrived ab it This is impor-
tont because, as the c:l'e_velopme-n{: evolves Prowm
one version to the next , we at any time onla heed
Lo be concerned with how +o {:r-a\ns-Fa-rm the cur-
rent version into o next one. Thus £he PrDCedJu‘e
is very similar to the method of stepwise refine-
wment (and, in a way, very similar to caleulakion,
where , ab any time , we are —{o a ‘o.rge. extent —
Cwﬂb concerned wifh howJ'Eo LranS45rwu the cfl —

rent expression inko o hext one.)

This, too, s the Pla.ce. +o ofgue Once Mmore wka
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such a %r‘ahsformakiow 15 correct in khe li‘g\nt of
the Owicki- Gries theory. In transforming Version t

inko Version 2 ; we have G}carluj SErenca thened the
annctakion @ the latler conkains asserkion i=N
and --mCiu,ert'e.d- Sasl:em invariant T 5 which were

both absent from the [ormer. Now suppose that
in the end we succeed in removing Ehe gueries
Crom Version 2 by oappropriate choices for the
S5 and the Ts Lhen Version 2 will have tured
inte a COrrecHa annotaked mu\&i‘arograwv, But
thanks to the postulate of Weakening the Pnno-
tation, Versiont will have Lucned into o correckly
annotakted mulbiprogram as well , and that s

what we were a.[:!:er!

> >
e

Alter these intermediakte remarks, Lime has
come to reswne our c\eve\opmeh{:, Version 2
requires that we take care of the invariance a-P
P . To E\f\cﬁ: end we l’\a.\/e to in\/esjcfga.{:e w\xeﬂner
T holds 'mil:ia\\tj and under what additional
conditions ik is maintained by the atomic statements
of the mulkiprogram. We record these EhVes{:FgaBOhS

as follows -

Re Tav T ”<Vk= Dek<i xnk=0>“

Tnit: correct , Prom i=0 in Pre

. TLeued x.i =10

NoMit0o
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® {Qx,i-—-o} 1=+ 1
° ‘Lqiija x.j = A
End .

Pecause the situetion is so .sirnla|e , we have gfvem
the addibional preconditions at once, i-e. without

giving the caleulations leading Lo those precon -
ditions . Observe that we L—acf[:hj used the Kule
of Or%\ﬂoﬂona\f{:lj bﬁ i’andﬁhﬁ all statements that

could rot passibly affect P these are j:=j+t and
the S5 and the Ts , which were su,ﬂoose,c\ o not
chawgz the (,ompt.{.’ca:lziom proper, ie. ko net c:inancje_,

X, 1, o!"j.

Remark CDu.ring class-room sessions on this .e,xamF\C,
students are asked what precondition ought to be
SuPP\iec\ to xj A in order that T not be vi-
doted . Quite a few come up with the answer
<), and that is corvect. 1t is Jus’c o Hna little
bit s}:ron%er than our ié\jq However minor this
difference may seem, it has major (onsequences:
w"qu candition "!<j N (_mdiv\du.q,\) deadlock will
become unovoidable. We wrge the reader to check
Huis alter he has studied the rest of this treak-
ment. The moral is that l’nM..H:fPfOCarO.WLS are un -
usually delicate artefacts and that their design
is a \-»391-\13 eritical a,c%i‘vfl:g, When in our c)wapjrcr
on S’crengls\qzrwiﬁg Lthe Annotakion we said that

—— - - f— t—
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dition, we meant just that . The consequence is
that well-versedness in the predicate caledus s
indispensalble for Paﬁ\ng this game , and. there
is no escaping it

End o? Remark

The \nCOFPOYCL‘LtOW o? these rew pre - assections
leads wue Lo the next version. 1t reads

Pre: i=0 A~ j=0
Inv: P Wk Dekei: xk=0)
A: do i# N | B do j*N
- S = 1o
;xii=0 3{‘?1sj, Note 0
3 S1 )XJ -
s 17 xi=0] s T
ir= L+ 1 ;J:=J+1
3 SQ. JT?‘
od od
{\aN}
“Post: (vk: oekeN - xX=07
Version 3

In moving ko the next version we have to re-
move onhe or more queries. Ln general . the choice
of how wany anrnd which ones %o remove is

NoM {0
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completely free . We indicate the ones chesen by
supplying thew with o reference to a Note. Thus,
Version 3 zxpreSSes SLr In{:en%ion to ’cacHe isJ'

ﬁirst ) lcavfn% xi=0 Ffor later.
Note 0 "\"S.J“

We ensure the correctness of i<j by
YeCLLL'tr'ihca it to be a slj'skem ivxvar?anf

End of Nete0 .

th this design decision, which locks much sHonger
than necessary 7 The allernative \r\lou.ld have bezn
ts ensure the local correctness oF ey in B
er'ou.ca\n 3u,arded 5kip il isd" - skip E . but
this wouwld not accord with the Ground Rule for
(Progress: compcmen{ A has ne Pc\{:eh.\l:fal -For”
e-F,fache:lj weakczninca ENEE Hence the ‘choice’
of leH:'mg 12 be a Sﬁske‘m nvariant is maore

or less im[aosed on Wws.

Remark  In the currenk axampie) the adoption
of %ua.rded skip if isj - skip i would neverthe -
less have led o a happy end, but khat is just
a stroke of very caoocl luck . We would like to en-
cowrace the reader +o trace this alternative deri-
vakion a.p:er he has skudied this one.

End of Remark .

Now we should write down the next version,

NoMio
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with 77 igj” appearing under the heading I‘I“Vj
but in order to shorten our treatment a liktle
bit, we 'Sldp this intermediate version and deal

with the invariance of ey right awey. We
will apply &his form of cascading nore ofken

Re Tnv i<
Init: correct, from Tre
o {1 20<jf =it
End .

Thus we arrive at

Fre : i=0 ~ d?-o
Thv: P {vk: 0¢ ke : x.k=0> ,
iﬁj
A: do i# N
- So
;o X.ai= 0
HENY

{? xi=0, Nol:e} {Q i<y, No!:eﬁ

NoM1o
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Post: (vk: 0e¢k<N : x‘k=0>

Version 4

We conkinue with the remaining obl(gc&:ions.

Note O

L

NeM10

”xmi=0“, with co-assertion ‘;4\_}

Clhoose S1 = ski’Pn Then x.i=0 --fo“ows
?rom the £ex’cua115 Prec_e,c\]ng x.a =0 .

Onlb sz=1 m B can violate xi=0 .
We calculate

(x.J‘:"-:O. (xi = 0)
‘{_subski[zu{,’fow‘ﬁ

i |

Xi=0 ~ !#J

m

{ i<J' is a co-assertion o? Xi=0]

xi =0
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Hence, xi=0 is not violated | thanks to

its co-asserkion <) —see Rermark below — .

End of Note 0 .

Remark From owur earlier c\ma.pl-ef o S'%renat\aenihﬁ
the Annctakion we recall thot S]aowihca Lhe
global correctiness of an assertion we are allowed
Lo wse (ks co-asserkions, and that is what laap-
pens in the above . Nevertheless, the reader
might feel somewhat uneasy about using a co-
assertion —i<j~ thot siill carries a query.
But heve we should not ?onaa\': that in the end
such a query will be removed — here turning

i< inte a correct assertion .
End of Remark .
Noke 1 ”MJ“ , with co-assertion x.i=0

L Because we have chesen St eq/uo.l Lo
skip (see Nete 0) , we ensure the local
correctness Of i<j b:ﬂ cle:h'\amdinﬂ

{9 (< ,NoteQB xi =0
GQ: \:J}c\e:hinﬁ.
End of Notet

Note 2 ”i<J‘ )

L: Choose %uarde,d skip i{ifj»shpﬁ_ for So.

NoMito
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G: \e\/ideh’umsﬂ
_E:_Qé of Note 2.

Observe bthat, ogain, we wsed c::x‘scac!.ing, bfj Iﬂdmc\»
\{h_ca %.Le new asserkion '|<-J -zmeycaivxﬂ in Noket. L

riﬁkk QWa:j .

Now we are dowe: all gueries hove been removed!
’E;e(?ove wr;“l:ing down our solwi:ion‘, \ncsWe:velﬁ, we have
to admit that we ‘::\anjed a Jcrn‘c:kld qame with the
order in which the assevtions %.i =0 avid ic:J
in Version4 were Eac\clecl. Hod we -GFS'[: C}GQHZ
with 1<) and decided to eskablish its lecal cor-
rectness by chooging if i< = skip {1 Lor St Lhe
design would have become much more c;omP\ic:a.l:ed,
( The reason is that i<j is really needed For
the global covrectness of x.i= 0.) We invike
the reader Eo Erﬂ this alternative

The final solukion , in which the remaining
Place\'xo\alzrs are how omitked — or rekher- T‘-e.Fla-C.ed

by slc.ips“-- is as follows

NoM 10
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-~ J’-‘O
Thv: P (Vi: dekei xk =07 ,
isJ
A do i# N —
i_{'h:lj — skip ‘E.L
; Li<] ]
x.i = D
;{Xft-'*‘DB{_i‘\VJ
IBERE X
od

w
o
e
z
V

; Ji= gt
od

e

Fost {vik: 0ek< N+ xk=0?

Version 5

Cur Ohlj YEMQinina Lack is Lo S\nov\) t\na{: qu_
mulki program terminakes. Compohewl: = Su.re.\:j
does, Ehus zs(—:a\;;\fs\ning L)--: N . Then p Qu.ard
<] of As guarded skip s stably true , because
i< N s a correct Precondiérom of the guarded skip.

NoM1o
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Hence , A terminates as well .

> e
>
Hevewith we conclude the Covma,\ cle:\/e\opmewt
of an madmil:f:edlj" very simple mu\{:fproraramn

Owr main purpose was

- to s‘wow in very 'ama-\\ 'al:e?s how SUC\Q
o c\cve\a‘o menE evolves

-~ ko show how the validity of such o
deve\opmech is carried by the -Hnecrrg
of Owicki aond Gries

- to exhibit the similarfhj wikth ‘skepwise
re@ineme,nf“ and its induced behe,@"és:
the skimulation of a betler separation
of concerns

- %o Presem& some of the nokational and
clerical aidse used in orcja,ni'z,ina such

o d.eve.lcppmcant .

A ?ew -F\"na‘ remarks ave in order

® Prgaiﬂ: our F{na.\ version i8S ,eu.lla documen@:ecl
in that ks annctation is corvect in the Core .
But this need no longer amaze us, because ik s
intrinsic to the game. Do observe, however. how
crisp the annctation is . here we oxe reaping the
benelits of a caubious ég!‘clqﬁ_mep‘_{; of the

progroum : hol:\'\ing is emcounktered +hat is wnot
s‘:ﬂc{:\j headad.
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¢ In our presentation we proceeded Prom one
version fo the next in very small steps. We did
so in order to a,xf:]cxim the rules o(: the gawe .
Somebimes, when the situation had becowme s}mP\e
and tronsparent, we acceleraked the o\e:sicah

I/

process Qa little by what we called “cascading
thus combining several successive versions into
one . Such a combinakion of sL—eps cer{-‘aihlc\j
shorbens the PrcSe,m{:o.E:Eon , but iF way also evoke
oversights or misinles. Tt is always a matter

of qood toste how coarse- or how —Fiv\ei-grained one
chooses one’s sl:ep.s. Th this respect we have ane
rule of Hiwmb  that we ourselves learned Lrom

sad _exparience T ih casSe One is ohn the verge o‘? tmah:uﬁ

mistakes or loosing one's grip. the advice is:

Slew Down .

o Presenting a c\eve\opmahf like this on the blacl-
board is much simpler and faster, because with a
little orchesbrakion and preparation there will lbe
no heed ko copy the successive versions, as is neces-
sitated here since poper is such a linear wmedium.
On the bladboard we can begin by writing down
the computation proper, leaving censpicuous space
Por the P\ace\qolcle,r“ﬁ and for the asserbions, and
then Pill up the space wikh code and assertions as
the development evolves. As for the queries: in-
stead of erasing @ guery from (&S ke , wWe can
extend ik with its mirror image , thus Formimg

symbol ¥, to indicate that the item has become

NoMio



WF 2400/ AVG 150 - 21

sound. “Because in this way program lexts can
onlﬂ grow, one never needs a brush. This may be
nice fo know For the teaching reader.

ey =
ol

and this concludes our fiest program derivation.

Postscri g_‘_t (Lor the circuit de..siane:r-)

Th our solukion — Version§— the 53hc.\nrcsm-
zation runs under control of the ovi'%iwa\\:j
iven progrem variobles 1 and j . Tn fact,

on\b the difference j-i matlers — see the
caucwoled Skip n Componeh{: A— . TIn the al -
gori{:\nm) this difference is an (N+1) - valued
en’cil:tj, because 0 ¢ J-—E < N is a stjsJ:e:sm V-
variant .  For circuit design , it could be advan-
tageous if j-i were just 0-valued, because
that would enable a i:rans{:orma%-iom into the
boolean domain. For this Caood\ veason , we
shall now constrain the Compu{"a{:iom pro per l"fj
S%rengklneminﬂ SIjsl:em invarant i SJ" to

Q: \5:\) ~ JS. V4 4

This has an impact on the code of component B,
which increments \J . We c.aive the a.cb‘u-séed B

NoM10
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ok once , leavina Lo the reader to check that re-

labion @ has, indeed , become a sﬂskem invariant .
We also insert fwo obviously corvect asserkions

for laker usage. .

Fre: i=0 ~ j=0
Tnv: Q- iéJ ~ jE i
A do i#N - B do j*N -
§_£i<J~asbP£i if jgi - skip b
);{E::—.O SX'J:=1
,{;<J§ ;{j513
pr= i+ J:=J+‘1
od od

Tor reasens to become clear s\morHEj , B has been
given the same S‘tjhl:a.c.-l:i'c sbruckure as A has.

By inserting a ﬂuarded skip in B, we may
haove \nc:.mPe,red progress, 5o the Ctuo,sjdon is
dees this program still ferminate 7 Tt does,

because

- at least one of the guards of the two
guara\ed ski(os is true , So that

- i+j increases, oand

-  since i&j < N is a saskem inVQra‘anE,
B will terminate in a skate SaLisQainﬁ
j= N, so that

NOM 10
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p will terminate as well.

(:r’o.r\.s-?orm the program accorciing to the

transformation

cC = G $J) , or .-equivo.leht\(j , Dee Q ~
¢ = (i+1 :J)
Then we can eliminake the guards E.\navxks to
i<j g 1C and J'Si. = C
Stakement fi<jly i:=i+1  can now be re,p\ac.ed
wikh
{"lcj c,i = e, i+
or -—utsinca PYE”C).SS&VJE“\ON “1C -~ btj

C,

= J:rue -

b+ 1

The roaw program code thus becomes

NoM 10

Pre: i=0 «~ J=O ~ C
A: do i1# N B do J‘aLN
— if 1c o skp £ - if ¢ ->skip{i
3 %4 :=0 x.j =
;.= Erue, i+ ¢,y false,d*i
od od
¢ o €
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And now the situation has become so sym-
mekric  that if we want the above machinery to
deliver R =7 instead of X =T , we only need
to Plip c's initial value. PBnd if we want
X=0 or X=1 , ie. if we dor't care, we Sfmrluj
leave c¢'s initial value unSPecZ'F;ed Tt is with
this regime that two individual processors can
weike a bit sktreawm. bik by bit, into one and the
Same wemeory location R such that H’\e resu\E 18
as if they hod done so in some unspecified
order.

> *
*

We conclude this Posl:sc;r‘lp{: with two _Fihc:z,l

remarks .

o We will discuss coordinabe transformations
like the one applied above with move precision in

a loter chapler.
e We achieved the two-valuedness of j-' by

strengt\nehing the annctation via introduckion
of invariant @, kthus reducing the c\e%rae of
parallelism that can be displaajecl by the pro-
gram. We will encounter this frade-off more
often and then discuss it ak 8rea@er le,hgt,’nn

3 March 1997
W.H.T Feveh and F}J«anam (Rasteren
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