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An :[Hv;roc\umliow 1o Gourko.ge Collechion

: What is qar‘oa%e collechion ©

Go.r\oo.ge collection is a slrom%e mgna%emenjr "ecl'mique with the
Jf\éspical PmperL\é Yood sjromge locations whose contents have
become iwe\e\/omjr are wot exP\ici-H deallocated \‘73 the
process Yot  used Hhese \ocochoms. Tnstead , @ &ec‘ic:a.jreo‘
process , called the Gow‘oage Collector, is used o ;o\en‘h%
O.no\ “fecac\en 5wct\ 6Lo\ra,%e lGCJ’icms. For -Hme, 5a\<e o?
c\ar{lg T shall call the process (es) using the s%rage
\ocmliovss e Covvxpuka,]rion ’Pro‘:oer.

First and ?or a,\\, it must be emFL\asizeA Jr‘na“ the Prouem
o? c\esignin% o} gcwt)ouse COHﬁC'I‘OV‘ QAw\ﬂs o? verj many
So\u:h()hs, with very c\iﬂyﬂercn‘- Per?orw\omce c\naraclrerisjrich
c\eFenc\ivxg on the reauirew\en'ls imPosec\ upon the. ins‘Lo»uaL\'on
as @ w\no‘e. Aspecxs oc the in%la“w‘-\bh ‘“ﬂ@" are

Parjricw\w\j re\e\/anlr ove :

) wLeH»er or wo\' o,,\‘\*’sjrora.ge Seﬁw\enjrs \no,\/e “\'e same Size .
e a‘OSewce or presence o? virjrua,‘ sjromge.

° O&)SC“C& or PY’Q'beV\Ce O? PO.TOLHQ\“SWI~

e obsence or presence op Vea\—'lri\me requiremew‘s.

T4 goes wiJrL»oer souain% that in an inbroduction like dhis one

we cannot (ond shall nob) pay attention to all these QSFQCJ‘S

| and SO‘u'LfOV\S , hor can we do (‘\usjrice, -‘o oll Jr\r\ml has been
P\,Jo\isL\eA on this su\o&jecl: o reoemL cvaPi‘o,Jriow [2] of

PincoL‘\‘\OV\S c.on“o.,ins no \ess -Hno.w 281 enl'\ries‘. For o
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more ex-\ensive overview o? the .swlo(‘xec“ we re?er Yo [o] s w\nile
(1] also Provioles iw‘eresjring reaclina w\aJreria,l.

A very t‘mPorlrom" ques-\'ion Yo be answered is Yo what
ex\LenL Yhe activities oc the Gour‘oqge Collector and the
Cow\Fqucuhon (ProPer will be interleaved. One extreme oC the
5PeC'mex is the case where loth processes  vun Jrru\
Covxc\,urrenlr\g on c\iﬂ?@rev»# processors , the other exh‘ew»e or
Yhe sPecwlmm is the case where the Gar‘oaﬁe Collector is
Ou:l—iwz}eo[ ovx\g w‘neh the Covau}o\}iow (Pro(aer comes to a
8v~inol|‘ng holt  becouse the ovailable sjromae spoace s

ex\\ausjrec\. In -‘rL\\‘s ;V\"‘V'OAuC\'\.OV\ we S\'m.“ ovmlg Comsic\ev’ '”fle

\ajnle v case

, 65 Be‘ma the Eﬁm‘:‘es'\; You Pmbab\; con
\'W\agine Yoot more- concurrent SO\ULLions have beHer rea,\-
Yiwme Properhes, O,Ur‘nou.g‘n ot the expense or Yoeir
Perﬁarmance, and You ProLauj con alse magive that in
concw'vew‘ SOluL“oms Ye dwo processes vvw:f V\o'l’ inter—
%re in undesivable ways .

In oy Aesign og) (o o«.rL)a_ge Co“ecjror Perfovwmomce

COV\sio\emL{ovxs lie o} he heart o? the mater. T shall

devote a 5e\aarajre 5eclriovm o fhis bud I wish do shress
here a,\recu:‘«é Hoad Perg)rmomce. Comes 1 o Qo»muxs:

processor u\lilis»a‘ion ————sPeeA——- amc‘ storage u‘h\isa}ion
——-—-Com‘:ac“wess~ . The crux of the matler is — T will
exP\ain Yis laler—  Hhad wLLxeJ ‘05 Yhemseves ‘egfjriwxmle)
desires %r ‘m?\x SpeeA and \ma‘a cowspac"-ness e

.

vvwoluang conptcl-ingz ow can have either ‘owL ow
connot hove ooth. T\nereg»‘;m , Ony balanced o\esian o?

C %M‘oage Co“ec‘l-or can Q}( bes‘ O:H'o,fn C Cow\(::V‘owuise,
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Q.V'LJ. \dfe\c\. an Oz"'W\OS"' reasona‘o\e SPC&O\. QS \OV\% as s%rage

whlisouhovs remains under an ml vnoSwl reasonable waximum .
Go»r‘oaﬂe collechon is reauirec‘ J;;v- the IMP‘eW\en‘l'o,Jrion
o? ‘CULV\C“‘;OV\OL‘ progromming \omguages and of o‘odecj( orlented
\Qngwges. Remember | \nOWever, lr\z\ou\ %our‘oo%e collecl{on S
not a \an%uaae Concepi') but an imP\emev\Jra:\'iovx %c‘xmiciue:
slrricHg 5Pea.\<in3 R Smé'mg *“\o“cm%ua%e X s a «‘omguage
with 3ar\oage collechon” is as nomsevxsiux\ as S%inﬁ Fhat
?\mchovxa\ ngrcxmming \av\%uo.%e Y is a “ lo&z\ \avxgua%e».

Lol A.Co\nen , chr‘oc\%e Collechion o(: Linked Datastructures ,
C,ow\P. Su,rveas 43, w3 (4984) , pp. 344-3b3 .

(4] S.L,(Pe:ﬁon Jones , The Iwa(a\evvxevntalion op Funchional
(Pro%mw\miv\g Lon%uaﬂ&s, Prentice - Hall (198"[) :

(2] N. Som\ccurom, A Bi‘o\iogfapkl;) on Gar‘oage Co“ecjriovx av»ol
Reloted Topics, ACM STGPLAN Nokces 23 ,nr. 9 (4334),

PP .- 149 - 4158 .

_S_PeciQCa, ion OC the \?ro\alem

As o.\reao\g announced above we shall 5JNA§) the case in
which the Go.rkage Collector is On‘g achivated when 4he
ComeLa,Jrion /\)roPer runs  out o? Q’tae. eroro,ge spoce . More
Precise\éj, 0s long as sw icie_nJ( ?ree space s available

the Cow\[aujrq,l-iov, ’Pro‘:er ollocodes s%raae space i COW"iglLOU.S
chunks colled cells  Cor: Segmenls>j each cell is emLivela

idenL{piec\ EC»] e oddvess and e size. :Dimre.n“ cells
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ma.g have Ohﬂ?&renl s12es \LL\e Pmuem ‘aecomes e,SSemLia“xé
van‘a‘er) and its so\u,how wmove eﬂicienjr, {F all cells have
-uae sawe Size . C,eHs usuo.”g ore sma\IJ 50%J From 'h,oo 4‘0
some tens of s—\roroge wovds; Qs o consequence , G (larae)
stove can Comlain very wany cells and any nontrivial
Com‘aujraldon will use very many cells .

The Covnpu}a}ion KPv‘oPer manoges its Co“c—:cwlfon op
cells in use in the (;o“owin Wwoy . The Cows‘aw‘a*ion ?roper
modnjrains a \ivnilreol and we\l—iclemtiﬁeo‘ sel oC variables
Covxjrainihg _‘aoivxjters o cells. A Poimler fo o cell may be
the address of that cell, but T prefer dhe (more dbshract)
woln‘on oP poinlrers becouse an mec‘/\aniSW\ ‘Hnalr uwiauclj
idean'Ges Ceus wi\\ c\o. In wL»aJr ?ouows T 5‘/\&“ aLJhV‘e\/ia'le
“Poinler bacll” to iust “Poinxer” . our Poim‘ers a\w«xgs
\ooin" to c:eus) never to other JrL\inas. Eoach cell w
COV\JraiV\ a mixture o‘: clocta relevant o the CowwaLo, an
/P\ro‘:er but irre\evwn* Yo the Garho«%e Co“eclror, and also
Pofn“eV‘S. A Pe’m‘ler m o cell may ‘lolevujri% any a,”oca:l'eOL —_
there are no other ones — CQH) even the cell Con‘o.ivxing the
very Poivxjrer)' H«us) cells oy contain Po‘mlers fo ‘H/\emsel\/es,
cnd the cells and Poivx'!rers may me ar‘oijrmy% cac\ic
structures .

The Compujrajriovm ?roPer is wnow asswnec\ 1o o‘oej -Hue
%Howin%

IW\POY‘J(QW" Rale: The Com\:ujra}rion ?roper cm\j iv\sPechs
(reads) or modifies (writes) 4he contents of o cell
ir a Poinjrer o that cell s Cow\odnecl W one op the
(above menLiomccH voxiol:‘es :
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Iv we ca“ Yhose ceus o,ccessi‘o\e %A are io\evrhﬁec‘ Lt\ the
poivrlers in the variobles +hen the cule  stodes dhat onl\a
o,ccessiue cells mowy be ins\oecjrec\ or moc\]g\}eo\. 33 V‘eo.c\ing
o \ooinlrer frow\ on  occessible cell into a vorioble the cell
io\evxLiQecl B:j Jr\najr Po‘wnler Con be W\ou;\e Q.CCessiue s Weu.
3 repeatin Yis drick as omevx 0s hecessary  every cell
JrL\a,Jr IS ic\evx*igec‘ ‘03 o _g,\q__al\_n_ of Poinlrers Can be mode
o.ccessi‘o\e. We call all such cells veacL\o.‘ole avxo\ we
conclude lrL\alr) \03 @“ow‘mg Yhe C\«oﬁms) fhe Covn‘amlajriom
KP\(OPEV‘ con woke every reachoble cell accessible . More
precise\a, a cell is veachable ip either o varviable or
another veachable cell  (or both) contain o Poimlev' b it

Due o moc\iﬂcoA—iows in the c:ovxxenlrs og: vario_ues
and. /or ce“&) some cells may lbecome umreac‘naue.
S}rricjf\ﬂ sPeak?ng, uvxreac\ﬂaue cells are still Parjr o?
the 5]rcxjre Space o? the Covvapmlalriow (Pro[::er) bml unvfeachJole
cells can never be wade accessible o.%odh,; -Wewegwe,
-\—L‘e rwture Course of NL\ne COW\F\AOA'\‘OV\ does V\OL olePenc‘ on
the contents of these cells, so 4hese contents hove become
irvelevant ond the storage space occu ied by such cells
moy be 5&?@‘3 c\ea“oc(::a,lecl?and re—\‘:SeA aor other
puvposes . In the curvent Jergon anveachable cells are
called _%oikq%_e_ cells .

When the Covv\‘:w“alion /PV"OPGV' runs owlr o(: Qree Space
the whole stove is F{Heo\ with cells; every cell is either
reachoble or %ar\oa%e (Bwjr not both). THis the dask of
the Ga\r‘oo%e Collector Yo iAev\Jr{Qj ol 8a\r‘oaﬁe cells and

Ao\c\vnmislrer them as I:ree spa.ce . This is the wminimum
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reauiremenjr_, fo be mel ‘o:j every %arkaae collector. TIn
O,C\clil-ion, however, it may be necessary do c_oHech all
reachable nodes info one conx'\guous ovea , 90 that all
pV‘ee space s also c,ouec-‘rec\ o a Siv\gle con}riguous aveo .

This is called COW\POLC""OV\ and s necessary o avoid

ot I:wee space Eeco‘wxes -@‘Qﬂmen'\eol into oo wmany Yoo
emall | hence useless | pieces . On\z\ tn the case that ol
cells have the same size (and in the absence oC virtual

S\Lorage) com‘:o,chon w'\H nol be neeo‘eo\.

A %\o‘oo,\ Performomce o.na,\x;\sis

Most %ar‘o,wae Co\\ecwlovrs ic\enjri% the %c»rkaae cells ‘oé] a
process o]: e\im‘mo)riovs: ini&-ia\‘ 3 all cells are “unmarked

and afler all veachoble cells have been “marked” the
aar\oaae cells are the ones that have vemained
“womorked” . The amouvA OC Lime SPenjr on the W\o.rLin%
process will be (ot bes}) proPorLiovm\ b dhe number or
reachable c:eus, wherens the cwmount op Hime s\oevxjr on
Compaclﬁon 1S, of Course, ProPoH-ional lo the size OP
‘Hne w‘no‘e ::lrore.. SO, we ma,\a Sm,(:c\g assuwe Jr\aoA -l-\ne

Lime weeded gr o S‘M%le run o? the Gar\oa%e Couecl-or
IS %ive \03 a Q)rwm\a, ov the s\f\a,Pe:

ol + Bg 5

where o and b are Paro.vnewlers o‘: the owl{cu\ar

%ow‘oou%e c:ouecjriovx 5¥ralreg\3 5 and wiJer:
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e : the number OF slom.ge womls occupied bg
reachable cells, and

Y the number of s*omﬂe words occupled “’t]
%o.rka%e cells .

(SoJ x+y is the size o‘: the erore.) 'Pammmlers o omo\
3 usw\\\g ove novxne%mlive ond woy be expecjrecl o
60):(5?13 <> B, but I shall \nmL use this .

T\ne_ eld o? o run o? the Garbage Co“ecjror is

Yield 3 d

words o? ?\ree space ;. and loecouse every word oP ?ree
Spoce thus recoverec\ has been O.MOCOAGA once earlier, the
average fime spev\lr on %ar‘oo%e collection _pev word

ollocated is:
1) X + B .

Earwm\o. (1) s imporlan-\ because it gives e dime
overL\eoA OC %a,rka%e CO“QC'Ll\OV\ per a\\occnlion op ove
word of Slroro%e. How ww.cL this over\'\eaci\ v*eauy
imCluenCes the sPeec\ OP the Covvm\aulcxjr\‘on rP\ft)\oe\f also
de\oevxc\s, of couvse, on Yhe mAe of o.\loco}?ov» oP ceus)
but Hhis rake s no-l under our conlrv-ol. As 6uCL\,
s:ov‘vv\\,\,\cu (1) is a c\irec-k measuve o? the GOJL:OL%E
Collector’s 4ime perlormance —the lower the beter —
The space utilisation op the Cow\\oujra}l‘on ’Pv*oFer
s the V‘a}io oC the amount op space o&upieo\ \°§J
Teo;c\:\cuue cells and  the size o? {he WL\ole slrore, u\ajf s,

Yhe space uli\isw\ion s the Va\ue n cle()ivnec\ L:»a
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o o8

I1=0c,~\-\d

Bé means o? sowe e\emen‘\arg a\ge‘ora (:)\rmuja (1) can

be vewriten in Yerms oC n as:

(2) o(-iilq/ + B

This shows ”\ocl the Pergrmawce or o %arkaae c:o\leclror
C\e\oencls Cri-Lica“g on S%ra%e u.jri‘isalionj when n—~1
the overhead even becowmes wnbounc\ec“g \of%e. This
s o Surprise: owe run o? the Go.r\oo.ae Couec\'cr Yokes
quile some time ond S ‘Hnere@re, on‘é eﬂ:ackve i? i
3ie\c\s au«jie Sowme SO‘ADQ%?’J which Vequives thod Y
1S5 su icien‘H \a.rae and al 15 suW\‘cien'H% swaller
than 4. A loir rule OC thumb is that %a\r\oaae
collectors Perg:rm well as ‘om% s W <85 %, bud
\'\igL\ev’ values of‘ n ave cw,cePJraL‘e ir the allocation rele
1S Sw icien“:i low (or ir s‘aeeo\ 15 nml Imporla.njr).

IF we WOW\G\ ”0‘\5L1 to Compave the Pergrmances of
+wo c\imarenjt %ow'\oo.ge, collection siro&eg;es we should do so
with the some storaoe wjri\isalrion. Beconse shrage
u:h\isa,l’ion has to vemain well \Je\ow 1 anﬁ‘now_, #L\al 1S,
because more sA'omge Spoce must be available
than what +he Compw‘o:\-ion (Pr‘o[aer minimmuéj neec‘s) it
moy be worj‘l';wh{\e bo wse some OQ this OLO\A,'\‘"TOV\CL\
spoce {or adwinistration \03 the Go,rlaa%e Co\\ecl-or,
Haus Possib\g a\\owing Qr an InCrease in sFeec\. Such
o o\ec"sion) bo “Loaste” on ox:\minisjrro;how w‘na} a\reac\g



rh 230 : 8

s scouce, \mo.% Seewm “Cou,n'xer— l‘n“b\.‘l'\"l\/e» [50 w\rmjt?.] ) bu{'_

L dhis tndeed gives rise b o substantiall faster
a\r « ond Pb—
the ivxves‘men*\ is well s\oen'\', The lesson +o ke \eoxh“

here s Yhat design cdlecisions s\nou\d be based on a

go.r\oage co\\ecjrov ”\r\aviwa smaller va\uﬁs

onroug‘n omolxésis S ot on “inlrui‘-ion»; moveover , the
time Per(z)rmomce oC a our'oo,ge CoHechor wwufnt a\wags be

\mc\ersxoool n re,\a,lrion Yo slrorage \A-i\iso}ion.

Compu,‘hn% Yhe V‘eac‘naue Ce\\s

Whenever we ww,s-t Aesi%n o non“rivial a\%orin\m il: s Wise 1lo

i%novfc repmsenjtoot?ow detoils as wuch as Possi‘o\e ond. o

by do formulote 4he essence of dhe problem and ks
solution in o«bsjtroucjf terms g‘v-sjr.

IV'\ our case ‘HWC -S'l’V'bLC"‘\A.V‘e OC Q.l\ Q,HOCQ."C’_C\ Ce“s 3
reachable and %arbage, 4‘ogejr%er with the Poinjrers {orms
o directed %fg‘:_\n_: every cell CorreSPoncls o one node

in the %Vap\ﬂ s ond %r every Yoo nodes X,\j Jr\ne %quLu
has on arrow ?mm x 1o Y ip and OV\\U ir the cell
(COV‘VQSFOV\O\M% o node) «x Contains a poiw‘er 1o the
cell (Cor\respowc\in% s node) y - From Section 4 we
V‘eca,“ -H'\oal we C,o\,uecl O C.e“ accessiue i? (cc\' \eoLer) one
or the Cow\pujra}ion rProFer)é variobles contains a

\ooivAer Yo ‘H/\O."' cell . Here we s\no.u coL“ the ners

corres‘aonciing Yo accessible cells roojr noées and  we

assume '\-‘ne V‘ooJr noc\es '\o ‘oe knowh.
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no}robjrion: XY, 2 c\ev\oJre arl:il-rar:] vxocles) \oooleo.n

expression  X-—>y  means “lhe %m‘o\a COnJrodns an
arrow ?mm x o g» s and set A is the (%iven)
5@" OC \f‘omL V\ocle.s.

0

Sowme op the vodes ave reo.c\na‘ole R owers are nojr; so,
a\oeivxg V‘eac‘no,\ole” 1S o PVeAiCa‘\'e on the Se}r of oll nodes .
Co,uin% this P\fec\icajre R we thus have os inl‘er\ore*a'lfon:

Ra = “hode x i veac\naue» :

A node s reac\\ala\e EC s o rool‘ node or ir on Qrvow
lo this node exists grow\ another recchable node . In
Sg?:‘rvvu,«JoLe, R has the @Howimg Pro‘:erjr{esg

(0) (V\é:: 36(% = f\?%)
(1) (\/oc,\gzz Rx A x>y = Rﬁ)

This s, however, not sumcfev} Yo fu,“tg c‘efine K. Ir we
\,Oowu CL\oose R X-?DT exo.m‘:\e, (\V/\j - ’Rg = #V‘u(?) 'H'ﬁs /R
would Cerjraiv)\é SQJrisC ©) and (1), Eu} ih genem‘
V\O‘\' every node  will be \feacL\QUe. (Pml c‘{mren“g, (o)
ond (1) allow us Yo Covxc‘ucle V’QO.CL\Q‘O;\;‘L o\? Some
noc\es, Bujr e Q.\So need @ rw\e by which nonveact\a\o(‘fLé
con e concluded . This rule is the %“owing owe , which
olotes  thal ?-3 s (adse unless  (0) and (4) Pmscribe
ot ?«\3 s true:

(2) R s the _s_jr_m_n%gs_'l or a“ Pweclica"e\s SQ,lr(s%ivxg
(0> avxc\ (1) .
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The Pmklem {o ke So\vec\ now is the CovrS'l‘V‘u,cLion of o program
%r the Cows‘oulrw‘-ion oc R. For this purpose e tnbroduce
o variable 9, of \La\oe «Pfeolica\le on wnodes” or N ip You
pm@r, o? ‘waPe Qrroy node _o_? boolean . (Keep n mind
Mno.“ we ove c\esighimj on aL)errach a,‘%ov‘i-uwn'. we SL\aH
decide upon @ represenlra,‘w‘ovn or the data \cx‘er.) Tn tevms
op S the Proaram)s POS‘\“ConcliLion will be:

(V\é:: 5'3 = P-a) , Or, as oﬂ:mvialﬁon:
[ =R R]

(So) \'sere I use G Podr o? Sciwx\re brac\tents [] aS on
a\ohreviml-lon @r \,m'\ve_rsa\ g_uawjr(gcmliow over +the se"‘

op all noo\es.) ,
Becouse [s=R] s equivo.\en% o [e=aRI A

[R=>S] and because ov (2), we con reF\ace this

Pos—‘:covsclijr{on Ba the conéu.nc‘-ion oC the @\\owing Haree
rec_‘uirew\ev\-\s (iwx\oosco\ on S)

3) [LS=>TR] (ie.: (\/3 83 = QH> )
CY, (Vg‘.: &deﬁ = 53)
(s) (Vm,ﬂ v Soe A Ty = S'\él )

There is no cbvious ini-ho,\l'ScJ‘iovm -@r S ""l\a“' es“ra‘o\fs\qes all
e covxcliln‘ons; in Parlricu.lcw) (s) s awL\wo.rcl because
S occurs n it on both sides of an ‘\W\PhCOA‘I\OV\. To
en\arae our P\aé!;“% arowno\, and o weaken the Pos*ConAiJﬁon,
we vnow vre\o\o.ce the lefjrmosjr S in(s) \o:) & hew \/o,riaue
T o? the same 4-3pe o S omd R. Thus we obtain

whal we shall use as the invarionts Q:r the program ;
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T have Mc\uo\ec\ an Q,c\cli"-iona‘ ivxvourio.njr LT=51 (A),
because this turns oqu b be (na.v\c\é‘ :

o (Vg Ty = Sy)

P (V\é ) $-t3 = ’Rta)

2. (Vy: yef = 3'3)

?3: (Vx,\dzz Tx A 0c—>3 => Sa)

'mijria\iscnjrion: T OV“E} occurs to the left of an =, hence,
(V\d:: "\T'\Z\) 1S Sw Icienjt 1o esjt-o\L\isL Po and P3.
P2 is established L’E\ (V%;; Sy = \éeﬂ) R with this
PTECOV\AeriOV\) Pi becomes eunVQ\enJr Yo
(\7’5:: %eﬂ = 'R.a) , which s ok. on O.CCOULV\'\‘ oP Rs
de

?mxamenjr 15 o CoNecL ‘milda,\isa:hon‘.

_E"_C"H Y i Tt‘ 1= F@\Ses 53 1= Q;,\se p_g\
5 r oll aeﬂ é‘_) Sn .= true O_c\

\‘niL\‘onJ Q)rmu.\a (0). The Quowivxa progrom

O

-‘ermivxo«:‘ion: We have o\ojro,ineo\ the ivaariq,st g‘om Yhe
Pos¥conc\i‘~ions Ea rep\acina one occurrence OP S bué
1. T\neregove) the Poslcov\cjiiiows %HOW di@c‘“‘g QVOW‘
Yhe invariants whenever T=9 . So, we shall use
TS | Yot S (33:: T\a #Sg) , Qs the %mro\
]Q)r the VeFeJril-iovv.

O

_progress : Bz invoriant Po , the %mr& (33:: TZ] £ 5.3)
is eauEVCJenJr bo (33 g "'lT.g A 53) . The set op all
nodes \)eing Gnite —the %rap\a 1S ?Ivn'#e— we can and
shall use ('—H=g:: 1T\a) os the bound ?w/\cl-ion. The
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va\ue of Hie bound I[‘mel'ion s nonneacn[ive and is
decreased L’E} ony stiahmew" Tz .= true Provicleo‘
this ossianw\evxjr has Preconc‘fhon i T.z . Thvariont
Po vequires Yhot such oLs,sicg’v\vmcamL aleo has Preconclijn‘on
Sz, -%Au,no_ elg , the 3mrol amranjrees lhe existence
of such o 2. Tavariamis ™1 omd P2 do not contain
T bt Tz = brue Sure\g amclrs P Tkeregre,
Yhe observations wode thus {;r oxe done JusL’ce loj

o8 VePel-]-\-\‘on op the E:“owin% sjrruciwre :

_d__q T4S — ¢ (33:: —'T'EIAS'%) }
IC var 2 : node
> 2z := “some value 5mlis-%§n3 “TAS®
s { ATz A9z 8
Tz = true
3«resxtore Pa”
]l
od |,

Q,V\C‘ 'Hﬂe OV\‘;‘ OL)\\%OC"IOV\ we aQfe \EP“‘ LOI'UO ES 'l‘O reiine 'H)(’.

\o\nro.se “Y‘esjrore ?&n .
InvaV‘iCm'\' P2 can o.Jso be wrilnlevx Qs :

P3 . (Wx:: T = Q) with Q c\erinec‘ L)xj

by
@-:r. = (V:l:: oc-—>3 = 5.3‘)

This 5\nows -Hﬁa,i the OV\\:\ Yerm n Pa 'W\a“ 1S
aWeclrec\ ‘03 Tz := Jrrue s Q.2 5 8o, «Vtsjrore ’P:S”
boils down do  “establish @2 . This is easy 3 the
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annmlajrion in the Q“owin% program Qv‘a%mem[ showos thod
{he o;s.sianwxeml Siy i=true maintaing the invariance
o? P4 ; notice that 5-\3 = true cannol violate Po,

P2, or T3

« \resjrore Pa> .

{ Sz, hence B\g Pi: Rzl
M y: 2y do { Rz A oY, hence : ?3 k)
S-\E\ .= true |
o
{ Q= R hence P> §
To “Rz A zoy, hence: r}\)na» we have used formula
(1) ?v*ow\ {he deGnihon oP R
O

This conc\uc\es the Conslruc"iovx of o a\aslmcl program -Er the
Covnpu,lrmtion ot the mc:uc‘nakle nocles.

¥ * *

The above program cown be imp\emew\-ec\ n very many  woys
o\e\oenc\iv\a on how the preo\icoc‘es S and T are mPresenJrecl,
Here I will [:nresevnl JusA one of the many Possi‘oi\hliesJ
without (jusjripgina my choice .

The ass?anmenjr 5~3 = true  can be weplaced by an
eaina\enl construct R Hhus eWecLive\j s-trevsglr\nening the
a,nnolrajrion S:or the a.ssi%nmenl i‘LSeW :
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_if S";) - s\dP

0'13421 — {—15-3 /\—1-\73 (bn?o)}
5-3 ‘= -Huf.
z, Sg VAN "‘1T.3 }

G

Bolh S and T can be represented by an arra variable

P J J
m op -kape Qo node _? node 5 and o wariable t,
of J“nge node . Moreover, we need 2 dedicated COV\S‘\‘CM“S,
wt\ic\n I will call _Qi and _V_\_g,J_ R OC "rzlpe noole) with
the proPerJr\j -Mqoér \n_n\ £ M and -uaajr Jf\/\eté Aiq-;r -vaowu
o\l nodes in the 3mF\”' ’Prec\ico:‘e S s rePresenlreo\ Lj

ourray w o s %ivevm ‘o:\ the rePresevslraJrion invarianjr:
P4 (\’/5 F S-LJ = mxj;!pgl)

Moveover, all nodes Y with ﬁT.t\/\S-n ave s*‘r'mgec\
%%ejr‘oer toto o linear \isl:) u)\nEc‘n 5 olso Vepresenjrec‘ B‘g
m and the variable £ the value _n;‘ is used Yo mark

the end of this list  and for every Y, ‘37411'1 . the
ﬁrsnl element o? the lish \oea"\vmimg ol Yy is Y i*sew
owd the vemainder oC ‘l"l\is \isml IS -H»e \is-‘ \oeg]nnin%

ok my

Ps . (V\é\:: ‘\T-:]/\S-:) = gE\Is'LaJc> R wlmere

i\ — Q\\se
il

S

Ye ishae = L{‘ x =
\
i

.

x —~ y=x Vv \3&\[64(%:&)
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In devms o? this YEPresewl‘a:hon Yhe program Con ol be

imp\emenleo‘ as j;HOLO.‘: :

b il
s Brall y do my = nul od
5 V'CLH %GH C\_O MQ ::.'l: 5 “;'.:lé O_C‘_
5 do ché__l_\ — Ifvar 2 : node

> 2::":

5 ‘l::=m-{:

s forall yizsy

i‘?_igm-\d#n_u.\ — s\<}P

I m«g:M — my ~,=Jc31c:=

i J
od

]

od
{ (Vﬂ s “l;J 15 3o.rl>a8e” = wmys= h_u._l ) .

\/Qrialole w  CCuh ‘oe 3MP\emethecl as o SePam:le Qrray , as
Swageslccl ‘03 its 4}_‘)Pe s but it can also be ivnple,me,wl‘ec’
\mj c\{sjrri‘oulrina its elements over the cells in the .sl-ore_',
JrL\o,Jr s, within every cell y an ac\cli*'fowa‘ word s
Ql\oca“ec‘ b bold dhe Va\ue o? my . I? cells ave
ic\enjrigecl \05 Poivr\‘ers and. if Yhis Q(:\o\iLiona\ word 15
nomed W  then , o TPascal-like V\oLo:hon , We would
write 3'T~m instead oP mey Here we have a wice
exowvx‘o\e or us'm% 5jrorage space E:v- &AW\thS-LV‘Q;L;OW:
without this, 3o,r\oagc collechion becomes wmuch harder .
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q. Compac#ion

Compacjrion is lhe process o? moving all reac\«»que cells b
one end OC the sx-ore, so that all %Qrk:a%e cells are
me“reo\ "'oaeJrL\er inﬂ\-o ove oavea OC rree Spoce ot the other
encl of Ye store . This W\o,\ws qc\o\resses o? cells
volahile  aud he wmos! c\imcu.“: cose arises when the
poinjrers are just addresses: then all po'mjrers must be
odJusjrecl& re lecjt e new 5ijruaLion. This con be done as
?o\\ows .

The enlive shre is scanned _{w_icg , both fimes in the
sSawme A(rec‘iow. (This A(recjrion is irre\evo.vnL oS \ovxg as Lhe
cells can be reco%niseo\_.) j)ur‘m% the Qrsjr scan +he
addresses oC the vew locations of e veoachable cells are
calewloted L bud e cells are ol 3& moved ; these
addresses are stored i the Qc\oli\-iona\ Words m OS? the
cells . Moreover, all bockward — relabive Yo the scanhing
divechion — poimlers ave ac\(jusjreo\. Tn belween the oo
scons the ro:;" poimlers Gin the variobles o? the C.P)
must be aé(jusleo\. Durimg Yhe second scan the cells
are woved Yo their new \oco:hovxs and ol ;Erh/ourcl
-Ve\ajrive 1o the scavmina o\frecl-iovw-—-— Poinlrers are
ac%usjrec‘j siw\wHaneous\g , the m—?ie\ols con be reset to
M 50 05 o reinihalise them Q:»r the next run oC the
Go.r‘oac(\e Collector.

The vmws\oer of Scons con be reduced o 4 I?

inkevs are not vo\m[ile 0.dd resses \au," location

inAePev\AenJr numbers.  Tn this way , SPeec\ 1S %ainecl
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OA the expense o? even wore ac\vwivxis#ra‘hovx (4o wmap the
nuww\oevs Yo volvvesses ). In view of the anoigsis in
Secjrion 2 A 15 V\O" immedEa-Lelg c‘ear w‘nenner or V\O'l'
Yhis is an iw»ProvevvsevA;, n any Par-\-icu‘ar cose, a
"'L\OY‘OM%L\ omalasis must be carvied out b reveal Hhis
Simf\arlg) when the sizes o? the cells ave , alJrL\ougL
V\OJr all Hhe sowme O.PPV‘OX'WV\OCLQ\:; eﬁua\ it i an opkon
worth pwrsuin% 1o round up oll sizes o their woximum
value and Yo allocate cells o? max\vvya‘ size on\g. The
vesuuin% decrease in Slroro%e mti‘isajﬁovx may be more
than cow\\oevxsa*eol oy the tncrease in 5\3eec\~. covnPo..cLion
becomes Supevﬂuous and all that 5 needed is a
sfwsF\e Scan % Co”ec“ ‘Hne a&o\resses op '“/\e %art)aae
cells im\o o j:\ree \isjr. H%aiw) on\g o Jr‘novou.gL)
\gerg;rmomce av\q\és]a con revea\ whether this is an

iw\PrO\/ewnevA .

Pos“scﬁ\?lww\

TLne OLOVC’, woS main\\a wrluen Qr ec\uco}fowa\ pur poses |

Omo\ o\oin% S0 WasS O P\eaSW/e.

Eindhoven , 1 november 4995
b R. Hoo%erwoorc\

depowjrmevnl of V\na-\‘['\evvnwhcs omo\ comFqu}n% Science
Eindhoven U.n‘nvers'ula o? Tec\nnolo%é



