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ABSTRACT

A unified view of the numerous -existing algorithms
for performing gartage collection of linked date structure
has teen presented. An implementation of a gartage col-
lection tocl ir a network crienteé datavase maragement

system has teen descrited
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Comruter rrograms and largunages having a neeil for the
dyramic creatioe of data otjects must return the data
orjects” space that is no longer used to a 7rool of free
storage. Hence the objects” urused storage ray be reused
in the future for the creation of new data otjects. Gar-
tage collection is the method that has teen traditiorally
used to do this tookkeepirng. The process of gartage «col-
lection 1s one of reclaiming unused storage space whick
can be accomrplished by various algorithms. Experience
with 1large LISF rrogrems indicates that substantial excu-
tior time - 1€ to 22 tercent - is siert in garabge collec-
tior [STEFLE 75, WALLFR 76]1. Hernce the efficiency of pro-
grams derends directly or the availatility of fast methods

for garbage collectiorn.

Gartage collection has tecome important. Ev=ary date
structure took has devoted sections to discuss this toric
[ENUTE 73, HOROWITZ & SAHENI 7€. PFALTZ 77, GOTLIER 7e,
AUGENSTEIN 7S, STANDISH £¢1, Knuth’s book, sectiocn 2.2.%,
is the most comprehensive. It contains detailed descrip-
tions and analyses cf some of the gartage collecticn algo-
rithms tkat arpeared prior to 126€, and, desrite its age,
it remains a standard reference for algorithms. Althcugh
numerous papers have been published since the late six-

ties, very 1little has ©been written tc sumrarize &nd



classify current work. The turpose of this thesis 1is to
investigate a unified view of the marny existing algorithms
for perferming garbage collection of linked data struc-
tures. This thesis is diviZed intc two pérts: researck
and implementation. The otjectives c¢f the research por-

tions are:

{1) to review the «classical algorithms for ccllecting
lirked date structures, and to discuss their rarking and

collecting rtases, witkh and without compacting;

(2) to provide a urified descripticn of recert gartage
collection algerithms and to explain kow tkey relate to

the classical algerithmsy

‘Z) to survey the related tonics of parallsl ard real-time
gartage ccllecticns, the wuse cf refererce counters, the
use of secordary and virtual strrage, ard language

features which irfluence the design of collectors.

(4) to present a comprehensive btitliography on the sutject

for the interested reeder.

Although storage allocaticr and gartage collection
are interrelated, the emphasis of this ressarch is on gar-
tage collection proper, that is, on recleiming storage.

Fuddy systers [KNUTH 72] ard related work are not covered.
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The irplementation rortioz of the thesis explores the
use of a gartage collection tool in a network oriented
Patetase Management System [DEVMS] which uses three major
data structvres: ZP-trasg, tireary trees and doutly linked

list.
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2. TEECRFTICAL AND CONCEPTUAL DEVEIOPMENT

A cell is a r rter of certiguous computer words that
can  te made availatle to a user. Cells are requested ty
the user’s rrograr from the storage allocator. Since the
rumter of availatle cells is finite, a time may come when

no single cell is available.

Fxrerience irdicates that some of the cells are inac-
cessitle and unused but still occupy space in th2 memory.
A cell Tteccmes gartage . when it car ro lcnger te
accessedi througn thke voirnters of any reachatle cell. It
is the gartage collector’s task to reclaim thkis wasted

sterage space, and return it to the allocator.

Typically, a gartage collertor is invoked automati-
cally when the free storage 1list 1is near exhaustion.
Users never know, unless they ‘tecome suspicious ‘terause
the computer seems to dror dead suddenly, tut temrorarily.
This is a static gartage collection. At this time, opro-
cessirg is stcrred and the systerm takes cver, goirg
throungh an exhaustive and ofter time-cornsumirg vrocess of
determinirg exactly what list nodes are still in use, and
which ones can te returred to free storage. All these
free nodes are returned, ard then user processing resumes
with & rerlenisheé suprly of free stcrage [sse ENUTE 72].

Fowever, some DFMS such as SEFT [see SEED E€1) are equinped



L)

with & tool that has to te called to identify the crercen-
tage c¢f uncovered freespace. The Tata Pase Administrator
(DBA] uses this utility to monitor areas that are reccg-
rized as higkly volatile to avoid last minute scramtles
for stace. The DFA then calls the gartage collecter to
reclaim freespace if the percantage of uncovered freespace
is high enough to warrant gartage collecticon. (SEFD is a
DBEMS Ttased on the DBMS specification give- ir the April

1671 CODASYI DRBTG recrort.)

Gartage collection is usually calleé zutomatically
either when the allocator runs cut ¢f space or shortly
tefore. Higher level languages cften contair frimitives
for requesting grcups of words frcm the allocater. The
gartage collector may te turned cn wher one of thsse rrim-
itives is excuted. For example, in LISP, scme n2wer gar-
bage <collectors do¢ not use the mark—andi-swesp idea.
Instead they do a 1little garbage collection with each
"cons”. They never stop for a complete c(ollect. Tke
functior “cons  also calls the gartage ccllecter [see

WINSTON 281, pp.196-112].

The difficulty with the static gartage-collection
technique is that it requires ar ex=cutiorn tire prove-
tional to the numter of nodes in use. It tends tc te slow
when the wmemory 1is nearly full. And ir such cas=s the

numter of free storage cells found By the reclamation
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rrocess 1s rot worth the effort. This unattractive per-
fermarce under rressure is a major drawbacz of gartage
collectior [KNUTE 73]. A further problem is that ar ellc-
catior may te made from the middle of a physically cor-
tiguous area of stcrage (from the end cof the first of two
contiguous tlocks., the second of which is not yet known to
be free!. Thus vnnecessary fragmentation carn result. Ir
diagram /1), the heavily shaded areas at the =2=rteme left
and right are unavailable. Surpose that there are Z adja-
cent area of remory, toth of which are availavls, tut
tecause of the garbage-collectionr vhilosophy, cnz2 of them

(shown shaded) is not in the availatle space list.

We may now reserve the arcas known to te availatle (shown

If garbage collection occurs at this point, we have two

seperate free arees f(shown on diagram (3)).
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And as time gces on the situatior gets worse. This
rhercmenon causes the static gartage ccllecticr technique
to leave memory mcre trcken up than it shculd te. If we
Fad used @ thilcsophy of returnirg tlecks to the availatle

list as scon as they become free (real-time <dynamic gar-

tage collectio), ard collersirg adjiacent aveiletl

31}

areas

tcegether, we have ccllarsed diggrarm 1) irtc disgram (4)

ard we would reserve the arsas k¥nown to bte availble on

diagram 3).

In the case discussed atove, the situatior —tTortrayed ¢ty
Diagram (%) is much tetter ther the situaticr rrotrayed ty

Diagram (3).
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To remove this difficulty of storage fragrentation,
we use marking togethar with the process of compacting
memory, i.e., moving all the reserved tlocks into the con-
secutive 1locatior;j sc that all availatle tlccks will come
together whenever garbage collection is dorne. The alloca-
ticn now tecomes completely trivial, since there is orly
one available tlock. Even though this technigus takes
time to recopy all the lccation that are in use, and to
change the value ¢f the link fielZs therein, it <carn be
eapplied efficisntly witk a discirlined use of voirters.
Ecwever, garbage ccllection is unsuitatle for rezl-time
arplications, ‘tecause =even if the gartage collectcr goes
intc action infrecwently, it requires large 'amounts cf

computer time on these occasions.

After my investigation into the matter, I have chosen
to catagorize gartage collection into two seperate phases

as follows:

(1) the identificaticn of the storage space that may te

reclaimed.

(2) the collectior cof this reclaimed space and its return
to the memory area avallatle to the user.

Two principal methods have teen suggested for phase one:

fa) keep counters that indicate the numpoer of times <cells
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cecurt as zero. This identificatior

reference counter.

{d) keep a list of accessitle cells

ard mark every accessicle cell.

method is usually called markinge.

Phase 2 generally can be classified

{a) incorporate all availadvle cells

pointers into a free list.

(t) compact all used cells ir one

freed cells are made

other end.

referenced, and identify the inaccessitle cell

method is called the

and trace their 1lirks

This idertificaticn

irto 2 apprecaches:

that are 1linkad by

epd of memory. A11

availatle to the allocator in the

There are varicus ways to do the compaction according

to the relative positions of the cells left after compac-
tion. It car te classified inte the following three
types:

(b-1) Arbitrary: Cells which originally pcirt to ore

another

the memcry after compaction.

-2} Linearizing: Cells which

ancther become adjacent in the memory after

originally

do not necessarily occupy ccntiguous pecsitions ir

oi=nt to

'

one

comcaction.



{2-2) Sliding: Cells are movei toward one end of the

storage space without changing their linear order.

It is also convenient to classify gartage collection
according to tke type of cells theat are reclaimed. The
early methods were arplicactle conly to rprecgrams in which
all the cells were of the same sizes. With the irtrcduc-
tion cf reccrds (cr similer structures) irtc frogramrirg
languages, it tecame important to do garbage collectiorn ir

or

programs involving cells of different sizes.
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TISP cells illustrate the protlems irveclved in mark-
ing single-size cells. Each IISP cell has twc fields: the
left{nr car) and the right {or cdr). These fields contain
pointers either to other cells or to atoms 'spzcial kind
of cells containirng no peinters). Each cell also contains
two Boolean fields: one to help differerctiate tetween
atomic and nonatomic cells, andi the other to te used ir
markirg. wWith this node structure, the listfa,(t)) is

represented ir Figure 2-1 [refarerced from HORCWITZ 78]:

The algorithm showr in Figure 2-2 is a recursive rro-

cedure generally used for marking LISP lists {includirg
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I: Ieft pointer
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Figure z-1

atoms). It uses three auxiliary procedures:

nonatomic(p): Boolear functiorn that tests whether the cell

pointed to ty p is ronatomic;

unmarked(p): Bcolean-function that tests whether the cell

rointed to ty p is unmarxed;

markncdefp): Prccedure that marks the cell pointed to ty

that turned on its marking tit {marking bits are initially



turred off).

Note thke similarity of the ~ma-%ins z2ls0rithm in Fig-
ure 2-2 with the classi~el precrder tree-traversal algo-
rithr [see KNUTE 7%2]. Tas cre ip Figure 2-2, however, can

tandle general lists, incluring circular ores.

The followine is rferbars the simplest ard oldest
marking algorithm in use. A 1-bit field MARK ‘iritially
¢) for marking is associatel with each node. A stack S
firitially empty, is us=4 ty tke algorithm to hcld refer-
ences to sutlists in use tut rot v=2t rmarked. The algo-
rithm marks an nunmark=2c list by marking =ach element in
turr, ther rmarking each urmarked sutlist c¢f 'the list.

This algorithm is quite siryle and straight forward [see

KNUTH 73]. A4 nnanrecursive versicn of the aleorithm in
rrocedure mark /g /% t is pcirter that is called
ty value */
tegin
if urmarked(p}
ther
marknode ('
if ronatcricio)
then
mark{left(gp));
mark(right’p):
end.

Figure 2-2
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Figuvre 2-2 cculd te also desigred with this stack tech-
rigque. It has, hcwever, ore major drawtack. As I have
indicated, garbage collectior is being - performed ‘tecause
storage 1is essentially exhausted, and yet the collecter
requires., for its execution, storage fer & stack of
indeterminate size. For examrle, if the storage area ccr-
sists of n IISP cells, the maximum depth reguired for the
steck 1is then n. To reserve this much additicral storage

initiallly is uneconomical.

A fixed-size stack caer ¢f course te reserved fcr the
rcutine, with the srace tsken away from that aveilatle for
list storage. Fut if that stack is exhaustea durirng gar-
tage <collection, there is no recourse. Partizl reclama-
tior does not wecrk tecause rnodes not yet processed are all
apparsntly not in use — their VMARK tits are ¢. This stra-
tegy fails if the stack overflows. Several algcrithrs
have been prorosed to elimirate this difficulty; all of
them inveclve reducicg the required stcrege by trading it
for longer time needed in which to do the marking. Many
{interesting algorithms have teer defined to effect marking

[referenced from FNUTH'7Z, pp. 414-41¢].

The first of these algorithms (see Algorithm C ir
KNUTH 72, ©p.41%) uvses a stack of fixed length h, where h
{s smaller than n. (Suppose that the storage area con-

cists of 1n TISF cells.) The poirnters tc the cells teing
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marxed are stackec using mod h as the stack 1index. In
cther words, the stack car te thought of as teirg circu-
lar”, and when its iadex exceeds h, the additioral infor-
matirr is writter cver previously stored irfeormetiorn. The
stack therefcre orly "recalls” the most rscently stored h
items and ‘forgets  the osther ones. TFirst, thz immedi-
ately accessible zells (i.e., the cells poirtedi to by cer-
tain fixed locatiors in the mair program whick ar= usad as
a sonrce for all memcry accesses.) are marked. Marking
then proceeds &s in the algorithm in Figure 2-2. However,
since some cells that should have teen 'rememtered’  have
teer “forgotter , the stack will btecome empty tefcre the
task is corplete. When this happers, the memory is
scanned from the 1lowest address, lcoking fcr eny merked
cell whose ccntents voint to unmarked cells. If such a
cell is focurnd, marking resumes as btefore and ccntinues
until the stack tecomes empty agair. Eventually, a scan
wil} find no marked cells referrirg to urmarked c¢=lls, and
markirg is comrlete. Actually, the scancing need not
start from the teginning of the memory eech time. The
next scar may begin just after the recorded 1last address

of the previous scan.

Ar elegant alterrative to the use of & seperete stack
is the tempcrary use of the lirk fields of the lists them-

selves, to contain the recovery infermation keld 1irn  the
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stack. These fields are modified during the markirg rro-
cess to allow the list traversals, then reset tc their
proper values as the marking of each list is completed.
This strategy is koowr as tack-tracing which is au elegant
marking method develcped indeperdertly ty Peter Teutsch
ard ty Fertert Schorr and W.M. Waite in 1E€EZ. As the
algorithm moves to the right and down thrcugh sutlists,
the link fields are temporarily set ir such a way that the
alegorithm can later retrace its steps back alcreg the list.
This gartage collection method is very generally azrlice-
tle even though it 1is rot fast. Its exe.uticn tire is
still proportioral to the number of nodes marked. This
techrique requires one additional tit rer cell. The addi-
tional tit per cell (calledr a tag tit) indicates the
directior in which the restoraticen of reversed links
should proceed {i.e., whether to follow the 1left or the
right poirter). Xnuth suggests a metkod for avoiding
nsing a tag bit ty 1instead wusing the tit fatom tit)
already necessary for testing whether a cell is atomic.

[ACRCWITZ 7€] cortairs clear descrirticns cf this method.

Veillon [see VEILLON 76] has shown that it is possi-

ble to transform the classical recursive algcrithm in Fig-

D

ure 2-2 irto the Deutsch/Schorr-Waite algorithr. First,
the gparameter of the recursive rrocedure "mark is elim-

inated by introducing the lirk reversal festure. The two
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recursive calls cf the resnltirg varameterless rrccecure,
needed to mark tke left ard right fields. are eliminated

bty 1introducing the tag btits to differentiate tetweer the

returns from the two calls.

Xruth rroves ty induction (from Algoritrm £ tc fAlgc-
rithm E) the <correctaess of the link-reversal marking
algorithm of Deutsch/Schorr-Waite. Ar alterrate prcof may
te obtained by roting that the trarnsformaticns suggested
by Veillorn rreserve correctress. Wegbreit [WEIFREIIT 72]
rroroses a charge of the Dentsch/Schorr-Waits alzcrithkm
that uses a bit stack instead of & tag bit per «¢=11. In
the 1light of Veillcr’s frogram tracsfeorration. ore sees
that Wegbreit’s stack simply implements the returns from
the rarameterless recursive proceduvre derived from Figure

2-2.

Schorr and Waite then proposed using & hybrid algo-
rithm which «comtines a fixed-size stack with tkeir linix-
reversal technique. It corsists cf using the stack algc-
rithm whenever Tpossible. If stack cverflow cccurs. the
tracirng and markirg preceed ty the method of lirk reversal

1.

Y]

[see KNUTH 73, p. &€

we have seern that, at rost, three tits per cell are
recessary to perform LISP’s gartage collecticr. The first

two are used in recognizing atems and ir rarking; the
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thkird ore is wused as a tag bit, if needed ty the algo-
rithm. It should te toirnted cut that these three tits
need not te located within or near their ccrresponding
cells. special ereas of the memory ‘tit maps or tatles!
may bte allocated for this rurpose. Whether or rot tkis

should te done is machine dependent.

The algerithms descrited ir this sectior cer te gen-
eralized to cover cells nf a single-size =, with m > 2.
The generalized versicn of the algorithm 1ir Fi.urs 2-2
would involve recursively mar¥ing sach of the m fields of

the cell.

ha

Cells

in)

.1.2. Reclaiming Marke

The simplest method fcr reclaimirng the marked cells
consists of 1linearly sweepirg the entire memcry. After
turnirg off their merk ©it, wurmarked cells are 1ircor-

porated intc the free 1list admirnistared ty the storage

allocator.

If compacting is preferrel, it car ©Bte rerferrmed ty
scanning the memory twice. In the first scarn, two
roirters are used, one starticg at the tctter of the
memcry (hifher address), the other at the ton. The top

one is incremented until it roints to an urmarzad cell;



the ‘tottom poirter is ther i3 -amartoed wrtil it roints te
a marked cell. “ke cort=rts of the merked cell are
thersupen rmoved tr the urrarked cell. A reirter tc the

new c<l1l is gplacec i» th

oy

°1¢ 21l seo that the new cell
car be feund dvrirg the <zcrrd <car. The merk tit is alsc
turred off during this scar. Py the time the two pointers
meet, all marked «c¢ells have teer compacted in the upper

part ‘lower address! of the memnry,

. The sescond <scaean is needed for readjusting tke

(D
'—l

rcintars since <scme cells have teen movez. It is essen-—

"N

tial tc update any peintsrs to obsolete cell locations.
This scan sweers cnly the ccmpactad area. Since we placed
the printer tc the new acdress 1ir the obsolete «c¢ell.
Pointers tc the ~tseletz cell lccations are readjusted
whenever they poirt to <cells whose cortents krave ©teer
moved from trke literats? ereca to the compacted érea of the
memcry. In other words, each o¢f these fcicters 1is
replaced tvy the rew oni-ter Azcordirs te ¥rath, this

rethod was first rrerosed ty D. Edwards [KNCTHE 72, fr.

]
+—

4217. 1ISF and 2IG AC prcgrams descriting in detail
this method of corpacting have eaprearss in [CCEEN €7].
Note that the twc-pointer cerpactnr is of the artitrary

type; after compaction. cells thet originelly Toint to ore

ceitions of

s

another do not necessarily cccupy certigucus



Ar obvious algoritbm for gartge collection would te
tc output all useful (i.e., reachatle) data tc the secor-—
dary storage area and then to read them dack tc the main
memory. This. hcwever, has several drawbtacks [see MIANSKY

63] :

(1) It may require additicral storage esqually as large as

the main remory.

(2) The time cverhead far transferrirg betweer mremcries is

usually consideratle.

(3) Unless special precautions are taken, shersd cells
would te output more than crce, in whick case the main
memory may not te sufficiently large fcr reading ctack tae
information fthis situation becomes criticel when the main

memory contains loops of pointers).

Minsky [MINSKY €X] proposes an algoritam that elim-
irates the difficulties descrited ir (3) Eis algoritkm
does not use a stack, tut requires one marking tit per
1ISP ~=11. Each urmarked cell is traced aund marksc. Tri-
plets (the rew address of a cell and the contert of 1ts
left and right fields) are computed and cutput to the
secondary storage. The new address is also placed ia the

marked cell, a&and whenever @ rointer tc that cell is
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€ncourtered, the poirter is adjusted to reflect the move.
when the trirlets are subsequently read back irto the main
memory, the conterts of the fields are stcred in the
specified nrew eddress. Minsky’ s algnrithm res the advan-
tage of cemracting the useful information into cre area of
the main memory. After compaction, list eleme~ts that are
lirked are rositicred next tc each other, makirg Minsky’s
algorithm a 1linearizing compactcr. These two properties
are very imrortant when virtual memecry is used, as will te

discussed in Chapter 3.

In Minsky’s algorithm, fislds of the criginal 1list
are used to stcre information abtout the outout list which
is in the secondary storage. Consequently. the original
list 1is <destroyed. In this respect, it is convenient to
A4istinguish tetween the terms moving e&nd copyvicg. The
fermer 1implies a rossitle destructicn of the criginal
structure, whereas the latter does not. Minsky’ s algc-
rithm car ©be used to move lists ir contexts cther than
gartage ccllectiorn. Since its appearance, several other
algorithms have %Yeen propcsed to dc moving or copying.
They can te used for gartage collecticp turrcses as well.
Most are designed to move or to copy lists without resort-
ing to mark bits cr to a stack. As in Minsky’s algorithm,
(1) & forwarding address is usually left in the old cell.

and pointers referrirg to that cell are readjusted &ccerd-
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ingly, and (2) the moved lists are compacted ir contiguous

rositions of the memcry.

A few algorithms have teer proposed for coring 1lists
without wusing a stack or mark tits. They 4iffer from the
meving algorithms in which the altered contents of old
lists are later restored to their original values. Clark
[CLARK 72, CLARX 78] and Fisher [FISEFR 75] Aiscuss tkis

kind of coping of trees and general lists.

Fenichel and Yochelson [FENICEEL €S] suggest a vari-
ant of Minsky s collector which uses an implicit stack tut
does not require mark tits. They divide the aveilatle
memory irto two areas called semispaces. At algiven time,
only one area is used by the allocator. Wher its space 1is
exhausted, the reachatle 1lists are moved tc the other
space in a 1linearized compacted form. The aleorithm 1is

intended for use in a paging environment.

Cheney’s algorithm [CHENEY 72, WAIDEN 72], Reirgold’s
algorithm [REINGOID 7Z), and Clark’s algoritkm (CLARK 76,
GCTLIEER 78] all rerresent improvements over thz cprevious
algorithm: they require neither a stack ror marx tits.
Cheney’s algorithm is done ty moving the list tc a «ccn-
tiguous area. Eeingold’s algorithm is achieval ty using
the Deutsch’/Schorr-Waite lirk-reversal technique mentioned

in Sectior =£.1.1.. And Clark’s algorithm mcves a list
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Into a contiguous ares of tre Temory with the stack impli-

cit 1in the list teing moved. Clark shows that his algo-
rithm is ir most cases mnre efficient than toth Cherey’s

and Eeingold’s.
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As I have indicated, garbge collection 1ir programs
involving varisized cells tecame important with the intro-
ducticr of records for similar structures) inte Tfpreogram-
ming languages. Figure 2-3 shows a markiﬁg algorithm
similar to that of Figure 2-2, Tut applicatle to varisized

cells. Two additional auxiliary procedures are used:

rumter(p': an integer function yielding the numter of con-
tignous words {items) in the cell to which p points {this

irformation is store” in the cell itself); .and

field‘p,1): a function yieldirg the th item cf the cell

peirted to ty ©.

It is assured that p always rpoints to tane first item
of the <cell. The algorithm in Figure 2-3, li¥e that in
Figure 2-2, requires stack storage space wher anone may ce

availatle. If the memory contains rn rells of various
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procedure merk’p) * pis a rointer that is called
ty value =/

integer 1;

begir
if unmarked(p)
then
marknode(t};
if nonatomic(p)
then
for 1i=1 urtil pumter:y) do
mark(field{p,i})
end.

Figure 2-3

sizes, tke maximum depth required for the steck is n. Two
additional fields are reserved rer cell for distritutize
stack storage amorngs the cells. Essentially, these fields
contain the quentities 1 ard i nreeded to implement tte
recursive <calls of the <corocedure in Flsure 2z-2. A
description of an a&algorithm of tkis kind appears ir

[THCRELLI 72].

The marking algorithms of Section 2.1.1. whkich use a
fixed-lergth stack cen also te adarted to rrocess var-
isized cells. They may ther use a fixed-length stack of
height h with stack irdexr = med h° as rtefcre, tut each
stack position will contain inforrmation corrasporiing to »

and 1 in the algorittm of Figure 2-3.
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Variants of the Deutsch/Schorr-%aite 1linkx-reversal
algorithm aprlicatle to varisized cells are dzsrcribed irn

“w

[MAESHALL 71, WCDCN 71, TEQRELII 72, THORFILI 7€ and HAN-
SCN 77].

The method of compacting descrited in Sectior 2.1.2

is not applicable to varisized cells, since marked ar?d

(D

unmarked cells carnct be swapped if they are of different

sizes.

A pcssible storge configuration made up of varisized
cells is showr ir Figure 2-4 [referenced from YAITE 73,
Pp. 178-123] The "title” is used to reserve the first worad
of every cell, it contairs the length of cell and its own
address [detail ir WAITE 73, pr. 17&8-183]. Tce move all
cells to a compact tlock at the tottom of memory. several
algoerithms have teen propcsed. Ore of the wearliest 1is
that of Haddon and Waite [HADDON 67, WAITE 7Z2]. This com-
ractor is of the sliding tyre ard performs twc scans of
the entire memory. The otjective of the first scan is to
perform the compaction ard to tuild a "treek tetle  [see

Figure 2-%], which the secord scap uses tc reaijuvst the

pcinters.
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This algorithm updates all pointers after the

merts have teen moved. As the elements are mcve

29

stcre

hatched areas represent free storage,

ele-

d tc a

compact group at the léwer end of the storage area, &

tatle 1is tuilt for wuse in relocation. Fecr each
consecutive tlocks whick are not free, this ©breck
has one entry giving the address of the first word

<ot ard the numter of free words which were fcuna

set cf
tatle
of the

telow

the set in the uncompacted store. At the end of the first
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scan, the treak tatle occupies the literat=: part of the

memory. It 1is then sorted on the address value to speed

up the pointer readjutment dore ty the secord s.an. Fead-

>

justrent corsists of exarmining each peirisr corsulting

y

A

the tatle ‘using tinary search) tc determize th= rew 10si-
tion of the cell it used tc point to, azd changirg the

pointer accordingly [HADDON €7].

Figure 2-% shows the treak tatle corresponding to the
storage of Figure 2-4. After all tlocks rave teen moved,
the relocatable address are urdated tv lockirg ther upr in
the treak tatle and subtracting the number ¢f free words
associated with that particular address. If ar eddress 1is
rot equal to any tatle entry, the rumber of free words
associated with the next-lower tatle entry is wused. Ny
address lower than the lowest tatle entry is uncharged.
Using Figure 2-%, for example, the relocatatle address
POT+C5¢ wculd te altered to contair ROT-1¢C¢ (= BCT+CEEC-
£59) and ROT49S¢ would ‘tecome POT+148 (= ECT 920-£52).
This procedvre may require rore processing time ‘deperding
upon the layout of the free ©blocks 1ir memory) . An
interesting feature of FEeddon and Waite’s algorithm is
that no additioral storage is needed t2 ©tn»ild the break
tatle since it can be provel that the srace aveilatle in

the free sotrage suffices tc store the tabtle.



Address Free words
rOT+102 102
cotecse  eso
BOT-1600 1250

Figure 2-Z: The break table for Figure 2-4

Cther compacting algorithms for varisized cells have
been proposed. The TIISP 2 garbage collecticn algorithm
descrited ir [KNUTE 72, p. €€2-€¢2], and those presented
in [WEGPREIT 72] and [TECREILI 76] have the followire

features in common.

Three linear scans are used. In the first scan the
hsles {inaccessite cells) are linked to form a free list.
Two fields are reserved ir each hole to stecre its size ard
a pointer to the next hole. (A sutsequent scen may com-
btine ad jacent hcles into a single larger hole.) The seccrd
scan consists of recognizing pointers and using the infor-
mation contained in the free list te adjust them. Cnce
the pointers have been readjusted, a third scan takes care

of moving the accessitle «cells to the compacted area.

This comrpactor is therefore of the sliding tyre.

AART MNTY
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The second scaen, which read justs poirters, 1is the
most time consuming of the three scans. Wegtreit [WEG-
BRFIT 72] proposes variants of this algorithm whrick make
this scan more efficient. One variant cozsists of con-
structing a treak tatle (callecd directory) which summar-
izes the irformatior contaired in the free list of holes.
HEowever, storage for the directory may te uravailatle.
Wegtreit suggests trying to use the largest hole for this
purpose. When this is possitle, tinary searck can speed
up rointer reedjustment. Many interesting variants for
collecting varisized cells are descrited in [LANG 72,
KENUTH 73, ZAVE 7%, TERASFIMA 72, MORRIS 7% ard MCRRIS

7¢] .

Marking, pcirter readjustrent, ard compecting carn te
made simpler if the 1list processing "preserves address
ordering”. This means that rodes are allocated ssquen-
tially and pleced 1into a ccntiguous secticn of memory.
Urder these ccnditicns, marking can bte perforrmed in a sin-
gle scan through the entire memory witrout using a stack.
This scan also finds the rumber of active cells, which the
secord scar then uses fbr read justing the pointers. The
third apd final scan performs the comracticn which 1is of
the sliding type. This method 1is aprlicatle to fixed or

varable size cells. Details are giver in [FISEFR 74].
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Some of the moving algorithms mertiored 1ir Section
2.1.2. may be &dapted to handls varisized cells. A
representative of this class of algorituims is descrited in
the sectior 3.1 since it {s particularlv suitatle for
cperation ir virtual memory. An algerithm for «copying
rarisized cells is described in [STANDISH £2]. It
requires cells to have ar additioral field large enough to
store an address. A first rass consists of liaking all
used cells via the additional field [see TEOFFLIT 72]. A
second pass copies each cell ¢y in the linkage ana inserts
the cory, q{, as the successor of c,. The sucgessor of cr
becomes the «cell ¢ . After this corying, the cdd-
rumbered elements of the new linkage rontain the original
cells ard the ever-numvered ones contair the cories.
Finally, a third pass readjusts the opoirters 1in each
copied element and separates the copy from the origiral.
Fisher [FISHER 75] and Rotscr [RCPFSCN 77] also descrite
algorithms for copying LISF czlls that can be generalized

for copying varisized cells.
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-1. Collecting in Virtual Memory

The ratio of the size of secondary memory to the size
cf main memory is an important factor in desigrirg ccllec-
tors that orerate in virtuel memory. Wwhen this ratio 1is
small, scme of the algorithms descrited ir the previous
sections may be used. The methods descridb=sd in this sec-

tion are suitetrle wher the ratio is large.

The use of s=condary storage through paging [CCHEN
€71 changes the design coasiderations for implementing
gartage collectior algorithms ir imrertant ways. First,
it is no longer necessary to try to avoid using adaitioral
storage for a stack, since the size cf the aveilarle vir-
tual memory in current systems 1s consideratle. Avoiding
rage faults ard thrashing (caused by havirg structures
whose «cells are scattered in many vages) recomes a criti-
cal factor ir improving the efficiency of gartage collec-
tion. Compactior is for this reason important when col-
lecting in this environment. Coher and Trilling show that
gartage collection with cempaction brings atout signifi-
cant time geirs in performence of LISP rprograms. They
also fird that a direct tracscriptior of the classical

gartage collection algorithms to a virtual memory
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snvircermert car lead to untearatly slow collection times.
[CIARY 7S] contains additional wuseful information atout
tte performance of compacting collectors operating in vir-
tual remery. Corractior of cells ir virtual remery should
rot only eliminate unused holes tut should slso construct
the compacted area so that pcinters refer, if pecssitle, to
neightering cells. As mentioned 1in Section 2.1.2.,
Mirsky s algorithm [see MINSKY €3] satisfies this require-

ment.

Measurements in actuegl TISP programs show that a&about

(18]

7 vpercent of list cells have just ore reference to them

(CIARK 77]. This property 1is important wher designing
gartage collection algorithms which operate in virtual

memcry.

Botrow and Murphy [BOEROW €7] show that the use of a
celective “corns  can imrrcve the efficiency cf subsequernt
processing and garbage collection. Fasically, they advo-
cate keeping ore free-list rer Fage. A new cell requested

'y a call of conslx,y] is taker from the free area of a

rage according to the following strategy:

{1 Tf possitle, take from the page containing the cell

Tcinted to ty y; ctherwise,

(2) take from the page corntaining the cell pointed to Dby

X; otherwise,



(z) take from the page rontaining ‘the most recer:ls

created cell: otherwise,

f4) take from ary page cortaining a fair rumier (sav, i¢

of free cells.

The purpose is to mirnimize rage feults in manipulat-
irg linked 1lists. Additioral information on garvaga col-
lection using virtuval memory car be feourd 1ir [FCERCa

67,68].

An importart design corsiieratior for imvlerentine
gartage <collecticn algerithms in a pagirg ercvirommernt is
deciding when ccllectior should te invoked. .Since very
large memories are currently availate, it seems reasonatle
to collect whenever page favlts render the Lrogram ©pro-

cessing untearatly slow.

A class of algcrithms suitatle for wuse ir virtvel
memory 1is the cn= descrited ty Faker ([BAKER 72]. It is
tased on the copying rcllector rproposed <ty Zienichel-
Yochelson ard by Cheney that was briefly desrriced in Sec-
tion 2.1.%.. What follows is a more detailed presentation
of this type of algorithm. Although it is aprlicatle in

collecting varisized cells, this presentation arplies ozly

to IISP cells.
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The aveilatle remory is divided into two areas called
semispaces. At a given time, only one is used ty the allo-
cator. Turing garbeage collection, the reachable lists are

moved to the otker space in a compacted form.

Bishcp prorosed an approach for designing collectors
that cperate ir a very large virtual memory (of the order
of 10K12 tits). Ever using the real-time approaches which
will te discussed in Section 3.2 of this pager, it is
impractical to gartage collect the entire memory at one
stretch since lerge portions of memory may remain
urcharged during preogram executicn. ZFishop suggests col-
lecting only in parts of the address space rather than ir
the entire srvace. (A similar apprcach is wused irn FRoss’
AED system [RCSS 67].) The memory is divided intc areas
that can be ccllected indegerdertly, ard a variart of the
Fenichel ard Ycchelson collector is us2d. This collector

irnrreases the locality of reference, an important factor

in a ragirg envirormert.

Tracing an? copring are perforred only within a given
area. The system keeps lists nf all area refererces, toth

incemirz and outgoing. Ircoming references are modified

to psint to the area’s new copy;j they defire the immedi-

ately accessibtle cells from which <cecllectior starts.

Fefore discarding the old copy of an area, its useless

r 4 m he corr ondi
cutgoing refererces are TEMCVEZR fro t C esEt ng
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memory. The disadvartages of this aprroach are:
(1) the extra Srace needed for thre courters,

(2) the overkead required to update the cournters, and

(Z) th

1]

iratility to reclaim g2reral cyclic structures.

The principal drawbtack of the reference counter
method 1s the fact that it dces not always frees all the
cells which are availatle. It cannot work for the circu-
lar 1list. For example, recursive 1lists will never te
returred to storage ty the reference cournter technique.
Their courts will be nonzerc (sirce they refer tc them-
selves) ever when no other list accessible to the running
pregram  points to them [detail in HCROWITZ 7€, pr. 1€5-

1€€] .

Teutsch, Knuth, and Weizentaum suggest comtirirg the
reference ccunter technique with classical gartage collec-
tion in order to overcome the ©problems c¢f =each [see
DEUTSCE 7€, XNUTH 7%, WEIZENFAUM €2]. The fcrmer would ce
used during most of the processing time; the latter, teing
more expensive, would te done as a last resort. This
allows the use of small referernce counter (thus reducing
the storage requirements) because counters that reach
their maximum value remair unmcdified. Classical gartage

collection, called when the free list is exheausted, starts



lists of incomring references.

Bishor develcred a methed for maintaining the 1lists
nf areas refererces and 1indicated that this car te done
automatically without incurring sutstartial run-time over-
head. He advocates altering the virtual memory mechanismr
to cause traps when interarea references are stored 1into
cells. ard shows hew virtual memery hardware cen te cor-

structed to perform this extra service efficiently.

2.2. Reference Courter

The reference ccunter arprecach toeward stcrage recla-
matior ovrcvides for constant monitoring of 1list linkages,
witk lists returned to free storage as soon &s they tecome

availatle. This is e dynamic garbege collecticn.

The use of reference counters [advocated ty COILINS
3 ard WEIZTMEAUM €2] has recently attracted rerewed
interest. An extra field, called refcount, 1s required
for each cell to indicate tke number of times the cell is
referenced. This fi=ld has to te wupdated each time a

pointer to the <cell 1is created or destroyed. When the

refcount tecomes equal to zero. the cell is inactive and
can te collected. At least, theoretically. the refcount

must te large enongh to hcld the rumber of <wvells in the



of a ©program still active, ani thes=
unreferenced and can te rerlaimed. It follczws
and 2} that if a cell’s address is rot ir the MET or th

oS

ZCT., its refcount i< ore.

fZ) The variatle ~-eference tatle (VET, «cortairs the
addresses cof <cells referred to tv oprcgram variatles
(including the temrorary variatles in tre recursion

stack).

Teutsch and Eotrow note that a transae._tic- -file 1is
tuilt wup «corsisting of three sorts of transections, that
may affect the accessitility of d4ata. They are i1} allo-
catior of a new cell frcm free space, (2) creation of a

T to [S3

M

rcirter to a cell, ard 3 destructior of a 1cint
rell. Instead of updatirg the hesh tatles &s the transac-
tions onccur. Deutsch and Rotrow prerose sterirsg them in a
sequential file. The trarsactiorns are examined at suit-

atle time intervals ard ther the tavles are urdated.

When a new cell is allccated, its address should ©De
vlaced 1in the ZCT. Since this is usually follcwed by the
creaticn of a poirter to the newly allc.cated cell (that
implies removal from the 2CT;, the pair of transections

can bte ignored.

tccording to the hytrid approach, wher & gpecinter is

created it is examined tefore its inserticn into @ cell



or pointer variatle. Three cases are possitle:

(a) The poirter refers to a cell in the MRT. The
corresronding refceount value is then increased ty ore if
it has not already reached 1its¢ maximum; otherwise, thre

refcount value is left unchanged.

() The pointer refars to a cell in the ZCT. The cell 1is

then removed from that tatle. since its ccurt tecomes one.

(c) If tests fa) and (b) fail, the nointer refers to a
cell having a referer~e court of one. It must then be

placeé¢ in the MRT with a refccuat cf two.

When a pointer is destroyed (removed from a cell),

two cases are possitle:

{a) the pointer refers to a cell in the MRT. The cell’s
refcount value 1is decreased <ty one, excert when it has
reached its maximum, ir which case it is 1left uanchanged.

If the new value of r=ference count is one, the cell is

removed from the MRT.

() The pointer does not refer to a cell in the VMRT. Its

court is cre by default, and should be reduced to zero.

The cell is therefore entered in the ZCT.

The VRT is used when incorporating new cells into the

free 1list. Since the stack is constantly Telng updated,
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the VET is crly computed ieriodically. A cell is
reclaim=d wher its address is list2d in the ZCT but not ir
the VET. The ZCT is updated by eliminating the entries of
the reclaimrms2d cells that are rct peirted to cy the rrogram

variatles.

Fcr the «classical collection, Deustch &and EBotrow
advecate usirne a variant of the twc-semispace collector of
Ferirhel ard Yockelson [FENICEEI 62]. They also point out
that ar auviliary prccessor could speeé ur the collection.
Its task wcvld te to scan the ZCT and VRT tatles to deter-

mine which cells cculd te incorporated into the free list.

Tarth [BARTE 771 considers reference ccunters  in
relaticn tc shifting garbage collection overhead to com-—
pile time. Ee shows that savings ir collection time are
sometimes Tossitle ty carefully studyirg, at compile time,
the program’s assigrments. For example, if r <~ right{(r),
the cell criginally poicted to by r may be ircorporated

into the free list if it is known that it will not T©e

refererced ty cther poirters.

Parzllel and Real-Time Collections

(]
N

i nye } im
Two prercsals have teen made to circumvenrt the time

lost ty gartage collectirg iptesrruptions. The first is to
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allow garbage collection to proceed simultanecusly with

program execution by using two parallel prncesscrs: ore is
responsitle for collection, the cther for prceram execu-

tior. Wher collection actwually takes place, it is tound

ty & knowr, toleratle, maxirum time.

Minsky is «credited by ¥Knuth with 4initiating the
Aevelopmert of algorithms for time-sharing gartege collec-
tion and list-rrecessing tasks [ENUTH 73}. If two prcces-
sors are availatle, these tasks can te performed in peral-
lel, with one of these rrocessors, the collector, resror-
sitle for actual gartage collection, anc the cther per-
forming the list prccessing and rrovidirg the storage
requested ty & user’s program. Dijkstra calls this latter
processor the mutator. The collector performs the tasic
tasks of rTarkirg and 1incorpcrating unmarked cells to a
free 1ist., during wkich time the mutator is active. The
mutator may not request cells until the collecter makes

them availatle.

France, Gries, ard Muller provide detailed descrip-
tiors of Tijkstra’s algerithr, tut their main concern is
tc prove correctness [FRANCF 7%, GRIES 77, MULLFE 7€]. An

extension of TDijkstra’s algorithm with multiple mutators

is considered in [IAMPORT 7€l.



Steele has ivdependently developed a msthod for
rarallel gartrage ccllecticn tased en the Mirsky-¥Xnuth
suggesticr. Ee was one of the first to propcse actual
algerithms fer ccllecting in rarallel. Steel’s collector
makes exclusive use of semanhores arid requires two tits
per cell, which are used not only for markirng tut also for
compacting and fecr readjusting gfpoirnters. Comrectior is

dore using the two-pcinter technique.

Comparirg Tijkstra’s to Steele’s algeritkm is A4diffi-
cult tecause these authors had different objectives. The
former wanted to assure the correctress of his <clgecrithm
‘regardless of its efficiency), and the latter, had in ming
an implementaticn using special hardware, possitly micro-

coded .

Xung and Song [KUNG 7?1 prooose a variart of
Dijkstra’s method that wuses four cclors fcr marking and
that does not need to trace the free 1list. The authors
prove the ccrrectness of the algorithm and shcw that it is
more efficient than Dijkstra’s. Te these authors”’
knowledge, none of the parallel garbage collection algo-
rithms has teer implemented, nor are any detailed results

from simulation yet available.

An alternative to using two processors is to have one

processor time-share the duties of the mutatcr ard collec—
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tor. Wadler [WADITR 7€] shows that algerithms for per—

forming garbage collecticer with tire-sharing cemand a
greater percertage of the Frocessing time than does rclas-
sical sequential garbage collecticn. This is tecause the
collectior effert must oprccee? even wher there is no

demand fer it.

2 secend arproach for avoiding sutstantial =zrogram
interruptions due to garbage collection hes teer proposed
ty Paker [see EAKER 78]. His method 1is an interesting
modification of tke ~collectecr. Faker’s modification is
such that each time a cell is requested a fired numter cf
cells, k¥, are moved from ore semispace to the other. This
implies that the two semispaces are simultenecusly active.
In a pagirne envirorment, the extra memory required is of
less significance than the possible ircrease in the size
of the averege wcrking set. Sirce the mcved lists are

compacted, page faults are likely to te minimized.

The moving of k cells during a "cons correspords to
the tracing of marny cells in classical gartage collectior.
By distribtuting some of the garbage collection tasks dur-
ing 1list processing. CFaker’s method guarantees taat
actual garbage collection cannot last more thar a fixed

(toleratle) amcurt cf time: the time to flip the sem-

ispaces and to readjust a fixed rumter c¢f opointers

declared ip the user’s program. mhus his algorithm may ve



used in real-time &cpilicatrinrs

A characteristic o taver’s real-time &lgcrithm is
that the size of the semiszsiss may have to te increasea,
ieperding cr the value cf k ar! the tyre of list rrocess-—
ing +done ty the program 1- cther words, the _hcice of k
expresses the trade-off tetweer the time to execute & cons

ard the total stcrage requirzi. T¥For example, feor k

1,2,
a cell is moved every thiré time a cors is called. This
would sreed ur the romputaticr tut increase the amournt of

storage required.

In his peper Eeker rffers an irnformel proscf of his
algcrithm’s correctress <erd shows how it czr te modified
to kandle varisized (=11<s ¢m3 arrays c¢f peirters. BEe also
rreserts aralyses of storage requirements of the algorithr
ard how it compares with trhrse of other garbage collection
methods. A IISP machire ©built at M.I.T wused Baker’s
approach [RAWDEN %71 its memory is sutdivided into areas,
and a 1ist of cuteoing references is kept for each. Those
areas which 4o not charge 2urirg program executicn are not
copied: tracing sterts from their corespording list of
outgoirng refererces. Thi< agprrcach, which has teen
furthsr developed ¢ty Fishoo [PISFCF 777, is a possitle
alterrative for real-tim= c¢allscticn. Arcther alternative

tha use of an auxiliary precessor as suggested by

-
wn

Deutsch ard <Totrow [DEUTISCE 7€] 1in their incremental
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gartage <ccllectior technique mentioned 1ir the previous

secticn.

Recursior is frequently wutilized in tprograms that
maripulate 1lipked-list structures. A stack is indispers-
able fer executing these trograrms. Therefcre, separate
regions for the allccated «cells and for the stack must
coexist in the memory. It is true that stacks «can te
“simulated” bty 1lirked 1lists, sc that the memcry stores
only list structures. Eowever, this 1is ‘totk., space and
time corsurirg tecause ar extra field is required to lirk
together the data in the stack and mor2 complex operations
are needed for pushing and popirg.. It is, therefore,
easier and more stace efficient tc irrlemert the stack ir

contiguous pcsitions of memecry.

It has tecome current tractice to divide the avail-
atle memory irto two areas that are alloweu to grow f{rom
0Prosite enmds. Ore of these is reserved for a stack using
contiguous locations. The other, called the heap, is
available tc the allccator for providirg new cells, also
from contignous locaticns. With this arrargement, a sim-

rle test car te vsed to trigger garbage collectiox. When

the rpointer tc the n2xt free stack positior meets the
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poirter to the rext availatle position ir the Lesp, c¢ol-

lecticn with comrection is invcked to retrieve space for

rew cells or for stacking. Therefore, the functions

.

‘push’ ard "new” may trigeer garbage collection.

Ir the case c¢f 1IISP rrograms, the furcticr  new
corresponds to a cons’, ard push” is used internelly by
the compiler ¢r irteryreter. Collection can te started
eitker ty a "cons or by e stack overflow causen ty situa-
ticrs such as greet recursicn depth or reading long atomrs

[coE®N 727.

Sirce the steck is used in implementirg recursion, it
usually contains roirters to active, usefullcells. Tha
marking algoritkms of Section Z.1.1. are usei to mark rot
only the structures referred to ty the pointer variatles
of a rrograr tut elso those structures that are referred
tc by pointers or the steck. Therefore, meens must ce
provided to recognize whether a stacked quantity 1is a
rointer (tag tits may tsz wused for this purpose]

[Devtsch/Scerr-Waite list-traversal techriquel.

IISF processcrs sometimes allow @ user to invoke the
collector. This is useful wher he has an idea of the most
propitious time fcr trigeering the ccllectior. Also, the

function return may te made availatle to the user. When

the free 1ist is used, the returned cells cac te immedi-



ately incorrorated irte the lict.

Fcwever, when scrpaction is required {with the heap
ard stack arracgsrent). the returned cells may not te
avallable tec the allocator urtil after the rext collec-
tior. Another problem with the function returc is that a
cell may te exrlicitly returred even though there is still
a pointer 10 it. This is sometimes called the 3Zangling
reference protlem. Thus, care must be taken not to reusa

the cell until there are nc poirters to it.

Processors fcr langueges like PL/I and FASCAL allow a
user to call the furctior "rew and provide messages when
storage is exhausted. The use cf the functiors return’
or “colleect” is imvlementatioz dependent. This author is
uraware of FASCAL rurn-rire systems that vperform fully
automatic garbage collertion. It is the user’s responsi-
tility to keep free lists cf unused cells ard 1to <check

whether a new cell may te ottained from tke allocator.

Arrtore [ARNECEG 72] descrited the implementation cf
@ SIMULE compiler designed to operate irn & virtual memory
envirormert. SIMULA is a language with ‘tlock structure:
variatles declareéd in a tler% 27 »nrccedure exist ornly whern
the tleck or rrocedvre is artivated. Althcugh it seems at
first sight that cns coulé collect tke structures referrec

to ty pointer variatles upon exiting from tte block ir
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which they are declaresi, this is not the case. SIMUIA
alsc allcws variadles of such types as classes, arrays,
and tests that may have longer life spans thar their ori-
ginating tlocks; if these varietles share 1linked struc-—
tures with 1leccal ‘tlock variadles, collection cannot tce

dcre when exitirg from a tlock

Since Arntcre’s vroposed implemertation opsrated in a
rasgirg envirormert, one cf the cbjectives of the collec-
tion is to reduce the nurter of page faults. Tc perform
the «ccllection, Arntorg uses a variant of the method rro-
posed ty Ferichel and Ycchelson [FENICHEI £9] <=scribed inm
Sectien 3.1.. The Variant car hardle varisized cells

rather thar only simple LISFE cells.

A SNORCL implemertatior preposed by Harscn [HANSON
77] wuses a variaticn of the garbage collection techniques
for collectirg varisized cells descrited in section Z2.2..
It is assumed that additicral srace for the stack can te
requested from the operating system, although such
requests should te ¥Xert tc a mirimum. Ar effcrt is made
to reduce collection time ty avoiding marking cells which
are knowr to te used thrcughout the rregram’s executior.
Tor this purpose the heap is subtdivided into two areas of
corncecutive 1locatiors: hear 1 and hear 2. The first coco-
tairs irformatiocn which is corstantly active and never

needs to be marked; the second may contair inactive cells
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ately incorrcrated irtec the 1ict.

Fewever, when ccrpa~tion is required’ {with the heap

ard stack arrazgzrent), the returned

cells may net te

available tc the allocatsr urtil after the rext collec-
tier. Anotrer protlem with the function return is that &
cell may te explicitly returred even though there is still
a polnter to 1it. This is scmetimes called the cangling
reference protlem. Thus, rcare must be taken not to reuse

the cell until there are nc rointers to it.

Processors fcr languages like PL/I and FASCAL allow a
user to call the furcticr "rew and provide messages when
storage is exhausted. The use cf the functions return’
or “collect is imuvlementatior- deperdent. This author is
uraware of FASCAL run-rire systems that verform fully
automatic pgarbage collertion., It is the user’s responsi-
tility to keep free lists cf unused cells ard to check

whether & new cell may te ottained from tte allocator.

Arntorg [ARNECEG 72] descrited the implementation cf
a SIMULA compiler designed to operate ir & virtual memory
envirormert. SIMULA is a language with ‘tlcck structure:
variatles declared in a tleck =T »nrccedure exist cnly when
the block cr rrocedvre ic artivated. Althcugh it seems at
first sight that cm= counld nccllect the structures referred

to ty pointer variatles upon exiting from tke block ir
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Remerks

Tatles 1-% summarize the chararteristics of the mair

alporitkms descrited in the corresponding Secticns atove.
The numter of refererces Prészrnted ir tre ‘bibliography
tears witress to the importarce and interest in gartage
collectior. In spite of this activity, many facets of
gartage collection remain to te investigated. Siecifi-
cally, very little compariscn has been made of the rela-
tive efficiencies ¢f mary of the algorithms descrited

above

New develorments in hardware are likely to play an
irrortert rcle in speeding up collection. It has already
teen suggested that rew mackines should contair extra cits
rer word to te wused for marking, taggire, or counting
refererces. Machines with special hardware for segmenta-
tion and list processing have teen constructsd [FAWDEN 77]

ard are in experimertal operation.

There has teer a trend toward designing and imple—’
menting <collectors for varisized <cells stored in large
virtual memories. No explicit guidarce based on experi-
mental evidence is yet available on how tc dc¢ this collec-
tion efficiertly cr in real time. Two prorisirg direc-
tions, discussed irz Section 2.7., irvolve elther using

parallel nrocessors or distributing some of the cartage



54

ccllecticn tasks during the actual precessing. It is

hoped that this will allow the collection to be done

within a kXncwn., tolerable, maximum time.

Collection ir very large virtual remories is another
sut ject that will tecome increasingly important. The sug-

gested arprcaches fcr these «collections deserve further

study [see FISECF 77].
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When dealing with performarce preotlemc, whzt dces the
Tatabese Administretor[DEA] do when jots erc atorting
tecause the datatese is full or cut of space? whet should
the TFA do when cemplaints start pouring in atout response

time teing slcw or jicts ruoning tehind schedule?

Space and rerformance protlems in a vclatile database

are sometimres caused ty e high percertage cf deleted, tut

3
ja g
[V

urremoved, records in the datatase [SETD £1]. rroclem
of urremoved, deleted records can te sclved bty gartags

ccllection mechernism.
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When a delete of a record is enacted under the TEMS,
the reccrd 1is logically Adeleted from the datacase, that
is, ary reference to the “eleted item will not te satis-
fied. However, in some DEMS, the actual thysicael file
record is not deleted. Over time, the DBMS will cease to
operate efficiently tecause of these undeleted reccords.
The rroblems that <develor when deleted records remairn
unremoved are a shortage of freespace, and a loss c¢f effi-
cisrcy. Eerce, stcrage will te wasted on inaccessivcle and
uselass data. Tim= will be wasted since the system will
te required to do increased I/C. The space allocated will

carry the defunct irformatior, and degrace performance.
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4.2. Irplervertation Part Approac

In M.A. Dvonch’'s system [DVONCH £2], when the dele-
tior ¢f a set owzner/member or the deletior c¢f a recors is
enacted under the DEMS, the set occurrence or the record
is 1logically deleted from the database. However, the
actual vkysical file record is not deleted. Over time, the
database will ‘teccme clvuttered with useless irfermation.
Ir answer to tkis protlem, we tlan to implement a garbage
cecllectior utility to remove the 1leleted reccrds and to

cemvact this storage.

This enharcement is tased on M.A. Dvcnch’'s DEMS in
conjunctior with W. Stratton’s R-Tree program ‘the logic
is original fror Wirth and Niklaus E-tree algcrithm [see
WIRTE 7€]), ard is written in the C pregramming language

urder the UNIX cperating system.

In the follcwing secticns, we will first of all take

a look at the structure of the database files in the
implemented DEMS &nd the functions of Datacase deletion

that give the background of the gartage collector.



4.2.1. Datatase Files

Figure 4-1 depicts the imrlemented system on which
this project is tased [ TVONCH £2). The TDatatass Marage-
ment system rresertly implerented rrovides (1) definitiorn
¢irectives, which @allow the creation of record and set
types. ard (2] maniiulation cormands or primitives, whick

allcw the manipuleticn of the data stcred ir the datatase.

This mcdel uses two different form types to represent
the information ccrtained ir the datatase. A reccerd tyre
is the fcrmat of the record. A set type is the definition
cf a relaticnship tetweern two record typres. For a set
type, cne record type is the owner type and ancther record

type is the memter type.

Definition directives are accepted bty the DEMS ana
aprrorriate record or set types are defined. The DEMS
doe< not allow the user to delete a record tyre or set
type once it has been defined. The record typ2s and set
type definition are mainteined ir a tirnary tree in memory
while the TBMS is ir use. When a new record or set tyre
is defined, a node is created for it in the @&pprooriate
tree. At the ccrclusion of the datatase urdate, rertinent

irformation fror the trees s stored in & file named

dbm file wkich is the data base mapragement file as shown

in Figure 4-1. The first field in the dtm_file 1is the

VMARCH
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b (== SOFTWARE-—->
T T
|
v .
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igmaT | e
TR ! ! | 2. RECCRL FILES
! - ! I 2, SET LINK FIIES
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FIGURE 4-1

SYSTEM ON WHICE TEE PROJECT IS EASE
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rumter of record types dafineq withir the database, the
second 1is the numder of set types defined. After these
two fields come the recori tyre information and then the
set type information. When the datatase management system
is run, the system builds the pew tinary type trees from
the informatior stored on the dtm_file. The dtm _file is a
normal UNIX file that can be examined ty and wused with
cther UNIX tcols. If no record types or set types have

been defined, the system will print a message 1irforming

the user of this fact.

-3

4.2.1.1. Record Types

The system creates the record type ty 1inserting the
record type name wit:k ".rf appeanded to it into the binary
tree ccntaining record type definitions. Wher the user
then issues an “add record cormand for a particular
record type, the database system fills an input/output
tuffer with the desired record, checks the field count on
the record for an error, and builds the record’s key. The
key is also error checked for durplicity. The record is
then passed to the input/output buffering system where it
the end of a file whose name is the record

is stored at

type name with the suffix .rf As the record is tassed

to the buffering system, the location of the record withir
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the file is determined. The location of a record 1is the

tlock offset from the teginning of the file and then an
cffset to the tositicn within the block. Once the address
of the record within the file isg ¥nown, the address infor-
mation and the record key is stored in the record type B-
tree ramed dbrm.rec.bt”. If the record type participates
as an owrer in any set type, the new record is added as an
cwner occurrence for each such set. These records are
stored in regular UNIX file. Again, this allows the
stocred datatase files to be wused with ary other UNIX
tools. For -example, a record file coulc ©be oprinted
directly. This separation of record files from datatase
information is cne c¢f the strengths of the system, for it
is in keepirg with the UNIX idea of software tcols [M.A.
Dvench’s thesis €2]. However, deleted records still

remain on the reccrd file until garbage collection is

done.

T
L4V]
-
i

Set

1v3

YEES

The system creates a set type ty inserting the set

type name with ~.sf  appended to it into the set type

binary tree containirg set type definition.

After the set tyre has teen defined, owner

occurrences are automatically created whenever & record of
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the owner record type is acd=d to the datatase. When an

owner recorl cccurrence is sdded to the datatase, a link-

record for the cwrer is built. This link-record contains

rointers witk thke forward g[ointer first and tackwari
rointer seccnd. The frort jointer of &ny CwIer or memter
in a set cccurence contains the key of the next owner cr
memter in the set occurrence. The back roirnter of any
memter contains the key cf the pricr memter or the owrer.
The owner’s tack pointer 1is alwasys null. This 1link-
record 1is then giver to the I/2 buffer system to te added
to a file ramed ty the set type name with = sf° appended
to it. As the reccrd is passed to the I/0 buffer system,
irformation is gathered on the 1location of ‘tre pointer
record witkir the set type file. This locaticr informa-
tior and the cwrer key are stored in the set tyre E-tree.
"e 1link-records are stored as regular UNIX files &nd,

therefore, car te used as arguments fcr other UNIX tools.

If the wuser wiskes to add a memter to & set
cccurrence, he must give an explicit "add member” ccmmand.
The user specifies the set type ard Owner key of the

arprorriate set occurrerce. Irserting the new member into

a set occurrence is acromnlishei by buildirg a link-record

for the new member. These link-records meke uvp & chain

* A
that comnect the set occurrerces, and can te traversed to

obtain all the memters of =& <set occurrerce. The new
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member occurrénce is added as the immediate successor to

the owrer.  Crder of retrieval is therefore IIFQ (Figure

1-2). Once the link-record is stored, the file offset
irformation alorng with the ~cw member key are stored ir

the set type EB-tree.

4.2.2. Dataebese Deletion

The cdatatase maragemert system’s édeletior tools are
recursive. “Since delstirg a record implies possibtles
deletion of set occurrences ard vice versa, recursion 1is

required. Each deletion tool was design=2& to d¢o its ocwn

CEIGINAT SET:

! QWNER S

————~{ MTMRFR % |-- | MEMPEER 1 |-->! MFMBER Z |--

FIGURE 4-2 I
ADDITICK OF NEW MFMEER TC SET OCCUREENCT
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rerticular jot and then call a friend to do the rest”

(Tvoanch ©2].

%hen a record is deleted from the database,the record
key ard file offset are remcved from the record type E-
tree. Since the offsets for the actual record car no
lorger be referenced, the record is logically deleted from
the datatase. Eowever, the actual physical record will
still remain on the record type file. This record tken

tecomes the previrce of the gartage collectiorn system.

Crce the record is logically deleted, delete record
recursively searches the set type tinary tree lccking fer
sets in which this record type participates as ar owner or
member., If a set is fourd, delete owrer or delete memter

is called to remove the discarded record key from the sat.
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The delete member tocl causes & memter’s key ard
link-record offset to te removed from the set tyve E-tree.

™e pointers in tke link-records of prior tnd post set

occurrence memters are reset 1o axcluée the deletea



memte~. The actual lirk-record is left cr tre
file, requliring gartage collection at a later
ever, since this link-record can no longsr te 7

it is effectively deleted from the datatase.

wher the delete owner commanrd is given, the cwner’s
key ard lipk-record file cffset are removec frcm the set
type F-tree. Next, delete memter is repeatedly called
until all of this cowner’s mermters are deletsd. TFirally.
“delete recerd  is called to delete the owner’s reccrd
from the record type file. T™at is. when an owner 1is

deleted frem & set, each of his merters is also deleted.

Consider a simple prototype catabase which corsists

of four record types and three set tycres with certair

+xq

i

™

relationships expressed through set OCCUTTEnCES ‘see
ure 4-3). And usin. the same test data files run ty M.A.

e

M

Dvorch’s DEMS as the test data files of thi: garta

naT
N

ccllector’s implemention projezt for consisten



Four record tyre descripticrs ang

(1)

Record Type Name: faculty
Field Delimiter: =
Nurter of Fields: £
Number of Key Fields: 1
Positicn cf Key Fields: 2

Contents:

Peter*A1*1Q%A 1RE*2E
Fi11*A2%12%Z2132%E87
ROY*ZA®1Z*AZ2EE*72

JAack = 4A*1@*111€6%17

Record Type Name: student
Tield Telimiter:

Number of Fields: 4
Numter of Key Fields: 1
Pcsition cf Key Fields: 3

Cortents:

Mary:CAST:E1:Comp Scie
Leslie:CAST:EZ:Comp Scie
John:SP:ZB:PFPD
Tcm:CAST:4F:Syst Scft
Mary:SP:ZR:PFPD

Feccrd Type Name: hcusirg
Field Delimiter: *

Numter of Fields: C
Numter of Eey Fields: 1
Position of ¥Yey Fields: 1

Cortents:

495%Pillings®2"
215%%atson*1195

contents:

72
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Zecerd Tyre Nere: courses

Field TCelimriter: =
Numter of Fields: £
Nurter cf ey Field

e 4
Pcsiticr of Key Fi :

S:
lds
Corterts:

RIHQEQHE 1H1HETEE KRy
RO¥QBP1IHE L HDRETRRF ¥y
RIKGEPIHEL 1 72@%* 2% ¥
ZPHRPEIDHQHQHLTER Hpdpp
BEHQEZZHE 1 HOKEEQRH P¥p
R1%QEQ1%Q1 D% g7R% R E*
BERQEA1*Q@HDHEPER]#DH
EREPEQHRERTHREPRRH Pk

=
o

1

Z
“

4
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Three set type descriptiors and contents:

(1)

Set Type Name: fs

Owner Record Type: faculty

Memter record Type: student

Relationship: the faculty memrber is the advisor
of tke student

¢cntents:

A1 owns
R1
2P

A2 owns
RZ

4P

2A owrs
5B

47 has nc mercers

Set Type Neme: sc
Owner Record Type: student

Member Reccrd Type: COUrses
Felationship: the student has teken the ccurse

Corterts:

P1 owns
g7cF1E11
7Z0P1E11
875R1£12

td
N)

owns
g75RZELZ
REQ@L2512

(@]
29}

owns
g7E2BELZ

MARCE



4F has no memters

&P owns
R7EEERCZ
ETEERELC

(2}
Set Type Name: hs
Owner Record Type: housing
Membter Eecord Type: student
Relationship: the studert is & resicant of
the housirg complex

Contents:

42% owns
k1
FE

21€ owns
ZE

MARCE



To delete student R1°s recars i=-

this  ~ztatzse, ye
use the delete record ccmmard (“5p stude-t F17) (gee
Figure 4-4).

The "dr student P1” comrand wanld rerouve tts record

key F1 and file cffcet frem the recnre trre F-trse. Ther
Bl would be removed from the faculty-student set (file:

fs.sf. anrd the  thcusirgs-studert s=t i1

X

as.sf) &s a

Lo}

member ‘call “dr fs F1” and "dm hs F1' respectively) and
the student-ccurses set /file: sc.sf) as zn cwner ‘call

"do sc ®R17)

The "do sc E1' commarcd would remeve T1  fror  the sc
set. Next, courses E7EP1811, 7Z2¢R1€11, an-? E?é?l&lz would
te reroved from tre sc s=t {call "Ar sc¢ 27°F1F117, Tdm  sc
720P18117, "dm sc 875P1€1Z) ard the courses record file
(call "dr courses €7£F12117,"dr courses 722F1811°, Tdr
ceurses £7FR1812 ) apd then Pl would te remecved frecm the

student record file.

Figure 4-4 dipicts the Datatase files when the TLEMS
is not being used after executing the ‘elete command dr

student F1". As we cap see, it reeds gartage collecticn to

- = e Yo, N A
and set link files whirr «ontairs the <UsEleéss I2C2ICS

after deletior.
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4.2.4. Algorithms

For the system involvej. the approach tc the garbtage
collection ©protlem for record type files is tke inspect
and slide furction. Armed with the record tyre defini-
tion, the gartage collector moves deowr the record file,
instecting each record. The ey for the rscord is
recreated wusing the record type definition Then the P-
tree is searched for that key. If the key is rresent irn
the P-tree. the record slides as far forward on the file
as possitle, ard then the offsets of this record in the
E-tree reset tc reflect the new location. If the keyv was
nrot in the E-tree, the record overleid wher a valid racord
from farther down tkhe file was slid over it. This method
works well for the recordi type files; however, it can not

work for the set type files that contain link poirters

information.

The method used for the s=2t type files 1is a B-tree
walk and move prccedure. A tool is built that would visit
each node in the E-tree, the set link reccrd is moved to
a new file and the offsets readjusted to fit the 1link
record’s new placemert. Once the rnew clean file 1is

tuilt, the old file space is returned to the system.
Here, two utilities: “gr’ ({record gartage collector®

and “gs” /set cartage collector) are implemented. There

THFSIS __ MAECH



~1
0

are many ways to collect wasted file srace. The desigrer

of the garbage collection tool will have to weigh the mer-

its of each possitility, ard implemert the most reasonatle

approach.

MARCF
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ty resettirg all courters to zero. The counters of the
accessitle «¢ells are restored during the markirg phase of
the doliecticn ty ircrementing a cell’s counter every time
the cell is visited. The rcllection reclaims iractive
circuler list structures and cells with maximum refcount
which have ‘tecome unreachable. The reint ¢f this hyorid
scheme is to keep track of very small refcounts tetween
recessary invocation of garbage collecticr so that nodes
which are allocated and quickly atandoned car be returned
to avallatle space, delaying neressity for gartage collec-

tion.

The hytrid approach of gartage collecti¢n ana refer-
ence counting suggested ty Deutsch ard Potrow is particu-
larly applicable to LISP [see DEUISCH 7€]. Acceraing to
Clark [CLARK 77], it is tased on statistical evicence that
in most LISP rrcgrams, most refcounts fabout €7 percent;

are one. Trey propose three hash tables [FORRCW 75]:

f1) The multirple reference table (MET): Its key is a cell
address and the associated value is the cell’s refcourt.

Only cells whose refcounts are two or greater are listed

in the MRT.

(2) the gzero court table (ZCT) certains the addresses of
cells whose refreount is zerc. These cells may ce of two

types., those which are referred to orly bty the wvariables
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