0 9 SEP 2004 1 GARBAGE COLLECTI ON The present invention relates @cg %%rpb?g@‘
col l ection, and particul arly. although not exclusively to garbag

collection within an object-oriented environnment. The expression "garbage
*collection"” relates to the automatic reclamati on of conputer nenory,

usual ly by the operating system when that nmenory is no |onger required
for the programthat is being executed. kn sonme |anguages such as Cor C +
+, nenory allocation freeing nust be done explicitly by the 10 programrer.
In many ot her | anguages such as Java (trade mark of Sun M crosystens,
Inc.) the programmer is freed fre $He Aeednt @ o ) bout the releasing
of menory allocation by neans ofZ&-tartage—cortector which runs in the |
background. Such a garbage collector is part of the Java Virtual Mchine
(JVM. bjects created by the programrer are automatically destroyed by the
15 garbage CO"I'h‘%gfn\%ﬁerﬂaﬁfveﬁﬁoﬁ heladdMavaerbape dollechih, hfl epatieaRrkOalthsikh

exi st (and henc en they cannot again b€ accessed by the executing

program . A rebeegdasively @gabigectollsctivhdeitiineh ajeobpgetted environhaies. a
pointer or handle to another object 02 whereby 01 can access the fields
and the dall 20 nmethods of 02. References to objects can al so appear in
static (global data) and on the processor stack. CbnceFtualI in Java,

t hese referendde exiression ‘garbagn ceHedkrecrelaiwy 0o tho auiomatc éﬁ?lﬁn@ﬁiqnt of
When qava code is conpiled into Fai’i v&ecode, .t hese re}c e{lenigs maﬁmbecorre
25 pointers b@PW@FPTgﬁ'FB'l%r geealbe by (B ORETaliRg S¥CHoi WhEH 403, MEMATY oIS 1O
oi nt . Typi | | th int t t ]
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as C or C++, memory allocation freeing must be done explicitly by the

10 programmer. In many other languages such as Java (trade mark of Sun
Microsystems, Inc.) the programmer is freed from the need to worry about the
releasing of memory allocation by means of a garbage collector which runs in
the background. Such a garbage collector is part of the Ja\}a Virtual Machine
(JVM). Objects created by the programmer are automatically destroyed by the

15 garbage collector part of the JVM when no further references to them exist (and

hence when they cannot again be accessed by the executing program).

A reférence to an object is made when an object Ol contains a pointer or
handle to another object O2 whereby Ol can access the fields and the call
20 methods of O2. References to objects can also appear in static (global data)
and on the processor stack. Conceptually, in Java, these references refer to an

entire object and to no single part of it.

When Java code is compiled into native code, these references may become
25 pointers between data structures (either direct pointers or indirect pointers).
Typically, these pointers refer to the start of (that is, the lowest memory

address of) a data structure representing an object.



0 9 SEP 2004 2 As an optim sation when generating the native cqﬁg,gEP-ﬂﬂM
be useful to create a pointer which points to the interior ‘rather than to
the start of another data sftructure. If the garbage collector can
“recogni se these interior pointers as references, then the native code does
not have to save the original pointer to the 5 start of the data structure;
ot herwi se, the original pointer needs tosbe saved, l|eading to |arger code.
Mechani snms for efficiently searching for“interior pointers do exist, but
these depend upon forcing a particular nenory |ayout: allocations of

page. boundar y ASTAEODRAHORSTS STSCAEIOA® PRy pEcH %fltﬁﬁetyw?mﬁ@“”%t i
| f h of, .th

factor of 2. RPORls SCHCBpottPlen i BT AUEE waly e Pl IR nhbBER ity
start menory. Sifled de‘lfrtgé ’k[%gb Sé%é HHé&bﬂ%aﬁ gécBgﬁIsbofheQQ'ﬁEé%'io b{ht&ﬂea

I nverse of th ves t Inter to.th rt of t
‘Menory regi OnTei‘*éFéH@:eE’rﬂﬁh tRE tnaﬁ%’f:@é@ aess héx I‘i?h)% @dRaBe eRidingl psifitedfto the
interior pointers are wasteful menory since |arge bl ocks of nenory need

to be al lpcat gthrt e¥ahe dadd smmepbme tthe eoréginel pbattet meedenmbe kdvecks
are properly aligned (for 20 exanple on a page boundary). Inefficient

menory al | ocafleasiingto ldrper togee can be particul arly damagi ng when prograns
are to be run in an enbedded environnent, such as a handhel d conputer or a
nobi | e phone. The further di ffi cuI ty Wi t h conventi onal gar bage col | ection

At cul ar moRdFGYBE doT GHIGER it $57 TGl Willet o sh%ohvrens:
particul ar 0
en the memory gl } 983k Rlcing &’Bgletﬁcular memory layout: allocations of similar sizes

10 are all made from the same region of memory, starting at a page boundary or a

known memory location. Typically, the start memory locations for each of the
regions are constant, and all are multiples of a factor of 2. With such an
arrangement, the size of the allocation and its start memory can be determined
by masking an interior pointer with the inverse of the factor of 2: this gives the

15 pointer to the start of the memory region.

Such prior art approaches to the garbﬁge collection -of interior pointers are
wasteful of memory since large blocks of memory need to be allocated, even
for small objects, to ensure that the memory blocks are properly aligned (for
20 - example on a page boundary). Inefficient memory allocation of this type can
be particularly damaging when programs are to be run in an embedded

environment, such as a handheld computer or a mobile phone.

The further difficulty with conventional garbage collection systems is that they
25 typically depend upon the details of the particular memory allocation scheme
that is in use. That may be convenient when the memory allocation is under

control of the operating system that is carryirig out the garbage collection, as it



control of the operating systemthat is carrying out the garbage

col lection, as it 8 9 SEP 2004 3 often is, but it is much Iess coll/8nS&ERt2004
in "hosted" systens |n whi ch.'t he operating systemthat includes the

‘gar bage collector is "hosted" on another wunderlying operating system which
controls nmenory allocation. The fact that different underlying operating
systens may use different nenory allocati,on 5 schenes neans that different
gar bage coll ectors need to be provided |r? each case. This is not only

wast eful of progranmming effort, it is also inconvenient since it nakes it
virtually inpossible to provi de a_conpact and effici em; rat| ng system
i ncl udi ng gar PAEE il b’ébﬂﬁ & TeReha eSS OENIGH 18 “Bafiede W@E‘:’( th

ZEEBS}"ZQE of t%@é?aéirﬁééﬂgémﬁh%%%s? g raatbig Hedbh o %%#‘ané%eé er
{5 provi ded- a pdERSH bﬁ%ﬂgﬁg@éﬁ%&?é@h@& il AR aibRY Thhk Mt BELe
tree structur Giffg f@ft'ﬁﬁd@ ﬁaﬁp dggﬂd&(%y] s9§t8§n “ﬁﬁ? uddodffereRAGHeMOK? ARIAGon

represent atlve a nenor an in-use pointer, searching
the tree go d%bﬁéﬂb@%ném ﬂﬁf"a'iffe&ht %@aﬁagéncélibcwrscﬁbeﬂhﬁ) pei idqDiitesich
~and 20 (c) noting the said nenory al l'ocati on as bei ng unavail abl e for -
gar bage col | eafzkon Thiseagwt ohibe wistefolod brograwming bdfonte itoisyalad linoeiveniant
may include marking the

since it makes it virtually impossible to provide a compact and efficient

operating system, including garbage collection capabilities, which can be hosted
without amendment on a variety of different underlying operating systems.
10 -
| It is an object of the present invention at least to alleviate the problems of the

prior art.

According to a first aspect of the present invention there is provided a method
15 of garbage collection including:
(a) maintaining a tree structure comprising a plurality of linked
nodes, each node being representative of a memory allocation;
(b) for an in-use poin_ter, searching the tree to determine the memory
allocation to which the pointer points; and
20 (c) noting the said memory allocation as being unavailable for

garbage collection release.

The noting of unavailable memory allocations may include marking the
memory allocation (if it is not already marked) or the corresponding node on
25 the tree structure. The method of the invention may be used in association with
any convenient mechanism for actually releasing uﬁused memory allocations:

Preferably, that will include repeating steps (b) and (c) for a plurality of in-use



menory allocation (if it is not already marked) or the cor_r_esponﬁgg Eﬁdf
on 25 the tree structure. The nethod of the invention may be! use nS 004
association with any convenient mechanismfor actually rel easi ng unused
‘menory allocations: Preferably, that will include repeating steps (b) and
(c) for a plurality of in-use '"(r)9 SEP 2004 4 pointers, and rel easing
those nenory allocations which have not been noted as wunavailable for

rel ease. Preferably steps (b) and (c) ar & repeated for all in-use

pointers, or at |east all such pointers which are known to the system 5
Preferably, the tree is the binary tree, and is searched fromthe top using
a standard bipeintgrs; madeaekasingrthese memerycallepatipng srvehihere nowbhsanmoted ashe

tree i AVL balanced tree. S AVL i t b d
ostruct ure  PRAVAIAB f0r FRlPREal RIAIFEObuSe Qi) RO (EhAEERRSAe Hauhlh darces
dded nding .allocat | wh de |

removed 10 cdPPESPoMiAtdet Al eSO E Vit Bk Memib i BB o re-use.

The tree need not necessarily be binary, and the invention is applicable to
any N-way tree, as well as to any N-way bal anced tree. 15 Each nenory

al | ocati on m?r@f‘d?ﬁlﬂie%e qréP h@%ﬂ?argﬁ%&hxﬂ oc keARHed iffomottiectdp Akimpnaed
t ‘an 1 ndi vidual object.

systens, nay represe In one formof the inventlion,

the objects mayaddard bena9rpatedse.l dhneneopardizubrbbrenteniefaahbodidenpyhd ance,
associated with it, information on the block start and the 20 block end

| ocations; or ipanA¥Wlobalaheedsmeel |Stamtard dsVhrdgetidiny mak heenspchto Msustue
may al so optionally include other menory allocation-related infaornmation

fpor, exanpl e a theotke i thermAMiain. its nbalanedd torEerVERICGVRE 2 r BEWsHode: if eadded

ef¥iciently, each node pref erably also includes the addresses of its o 4
parent node (iGOTERIHPD 1o a new memory allocation, Or Whenever a node 1§ remove

10 corresponding to a memory allocation being released for re-use.

The tree need not necessarily be binary, and the invention is applicable to any

N-way tree, as well as to any N-way balanced tree.

15 Each memory allocation may represent a contiguous memory block and, in
object-oriented systems, may represent an individual object. In one form of the

invention, the objects may be the compiled forms of Java objects.

Each node may have, associated with it, information on the block start and the
20 block end locations; or on one of the said locations and the block length. The
node may also optionally include other memory allocation-related information,
for example a block identifier. In order to define the tree structure efficiently,
each node preferably also includes the addresses of its parent node (if any) and
its child nodes (if any).
25
The tree structure may be used to search for any type of pointer, including

interior pointers.



its child nodes (if any). 25 The tree structure may be. used to search for
any type of pointer, includimg interior pointers. 0:9 SEP 2004 S'BAC&EB' &Mf—”g
to a further aspect of the present invention there is provided a garbage
‘col lector including: (a) nmeans for nmaintaining a tree structure conprising
a plurality of 1|inked nodes, each node being representative of a nenory
allocation; (b) neans for searching the tree, for an in-use pointer, to
deternine the nenory allocations to whi ¢h the pointer points; and (c) neans
for noting the said nenory allocations as being unavail able for garbage
collection release. 10 According to a further aspect of the invention there
I's provided a nethod of garbage collection including: (a) maintaining a
tree structure conprising a plurality of |inked nodes, each node bejng

r epr eésent at i vAcedrdings ystefurthemragpedt] of abe gresant dRvenEon (hetfdds HRNIdRd for e
gar bage-col | ectabl e nenory_al |l ocations; - (b) for an in-use pointer,

sear chi ng t hegarbage collepseringluding he gar bage- .collectable nmenory allocation

to which the pointer points; _and (c).noting the said r - col I
menory al | ocati on @ benRRES fﬂ?ag‘éigli“éml%g fao&e%5&8@5%%%@@%@@@&%23 .Sf
5 linked nodes, each node being representative of a memory allocation;
(b)  means for searching the tree, for an in-use pointer, to determine
the memory allocations to which the pointer points; and

- (¢)  means for noting the said memory allocations as being unavailable

B

for garbage collection release.

10

According to a further aspect of the invention there is provided a method of
garbage collection including:
(2) maintaining a tree structure comprising a plurality of linked nodes,
each node being representative of a system memory allocation which
15 includes one or more garbage-collectable memory allocations;
(b) for an in-use pointer, searching the tree to determine the garbage-
collectable memory allocation to which the pointer points; and
() noting the said garbage-collectable memory allocation as being
unavailable for garbage collection release.
20
According to a further aspect of the invention there is provided a garbage
collector including: |
(a) means for maintaining a tree structure comprising a plurality of
linked nodes, each node being representative of a system memory
25 “allocation which includes one or more garbage-collectable memory
allocations;

(b) means for searching the tree, for an in-use pointer, to determine the



20 According to a further aspect of the invention there is provided a
garbage collector includingsy (a) means for maintaining a triee sfQu§EPr 8004
. conprising a plurality of Ilinked nodes, each node being representative of
a systemnenory 25 allocation which includes one or nore

gar bage-col | ectable nmenory allocations; (b) neans for searching the tree,
for an in-use pointer, to determ ne the 9 SEP 2004 6 garbage-coll ectable
menory allocation to which the pointer points; and (c) neans for noting

t he sai d garbage-col |l ectable nenory all ocation as being unavail able for

gar bage collection rel ease.., 5 e_invention further.ext;ends to an operating
System and 1o a JVERTCREFCONRRIADIE AR, HOT=RR IO RiEh HEgm Bl SBRT dtibr
as defined. In one ' r.adq [ d

al l ocati on neans é@?ﬁﬁ%dﬁg&%p@ﬁﬁgﬂ@%g?}ﬁ#@éﬁéﬁgﬂ%m Forﬁ%gggs?%%gn as
efficiently as pos%mguﬁ%aﬂabmnﬁ?yac%ée&ﬂleﬁ:ﬁoh%Hreggét'ce artificial
constraints on the position in nmenory menory al | ocati ons.
Alternatively, the operating systemmy not include any nenory allocation
means, with the garbage collector being arranged to operate wth nenory

al | ocati dhs WTheh ifnearngione éurtieert exteatls yopawwopeatingOsysterampletofa JVIM s (Java
where the operati ntlg system of the present invention is hosted on a 15
second, under |Yirmgl dfachdnée nipchyingmgarbrgecshleator asalefined.

external ly-provided nenory allocations are supplied by the nmenory

al l ocation means of that underlying operating system. Regardl ess of the

fremory al ocal}o8ne an%ggdiment, the operating system may include memory allocation

£
e means so that memory allocation can be controlled as efficiently as possible

10 without any need to introduce artificial constraints on the position in memory of
memory allocations. Alternatively, the bperating system may not include aﬁy
memory allocation means, with the garbage collector being arranged to operate
with memory allocations which have been externally provided. One example of
this is where the operating system of the present invention is hosted on a

15 second, underlying operating system; in such a case, the externally-provided
memory allocations are supplied by the memory allocation means of that
underlying operating system. . Regardless of the meniory allocation scheme
being .applied by the underlying operating system, the garbage collector can still
make use of it. A particular advantage of an operating system having a garbage

20 collector which can make use of externally-provided memory allocations is that
such an operating system can be hosted on a variety of different underlying
systems without any need to worry about the memory allocation scheme used
by the underlying system. If the underlying system allocation scheme is
efficient, the operating system will take advantage of that.

25
The invention further extends to a computer program for carrying out a method

as described, to a data carrier carrying such a computer program, and to a data



bei ng applied by the underlying operating system the garbage collector can
still nake use of it. A particular advantage of an operating S!Fgegfpamm@g
a garbage 20 coll ector which can make use of externally-provided nenory
‘allocations is that such an operating system can be hosted on a variety of
different underlying systens w thout any need to worry about the nmenory
all ocation schene used by the underlyin? system |f the underlying system
al l ocation schene is efficient, the opefating systemw || take advantage
of that. 25 The invention further extends to a computer programfor

carrying out a nethod as descrjbed, to a data carri arrying, such

conmput er pr og$té¢ﬁma1‘r$@f‘ts@n¥§“ﬂ§t%’fl gu%n @%@413?0%‘?%aﬁtré§)9 e%%erfgjét FQ/@ @@ta
such computer prpogram Jt also _extends to a _da ri rLyj :
operating sys?g"ﬁi"'gscm% B8d OPERHIE SESIHM é'lgs%l&e%ﬁ%%ar e‘rg{rde(signg1 aP?@e%g}fe ch
an operating syste The._ | av. i : arried into practice in a
nunber of vvaygé/pgﬁ%e%@e %i&ﬁfaﬁ{;&}g%%gg?ﬁ%?m& |1 now be described, by way

of exanple, with reference to the acconpanyi ng drawi ngs, in which: Figure
1 is a schematic representation show ng the use of interior pointers in

optim seg nat iTyg iﬁ@&ﬁionlﬁa?ilﬁtﬂa?riéd shovprastitonns edmberof waysakisonel ong
with an Interior pointer o one of those blocks; Figure 3 is an AVL tree

structure for sphficembodimeht wilhhownse déscFibgds by dyayof examplg, wdth reference

preferred enbodi nent of the invention; Figure 4a shows one exenplary

menory al | ocato the aocotngraaykig drawdngs, in whic%: :

L Figure 1 is a schematic representation showing the use of interior

{_- pointers in optimised native code;

10 Figure 2 shows allocated memory blocks, along with an interior pointer
to one of those blocks: Figure 3 is an AVL tree structure for the memory
allocations of Figure 2, according to the preferred embodiment of the
invention;

Figure 4a shows one exemplary memory allocation or “chunk” which

15 forms one of the nodes of the tree; and

Figure 4b shows an alternative memory allocation, for use when a single

“chunk” is used for several individual garbage-collectable allocations.

Figure 1 illustrates schematically details of register and memory usage in a

20 portion of optimised native code. Data structures 10,12,14 represent individual
- objects, and are held in memory. In addition, machine registers 16 hold
additional values, typically pointers to the objects held in membry or to
locations within those objects. As indicated in the figure, register 1 holds a
pointer 18 (an interior pointer) which points to a particular location within the

25 object 10. Likewise, the registers 2 and 3 hold interior pointers 20,22 to

different locations within the object 14.



15 forns one of the nodes of the tree; and Figure 4b shows an alﬁgﬁﬁ'veﬁ
menory allocation, for use wien a single "chunk" is used for sg 2004
i ndi vi dual garbage-col |l ectable allocations. Figure 1 illustrates
schematically details of register and nenory usage in a 20 portion of
optim sed native code. Data structures 10,12,14 represent individual
objects, and are held in nenory. In addit¢on, machine registers 16 hold
addi tional values, typically pointers to the objects held in nenory or to

| ocations within those objects. As indicated in the figure, register 1

hol ds a pointgr. 18 i ri pai r [ ' : tigyl ar
"ocat i on wit nioipkes 788 afhdle B0 Befioby 0 shAvAA U PGB  Tefle an

i nterior pointers: i f far I Is kd PH At I ; 1O
SEP 2004 8 Poilﬁgez}ogoprr(ﬁétéegﬁglo e&l%e?dt]&?nﬂ?rrg&r%@gﬁgisfﬁ% 0\?\% l@%rl?"ﬂel%g%til%glﬁg% :
That is an ingerdhpctA@ nter within the object 10 which points to an
internal |ocation Wwthin the object 12. 5 Not all of the pointers need
‘necessarily be interior. Pointer 26, for exanple, points to the start of
the data structure representing the object 12. It shoul d be noted that
Figure 1 SepreNehtl afpthenpsintersarced enecoskarihibehinted. Rointemah, fypiesampye,
does not, correspond exactly with the way in which the 1Q indj vi dual

obj ect's ref er epiBtsdadha starhef thendath SLACIYE AEPIESHHYIZWE AUed s Java. Java
itself does not have a concept of interior pointers or even, strictly
speaki ng, the concept of pointers at all. 1nstead, each object can

et erence” | aRuglo SRRk sbICHRE T SASRRL Bhub e BattL el Syl ke
those refer eNCfst, S Wypically does not, correspond exactly with the way in which the
10 individual objects reference one another in the original language such as Java.

Java itself does not have a concept of interior pointers or even, strictly

speaking, the concept of pointers at all. Instead, each object can “reference”

another object, that reference being to the object as a whole and not to any

individual part of it. When the Java code is compiled, those references could

15 be and sometimes are converted into pointers which point to the start of the data

structure corresponding to the object in the native code. Native code making

use only of such Apointers would be inefficient, however, and it is accordingly

prefefred in the present invention to create interior pointers as necessary. With

the interior pointers in place, the original Java pointers which point only td the

20 start of the object data structures can be dropped. As shown in Figure 1, a

pointer such as 26 which points to the start of a data structure is retained only if

the code actually needs to reference that address specifically.

Figure 2 illustrates the storage of data structures in memory, according to the
25 preferred embodiment of the invention. Figure 2 shows allocated blocks of
Memory a,b,c.r.., with memory location address increasing as one moves to the

right of the figure. Block a starts at memory location A and ends at memory
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15 be and sonetines are converted into pointers which point.to the start of
the data structure correspoiding to the object in the native co@el OER i 2004
code making use only of such pointers would be inefficient, however, and
it is accordingly preferred in the present invention to create interior

poi nters as necessary. Wth the interior pointers in place, the original
Java pointers which point only to the 20gstart of the object data
structures can be dropped. As shown in F?gure 1, a pointer such as 26
which points to the start of a data structure is retained only if the code

tual | ceds t f t hat add i.fical ly. Fi 2
e ot of age. oocaReR At Ok Petarth sagory Heeuphi gt srioh el Setgrdiaicdl °°
mbodi t of the j tiop. Fi
b wi (R by saorae ARt Tl S b R B R for
ight of the fi Bl aat | ti A and d
0 8 sep 2004 YLkl O B MR AL Voory 1 ocati on B and ends at

menory location B'; and simlarly for the other blocks. The spaces between
bl ocks are shown for clarity, and need not necessarily exist. 5 Wen a new

bl ock of smenoyyndieadseho tisckalofogetrsty héedss ta@lbeoativeated il is calveatedein a
menory | ocation, either in an unallocated nenory block 30 or, if no such

bl ock i s avai tedenieraf lemaridotation, it ig. avAuneBecased maeroery bloeknd0 e, ifiny
size and nmay be in any position within the addressable menory space. ThEre
i s no constranatsuchdlock ihevailable, after theflasiabipal & o AdlQcates BN PN NS ks
10 of particular sizes or in particular, predefined |ogcations. The ro f
L%JF gar bage cahy ¢dtompdwmay berdn 3y tPGSEi%@cW@éIE 8fa0d?jﬁ%353 og)e?%od—gf #Riaf?%ry
ocks to see whether it may. still he r ire ' '

equival ently, Tmé‘? Heft© toﬁé‘?téx i Eilsnme&feswﬁﬁrgéﬁa%f?%y EI teﬁﬁ?ga?%%dégg?lﬁ?@? cks
whi ch 10 of particular sizes or in particular predefined locations.

The role of the garbage collector, when run, is to check each of the allocated
memory blocks to see whether it may still be required by the application (or,
.equivalently, whether there is in existence an in-use interior pointer which
15 points to that memory block). In order to achieve that end, whenever a new

block of memory is allocated a reference to it is added to a binary tree, held in

Mmemory.

Figure 4a shows in more detail an individual memory block which corresponds
20 to a single node on the tree. The block or “chunk” consists of a header 100
and a data-portion or “payload” 102. The header 100 includes a section 104
which defines the node of the tree with which this particular allocation is
ass.ociated, a section 106 which indicates whether the allocation is “large” or
“small”, a section 108 defining the item size, a section '110 whiqh specifies the
25 start position and a section 112 which specifies the end position. In the Figure
4a example, the section 106 will always be “large”: the “small” option will be

discussed in more detail below with reference to Figure 4b. The payload 102



15 points to that nmenory block). In order to achieve that end, whenever a
new block of nenory is allocated a reference to it is added’tqbg BtESZ%ﬁ
tree, held in nenory. Figure 4a shows in nore detail an indivitda y
bl ock which corresponds 20 to a single node on the tree. The block or
"chunk" consists of a header ‘100 and a data-portion or "payload" 102. The
header 100 includes a section 104 whichjgefines the node of the tree with
which this particular allocation is associated, a section 106 which

i ndi cates whether the allocation is "large” or "small", a section 108

and 2: cact iﬁniitaaelﬁ‘fiééﬁi*ﬁa@ai@%%ibﬁﬁ1%#31612%5%&%??%&58? o the Figure 4a -
G cobssed i n AoEbterteaOfs Ryl PRKEy s oRt@Epin i mEficy RS, Wovm 02
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Fi gure 3 shows pi cal binary tree representing the nenory allocations
shown in Fi gyide? arbafhkéindes @esdritied igembapdesdhbslow, iodillowl et efficient
al location, and the nodes are |linked, as described in nore detail below,
to allowjor ebhichimnt Theskdowhitivn stohed enéarhnaodeonomsdists ed the berkhidentiier
consists of the block identifier (d for the node 40{, the start address
(D) of the bl ddkfortthe movlt 4@)irthe staroaddresal @or ofthe blogk, ithe eadrdsress 01 hg
D and D, one could store either. the start 015‘ t he bl Pfﬁk D or..the end of
the block D, Alteragtivelyn insisad of gtoripgy D .and) D', gne-gopld, stpze jedthgr dhe start of

scinin the trdbe Dok Rokegrnir B8 bRl D ook Y OBR LA, O0) vt on

that it is linked to two children, nanely nodes 42 and 44. Node 44

10 Each node is also associated with linking information to establish the position of
the node within the tree. The node 40, for example, will include the
information that it is Jinked to two children, namely nodes 42 and 44. Node 44
includes the information that it has a parent node 40, and two child nodes
50,52. The node 52 has no child nodes but a single parent node 44. The

15 linking information associated with each node is labelled or ordered such that

the left hand child node can be distinguished from the right hand node.

An_ex-ample will now be given of the way in which the tree-can be searched to
identify the memory allocation block to which an unknown interior pointer is
20 pointing. In this example, the unknown pointer will be the pointer P shown in
Figure 2. Entering at the top of the tree, at the node 40, a test is first made to
see whether the value of P is less than D. Since P is less than D, we now move
to the left hand child node 42 which represents the block b. First, we check
whether P is less than B. As it is not, we then go on to check whether P is
25 greater than B'. It is, so we move on to the right hand child block 48. Next,
we tést whether P is less than C, and as it is not we test whether it is greater

than C'. Since P is neither less than C nor greater than C', we conclude that P



includes the information that it has a parent node 40, and two chi:ld nodes
50, 52. The node 52 has no chikl d nodes but a single parent node 40.9‘8{6?]23[]4
| i nking i nfornmati on associated with each node is |abelled or ordered such
‘that the left hand child node can be distinguished fromthe right hand
node. An exanple will now be given of the way in which the tree can be
searched to identify the nenory all ocatﬂon bl ock to which an unknown
interior pointer is 20 pointing. In this exanple, the unknown pointer wll
be the pointer P shown in Figure 2. Entering at the top of the tree, at

the node 40, a test is first nade to ee et her .t he val ue P Ss

than D. Si ncefatlswithiasheblek ¢, angea }ﬁg@met @ag%pqrg}l{latﬁgﬁghﬁqﬁ% Jrl‘ug’de 42
whi ch represents the block b. First, we check whether Pis less than B. As .
it is not, we then go on to check whether P is 25 greater than B'. It is,
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| ess than C, we I's greater " than C . Since-
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2004 11 falls and accordingly the search term nates at

the nodes48. Garbags GaldcEphi R this Fapobedeedbebyady deewmedn duttipr andoitheg
all of the live pointers, and using the tree to determ ne the nenor

y
bl ocks wi t hi npyhited: t hityarb simply. sédrched tanntei wee finthe samepweposEoryad, e
made between interior and other pointers: all are si rrpalkéﬁ%ear ched op th
tree in the sasgistersy arelohekedtfor tiedntere ¢o% ther stagkse it Rt 2 Ssiemyr and or
the stacks in a stack-based s sterrq)l, and t orregﬁﬁndi n a@l ocat ec{
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f those nmenory blocks.is then checked f : i (MSInf
tree-based | ogﬁweéﬁﬂp%t‘:ﬂ%?r%c%qgs%ﬂhoégtﬁl %épf%l@&ds“fseﬂﬁn cticREd for
10 further pointers (using tree-based lookup or any other mechanism), and the
process is repeated. As the process continues, any memory block that is found
to be in use (i.e. that has a pointer which is directed within it) is marked by
storing a “in use” flag against the corresponding node of the tree. Memory
blocks that are not in use can then be released by the system, and their
15 corresponding nodes removed from the tree. The tree is then re-linked into its

normal binary form.

It has been assumed, in the discussion above, that a single memory allocation
corresponds with a‘single node on the tree. In some circumstances, however,
20 it may be more efficient to associate a single node on the tree with several small
~garbage-collectable allocations.  Such an approach is particularly convenient
where memory is being allocated from an underlying operating system over
which the running application has no control. The system memory allocator
will typically provide system allocations (known as “chunks”), the timing and

25 size of which may not be under the control of the application.

As shown in Figure 4b, a single system allocation or “chunk” may be used for



process is repeated. As the process continues, any nenory block that is
found to be in use (i.e. that has a pointer which is directed V\,‘&isfpt%g;f
is marked by storing a "in use" flag against the correspondi ng node of He
‘tree. Menory blocks that are not in use can then be rel eased by the
system and their 15 correspondi ng nodes renoved fromthe tree. The tree is
then re-linked intoits normal binary f,grm It has been assuned, in the

di scussi on above, that a single nenory & | ocation corresponds with a
singl e node on the tree. In sone circunstances, however, 20 it may be nore

efficient to associate a single_node gn the ee.W th .seyveral spal.l ..
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"chunk” may b 12 a nunber of different
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referencé nuneral 120, 122, 124. Each of these units includes its own

header 114 and its own data section 116, within the overall chunk payl oad
102. For ease of conprehension, the reference nunerals usgg in Figure 4b 5
correspond wi I theoprefetredadmbadinentetheasppeoaght AL r EiEawentR 1% Wspdute the,
In the preferred enbodi nent, the approach of 4b i s used
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10 the application requires an allocation of greater than 1k, the approach of Figure

4a is used.

In the preferred embodiment, the nodes of the tree represent individual system
allocations, either as shown in Figure 4a or as shown in Figure 4b, or both.
15 The header and data sections 114,116 each correspond to a single higher-level

garbage collectable allocation, for example a Java allocation.

If the.application requires a small allocation (for example less than 1k in the
preferred emBodi‘ment), the whole system block 1is reserved at the same time
20 and put onto the tree.  The application itself then controls when and under
what circumstances unused small alloéations may be accessed and, if
appropriate, garbage-collected in their own right without affecting what is on
the tree. Only when all of the individual allocations associated with all of the
nodes of the tree are ho Jonger in-use is the node and the corresponding system

25 block itself available for garbage collection.

It will be understood, of course, that when the approach of Figure 4b is used, a



10 the application requires an allocation of greater than 1k, the igpéﬁgpg
of Figure 4a is used. In the preferred embodi nent, the nodes of it 004
represent individual system 'allocations, either as shown in Figure 4a or

‘as shown in Figure 4b, or both. 15 The header and data sections 114,116

each correspond to a single higher-level garbage collectable allocation,

for exanple a Java allocation. |If the appiication requires a snal

al l ocation (for exanple less than 1k in the preferred enbodinent), the
whol e system bl ock is reserved at the sane tine 20 and put onto-the tree.

The applicatiq
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the nodes of dopgefrc@® al‘lﬁ: ﬁiétﬂd@ﬂﬂﬁhtlbﬂedléﬁové of fiadivgdthean@nidrg allocation to
correspondi ng system 25 block itself available for garbage collection. It

wi || be -under syigieHl, apfuriaumae intetiot pdintertisepaipfingathereford-isgilk epphies.s uSyd,
a 19 SEP 2004 13 pointer which points to the start of an _individual

gar bage- ¢! | eatfdrbnciag| theatteon sizgi b¢ctiant sl@SfOf e disademnt e SYSHEBI A8 @ble sty
far as the entire systemblock is concerned, The net tﬁ @ntloned above of
finding the Wmmﬁl%@@ﬁﬁ@@%@agwwtﬂe GHRAFIeN. i Wi he sysieR aflopation,

poi nting therefore st Pl i S . referencing the itemsize section
108 of the hed@ée¥hi cﬁ @F Pg‘l%%‘émfso deterni ne the exact

"at et Lot _poi i R T RS A R U
ifnsert a new nggder oMASAnBr Rllocated, and how to re-link the tree when one or more
10 nodes are snipped out” when the corresponding blocks are released by the
garbage collector. There are numerous ways in which this can be done, but
one particularly convenient approach is to use an AVL load-balancing tree.
This is a type‘of binary tree which maintains approximate left/right balance by
the use of appropriate tree-restructuring algorithms both when adding and when
15 removing nodes. Further details are given, for example, in Donald E. Knuth,
The Art of Computer Programming, Volume 3. Addison-Wesley, Reading,
Massachusetts, U.S.A, 1969. See also Adelson-Velski, GM and E.M.
Landfs. “An Algorithm for the Organization of Information”. Soviet Math.
Doclady 3, 1962, pp. 1259-1263; and Karlton, P.L., S.H. Fuller, R.E.
20 Scroggs, and E.B. Kaehler. “Performance of Height-Balanced Trees”.
Communications of the ACM 19, 1976, pp.23-28.  All of these documents are

hereby incorporated by reference.

The preferred algorithms, using AVL trees, will now be described in detail.
25 First, a little background. Balanced binary trees are an efficient general purpose

data structure. A binary tree is a tree graph each node of which has at most two



bl ock of nmenory is allocated, and how to re-link the tree when onglgrs rﬁﬂ#
10 nodes are "snipped out" when the correspondi ng bl ocks are'rele d EE

the ~garbage collector. There are numerous ways in which this can be done,
‘but  one particularly convenient approach is to use an AVL | oad- bal anci ng
tree. This is a type of binary tree which maintains approximate |left/right
bal ance by the use of appropriate tree-yyestructuring algorithnms both when
addi ng and when 15 renovi ng nodes. Further details are given, for exanple,
in Donald E. Knuth,” The Art of Conputer Programm ng, Volune 3.
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littl e background Baﬁ’itanced binary trees are an efficient general purpose
dat a strﬁnctur’@.OS‘A1 YWary tree is a tree graph each node of which has at

nost two 0 9 SEP 2004 14 out goi ng edges. Bal anced binary trees are
structured such that inbalances in size between the two subtrees at any

node are limted. AVL trees (after Ade] sop- Ve\I/ kii and Landi.s.. who devi sed
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are defined as follows:
10 o The height of a tree with no elements is 0.
e The height of a tree with one element is one. The depth of the root node
of any tree is 1.
¢ The height of a tree with more than one element is the height of the

tallest subtree plus one. The depth of a node in such a tree is the depth of

15 1ts parent; plus 1.

The 'balanced' property of an AVL tree is maintained incrementally in an
efficient manner (ie. taking only time logarithmic in the size of the tree).
Whenever a node is inserted or removed, one or more rebalancing

20 transformations are applied to the tree.

The three basic operations required are: searching for an element within the
tree, inserting an element into the tree and removing an element from the tree.
Note that duplicated key values are not perrnitted, but that this causes no loss of
25 generality since where necessary, an additional factor can be combined with the

data to be stored to produce a unique key.



hei ght of the two subtrees i s never nore than one. Height and depth for
trees are defined as follows: 10- The height of a tree with'no ef&nSEPs 2064
0. The height of a tree with one elenent is one. The depth of the root
‘node of any tree is 1. The height of a tree with nore than one elenent is
the height of the tallest subtree plus one. The depth of a node in such a
tree is the depth of 15 its parent, plugsl. The 'bal anced" property of an
AVL tree is naintained increnentally in an efficient nmanner (ie. taking
only time logarithmc in the size of the tree). Wenever a node is '

I nserted or renoved, one or nore rebalancing 20 transformations are
applied to the tree. The three basic operations required are; searching for
an element within the tree, inserting an elenent into the tree and

renovi ng an ellamaninologyand®otaen Note that duplicated key val ues are not
permtted, but that this causes no | oss of 25 generality since where
necessary, an ’F’rfédélgbﬁiﬂﬁhs hACHCrItRR iRCes@ERIfTAddN | Millike andatkayi'o Decdeoised
to produce a uniqu ey. 19 SEP 2004 15 Term nol ogy and Notation The

al gorithms ar %irﬁpl?ﬂﬁ iviee@xi o therteee. dEacinadés has twordssociated likeysilledAtheotefii s
sinply a vertex of the tree. Each node has two associated |inks called the
‘left 5 15 nk' lmkd andetherright linkhkeacteat twhith witheh peinthée apsibires entakes the
subtree or takes the value NULL (by which we nean that there is no_subtree
to that side) .vales NELL' (bpfwiich wemneaRilyhthaye istny seHeiceta fat ISE¥$- é{ﬁa use

right Tinks rqilgﬁ&s 'Va?rll 'I?i]:ghta(N[}pgc? denote the left and right links respectively of a node

. N. Every node except the root has a unique 'parent’ node ~ which is the node

S
; ] '

one of the links of which points to this node. Each node also has an associated
10 key. We write Key(N) to denote the key associated with node N. A key is
simply the data associated with the node. We assume that there exists a total
ordering on keys, which we will depote by using the symbol ' <'. For example,
integer valués (with the usual meaning of ' <') would make suitable keys.
We will also require the notion of a 'direction'. A direction is one of 'left’,
15 'right' or 'balanced'. Every node also has an associated direction, for which
we write Dir(N) where N is the node in question. We define 'Link(d,N)' as a
convenient shorthand, where N is a node and d is a direction (not necessarily
Dir(N)), to refer to a link frdm a node. Link(d,N) refers to the left link of
node N if d is 'left’ or to the right link of N if d is 'right’. | If d is 'balanced’
20 then the value of Link(d,N) is undeﬁned, but it will never be used in such a

context.

If d is a direction then by '-d’ we mean the opposite direction. Explicitly, if d is
'left' then -d is 'right' and vice versa. If d is 'balanced' then -d is undefined,

25 but it will never be used in such a context.



N. Every node except the root has a unique 'parent' node - which is the
node one of the links of whilch points to this node. Each node aI'@ BEE B4
associ ated 10 key. W wite Key(N) to denote the key associated w th node
N. Akey is sinply the data associated with the node: W assunme that there
- exists a total ordering on keys, which we wll denote by using the synbol

'<'. For exanple, integer values (wth the usual neaning of '<') would
make suitabl e keys. ve will also require the notion of a "direction'. A
direction is one of "left’ rlght or 'balanced'. Every node al so has
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val ue of Link isu never be used in ‘such
context. |f d 603cﬁxﬂhlcﬁ%'ﬂ%hﬂsbﬁedfé1/eme1ﬁ We mean the opposite di rection,
Explicitly, }- left’ then -d is "right' and vice versa. If dis

' bal anced' then -d is undefined, 25 but it will never be used in such a
context. $ 9 SEP 2904 16 In our description of the algorithms, we assung,
for clarity, Noat thadf adink o referved (o 8 a eonigxt IUVhich we WoHgrexpest @ mose; o
not enpty. Cbviousl| searchi-ng and, renpval, al.ways n an enpty tree
and inserti onltrsé@ul({be sakegl tp ﬁe%fatotthﬁéw@ﬁé)omtsgttog’y t&?ﬂ hﬂﬁ s the inserted
elenment. 5 Note that if a link is referred to in a context in which we
W%JJ d expect Theditarch Algorithm

Step 1) Initialise variables

10 o Define node P to be initially equal to the root node. Node P will be our
'current point' which will be used to traverse the tree.
e Define K to be the key we are searching for.

e We will also use Q to denote a temporary node, which we will define as

needed.

15 Step 2) Compare

o IfK < Key(P) go to step 3.
e IfK > Key(P) go to step 4.

¢ If K = Key(P) then we have found the element we were seerching for.
(End of Search) |
20 Step 3) Move left
~ e Set Q to Left(P).
e If Q is pot now NULL: set P to Q and return to step 2.

e The remaining case is if Q is now NULL: this means that the tree did

not contain an element with key K, so our search is ended and we return

25 faiture. (End of Search)



It should be taken to refer to the node pointed to by that Link. The Search
Algorithm Step 1) Initialiseyvariables 10 Deflne node P to be igigi F{
equal to the root node. Node P will be our 'current point' vvhmﬁ%viﬁﬁl ?‘QM
used to traverse the tree. Define Kto be the key we are searching for.

W will also use Qto denote a tenporary node, which we will define as
needed. 15 Step 2) Conpare If K < Key(R) go to step 3. If K> Key(P) go
to step 4. |f K = Key(P) then we have found the el enent we wer e searching.
for. (End of Search) 20 Step 3) Mwve left Set Qto Left(P). If Qis not
now NULL: set t .neturn to step 2. The remaining case is if IS
now NULL: thi%&?e@r%\gotaﬁgfél{ethe tree di dp not contain an elgerrent wth k(?y K,
so our search is ended and we_return 25 failure. (End of Search) 8 9 SEP
2004 17 Step 4) I\/bS@QitgﬂilghﬁéBI Qto Right(P) If Qis not now NULL: set P
to Qand return to step 2. The renaining is if I s.now NULL: this

means that the to eHQ,l@jnot now NULL: set P to an retum to Step 2.
e The remaining case is if Q is now NULL: this means that the tree did
5 not contain an element with key K, so our search is ended and we return

failure. (End of Search)

The Insertion Algorithm

7]

Step 1) Initialise variables

¢ Define 'Head' to be a speéial node that is not part of the tree but is
10 considered to be the parent of the root node. Specifically, the right link
of Head points to the root. This is done so that we need not regard the
root node as a special case for having no parent.
e Define nodes S and P to be initially equal to the root node. Node P will
be our 'current point' which will be used to-traverse the tree. Node S
15 will be used to keep track of which subtree should be used as the starting
point for rebalancing the tree after insertion.
o Define node T to be equal to Head. We will always update T to be the
parent of S. '
¢ Define K to be the key we are attempting to insert.
20 ¢ We will also-use Q and R to denote nodes, which we will define as

needed.
Step 2) Compare |

¢ IfK < Key(P) go to step 3.
e IfK > Key(P) go to step 4.



S not contain an element with key K, so our search is ended.and we return
failure. (End of Search) The\Insertlon Algorithm Step 1) Initialis

variables Define 'Head' to be a special node that is not part of iﬁ%sﬁfégmM
‘but is 10 considered to be the parent of the root node. Specifically, the
right link of Head points to the root. This is done so that we need not
regard the root node as a special caseqigor having no parent. Define nodes
S and Pto be initially equal to the root node. Node P will _be our

‘current point' which will be used to traverse the tree. Node S 15 will be

For robal anci ng x hi ¥reakar@yror e ainpmnt onfiel E Bt { bl el

Head. We will always, updat.e T..tO. p Define K to be the.
key we are attenpt %/% ‘{’)5‘0 1H§egp9n 1%%’&1%‘1\7\& ﬁrﬁi‘f)gg{seﬁéoen)Q and R to denote

nodes, which we will_ defipe as needed. Step 2) Conpare If K < Key(P) go
to step 3. ptepd LM@@?(‘@? go to step 4. 9 9 SEP 2004 18 If K = Key(P)
‘then an el enment of that key already exists within the tree and so no
insertion is requi BewdQ toHDeft®). | nsertion) Step 3) Mve left

5 e If Q is not now NULL: If Dir(Q) is not 'balénced‘ then set Tto Pand S
to Q. Then, whatever the value of Dir(Q), set P to Q and return to step
2.

e The remaining case is if Q is now NULL: we insert our new element

here. This means that we set Q to be a newly created node (which will
10 have key-K), change Lefi(P) to point to Q and then go to step 5.
Step 4) Move right
o Set Q to Right(P).
e If Q is.not now NULL: If Dir(Q) is not 'balanced’ then set T to Pand S
to Q. Then, whatever the value of Dir(Q), set P to Q and return to step
15 2. |
| e The remaining case is if Q is now NULL: we insert our new element
| here. This means that we set Q to be a newly created node (which will
have key K), change Right(P) to point to Q and then go to step 5.
Step 5) Insert

20 e Inpitialise the fields of our new node Q: Set Key(Q) to K, Left(Q) and
Right(Q) to NULL, Dir(Q) to "balanced'.

e Proceed to step 6.

Step 6) Adjust balance

¢ We need to set the balance directions on the nodes between S and Q to

25 reflect the new state of the tree. This is done as follows:



Set Qto Left(P). 5 If Qis not now NULL: If Dir(Q is not - bal arﬁ:gd' t hen
set Tto Pand S to Q Then, whatever the value of Dir(Q, set P SERRE04
return to step 2. The renmaining case is if Qis now NULL: we insert our
‘new el enent here. This nmeans that we set Qto be a newy created node
(which will 10 have key K), change Left(P) to point to Q and then go to
step 5. Step 4) Mwve right Set Qto RighP(P). If Qis not now NULL: If
Dir(Q is not 'balanced then set Tto Pand S to Q Then, whatever the
value of Dir(Q, set Pto Qand return to step 15 2. The remaining case

is if Qis now NUL'-ITWM]%@S} thRurdefeiy Ehemefil, othefwise,TAeAneBARS righat, we
set Qto be a newy created node (which will 'have key K), change ght (P)

to point to Q amd Sehéntodbinkdd S endIlefiteepndde Re@igualP inithillyi.al i se the
fields of our new node Q Set Key(Q to K, Left(Q and Right(Q to NULL,
Dir(Q to 'bal aneedRepeaPtheciedidwing sndpP6= QSIwdrciHnaAdinesn Obiesice We need
to set the bal ance directions on the nodes between S and Qto 25 reflect

the new state of the irdéK Fhikey(EB) seirirfld) fooll¢ft\wshe PaodeeftR)04 19 1f K <

Key(S) then define d as 'left', otherw se, define d as 'H%ﬂ'.
5 2. If K > Key(P) set Dir(P) to 'right', then P to Right(P).

3. (If K = Key(P) then it must be the case that P = Q, so proceed)

e Proceed to step 7.
Step 7) Balancing |

¢ One of three cases applies depending upon the value of Dir(S):
10 ¢ If Dir(S) = 'balanced’ then set Dir(S) to d. In this case the insertion is
now completed. (End of Insertion)
. ‘If Dir(S) is the opposite of d (ie. is equal to -d) then set Dir(S) to
‘balanced’. In this case the insertion is now completed. (End of
Insertion)
15 o If Dir(S) = d the tree has become unbalanced. We determine how to
'proce-ed by considering node R (as defined in step 6). If Dir(R) is the
-opposite of d (ie. is equal to -d) then go to step 9. If Dir(R) = d then go
to step 8. Note that it is not possible at this point for either to be

"balanced'.
20  Step 8) Single rotation

e We corfect an imbalance in the tree as follows:
s SetPtoR.
 Set Link(s,S) to Link(-d,R) then Link(-d,R) to S.
e Set Dir(S) and Dir(R) to 'balanced'.
25 e Go to step 10.



Set P to Link(d,S) and define a node Rto equal P initially. Repeat the

follow ng until P—Q(Wmch may nmean O tinmes): 1. If K<Kéy( ‘QS%
Dir(P) to 'left', then P to Left(P). 5 2. If K > Key(P) set Dir(®< wsP 2004
“right', then Pto Right(P). 3. (If K= Key(P) then it nust be the case
that P = Q so proceed) Proceed to step 7. Step 7) Balancing One of
three cases applies dependi ng upon the vajue of Dir(S): 10 If Dir(S =
"bal anced' then set Dir(S) to d. In this case the insertionis now
conpleted. (End of Insertion) If Dir(S) is the opposite of d (ie. is equal

to -d) then s nced' Inthis case the insertion is now
conpl et ed. %3 %5@111512?{%&% na If Dr(S) =d the tree has becone

unbal anced. V\é det erm ne how to roceed by con ering node R (as defined
in step 6). If Drr(\ﬁ%)‘3 qogrqcﬁénd@@a&n@@ t%ithfd%ﬁ“fés %@ fovéﬁqum to -d) then go to

step 9. If Dr(R = he e t | t,.1 S Nnot. |.bl e, at

this point for e% EH&? dogﬁ’aﬁjggg[" ﬂkﬁza%[ tgpﬂé”&((cgmga?nﬁ;{rgﬁﬁiﬁ %

‘correct an inbal an e | QWS t Pt Set Li nk(s, S)

to Link(-d, R . t_hencﬁ"tr{‘@f(@eﬁg—% {0[](851@? c{ %}e&leﬁlfl?]gsg’;%&c’aor ( R) ' bal anced'

25 Gt % step 19. stDH 1?{:55 a%ﬁ%u(R) depending on the value of Dir(P) as follows:

1. If Dir(P) = d then set Dir(S) to -d and Dir(R) to 'balanced'.

2. If Dir(P) = -d then set Dir(S) to balanced and Dir(R) to d.

3. If Dir(P) = ‘'balanced' then set both Dir(S) and Dir(R) to
‘balanced’ as well.

10 e Go to step 10.

Step 10) Correct link

s Now we have rebalanced the trée, we must make sure that the parent of
the rebalanced subtree links to the correct node:
e If S = Right(T) then set Right(T) to P, otherwise set Left(T) to P.
15 ¢ Algorithm finished. (End of Insertion)

The Removal Algerithm
Step 1) Initialise variables

s Define 'Head' to be a special node that is not part of the tree but is
considered to be the parent of the root node. Specifically, the right link
20 of Head points to the root. This is done so that we need not regard the
root node as a special case for having no parent.
¢ Define P[] to be an array of nodes. So we use P[0}, P[1] etc. to denote
elements within this array.
e Similarly, define d[] to be an array of directions.

25 » Set P[0] to 'Head'.



20 Step 9) Double rotation W correct an inbalance to the tree as foll ows:
Set Pto Link(-d,R), then Link(-d, R to Link(d,P), then Li nk(d,Fﬁ t EE. '
Sot Link(d S) to Link(-d P) “then Link(-d P) to S 5 Set Dir(50ansER A4
depending on the value of Dir(P) as follows: 1. If Dir(P) = d then set
Dr(S) to -d and Dir(R) to '"balanced': 2. If Dir(P) = -d then set Dr(S)

- to balanced and Dir(R) to d. 3. If Dir(g,)}: "bal anced' then set both Dir(S)
and Dir(R) to 'balanced as well. 10 to step 10. Step 10) Correct
link Now we have rebal anced the tree, we nust make sure that the parent of
t he rebal anced subtree links to the correct node: If S = Right(T) then set
Right (T) to P, othSetvd[Opteedlefileft(T) to P. 15 Al gorithmfinished. (End of

I nsertion) The Renobval -Algorithm Step 1) lLnitialise variables fine
'Head' to be a $pebPefine R.regt 11’|‘1§13i315ttg &i&ﬂt(%@l])( ﬁ@' for & 108F 2P4S)- consi der ed
to be the parent of the root node. Specificall the right link 20 of Head
points to the rdotDeﬁﬁﬁg{it%E)Béﬁ"éﬁ% Hate %@%ﬁ@ RoPS¥,gard the root node
as a special case for. havi ng,no panent. j -he: rray of nodes.
So we use P[0], *P[ ﬁ?FﬁélF& SRR & ‘8#@2{%&?\?&% %atlﬂ?‘saﬂgr@a{/.
Simlarly, define gil Lo bR AAR Wd0§ ' 48t HRles, which we will define as
needed, and Q td denote a link (not a node) which we will also define as

 needed. Note particularly that when we speak of setting Q to some

P (node) value, we mean to point the link Q at that node.
A\
Step 2) Compare
10 ¢ IfK < Key(P) go to step 3.

e IfK > Key(P) go to step 4.
e IfK = Key(P) go to step 3.
Step 3) Move left

e Set P[c] to P. Set d[c] to 'left’.
15 e Add1ltoc.
o Set P to Left(P).

e If P is NULL then the tree does not.contain an element with key K so we
stop here. (End of Removal)

e Return to step 2.
20 Step 4) Move right

o Set Plc] to P. Set d[c] to 'right'.

. Addltoc.

¢ Set P to Right(P).

e If P is NULL then the tree does not contain an element with key K so we

25 stop here. (End of Removal)



25 Set P[O] to "Head'. 1 9 SEP 2004 21 Set d[0O] to '"left'. Define node
P, set initially to Right(P Q]) (ie. to the root node). Define Kto be
in

[
the key we are attenpting to sert. Define a counter variay%@%@g an
‘integer, set initially to 1. 5 W wll also use Rand S to deho S,
which we will define as needed, and Qto denote a link (not a node) which

we wll also define as needed. Note parﬁ%cul arly that when we speak of
setting Qto sone (node) value, we nean to point the link Q at that node.
Step 2) Conpare 10 |If K<Key(P) go to step 3. If K> Key(P) go to step

4. | f K— Key(P) 0 to ste 2 Step 3) Move left Set P[c] to P. Set
dic] to 'left'. ©®15%CtRFyLoStE Set Pto Left(P). If Pis NULL then the

tree does not contain -an el errent W th ﬁ/m& stop here. (End of
Renoval )  Ret lﬂtnptsb@mbvzhethgof"sgbbh&}‘1 ght Set P[c] to P. Set d[c]
o 'right' Add 1 to c.

o Define Q to be Link(d[c-1],P[c-1]), ie. the link which we followed to
reach P.
5 e If Right(P) = NULL then proceed to step 6.
o Set Q to Left(P).
o If Left(P) is not NULL then set Dir(Q) to "balanced’ and go to step 10.

S Step 6) Find Successor

e Set R to Right(P).
10 o If Left(R) is not NULL, go to step 7.

e Set Left(R) to Left(P).

e SetQtoR.

¢ Set Dir(R) to Dir(P). |

e Set d[c] to 'right'. and P[c] to R, then add 1 to c.
15 * (o to step 10.

Step 7) Preparation to find NULL Left link

e Set S to Left(R) and define integer 1, set initially to c.

e Add1ltoc. |

¢ Set d[c] to 'ieft‘ and P[c] to R, then add 1 to c again.
20 s Proceed to step 8.

Step 8) Find NULL Left link

e If Lefi(S) is NULL, proceed to step 9.
e SetRtoS, then S to Left(R).
e Setd[c] to 'left' and P[c] to R, then add 1 to c.
25 - o Repeat this step from the beginning (ie. go to step &).



Set Pto Right(P). If Pis_NULL then the tree does not contain an el enent
with key K so we 25 stop hete. (End of Renmpoval) 0 9 SEP 2004 24 SRBEPRr iito
step 2. Step 5) Check whether Right link is NULL Define Qto be
‘Link(d[c-1],P[c-1]), ie. the link which we followed to reach P. 5 |If

Ri ght (P) = NULL then proceed to step 6. Set Qto Left(P). |If Left(P) is
not NULL then set Dir(Q to 'bal anced go to step 10. Step 6) Find
Successor Set Rto Right(P). 10 If Leff(R) is not NULL, go to step 7.

Set Left(R) to Left(P). Set Qto R Set Dir(R) to Dir(P). Set d[c] to

'right'. and t 1toc. 15 Go to.step 10. Step 7)
Prepar ati on t%ﬁﬂgﬁm%}“ﬁ?gpﬁgﬂtﬁk Set Sto Left(R) and define integer 1,
set initially to c. Add 1 to c. Set gc] to '"left' and P[c] to R then
add 1 to c agai . Send[lProcight’ ead fEgogs.

Set Left(S) to Left(P), Left(R) to Left(S) and Right(S) to Right(P).

Set Dir(S) to Dir(P).

- Set Q to S.

L
| ]

Step 10) Adjust balance

e Subtract 1 from c.

T

e If ¢ is now O then stop here. (End of Removal)
e Set S to P[c], then do one of three things depending on Dir(S):
10 . 1f Dir(S) = 'balanced' , set Dir(S) to -d[c] then stop. (End of Removal)
e If Dir(S) = d[c], set Dir(S) to 'balanced' and repeat this step from the
beginning (ie. go to step 11).
o Otherwise Dir(S) = -d[c], so continue with this step.
¢ Set R to Link(-d[c],S).
15 e If Dir(R) = 'balanced', go to step 11.
| o If Dir(R) = -djc], go to step 12.
. We must have Dir(R) = d[c]. Go to step 13.
Step 11) Single rotation with balanced R
e Set Link(-d[c],S) to Link(d[c],R), then Link(d[c],R) to S.
20 » Set Dir(R) to d[c] and Link(dfe-1],P[c-1]) to R.
| e No further rebalancing is required, so stop. (End of Removal)
Step 12) Single rotation with unbalanced R
e Set Link(-d[c],S) to Link(d[c],R), then Link(d{c],R) to S.
e Set Dir(S) and Dir(R) to 'balanced’.
25 o Set Link(d[c-1],P[c-1]) to R.



Step 8 Find NULL Left link . If Left(S) I's NULL, proceed to- tepé F’?eéy
to S, then Sto Left(R). Set!d[c] to 'left' and P[c] to R t'hen gdsﬁ 84
c. 25 Repeat this step fromthe beginning-(ie. go to step 8) 0 9 SEP 2004

23 Step 9) Make adjustnents Set d[1] to 'right' and P[I] to S. Set
Left(S) to Left(P), Left(R) to Left(S) and Right(S) to Right(P). Set
Dr(S) toDr(P). SetQto S. Step 10) 44dj ust balance Subtract 1 fromc.
If ¢ is nowO then stop here. (End of Rénoval) Set Sto P[c], then do one
of three things depending on Dir(S): 10 If Dir(S) = 'balanced' , set
Dir(S) to -d[c] th n sto End of Renoval) If Dr(S) = d[c], set Dr(S)
to ' bal anced' artd Qﬁ@zﬁ Pch s step fromthe beginning (ie. go to step 11).
QO herwise Dir(S) = & so continue with this step. Set Rto
Li nk(-d[c], S)Step513)|Eo lemfation pa| anced' ,. go to step 11. If Dir(R =
-d[c], go to step 12. W nust have D|r(R) = d[c]. Go to step 13. Step 11)
Single rotation g gkt PaianegddR],R), then Link(d[c],R) to Link(-d[c],P), then Link(-

d[c],P) to R.
5 e Set Link(-d[c],S) to Link(d[c],P) then Link(d[c],P) to S.
e Update balance directions depending on the value of Dir(P):

o If Dir(P) = -dc], then set Dir(S) = dfc] and Dir(R) = 'balanced’.

./I%\

= e If Dir(P) is 'balanced’,. then set both Dir(S) and Dir(R) to balanced as
wel_l.
10 e Otherwise Dir(P) = d[c], so set Dir(S) to 0 and Dir(R) to -dfc].

o Set Dir(P) to 'balanced' and Link(d[c-1],P[c-1]) to P.
¢ Go to step 10.

The use of a binary tree for garbage collection allows the invention to be
15 used on “hosted” systems, in other words where memory allocation is out of
the control of the programmer and is determined by an underlying host
operating system. Since the operation of the invention is essentially
independent of the memory allocation scheme being used by the underlying
opér_ating system, the garbage collector of the invention may be used on top of
20 virtually any -underlying operating system that carries out its own memory
| allocation. Of course. highly efficient memory allocation will normally be
achieved only when whichever operating system is carrying out the allocation is
capable of making use of the block size and location flexibility descnbed with

reference to Figure 2.

25

It will be understood that the invention is equally applicable to non-binary (N-



Set Link(-d[c],S) to Link(d[c],R), then Link(d[c],R to S -20 Set Dir(R
to d[c] and Link(d[c-1],P[c-1]) to R No further rebal anci ng |n%m @ﬂi[t
so stop. (End of Renpval) . Step 12) Single rotation with unbal afic

"Set Link(-d[c],S) to Link(d[c],R), then Link(d[c],R to S. Set Dir(S) and
Dr(R to 'balanced' . Set Link(d[c-1],P[c-1]) to R 19 SEP 2004 24 Go to
step 10. Step 13) Double rotation Set sk to Link(d[c],R), then
Link(d[c],R to Link(-d[c],P), then Link(- d[c],P) to R 5 Set
Link(-d[c],S) to Link(d[c],P) then Link(d[c],P) to S. Update bal ance

e o SIS, Sl bty B Pl Lot ¢ e,
2o st O r{ SRS BLIR IntoRl PR Bapretinpletfnuiir 2l bhihosd Gl

Li nk(d[c-1],P[c-1]) to P. Co to step 10. The use of a binary tree for
garbage collection allows the invention to be 15 used on "hosted" systens,

in other words where nenory allocation is out of the control of the
programer and is determned by an underlying host



operating system Since the-.gperation of the invention is esgenti aI ly

i ndependent of the nenory al l'ocation schenme bei ng used by the urtﬂs ggeﬂﬂm
operating system the garbage collector of the invention may be &p
‘of 20 virtually any underlying operating systemthat carries out its own
menory allocation. O course, highly efficient menory allocation wll
normal |y be achieved only when whi chevelg operati ng.systemis carrying out
the allocation is ' capable of naking use of the block size and | ocation
flexibility described with reference to Figure 2. 25 It will be understood
that the invm equal Iy applicable to non-binary (N O 9 SEP 2004 25
way) trees, al anced or not. It is applicable, for exanple, to
b-trees. An AVL tree is nerely one preferred inplenentation of a 2-way

bal anced tree. 0 9 SEP 2004 , 26 CLAIM5S 1. A nethod of garbage collection -
i ncludi ng: (a). on Aheediotbdi garbage aolfestivryinelidiog:t i on, addi ng a reference
to said 5 allocation to a dynanmc tree structure conprising a plurality of
linked . nodes, eacta)nodenlibe ngeatmplr@s@meinﬁmﬂeallﬁcaﬁofleé%@@gla/éefl%‘?ﬁﬁeym sdid
al | ocati on; (b) for an in-use pointer, searching the tree t ter He
nenory abl ocati on abogdiaghta B Wméfe%éirﬁﬁ@feaﬁam(l)&“%?lﬁ&rﬁ‘ é?a? €

menory al |l ocati on as bei n ilable f
Y nodes, ea%h no e emg representatwe of a respective memory allocation;

(o) for an in-use pointer, searching the tree to determine the memory
é allocation to which the pointer points; and
- (©) noting the said memory allocation as being unavailable for

10 garbage collection release.

2. A method as claimed in claim 1 including repeating steps (b) and (c) for
a plﬁrality of in-use pointers, and' releasing those memory allocations which

have not been noted as unavailable for release.

15
3. A method as claimed in claim 1 or claim 2 in which the tree is a binary
tree.
4. A method as claimed in claim 1 or claim 2 in which the tree is an AVL
20 tree.
3. A method as claimed in any preceding claim in which each memory
allocation is a memory block. '
25 6. A method as claimed in Claim 5 in which each node has, associated with

it, information on the block start and the block end locations; or on one of the

said locations and the block length.



10 garbage collection release:. 2. A nethod as clained in claim1 including
repeating steps (b) and (c) for a plurality of in-use pointefs, @lnglE 4
rel easi ng those nmenory allocations which have not been noted a@- P 200
‘unavai l able for release. 15 3. A nethod as clainmed in claiml1l or claim2 in
which the tree is a binary tree. 4. A nethod as clainmed in claim1 or claim
2 in which the tree is an AVL 20 tree. 527A nethod as clained in any
preceding claimin which each nenory allocation is a nmenory block. 25 6. A
method as claimed in Caim5 in which each node has, associated with it,
information on the block start and the bl ock end | ocations; or on one of
the said locations and the block Iength. Q9 SEP 2004 27 7. A nethod as
claimed in any_ pregedidiBod lagidhilmediil iy phecellimpusleinydh wiichi the dn-usetmointer
pointer. 5 8 A nethod as clained in any one of preceding clainms in which
the nenory alid pgdahteoios pmistenot necessarily aligned. 9. A garbage” col | ector
i ncluding: (a) nmeans for creating nenory allocations and for adding a
reference 10 to each allocation to a tree structure conprising a plurality
of |inked nodes, each nqde being. representative_of ac[.esp ctive rrerﬁorl){_

all ocatién; () A method as claimed in any one of preceding clamms in which the

memory allocations are not necessarily aligned.

9, A garbage collector including:
(@) means for creating memory allocations and for adding a reference
10 to each allocation to a tree structure f:omprising a plurality of linked
ﬁo.des, each node being representative of a respective memory allocation;
(b) means for searching the tree, for an in-use pointer, to determim;
the memory allocations to which the pointer points; and
(c)  means for noting the said memory allocations as being unayailable

15 - for garbage collection release.

10. A garbage collector as claimed in claim 9 including means for searching
for and noting memory allocations for a plurality of in-use pointers, and for

releasing these memory allocations which have not been noted as unavailable

20 for release.

11. A garbage collector as claimed in claim 9 or claim 10 in which the tree

is a binary tree.

25 12. A garbage collector as claimed in claim 9 or claim 10 in which the tree

is an AVL tree.



means for searching the tree, for an in-use pointer, to determ ne the
menory al |l ocations to which t‘he pointer points; and (c) means gr W QPM
the said nenory allocations as being unavai l able 15 for gar bag eCtlon
‘rel ease. 10. A garbage collector as clainmed in claim9 including nmeans for
searching for and noting nenory allocations for a plurality of in-use
pointers, and for releasing these nenorygll ocations which have not been
noted as unavail able 20 for release. 11. A garbage collector as clained in
claim9 or cIaimlO in which the tree is a binary tree. 25 12. A garbage

col |l ector as clal 9 or_ claim r P :

tree. 00 SEA32004 2%31' age &oﬁ"a FIBLGS CBITE %?%ra%g“% g}c tr‘r’eﬁhglﬁsnggr?yl%r%gnwﬁwh
claims 9 to 12 jn which_,e on is a nenory block. 14. A
gar bage col | @@Fhrm%@ a&%lﬂgé}n?‘ﬂﬁ?a. r%?[iljg i ﬁa\kl\lhl ch each node has, 5
associated wth it, information on the block start and the bl ock end

| ocations; or on one of the said |locations and the block length. 15. A

gar bage col | 6Gf Or ASg&itd gef%ue@m%nxs SRl of alaim 93tim whicln esichchodedias,
in-use pointer is an intérior pointer. 10 16. A g arbagg collector as

clai med §n anygsesiated withait MafSrmatidrbonnheblarh st anduhebjock erst lnadieas ape
not necessarily aligned. 17. An oper at i ngl l)(/st em i ncl udi ng a garbage
col | ector as @i ehewd the saidyloostéons and the block length.

15. A garbage collector as claimed in any one of claims 9 to 14 in which the
in-use pointer is an interior pointer.

10
16. A garbage collector as claimed in any one of claims 9 to 15 in which the

memory allocations are not necessarily aligned.

17. An operating system including a garbage collector as claimed in any one

15 of claims 9 to 16.

18. An operating system as claimed in claim 17 including memory allocation

means.

20 19. An operating system as claimed in claim 17 which does not include
memory allocation means, the garbage collector being arranged to operate with

extemélly;provided memory allocations.

20. An operating system as claimed in claim 19 hosted on an underlying
| 25 operating system, the externally-provided memory allocations being supplied by

a memory allocation means of the underlying operating system.



15 of clains 9 to 16. 18. An_operating systemas clainmed in.claim217 :

i ncluding menory all ocation reans. 20 19. An operating systen § 'nﬁﬂMin
claim17 which does not include nenory allocation neans, the 3!?@ gg
‘col l ector being arranged to operate with externally-provided nenory

all ocations. 20.. An operating systemas clainmed in claim19 hosted on an
underlying 25 operating system the extggnally-provided nenory all ocations
bei ng supplied by a nenory allocation negans of the underlying operating
system 19 SEP 2004 29 21. A conputer program adapted to carry out a nethod

conput er pr ogihm ad CPEBHET DrotErE: fapied & s3adibadeiodal R any
representative_of .a,Go e, programas claimed in claim?2l. 24. A data
carrier carrypﬂﬁogﬁl%ﬁgrpgh ﬁg systemas clained in any one of 10 clains 17

to 20. 25. A data streamwhich is representative of an operating system as
claimed in any one of clains 17 to 20. 15 26. A nethod as clained in claim

1 or a garbaggjcol lxegh@rcadfief bairyBiE 4 Bomphth PrBgtdin WHictdindedeinraam 1.

al l ocations are representative of objects within an object-oriented

system 27. A nmethod or a garbage collector as clainmed in claim26 in which

t he ‘
- 23. A data stream which is representative of a computer program as claimed

in claim 21.

24. A data carrier carrying an operating system as claimed in any one of

10 claims 17 to 20.

25. A data stream which is re_presentaﬁve of an operating system as claimed

in any one of claims 17 to 20.

15 26. A method as claimed in claim 1 or a garbage collector as claimed in
claim 9 in which the memory allocations are representative of objects within an

object-oriented system.

27. A method or a garbage collector as claimed in claim 26 in which the

20 objects are the compiled forms of Java objects.

28. A method of garbage collection including:
(a) maintaining a tree structure comprising a plurality of linked nodes,
each node being representative of a system memory allocation which
25 includes one or more garbage-collectable memory allocations,
(b) for an in-use pointer, searching the tree to determine the garbage-

collectable memory allocation to which the pointer points; and



20 objects are the conpiled-forns of Java objects. 28. A nethod of garbage
collection including: (a) maintaining a tree structure conpri'sing a
plurality of linked nodes, each node being representative of a‘iy%tm @{gm
‘menory all ocation which 25 includes one or nore garbage-collectable nenory
al l ocations; (b) for an in-use pointer, searching the tree to determ ne the
gar bage- coll ectable nmenory allocation t3which the pointer points; and |
19 SEP 2004 30 (c) noting the said garbage-collectable nenory allocation as
bei ng unavoi dabl e for garbage collection rel ease. 29. A garbage coll ector
including: 5 (a) me@ns hoﬁngTﬁhélt@ﬁdlicga@b@gd-wl@ec&ﬁtﬁlaCiriéfrﬁ)rf?oﬁﬂﬂ)diéa‘ﬂoﬁigaﬁl being
plurality of linked nodes, each node belng representative of a system
menory al | ocat i onunaveidabledbo gerbageeoblection eelgasdage- col | ect abl e nenory

al l ocations; (b) nmeans for searching the tree, for an in-use pointer, to
determ ne the 10 garbage-collectable nmenory allocation to which the

poi nter pointg; an (¢) neaps for noting the said garbage-collectable
menory al | ocai?on %sgaﬁ@igﬁ@ﬁ%% BiBEf or garbage col | ection rel ease. 30.

A Java vistual machi\ne includi ng. arbage col |l ector as cl.al med i

one-of G%aims 910t magms o1t idifleiihe “PrtafinsbSehge o upbriSga o hsEiraET
linked nodes, each node being representative of a system memory
allocation which includes' one or more garbage-collectable memory

allocations;

-
[
b

(b) means for searching the tree, for an in-use pointer, to determine the
10 garbage-collectable memory allocation to which the pointer points; and
(¢) means for noting the said garbage-collectable memory allocation as

being unavoidable for garbage collection release.

30. A Java virtual machine inchuding a garbage collector as claimed in any

15 one of Claims 9 to 16, or as claimed in Claim 29.



A garbage collector, nmeking .use of interior pointers, maintains a tree
structure conprising a plurality of |inked nodes (40-52), each ge gsinﬂ
‘representative 5 of a nenory allocation (a...g). For each known ﬂﬁ uS 4
interior pointer (P) the tree is searched to determ ne the nenory
allocation (c) to which the pointer points. That nenory allocation (c) is
not ed as bei ng unavail abl e for garbage gﬁllection rel ease. Once al
avai l abl e i n-use pointers have been searthed for, the systemrel eases

t hose nenory all ocations which have not been noted as 10 unavail able for

rel ease. Preferably, the tree is an Avmqtfe method is applicable to
any nenory allocation schene, wth no dints on the size of nenory

al l ocations nor their positions in nmenory. The invention further extends
to a nethod of garbage collection and to.an operating systemincluding a

garbage coll egt 944,12 L8y nibking use of interior pointers, maintains a tree structure
comprising a plurality of linked nodes (40-52), each node being representative
5 of a memory allocation (a...g). For each known-in-use interior pointer (P) the
tree is searched to determine the memory allocation (c) to which the pointer
points. That memory allocation (c) is noted as being unavailable for gérbage
. collection release. Once all available in-use pointers have been searched for,
’ the system releases those memory allocations which have not been noted as
10 unavailable for release. Preferably, the tree is an AVL tree. The method is
applicable to any memory allocation scheme, with no constraints on the size of
memory allocations nor their positions in memory. The invention further
extends to a method of garbage collection and to an operating system including

'a.garbage collector.

15

(Figure 3)



