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 be accessed by the executing

program . A rebeegilasively @gabhgctollsctivadeithinean ebjeobpretteq nvirohaiss. a
pointer or handle to another object 02 whereby 01 can access the fields
and the &all 20 nethods of 02. References to objects can al so appear in

static (global data) and on the processor stack. Conce{)t ually, in Java,
these referendde exiression ‘garbaga coledinicrelais 0o thio agiompatic Jeclamation; of

When Java code is conpiled into ai’iv code, .t hese refeyrences nmay becone

25 pointers b@PW@FPTgﬁ'FB'l%r Hé‘t“ﬂg{e y(@f’t‘ﬁ@”@?& éﬁte%i‘ﬁﬁ%‘? ih%}r meﬁWWe@t no
oi nt . Typi | | th int t t ]
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2004 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.



2 As an optimsation when generating the native code, it may qugngBLZME
create a pointer which points to the interior rather than to the start of
anot her data structure. If the garbage collector can recognise 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; otherw se,
the original pointer needs to be saved, ,5leading to | arger code. Mechani sns
for efficiently searching for interior pOinters do exist, but these depend
upon forcing a particular nmenory |ayout: allocations of simlar sizes 10

Z;ekﬁl)'m”ﬁﬂﬁn%%%m Aemeon, e(jeéﬁ%r%atﬁ%% lsta”f g 3}%%@?"‘#5‘%% 3 f
such an’ ar  afgEHEneiRooufetog e MR gt el HE W < atof '
be determ nedtsHHXtu?@SkH"t%%@’hailgﬁ%e 'c:8 leSE RGA réth gﬁlstehg}esevlﬁfeﬁop}ohﬁ@m as

factor of 2: gr'ves er to the start the nmenory region.

Such prior arteRpa{RaCiHe the ntafi@e %ﬂ@aaés 660 h&t fooghvef the Ririhalr paiaieniterthe
are wasteful of nenory since [arge blocks of nenory need to be al | ocat ed,

even fors smalstarobff afie datd @tredsie e oteaivideh ehermiginablpoiiter acedpto ber saved,
aligned (for 20 exanpl e on a page boundary). Inefficient nenory allocation
of this type demdingé peaper cadear|y danegi ng when prograns are to be run in
an enbedded environnent, such as a handheld conputer or a nobile phone.
The further difficulty with conventional gar bage coll ection systens is that
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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



3 oftenis, but it is nmuch | ess convenient in "hosted" systens in m@ich t he
operating systemthat includes the garbage collector is "hosted" Jh adol haf4
under |l yi ng operating systemwhich controls nmenory allocation. The fact that
'di fferent underlying operating systens may use different menory allocation

5 schenes neans that different garbage collectors need to be provided in
each case. This is not only wasteful of jprogrammng effort, it is also

i nconvenient since it nmakes it virtually inpossible to provide a conpact
and efficient operating system including garbage collection capabilities,
whi ch can be hosted w thout amendnent on a variety of different underlying

operating systodieR. issobuk i & ampclpjlesst corventrt pine sBasted n\Si$teBh 18t Whieh ttheo
alleviate the problens of the. .prjar t. cor di to.a fJrst.,aspect qf
the present i PSRN Sﬁ’ﬁ@%ﬁ?% ’SFE\%Fﬂgileagﬁ?%&Oﬂg@%fmgab%iﬂk o) I"IBEﬁTeﬁn
i ncl udi ng: (a) I.ntaining.a tr St.r r ri.si ural &

i nked nodes,unglggﬁl%gge Elpﬁgsy%%ﬂ} évstﬁglﬁ ;&Pﬁggﬁgﬁ egfoﬁggr%fofa gpﬁbcgbf\éo@& E%E)t
for an in-use ' r : Chi ' t ' Iﬂ&ﬂg 43
allocation to %wt%%&ggfﬁré]ed}%% E?ﬁgﬁgoﬁﬁ(g&ﬁgﬁﬂﬁgﬁt e sg?lo?llr(r)gr%??
al l ocation as (prbmes YReMAl ihablderféeht gadbdpa0eolfRkdIS Cldedntd Beepsridethén nichng
~of unavail able nmenory allocations may include marking the nenory :

al | ocation (ifcaké. i'Bhisak mlt foaddwagwfied) peograheningreféonpoitdisrg so doeomvenént
the tree structure. The nmethod of the invention may be used in association
with any conwsémieent mekdsani yintdally dotpeasible el prwide airmesepadtead yefficient

al I ocati ons: . . . ] .
operating system, including garbage collection capabilities, which can be hosted

4
T-? . - -
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



Preferably, that will include repeating steps (b) and (c) for a giﬁrgkbté
of in-use '(r)9 SEP 2004 4 painters, and rel easing those nenpry 0 i WQ
whi ch have not been noted as” unavail able for rel ease. Preferably steps (b)
‘and (c) are repeated for all in-use pointers, or at least all such

poi nters which are known to the system 5 Preferably, the tree is the
binary tree, and is searched fromthe top, using a standard binary
traverse. In one particularly convenient4Enbodinent, the tree is an AVL

bal anced tree. Standard AVL al gorithns may be used to restructure the tree
to maintain its bal anced form whenever a new node is added corresponding
to a new menoppiniersoeadisicasivng thess svamory ainratioss MaHely dgve not bserawiethdsSng

“to a nenory allocation being relgased for re-use. The tree need.not. . .
necessarily b&ngyatahje f%aquzwg. i ﬁ@@ﬁﬁb&ﬁ SF@%(E?)@F@&(B arg Be%geéjﬁ%% IR4SE
as well as to _any N-way bal anced tree. 15 h [ | Lacat i may
represent a c&’ﬁﬂ%@ﬁo@g art@%f?ﬁ@pgf;'pogﬁar,s Wﬁ%ﬁ&f%y%}%eﬁ%e%%e tens, may
represent an individual object. In one formof the invention, the objects
may be the conpiled fornms of Java objects. Each node nay have, associ ated

With it, §nfoppRidnyonnt heekOBle Sy 84 dfieis 30ubhasitrndion uen aor

on one of the sal s and the blfock | ength. The node may al so
optional I'y i ngtadiar®bivgryneierye.allhosas pamticubirht esnvenianabbodimerftothe tree
exanple a block identifier. In order to define the tree structure
efficiently, isachAVbdealpnefleredl Wtaidaod iACL adgerithines magresysad tf rastmicture
parent node (if any) and its child nodes (if anﬁ%i 25 The tree structure
. be used t dheetieehtdf gnaiaint ytpe bakanped néi’éﬁl, wheneyer ng Dewt Sodsr is added

poi‘nters. ] _ ) )
corresponding to a new memory allocation, or whenever a node is removed

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.



0: 9 SEP 2004 5 According to a further aspect of the present inventiaon there
is provided a garbage collegtor including: (a) neans for ‘mai nt aﬁrﬂ rSiPaZﬁé‘F
tree structure conprising a plurality of 1inked nodes, each node being
Tepresentative of a nmenory allocation; (b) means for searching the tree,
for an in-use pointer, to determine the menory allocations to which the
poi nter points; and (c) nmeans for noti n%t he said nenory allocations as

bei ng unavail able for garbage collecti

rel ease. 10 According to a

further aspect of the invention there is provided a nethod of garbage
collection including: (a) maintaining a tree structure conprising a

plurality of

| i nked nodes, each node being representative of a system

menory allocation which 15 includes one or nore garbage-collectabl e nenory
al | ocati ons; Abjorfing 40 4 rfurther pspenteof the Presanhgnyertien dbere 1§ RIeViHade & he
gar bage- .collectable menory allocation-to which the pointer points; and
(c) noting tr@rbagejcgﬂéﬁtli@lgmchbimﬁct able nmenory allocation as being

_ ilable f b | | ' . 20, A di .
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(b)  means for searching the tree, for an in-use pointer, to determine
the memory allocations to which the pointer points; and

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

for garbage collection release.

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
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.

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
“allocation which includes one or more garbage-collectable memory

aliocations;

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



—25 al l ocation which includes one or nore garbage-collectable rrermr‘y
al l ocations; (b) means for searching the tree, for an in-use poiteQEPt 8004

. determine the 0 9 SEP 2004 6 garbage-col |l ectabl e nenory allocation to which
the pointer points; and (c) nmeans for noting the said garbage-collectable
menory allocation as being unavail able for garbage collection release. 5
The invention further extends to an operging systemand to a JVM (Java
Virtual Machine) including a garbage collector as defined. In one

enbodi ment, the operating systemmay include nenory allocation means so

h 'l ' | 1 ed fficientl : i bl 0
W hout any need t $4HESORIEE Y pefuard 15 Ebn o EEC he BB et i

; : ‘ | : N
el utle any " moror 3l FACHEOh MRURRIBE Giifedpab o ATRE S PRDYE AT kAR 8
arranged to operat geijy ?Hat ggfgfﬁlggg%eiﬁjg&c%h%legﬁ{e been externally

provi ded. One exanple ™ IS IS operati ng system of the present
invention is hosted on a 15 second, underlying operating system in such a
case, the externally-provided nenory allocations are supplied by the
menory ald ocatThen immeamiono furthet extendertbyamgopepatieg isysteny sndntc aRGYM d(Java
of the menory allocation scheme being applied by the underlying operating
system the ga¥isaigk Mathine) including 8 warbagermollectosesatelined. A particul ar
advant age of an operating system having a garbage 20 coll ector which can
make use of -externally-provided nenory allocations is that such an

oper ot I, SYSUETREBEGBSRAET B pyah et Pl SHEllas 5P, Hlocasen
by the underl yjng SYSURER medndr)CalliABbhYLR0 b8 YHrtrBIRk! ¢ BBt N8 Fodstble
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



efficient, the operating systemw || take advantage of that. 25 The
invention further extends toya conputer .programfor carrying outf) § SEPh2084
as described, to a data carrier carrying such a conputer program and to a
‘data 0 9 SEP 2004 7 streamrepresentative of such conmputer program It also
extends to a data carrier carrying an operating systemas described, and
to a data stream representative of suchman operating system 5 The
invention may be carried into practice iz a nunber of ways and one

specific enmbodi nent will now be described, by way of exanple, wth

reference to the acconpanying drawngs, in which: Figure 1 is che i C
repr esent at i oﬁr%amvﬁeﬁgeaeﬁ@twgeogﬁw t‘-%mwer PEP&HERY-s nalﬁ?)thﬁ?réﬂgf & ?js

code; 10 Figure 2 shows. al |l ocated .nenmor

bl ook \ . LIy
pointer to ofTHE Fm@gblaBCQE?raIHP&ursg%gq Oggaae%%j%ﬁ?e%ﬂis[{ Pﬁgt H?ﬂge{s tc)llréﬁphe

menory all ocations,af Fi [ the preferred enbodi nent of
the inventi oﬁ?pr%ed]ﬁzf'qve4gig§s{{?§\/\a§1 %ﬁ%ﬁgégﬁgﬁgﬁg menory al |l ocati on or "chunk"

which 15 forns one of the nodes of the tree; and Figure 4b shows an
alternative nenory allocation, for use when a single "chunk" is used for

several isndi virfigahyaidiegay bRl dasefbahh® plabocain amambier ofiveays dnd s r at es
schematically details of register and nenory usage in a 20 portion of

optim sed nat gyeifiodmbodanentswill abwr s de@ribed ] by rveqy of examplediwitlyreference
objects, and are held in nenory. In addition, nmachine registers 16 hold
addi ti onal vatwés, adcoppipzaying graiwings.sint whicke obj ects held in menmory or to

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.



| ocations within those objects. As indicated in the figure, regi itcir&E}P
holds a pointer 18 (an interior pointer) which points to a part | 2004
| ocation within the 25 object 10. Likew se, the registers 2 and 3 hold
interior pointers 20,22 to different locations within the object 14. 19
SEP 2004 8 Pointers may al so be held in nmenory as shown by the pointer 24.
That is an interior pointer within the ject 10 which points to an
internal location within the object 12. Not all of the pointers need
necessarily be interior. Pointer 26, for exanple, points to the start of

t he data structur epr.esent.i h ' ] ed .
Figure 1 reprgggﬂﬁggggpfaﬁgéﬁﬁﬁgbf§€%§g§§§ﬁ%%@ﬂaﬁéggaﬂ%g?&ﬁ%ﬁghfyS&@gﬁffn
does not, corGRARRDANRE AN tB JERY WHRHBbIR 1den Mrekhdll MLAYE within
obj ects reference 0 anotherint ori1ginal fanguage such as Java. ava.
itsel f does nopehpy@taaconcept of interior pointers or even, strictly
speaki ng, 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. Wen the Java code is _conpiled,

t hose ref$renclist aludfdtheSpdiateas cdesd mercessasilabe interiosy t Bainter 26pddnhesample,
which point to the start of the data structure corresponding to the object
in the native R8s, toNkeistast bthe GRiRiSHRICIUTE FepiesENITE BIGAPISi FHrers woul d be
inefficient, however, and it is accordingly preferred in the present
invention to create interior pointers as necessary. Wth the interior

pOLNLers L PRl e sl 15k, R O AL G Bl e A
"3t nea by Ty ARt o e MR MR St 0y ich e
speci ficaply. 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



Figure 2 illustrates the storage of data structures in nenory, according to
the 25 preferred enbodi mentof the invention. Figure 2 shows al o8 8RR 2004
bl ocks of nmenory a,b,c..., with nenory |ocation address increasing as one
‘moves to the right of the figure. Block a starts at nenory |ocation A and
ends at nenory O 9 SEP 2004 | ocation A ; block b starts at nenory | ocation
B and ends at nenory |location B'; and symlarly for the other blocks. The
spaces between bl ocks are shown for <clarity, and need not necessarily
exist. 5 Wien a new bl ock of menory needs to be allocated, it is allocated

or i 1o SueRatpBe - ok 3 #aRF ef Tarnery 10eUPH BTS¢t BPRBLARegTOn

TeoreYssore” e BBt e Thie ot Byl BARE LEBak DRBL B shown for
having to al I@é{a%&fm%fd%%d 5@,‘10124%?3#}%&%&19?6‘”' cular sizes or in particular

predefined |l o garbage collector, when run, is to
check- each of the allocated nenory blocks to see whether it may still be
required by the application (or, equivalently, whether there is in

exi stencg an ighyse nBwebistk ROI Mmetforehhedilslfo fi milecited} hiatis ralosatedbimck) .
In order to achieve that end, whenever a new block of nenory is all ocated
a reference tgonvenientanidamry doeathimaeivherrisean nakHo¢aied magropsy, black3@ ora if

shows in nore detail an individual nmenory bl ock which correspondsrcaﬁgz?to a

si ngl e node onotsuchtbleek isTawailsbie kafter ﬁl@ﬁ@ﬁkbm@]étﬂsi Syllocated mEmOTY Qfd
a data-portion | oad" 102. The head 100 i pcl ti 1

whi ch def i nes aﬂ}géﬁmﬁg%dgglaﬂhﬁe {1 AP DOSIURR AL gﬁﬁ?&%ﬁ?@?’%&ﬁ%aﬁ%ﬁ-i s
associ ated, a,.section 106 whi ch indj.ca e i LS I "
smsoci et et Lo B e RCLRALR T P AR [iinof, Bhesee

specifigg) the 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



25 start position and a section 112 which specifies the end p05|t|on

the Figure 4a exanple, the Section 106 will always be ' Iargé S ZW
option will be discussed in nore detail below with reference t 5Br éb
The payload 102 0 9 SEP 2004 10 includes a header section 114 and a data
section 116. Figure 3 shows a typical binary tree representing the nenory
all ocations shown in Figure 2. Each nodgpof the tree represents an

i ndi vidual "allocation, and the nodes are |inked, as described in nore
detail below, to aIIOM/for efficient 5 searching. The information stored at

h d bl f . h d 0), th
cddreos (D) ofnchient deater jeatend TRt Bhagfib Wb Lr oot vel s iﬁseréaS
tori D and
o9, b P SyPAR Pl Sty R EBRGPhARL IR ettty R Oinc0S
associ ated w t;y Flgﬁi‘é ag dEﬁ%hagé bPnd Qre%%ﬁi@seﬁﬁa émmdp@auap mbcahont had rtﬁee
within the tree. € no 0

r exanpl e, include the information

that it is |infgdstaet Waked)i hsird@mnwehymnﬁdel@taﬁzbammzmﬂo dlese f4¢ dfficiamdes
the information that it has a parent node 40, and two child nodes 50, 52.

The node %2 hasgarvhingdi [Thenidesndticn stosedgt eaqmanedﬁ comists 4F. theri’méoc:lﬁldemﬁang
informati on associ ated with each node is | abelled or ordered such that 'the
left hand chil(d fesdhecaodenéO)ithe istaytiasdeesst (not the plaghs theradnsidaessaD’).

exanmple will now be given of the way in ,the tree can be,searched t
i dentify the n%muaﬂy@daw% 06|S&11m$ @mﬂcﬁ aﬁﬂ%ﬁ?ﬁﬁvﬁﬂfﬁtﬁéﬁ%% Stait %

is 20 p0| ntin S e Ql I, .t poi nt er
shown in Fi g&h@lbgo LlﬁEPt Ei]ﬁgg) dftt:t?get%lB?;\(Ef Wzlgt‘?%ﬁ 1tS¥Fhé nogg 40 a test
i§ first nmade to see whether the val ue of PlslessthanD Since Pis

| ess than D, we now nove to the left hand child node 42 which represents

the blockgb. RE{@ nod®iscdI&s Kssociated 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



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, sq@ we nove on to the right hand chil djt§ GBP 4804
Next, we test whether Pis Iess than C, and as it is not we test whether
it is greater than C. Since Pis neither less than C nor greater than C,
we conclude that P 0 9 SEP 2004 11 falls within the block ¢, and
accordingly the search term nates at thgil node 48. Garbage collection is
carried out by systematically checking 1I of the live pointers, and using
the tree to determ ne the nenory blocks within which they 5 fall. No

di stincti f t hi d b de, bet i nteri t
poi nt or 5. _al | FllsovisRhg Pas £+l B RABEY B sarrehrauvendh Dbl 45,

the registers are checked for pointers (or the stacks in a stack-based
systen), and the corresponding allocated nmenory bl ocks within which they

oL o For “SEFCIEOERN B chba by Sptingepie mnoatsot i nwve

checked for s (UuSIng tree-base ookup or "any ot her

rechani s, apdiklie o ARERSHeSEERALRIIAS ticheRiong escleontihiy mici ey

|
menory bl ock oun e Inuse (i.e. that has a pointer which is

di rect edgwi t higyy i tNio idSstifRESACFoR ) hisSH@piosg naed ibe maéé bbtwepmmgiterist antieother
correspondi ng node of the tree. Menory blocks that are not in use can then

be rel eased byoiherssyalient sanglit beirchdd onotheetspoinlithey savgeway enboedary dhe
the tree. The tree is then re-linked into its nornual bi narg form It hag

been assuned, régistereart sheckeddior gisanigrs (oratheastarky i 2nEady-Pased SHEEMHnan

20 1t oy be. fin coaTIPANGRE EUORISSCPIEO GO IR SHIChoUEY oBolt Al
o T, el RS O SR UED R AR et
operating Systf&fﬁl&vf)f)inters (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. Thg 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



whi ch the running application has no control. The system nenory all ocator
will typically provide system allocations (known as "chunks"), t'egtsmpgm
and 25 size of which may not be under the control of the application.
shown in Figure 4b, a single systemallocation or "chunk” may be used for
19 SEP 2004 12 a nunber of different garbage-collectable allocations - in
this exanple indicated by the ref_erenciznumeral s 120,122, 124. Each of
these units includes its owmn header 1147and its own data section 116,
within the overall chunk payl oad 102. For ease of conprehension, the
reference nuneral s used in Figure 4b apcoy eslfond w th_those al read

doscribed aboveUmbEROf dilSent Barbaericelpeiahls AllsARRS 5iBrBH SxriupiE dhdicaind

th h of Fi 4b i d, ' ' '

Al ooati on ofoY destalkgemcemmal L 12k auarct of PR SRR AT bk
le, 32, 64, 1 256, 512 : ' '

equiros an’ aheie s &gy PuR BRE srlivh RO RinM BeSoVhall LARpA R 002,

used. In the g Ffé'arsée@fee%?&gi"éﬂ?e%io { NghenqdeSele (MBnEFRE GG d8eMigure 4b

i ndi vi dual sys{)em al I'ocati ons, el tnﬁer as shown in Figure 4a or as shown in

Figure 4B, or hothondSyithehdieadrsadgnitsdabel seotd with reidrehds tediurecta. espond
to a single higher-level garbage collectable allocation, for exanple a

Java allocation. If the application requires a small allocation (for
exanple less than 1k in the preferred enbodinent), the whgée,syst&mgbl ck
i s reserved aintthe peaferreilmembodimentputheoappraash of cEiguthedBply iUsadi ¥n the
itself then controls when and under at ci r(g[ugst ces,unused. imé%div' al
a{lrl ocati ons nApPlratigBCESBEES AnHIETRTY @ A Gt 58 3&?‘5 - POSpiblg pftivid
tdheir own right wthout affectin j al e
t he i ndi vi duaP ‘é@qu@@ﬁthSnéora%%g]&%'vé{h%’Iﬁgﬁ § Lfé%“d%% RS ©
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



nodes of the tree are no longer in use is the node and the correspgndi r%%
system 25 block itself availiable for garbage collection. It'wlli 8& SEP 2004
under st ood, of course, that when the approach of Figure 4b is used, a 19
"SEP 2004 13 pointer which points to the start of an individual

gar bage-col |l ectable allocation wll, itself, be an "interior pointer" so
far as the entire systemblock is concegged. The net hod nentioned above of
finding the menory allocation to which an unknown interior pointer is
pointing therefore still applies. By 5 referencing the itemsize section

108 of the head . em. | i :
gar bage- col | cd0ubrE ARFBERAE D WE R OF an UBIEMI DR Rbeable allocepion,
interior pointes pﬁ%ﬂ’f,s-bé gnr%ﬁrgbgkbgpﬁ&”d%efﬁ Redhehenerd Rysieg (H166k t B

i nsert a new node, €n ‘a new menory 1s allocated, and how to

re-link the treacuhen. ONphOmeMRiEmbaAtioaeEabeve of sindine theonieinoryedllddation to
correspondi ng bl ocks are rel eased by the garbage collector. There are

nuner ous ways vwisichhing hurtitiosvrc aimetior deoiater bist pointiag péheréfoue stilly apphessni ey
approach is to use an AVL | oad-balancing tree. This is a type of _binary
tree whi ¢h nuirefatnsingptireokiemaisizel s¢ation gA ohithmdwager, theeshstenps able” to
appropriate tree-restructuring algorithns both when aggj ng and when 15.
renovi ng nodesletgmuninhdhe gxaet gasbagescefiardable pYpcaiompy BIn hersysiany apocaiieRy,
The Art of Conputer F{Bo rammn Vol une 3. Addi son- Wesl ey, Readi ng,
Massachuset t s, [OVRICR ﬁg’é@méé’ghﬁ?%Bm | son- Vel skii, G and E. M

M,
oty o, SO G OB SRR TP R o pode M
e aton B SRS, AR At0 gk SHelk B sooshatone o por:
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



hereby incorporated by reference. The preferred al gorithns, usirm]qﬁgL EP 2004
trees, will now be describedn detail. 25 First, a little backgr nﬁ.

Bal anced binary trees are an efficient general purpose data structure. A
‘binary tree is a tree graph each node of which has at nost two 0 9 SEP 2004
14 outgoi ng edges. Bal anced binary trees are structured such that

i nhal ances in size between the two subtyyees at any node are |imted. AVL
trees (after Adelson- Velskii and Landi s, who devised the systen) are a

type of bal anced binary tree in which the two subtrees of any node nust

al ways have depths i ch ditf et il i f

bal ance at a Q%ﬁ‘ém&vgg SA%E@%%%?{% %%Sﬁégtéﬁ?tpge;@#gg?P% 1@%&%&1&?}%@3&5{’%
the two subtr ' n Beirgimaed. A8 hrdesr (afteeesdelaon-
defined as fo 0\5\"21? tI%gvﬁzlghe t@?‘%@ %lgpgmtdree wi th no el enent S(is. 0. The
hei ght of a tyegkifidnd Iomrlisveiedevised treesystem) arept typefoftiadancedtbinagyeresin
any tree is 1. The height of a tree with nore than oncg ﬁ{,ﬁwﬁ%iﬁéxr@'

hei ght of t hewhichl thegwossithitrass oflany e MyRkakyayshaye depHygwhich ¢ ftee
is the depth of ﬁ? iis parent, plus 1. The 'bal anced' property of an AVL
tree i s fmi ntORkY!§%8eremental ly in an efficient manner (ie. taking only
time logarithmc in the size of the tree). Wenever a node is inserted or

renoved, one or nore rebalancing 20 transformations are applied to the

tree. The three basic operations required_ are: searching, for el enent
within the tTbecriterien fongalincarbadrde o 80 AELIFeR ISRt (R Bisignes, 1 the

el enment fromjthe tree. . : .
) hglght 0? the two subtrees is never more than one. Height and depth for trees
€

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.



Note that duplicated key values are not permtted, but that.this causes no
| oss of 25 generality since wWwhere necessary, an addi ti onal féctorléhﬁEﬁbZMM
conbined with the data to be stored to produce a uni que key. 19 SEP 2004
15 Terminol ogy and Notation The al gorithns.are described in terns of
'nodes', 'links' and 'keys'. A node is sinply a vertex of the tree. Each
node has two associated |links called thejgleft 5 link' and the 'right

link', each of which either points to a. subtree or takes the value NULL
(by which we nmean that there is no subtree to that side). W use 'Left(N)
and 'Right(N)' to denote the left and right Iinks respectively of a node

N. Every node except the root has a unique 'parent' node - which is the
node one of the links of which points to this node. Each node al so has an
associ at ed 10 Teamindlogy andNoatioh t o denote the key associated w th node
N. Akey is sinmply the data associated with the node: W assune that there

exists a tot a"]{lﬁﬂ%bhﬂﬂné’ﬁré‘%@rm@ﬂ' iahtepis Wil 'hod@notieniy andl ReyéNeA w@is

'<'. For exa Integer values (W th the usual meaning of '<') would

nmake suitable shﬁpf@ a\%rm'df t«hlest@ed eEauH ﬁod@ﬁam%om@s@ﬁlat&d lthksecdliednthe ‘Aeft
direction is one of "left’ 15 'right' or 'balanced' . Every node al so has
an associzat ed liiik’ endi ths, ri‘gdmt linfi' c Bachwef wrhiitke efhex p))mmé@ @ subiteeet Wet&kﬁaethen
question. We define 'Link(d,N)' as a convenl ent shorthand, where N_j

node and d is valufi NéHtaL(ﬁbY(\ﬁblChri\@@ég%ﬁ? ﬂW &ier iENgO) sulyteee & that sile). | ﬁﬂlse
(rom 2 node. by 0kt Med ghiabPid Jinb e 4 a8 i8R btk of foac”
(e 11 P AR e b WOsELRRIE A UL e
Explicitly, iiyd dfShe 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 kéys, which we will denote 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.



"left' then -d is 'right' and vice versa. If d is 'balanced'. then -dis
undefined, 25 but it will néver be used in such a context. 9 98 80P4200B
In our description of the algorithnms, we assune, for clarlty, t hat the root
of the tree is not NULL - ie. that the tree is not enpty. Obviously,

- searching and renoval always fail on an enpty tree and insertion results
sinply in atree the root of which is tthe inserted elenent. 5 Note that if
alink is referred to in a context in vvhlchwevvould expect a node, it
shoul d be taken to refer to the node pointed to by that |ink. The Search

Al gorithm Ste

cqual o 'the Fodir ﬁ%&ip%iif %?r?&r'i@@l%g?e bt Bt llink ot B e
Vecw |1 ol a0 Ues ity e o . 1B D feBlis R b0l 0B RSRR Srtiting dina
needed. 15 St feqﬁg,)ﬂ%&?% ‘%ﬁ;] é)fn £ Eﬂ@?)y (uf 401 hﬁeﬁlcﬁpr@sults sithply n Kerédxhgo

to step 4. ound the el enent we Wwere searching

for. (End Of cgﬁ%ff%wﬁqS%@ﬁ]s&)te&/QY@néﬁft Set Qto Left(P). If Qis not

now NULL set and return to step 2

Note that if a link is referred to in a context in which we would expect a node,

it should be taken to refer to the node pointed to by that link.

The Seai‘ch 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 segrching 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)



The remaining case is if Qis now NULL: this nmeans that the tree did not
contain an elenent with key K, so our search is ended and we ret Br %EQPRZHM
failure. (End of Search) 8 9 SEP 2004 17 Step 4) Mowve right Set Q?t
Right(P). If Qis not now NULL: set Pto Qand return to step 2. The
remaining case is if Qis now NULL: this neans that the tree did 5 not
contain an elenent with key K, so our sqarch is ended and we return
failure. (End of Search) The Insertion Algorithm Step 1) Initialise

vari ables Define 'Head" to be a special node that is not part of the tree
but is 10 c I dar . the parent of the root node. Specifically, the
right |ink ﬁ%ﬁmg%%f@qto the root. This is done so that we need not
regard the root node as a special case for having no parent. Define nodes
S and P to be imitSetlQyo&ighi(PY.-o the root node. Node P will be our '

‘current point' which wll be us to ra\é&rs the tree. Node S 15 will be
used to keep tracklfd ismperowNUilde hSuoQERd S8 TIAY SR Zst arting  poi nt

Hoad, Ve w11 Sivepbe TpaRREDS cetf ot For parenUlg! & merd By s fig.

Kk tt ti tQ..l . i | -

nodes. i ch e i 19 GippRatsgbmeBluiifid) K, & G seitén 8 BRiedbhd Wi RS
failure. (End of Search)

The Insertion Algorithm

-

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.
. .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.



Step 2) Conmpare |If K < Key(P) go to step 3. If K> Key(P) go to step 4.

9 9 SEP 2004 18 |If K = Key(R) then an el ement of that key al r eady é
within the tree and so no insertion is required. (End of Insertl §§X§§ 2004
'3) Move left Set Qto Left(P). 5 If Qis not now NULL: If Dir(Q is not
'bal anced' then set Tto Pand S to Q Then, whatever the value of Dir(Q,
set Pto Qand return to step 2. The r@maining case is if Qis now NULL:
we insert our new element 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 step5 h Set t o, Ri ght et |- ow
NULL: If Dir(Q ® Ifﬁ%t— ﬁé&’@ﬁ&ﬁ af lemEl; of D KEY Aehd eﬁbgt{g"gﬁgn@g%@e
what ever the val ue r(. dhystep 15 2. The
remai ning case is ﬁn? %WIR'R]JL‘QLFC%I Qﬂ}d glfjjrﬂsﬁrei:\i/v Y ement  here. This
means that we set % li a newly creat ed node (which will have key K),
change Ri ght (B{ep ¥ Mavsidefto 0 and then go to.step 5. Step 5) Insert 20

‘Initialise the fields of our new node Q Set Key(Q to K, Left(Q and
Right(Q to NULLs, BerQQ@ Left(Phal anced'

5 e If Q is not now NULL: If Dir(Q) is not 'balénced‘ then set Tto Pand S
to Q. Then, whatéver the value of Dir(Q), set P to Q and return to step
2.
. gf 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 P and 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 3.
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:



Proceed to step 6. Step 6) _Adjust balance W need to set the balance
directions on the nodes between S and Qto 25 reflect the new st &% SJEPtZBBI,‘
tree. This is done -as follows: 0 9 SEP 2004 19 |If K < Key(S) then define d
‘as 'left', otherwi se, define d as '"right'. Set P to Link(d,S) and define
a node Rto equal Pinitially. Repeat the followng until P = Q (which may
mean O times): 1. If K< Key(P) set Dirl®) to 'left', then Pto Left(P). 5
2. If K> Key(P) set Dir(P) to '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) Bal an¢i MK &3S} tHeaedlefRiRab an Rl esthepprRBdiaEnsaoR Hhgtval ue
of Dir(S): 10 If Dir(S) ="balanced then set Dir(S) to d. .In this case
the insertion ise rBvFCRDIR(ES) apbfnitivt d Aedy Ritokqual P iBitiAly). is the
opposite of d (ie. is equal to -d) then set Dir(S) to 'balanced . In this
case the inserti en Repeadthecfoiiohehgdnti{ Ene Qf(wHicks arayi mein 05times):Dir (S) = d
the tree has becone unbal anced. W determ ne how to roceed by consi dering
node R (as defined inlstlK & KEIM(PDB&'E(W(P)StOt'ﬂl@ﬂ'OFIbm%t@ beftP)(ie. is equal
to -d) then go to ste then go. to step 8..Note that it is

| _ 9. 4L BLR 58 go . | . _
not possible at this gmlﬁtK PoleyPhest Pyt 'Tighta thery P, tooBightd). 8) Singl e

rotation 3. (If K = Key(P) then it must be the case that P = Q, so proceed)
e Proceed to step 7.
B Step 7) Balancing |
L . . .
: ¢ 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

'proceed 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.



We correct an inbalance in the tree as follows: Set Pto R Set
Link(s,S) to Link(-d,R) then;Link(-d,R) to S. Set Dir(S) ahd &'gélggﬁto
"bal anced'. 25 Go to step 10. 1 9 SEP 2004 20 Step 9) Double r [ 24
‘correct an inbalance to the tree as follows: Set P to Link(-d, R, then
Link(-d,R) to Link(d,P), then Link(d,P) to R Set Link(d,S) to
Link(-d,P), then Link(-d,P) to S. 5 Setopir(S) and Dr(R) depending on the
value of Dir(P) as follows: 1. If Dir(P) = d then set Dir(S) to -d and
Dr(R) to '"balanced': 2. If Dir(P) =-d then set Dir(S) to bal anced and

Dr(R to d. P rotathid anced’ then set both Dir(S) and Dir(R) to
" bal anced' as%\}gﬂ).) 10 é(.!; tao step 10. Step 10) Correct link Now we have

rebal anced the tree,. we nust nmke. sure that the rent of the rebal anced
subtree |inks to’tPWeCC&IFeé&?nﬁ@@él.ancme@eztrPﬁéﬁf‘ﬁ%wst:hen set Right(T) to P,

Removal Al gori (it Sk © Link( B CER G Ao BB, ) Rl miggn @R T
spectal node thay | BEE] o uRE S i a g5ggs. 0o od 10 be the
5 e Set Dir(S) and Dir(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 of Head points to the root. This is done so that we need.not regard the
root node as a special case Por having no parent. Define PHto QQg ahkaY
of nodes. So we use P[0], P[1] etc. to denote elenents within thivs g?rg@q‘
Simlarly, define d[] to be an array of directions. 25 Set P[0O] to
"Head'. 1 9 SEP 2004 21 Set d[O] to '"left'. Define node P, set initially
. to Right(P[0]) (ie. to the root node). Define Kto be the key we are
attenpting to insert. Define a counter %}ariable c to be an integer, set
initially to 1. 5 W wll also use Rand S to denote nodes, which we w ||
define as needed, and Qto denote a link (not a node) which we will also
define as needed. S®oi[@] parkeficul arly that when we speak of setting Qto

some (node) value, we'nean to point _the_lin ag. t node. Step 2)
Conpare 10 |f e <Drbpemodgd’ atﬁgé@l@}ﬁnﬂw R1gl;t%]k[‘8;) {@y e&8°f8°§?)ep 4. If
K = Key(P) go to step 5. .Step,3) Mve |ef et Plc o P. Set d[c] to
‘left'. 15 Ad® 1DF§U€.K t@gptbeﬂ(syly%ef@r(e];;)t%emﬁ}ngﬁol[léﬁbu then the tree

does not contairn aﬁe?fn%raeggunvt\ért Pk Se § B D¥h kSR, BSNifiiiallFHd £f Renoval)
5 e We will also use R and S to denote nodes, 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)



Return to step 2. 20 Step 4) Muwve right Set P[c] to P. Set d[c] to
"right'. Add 1 toc. Set"RPto Right(P). If Pis NULL then the tree does
not contain an elenent with key K so we 25 stop here. (End ﬁf%%ﬁp\'@b{ 09
"SEP 2004 22 Return to step 2. Step 5) Check whether Right |ink T :
Define Qto be Link(d[c-1],P[c-1]), ie. the link which we followed to
reach P. 5 If Right(P) = NULL then procesed to step 6. Set Qto Left(P).
If Left(P) is not NULL then set Dir(Q to 'balanced and go to step 10.
Step 6) Find Successor Set Rto Right(P). 10 If Left(R) is not NULL, go
to step 7. Set L?{ttl;rrl?zj tg Left(P). Set Qto R Set-Dir(R) to Dr(P).
Set d[c] to 'right ReUHHIOAR 4t 0 R then add 1 to c. 15 Go to step 10.
Step 7) Preparation to find NULL Left. Link Eﬁt Sto Left(R) and define
integer 1, setStepi) (hack whether Right link is NU

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 &).



Add 1 to c. Set d[fc] to 'left' and P[c] to R then add 1 to c again. 20
Proceed to step 8. Step 8) Find NULL Left link If Left(S) i-5 N@B, SBPoziféd
to step 9. Set Rto S, then Sto Left(R). Set d[c] to 'left' and P[c] to
‘R, then add 1 to 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[]
to S. Set Left(S) to Left(P), Left(R tfﬂ)Left(S) and Right(S) to Right(P).
Set Dir(S) to Dir(P). SetQto S. Step ) Adjust balance Subtract 1 from
c. If cis nowO then stop here. (End of Renoval) Set Sto P[c], then do
one of three ' ene Dr(S): 10 If Dr¢S) = 'balanced , set
Dr(S) to -d[%ﬁgb{‘%zl\rﬁg{%oéﬁuggﬁgﬂtgf Renoval ) If Dir(S) =d[c], set Dr(S)
to 'bal anced' and repeat this step fromthe beginning (ie. go to step 11).
Ot herwi se Dir(Sp =Setddld] to siglgornd M8 ®i3h this step. Set Rto
Link(-d[c],S). 15 If_Dir(R = 'balanced',. 0 S 11, L r(R) =
“d[ C](, 50] S o Sot Len(S) o Tete®, FoRR) to 1308 and BRenils) to RignilE)t P

o Set Dir(S) to Dir(P).
5 : o SetQtoS.
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.



W nmust have Dir(R) = d[c]. .Co to step 13. Step 11) Single: rotat‘gng\# ﬁ,@
bal anced R Set Link(-d[c],S)! to Link(d[c],R), then Li nk(d[c] R) 4
Set Dir(R) to d[c] and Link(d[c-1],P[c-1]) to R No further rebalancing is

“required, so stop. (End of Renobval) Step 12) Single rotation with
unbal anced R 25 Set Link(-d[c],S) to Link(d[c],R), then Link(d[c],R to S
Set Dir(S) and Dir(R) to 'balanced'. S Link(d[c-1],P[c-1]) to R 19 SEP
2004 24 GCGo to step 10. Step 13) Doubl e rotation Set P 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 Li nkédq}}n 5’) then Link(d[c],P) to S. Update bal ance
dlrectlons deper‘l‘dlﬁa 13 val ue of D|r(P) If Dir(P) = -d[c], then set

Dir(S) =d[c] and Dir( ' bal anced" If Dir(P) is 'balanced ,. then set
both Di r(S) aﬁ@p[il’r)(ﬁyﬂ EW&&Med as well. 10 O herwi se Dir(P) = d[c],
so set Dr(S) to 0 and Dir(R) to -d[c]. Set Dir(P) to 'balanced and

Li nk(d[ c-1], P[ C-ol] Jett P B Liskad[c), B}, ethchOLinki@[c)R) of Iank{-df W)t rtben flomk (-
‘gar bage collection allows the invention to be 15 used on "host ed" syst ens,
i n other words Whed@];mrtorﬁ( allocation is out of
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-



the control of the programmer and is determned by an underlying host
operating system Since the operation of the invention is esSenpSgk# 04

i ndependent of the nenory allocation schene being used by the u r‘%?é@
"operating system the garbage collector of the invention may be used on top
of 20 virtually any underlying operating systemthat carries out its own
menory allocation. O course, highly ehkicient nenory allocation will
normal |y be achieved only when whi chever operating systemis carrying out
the allocation is capable of naking use of the block size and.location

flexibility described wt f Fi.qur, | e d ood
that the i nveRtl)ofncFs %ﬂﬁ?ﬁ éﬁéﬁéﬁﬁ]@gb‘? g tgglgoaﬁp ﬁ?%‘ﬁféyﬁrr\%i@%eﬁb' %gﬁé%S
way) trees, t r j [Wox= I

0 L ees. o an MO T40 BIRERP oBRefired SrERlchaRBNCS 4 2wy SReed ee.

bal anced tree. 0 9 SEP 2004 , 26 CLAIM5S 1. A nethod of garbage collection
including: (a) on the creation of a nenory allocation, adding a reference
to said 5 allocation to a dynamc tree structure conprising a plurality of
| i nked nodes, each node being representative of a respective nenory .

all ocation; (b) for an in-use pointer, searching the tree to determne the

menory al |l ocation to which the pointer points; and (c) noting the said
menory all ocation as being unavail abl e for

S



10 garbage collection release. 2. A nethod as clainmed in clajm1 including
repeating steps (b) and (c) flor a plurality of in-use pointers, gngEP

rel easing those nenory allocations which have not been noted asﬂ ZUUZH
‘unavail 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 claimed in claim1l or claim
2 in which the tree is an AVL 20 tree. 326 A nethod as clained in any
preceding claimin which each nenory allocation is a nmenory block. 25 6. A
method as clained in Cdaim5 in which each node has, associated with it,

i nformati on opgt | ock start and the block end | ocations; or on one of
the said Iocgtl“l:m‘tﬁr\{lssiand the block Iength. Q9 SEP 2004 27 7. A nethod as
claimed in any preceding claimin which the in-use pointer is an interior
pointer. 5 8 A nethod as clained in any one of preceding clainms in which
the menory afl ocapi geshaat ef gmbapeceleatiod inchidingted. 9. A garbage col | ector
including: (a) nmeans for creating nenory allocations and for adding a .
reference 10 to e@h abhdhacieationoofza mesmorst 2llieatios, adMpeL SIGHEIENCS Wit y
of |inked nodes, each node being representative of a respecti vel. rrenpﬁ d
al l ocati6n; (b) nealecatin teardHangct lree spragturg OPOE]thS}F-iéePIBB’i‘ Hy Pt %‘5’3

d‘et ermne nodes, each node being representative of a respective memory allocation;
(o) for an in-use pointer, searching the tree to determine the memory
. allocation to which the pointer points; and

éd (©) 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.



the menory all ocations to whi qh the pointer points; and (c) ans ‘for

noting the said menory allocat'ions as bei ng unavai I able 15 f
collection rel ease. 10. A garbage collector as clained in clai m@g Q@ﬁiﬂ%g

‘means for searching for and noting menory allocations for a plurality of
in-use pointers, and for rel easing these nenory allocations which have not
been noted as unavail able 20 for rel ease2711. A garbage collector as
claimed in claim9 or claim10 in which the tree is a binary tree. 25 12.
A garbage collector as clained in claim9 or claim10 in which the tree is
an AVL tree. 0 9 SEP 2004 28 13. A garbage collector as clained in any one
of clains 9 to 12 in which each nenory allocation is a nenory block. 14. A

garbage col | eqt or as ngdthbdegd dlﬂn@daimaﬂﬁpréteﬂ/lﬂgctia'ﬂﬁdh whbidh thesn-usé pointer
associated with it, information on the block start and the bl ock end

| ocations; or is en 1m&elomfpmmer.sal d locations and the block Iength.”15. A
gar bage coIIector as clainmed in any one of clains 9 to 14 in which the
in-use pointer is an interior poi nter. 10 16. A garbage collector as

claimed in any one of clains 9 to 15.in which t al | ocati gns, are
not necessari By al ifyriggthotly as AaERed 4B ﬁ’@’ St Qﬂﬂrﬁﬁ?‘ﬁg ﬁlagnﬁalpbé{‘aﬂgh the
.collector as clained any one to 16. 18. An operating
system as cl ai%&o%au%ﬁqﬁ{’fﬁr?ﬁ@ 88?%639@%3%}16% | ocati on

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.



‘rreans. 20 19. An operating systemas clained in claim17 which does not

include nenory allocation.neans, the garbage collector bei né [ (1A
operate with externally=provided nenory allocations. 20.. An ggegri;ggﬁgg

‘'systemas clained in claim19 hosted on -an underlying 25 operating system
the externally-provided nenory allocations being supplied by a nenory

al l ocation nmeans of the underlying operag ng system 19 SEP 2004 29 21. A
conput er program adapted to carry out a method as clained in any one of
claims 1 to 8 22. A data carrier carrying a conputer programas clained in

laim21. 5 23. A dat t ich i,S: g t atd ;

s claimed (5l dhrganiee FoMRlac URHHFERT a0, Gid b7 chin 0 30PK: b RERGK 20
| ai med | f 10 ¢l ai . A data st whi ch i

" epr osent at - vocBneops bR B ARG WS o8 T any Gne of ol ai me 17

to 20. 15 26. A nmethod as clained in claim1l or a garbage collector as
claimed in claim9 in which the nenory allocations are representative of

obj ects withi . an Aogﬁﬁﬁge%dll%@kﬁ*daﬂ&ﬁiﬁmd 7 .clbmmeB himd vdricla ezahbaode has,
collector as clainmed”in ¢claim26 in which the 20 objects are the conpiled

forms ofs Javasehtiaaidswithbt, ifomhitich ofi theblmiestars land che bloaknend ngagions apr
mai ntaining a tree structure conprising a plurality of |inked nodes,
on one of the said locations 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.



each node being representative of a systemnenory allocation which 25 .

i ncl udes one or nore garbage-icol | ectable nenory allocati ons;-3(t’ gf gggap 4

i n-use pointer, searching the tree to determ ne the garbage- colle b @,ﬂ
‘menory allocation to which the pointer points; and I 19 SEP 2004 30 (c)
noting the said garbage-collectable nenory allocation as being unavoi dable
for garbage collection release. 29. A gaﬁ@age collector including: 5 (a)
means for maintaining a tree structure conprising a plurality of |inked
nodes, each node being representative of a systemnenory allocation which

i ncl udes one Qr nore garbage-coll ectabl e, nenpr al L ocati ons; ans_for
sear ching t heaﬂr ee FEMPRIET; Rf-qggémp%‘i?%ﬂl%q o tcar]é'ef“é{ ﬁirﬁsﬁpﬁegs’ fgi%ﬁlegem any

gar bage- col | ect abl.e, ne |l ocation to which the pointer points; and (c)
means for not Pﬂ‘éoifﬁba@gﬁiy%gr bage-col | ect abl e nenory all ocation as being

unavoi dabl e for garbage collection rel ease. 30. A Java virtual nachine
i ncludi ng a garbage collector as clained in any 15 one of Cains 9 to 16,

or as clainmedyhn Claa§iasrribr Sarpiing2d 4mphierBrd AR 2 chdiedde dein 24f or,

maki ng use of “interior pointers, naintains a trée structure conprising a
plurality of |inked nodes (40-52), each node being representative 5 of a
menory allocation (a...g). For each known in-use interior pointer (P? -t he
tree i s searchB8d t @ detaestreame witich neneprgsedtitisac! arcofeputebpidgram ahelaimed
poi nt er . :

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



points. That menory allocatiqn (c) is noted as being unavail able for
garbage collection release, Once all available in-use pointers. have been
searched for, the systemrel eases those nenory allocations whic 3ag§pqgmg
‘been noted as 10 unavail able for release. Preferably, the tree is an AVL
tree. The nethod is applicable to any nenory allocation schene, with no
constraints on the size of menory alloc3ions nor their positions in
menory. The invention further extends to a nethod of garbage coll ection
and to an operating systemincluding a garbage collector. 15 (Figure 3)

(¢) noting the said garbage-collectable memory allocation as being

unavoidable for garbage collection release.

29. A gérbage collector including:
5 (2) means for maintaining a tree structure compris_ing a plurality of
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.



