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(57) Abstract: In one example in accordance with the present disclosure, a
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stored pointer to the object exists in a reference table. The method may also
include obtaining a shared pointer to the object, the shared pointer having an
associated reference count and modifying the reference count to indicate a
number of a number of copies of the shared pointer within a computer sys-
tem. The method may also include determining that the reference count in-
dicates that there are no remaining copies of the shared pointer in the com-
puter system and removing the stored pointer from the reference table upon
making the determination.
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MANAGING GBJECTS STORED N MEMORY

BACKOROUND

ey

Q00 1] Garbage collection is a fype of memory management where a garbage

)

chiecior reclaims memory sccupied by ohiecis that are no longer in use. Garbage
coliection may be used andior required by certain progranyning languages.
Adthough garba@e coliection may provide significant benefils, garbage coliection may

require some system overhead and thus may impadt performancs.

Brigr DESCRIPTION OF THE DRawiNGs
{00021  The following delaliad desonplion references the drawings, whereir
{00031 FIG 1 is & block dingram of an example compuling environment in which
managing objects stored in memory may be usefigd

g

.

{00041 FiG. 2 s a flowchart of an example mathod for obiaining a shared pointer o
the object referred o by the fivst pointer;
0051 FIG. 3is a fowchart of an example miethod for identifying pointers 1y a cache;

-

NI
0061 FIG. 4 i a flowchart of an example methad for managing objeds stored in

HE AN

2k

{00071 FIG. bis a block diagram of an example system for managing objects slore
n memorny; and

{0081 FiG. 8 is & block dingram of an example systam for managing cbjects siorad

HY MmNy

Detanen DESCRIPTION

{30081 The dala acoessed within a computer sysiem may comprise a set of
ohijecis (alse known as records, structures, instances, or simply data values) stored
in the memory oF storage of the computer system. Access 1o oblects may be by use
of pointers {or references or links) that contain sufficient information o dentify the
obhiect they refer o, This infarmation may include an address of the object, an offsel
of a pommian base address, a key that can be lookad up in a table, or othey

prformation, These poinders may be stored within processor registers, o & program
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stack, it giobal variables, within objecls, and slsewhere. In a system that employs
garbage coliection {GC), some objects may be allocated on 8 hesp mansged by 3
garbage coliector. When an object is allocsted, unused space is identified on the
heap, and the object s created in that space. The job of the garbage collector s fo
distinguish bebween allocatad objects that are regchable and those that are
unreachable, where an object s reachable Fand onfy s gmss%bie for any program
o b

unreachable, the garbage collector declares the space hcy Qecupy to be unallocated

ox,-

code o make reference o the object. When objects are delermined

and refums the memaory o the allocator for use in gliocaling new objects.
{3010]  Althe beginning of a GG Cycie, a garhage collector may determine gt of
the ront pointers for each process hat is asing the heap, A rood pointer is a pointer
o an object stored in g ga;“bag&c@iiecﬁeé weap whara the rool pointer self is
ahserved by a gavbage colieciorn in 3 locstion other than on the garbage-collected
heap, For exampie, the pointer may be obsarved in a processor register, on a
program of thread siacy, in & giobal or thread-loca! variable or siriclure, pron a
heap gther than the garbage-coliected heap.
0111 The objects poinfed {0 by the root pointers are considered reachable, as
are all abjedts pointed o by GO pointers confained within reachable objects. Any
part of the GO-managed heap that is nol reachable may be considered garbage and
usad in fdure object gllocation. Koot pointers {0 obiects on GC heap can be found
on & thread's local stack. To find oot pointers o the thread’s iocal stack, the
threads may be scanned and rogt poirders may be identified. There are, however,
numercus ofher places where root poiniers o obiects on the GC heap can be found,
such as in global vanables, class-siatic variables, function-sialic variables, oljecls
created on the process’s iocal heap, ale. The sysiam for managing objects provides
g centralized way o manage and update values of roul pointers that exisis ot a
shigred heap.
{00131 Example sysiems for managing obiects stored in memary discussed
hergin pwnage stovage using reference counting. A pumber, referred it as a
referance couni, may be used o indicate a number of pointers o an object. A

painter refiectad i an object's reference count may be calied reference counled {or

counttingy pointers {or refersnces) or shared painters {or references) One exanpie

3

shigred poirder that may be used is the slandard C++ shared plr<T> class, which
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fmplenents a shared pointer o objects of a fype T, When shared pointers are
copled oF assigned, the resulting pointer may be associated with the same reference

coritt and that count is

: incremented. When shared pointers are destroved or
eyverwitten by an assignment, the associaled reference count is decramented. &
reference count being decremented o zero is indicative of there being no furthey
shigred poirders referring 1o the objedt, and the gbjed! may be deleled and #x space
made avaliable Tor fulure ohiect allocation.

{00131 The reference count may be maintained i a separale abjecd, called a
conirol block. The iifelime of a controd block may be independent of the lifatime of the
object, and the reference counting pointer may contain the address {or eqmvaieni

location information} of both the Q"‘}{'ﬁﬁf and the control block associated with t

ahjecl Example systems for managing objects stored it memory disoussed herain
may also contain weak reference counted (o cowrtingg) pointers {or references), aiso
known as weak pointers (or references) One example of g weak painter that may
be used is the standard C++ weal_pirdT> class. Weak painters may refer fo an
object and an associaled reference count {or contiad block), b the exisience of
weak pointers s not reflected in the associated reference count. Thus weak poainfers
car continue o exist pven when their associated reference counds are zero. A
shigred poinder may be made based on & weak pointer. This shaved pointer may
refer o the same object the weak poirder referred | the waak pointer referred o an
ohiect {&.g., was not a null poinler) and #s associated reference count was not 2erc
before the creation of the shaved pointer. Otherwise, the shared pointer will be a null
pointer. To nmnage the ifetime of the control block objedd, the control block may
cortain g separate nounter reflecting the number of weak pointers associated with

2

the control binck. The control black may also contain infarmation {e.g., dala and
references o machine instructions) sufficient to delele the object and make s space
available for futwre allocation.

{0014]  Example sysiems for managing abjects slored i memary may reinave a
stored pointer corresponding to the objedt from a eference table when the reference
ottt has reached Faro, as opposed {0 sutomatically deleling the ohiec! pointed 1o
by the stored pointer. A stored pointer is & pointer in a reference {able used o
manage sharsd pointers. Accardingly, multiple shared pointers can point o the

same object and each shared pointer may have iis own reference count. Because
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the abject s not deleted when the reference couriler reaches zero, the shared
pointar corresponding 1o the reference counter that reachad zero is removed from
the reference lable without affecling the underlving object or any ofher shared
painters that point to the obiect. An examplde method may clude may include
recaiving a first poinder 1o an object and enswying that a stored pointer o the ohject
axists in a reference able. The method may alsoe inchude obiaining s shared pointer
{0 the object, the shared poirter having an assodiated reference count and modifving
the reference count o indicate a nurnber of a number of copies of the shared pointer
within & compitier system. The mathod may also include determining that the
reference count indicales that therg are no remaining copies of the shared poirder in
the comptder systern and removing the stored painter from the selerence table upon
gking the determingtion

015 FIG 1 is a block disgram of an example system 180 for managing ohiects
siored n memory of a computer systermn. System 100 may include 8 processor 102
and a memory 104 that may be coupled {o each other hrough coramunication iink
{2.4., abus) Processor 102 may include g Central Pr@m&smg Unit {CPLU of another
sulfable processor. In some sxanples, memory 104 slores machine readable
mstructions executed by provessor 102 for system 100, Meamory 104 may include any
suitable combingtion of volatile andfor non-volatile menwry, such 85 combinations of
Random Access Memary (RAM), Read-Only Memory (ROM), flash memory, andior
oiher suitabie memory.
{0018]  Memory 104 stores instructions 1o be axecuted by processoy 102 inchding
pistructions for 3 pointer receiver 112, a poirster ensurer 114, a pointer cblalngr 116, a
reference count modifier 118, a reference count handler 120, a pointey remover 122, a
ache handler 124, a pointer enumeralor 126, andior olher components. A&cordéng 0
vatious inplemendations, sysiem 100 for managing objects may be implemented #
hardware andfor a combination of hardware and programming that configures hardware,
Furthermare, i FIG. 1 and other Figures desciibed herein, different numbers of
componenis or entilies than depicied may be used.
{00171 Processor 102 may exacute instructions of pointer receiver 112 oreceive a
first pointer fo an object. The first pointer may be, for exanple, a garbage colisction
painter. The garbage collection pointer may be an instance of a GO pointer ype {e.g.,

a class of an object oniented ianguage). The garbage collection poiniar may represent
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a pointer 1o an object of fype T that exists on a shared heap managed by the garbags
coliector. The heap may be confained within a non-volatis memory.
{30181 Processor 102 may execuie instructions of pointer ensurer 114 1o ensure
that a stored pointer o the objec! exists in a reference {able. A stored pointer s a
poinder in 3 reference {able used 1o manage shaved pointars {e.g. as discussead balow
n reference {o pointer obdainer 116} A slored pointer may be crealed for each non-
stack reference to a GO managed obert. When a qafﬁiag%” cliection poinler is
crealed, a comesponding stored pointer may be cregled, including an associaled

pointar, and the stored pointer may be pul in the reference tahie,

<,

shars
{30181 Pointer ensurer 114 may identify a siot in the reference able as an unused
sig and remove e siol from a list of unused slots, Pointer ensurer 114 may fwther
construct the stored pointer based on the §rst pointer and slore he storad poider in
the slot in the reference {shie

{00201 The reference table may be used o manage the ront poinlers for a
process. For example, the reference tabie may be an armay of gavbage coliection

pointars that holds rogt poiders pointing o obiecis sfored in the GO managed heap,

whiere the objects are reachable by code running in the process via references other
than those on the sfack of any of the hreads of the process. The reference fabls

may be a pultievel {ahie, For exampie, the reference table may be implemeniad as
a two-level array comprising g fixed-size amay of pointers {o laziconstructad fixed
size arrays of slots. The upper array may be referred 1o as the spine and the lower
arrays nwy bhe eferred o as Slocks, One example reference able contains blogk
ach comtaining 10,000 slols and a spine containing 100,000 block pointers, aliowing
for & maximum of one biilion active ront painters. This example reference fabie s
nly an example and ofher reference tables may have different numbers of spines,
blocks and root pointers. A siot may contain & root pointer. When & siol s an emply
sint {eq., f contains a null pointer rather than a root pointer), it may contain an ndex
or other indication of another emply siot of an indication that Rdoss nolrefer to
ancther emply sicl. i this way, the reference lable may contain one or more free
fists of empty sic@*. The reference table may also be associated with an indication of
the siol with the greatest indey thal has sver bheen claimed o receive a root pointer,
U031 Processor 102 may execue instructions of pointer oblainer 115 o oblain a

shared poirder to the object. The shared pointer may have an associsted reference
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count {e 4., located within a conira! Block abject pointed to by the shared pointer and
by alt copies of the shared pointer). Processor 102 may execide instuclions of
reference count modifier 118 o modify the reference count o indicale g coples of the
shared pointer within the computer systen. The copies of the shared pointer may
include the shared pointer dzelf, each copy of the shared pointer, copies of the
copies, el As the shared poinier and is copies are copled or desiroyed, the
reference count may be incremented and decremented. Frocessar 102 may axacule
instructions of reference count handier 120 to determine that the reference count
fcdicates that there are no remaining copies of the shared pointer in the compider
systemn. The reference courd may also be associated {8.g., in the conirol hiock) with
mformation suficient v beatle the stored pointer in the reference fable.  inkwmation
sufficient o kocate the siored pointer i the reference {able may be an index info the
reference fable, an address or gthey ocation, a poirder 1o the address or ofher
focation, el
{00321 Processor 102 gy execute inshructions of pointer remover 122 10 remove
the poinder from the reference {abie whe the last copy of the shared poinderis
destroyed or assigned a different value (e, the reference count becomes zeo).
Pointer remover 122 may remove the pointer from the reference table by identifving
the slot containing e poirder by using information asscociated {&8.g., i the control
block) and replacing he polrter in the slot with a null pointer. Polrder remover 132
may alse add the now-arnply slot {e a free list of emply slots {8.g., the fres hist
assockted with the current hwead's thread-local cache, a5 descnbed balow, |
regards {o Fig. 3y Adding the sict o the fres list may comprise copying the
mcication of the head of the free st inlo he slof as the next emply siof and setlin
the head of the free list o refer fo the slol
{00331 Processor 102 may executs instructions of cache handier 124 o delermine
whether a cache contains g second poinder 1o the objecl. This is explained in further
detall below, in regards {o Fsg 3. When a shared pointer i created from the first
pointar, the sysiem may determine i 3 poinler assonialed with the first pointer, such
as, for exampie, a copy of the frst pointer, slready exisls in the reference {able by
checking for pointers ra’f&s‘z‘ing o the obect referred 10 by the first pointer in g cache.
As will be discussed in further delall below iy reqards fo Fig. 3, the cache may inchude



WO 2017/095367 PCT/US2015/062931

et

a thread-ocal cache andior a global cache. In this manner, the systemn may prevent
duplicate entries o be entered in the reference table.

{00241 Processor 102 may execule instructions of pointer enumerator 128 to
enumerate pointers in the reference table. Pointer enumeralor 126 may snumerale
aach poiter in the reference {able, Each object poinded 1o by an ehumerated pointer
may be considerad 10 be g live objedt by & garbage collector managing the heap.
{00351 FiG. 2 s a Sowchart of an example methad 200 for abiaining & shared pointer
o the objedd referved 0 by the first pointer. Method 200 may be desaribed below &
being exscuted of performed by a system, for example, system 100 of FIG. 1, system
BOG of FiG. S0
may be used as well Method 200 may be implemented in the form of execuiable

..,

"system 600 of FIG. 8. Other suitable systems andior computing devices

instructions stored on at least one machine-readable slorage medium of he sysiam and
aexeculad by at least one processor of the system.  Alfermnatively of in addition, method
200 may be implementad in the form of elechonic circullry {eg., hardware). The sieps
of method 200 may be execuied substantially concigrently or in & different order than
shown i FIG. 20 Melhod 200 may include more or ess steps than are shown in FIGL 2
The steps of method 200 may, at cerlain times, be ongoing andicr may repeat.
0261 Method 200 may start at step 202 and continge 1o sten 304, where the method
gy inckude identifving an emply siol in the reference table. As discussed shove, the
reference table may be used 1o manage & sel of rout p&‘n‘i&s‘s identify z‘*g an amply
sint may include dentifyving a slot as the head of a free list of emply siots {e.g., the free
izl associzted with the cwrrent thread's thread-ocal cache, as éescriheci below wilh
regard o Fig. 3} Hihe free iislis emply, identifying an emptly slol may furthey iclude
first ohfaining a new free st {(e.q., from the collection of free fisls associalad with the
global cache, as described below wilh regard to Fig. 3, or obtaining a never-before
usad siof from the reference lable), At step 208, the melhod may include clalming the

ampty siof &y the reference {abile to prevent the siot from being subsequently identified
as an emply siof bafore { s cleared. Claiming the emply slol may involve removing

the siof from the free list of empty siots, a5 by replacing the head of he free list by the
next emply siot indicator associasted with the siol Aite}*‘ﬁaﬁveig‘, claiming the empty
sigh may invalve seliing an indicalor {e.g.. a bl or dag) associaled with the sigt. Al
step 208, the msthod may inchide installing a stored pointer {8.g. a GO pointer} into
the ampty slof. The stored pointer may point o the obiject poirtted & by the first pointer
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and al step 2140, the msthod may include creating a shaved pointer. The shared pointer
may correspona o the first poirder. The shared poirder may point o the same object
that the first polrder points fo. When the last copy of the shaved pointer is destroved,
the stored pointer may be removed from the table. For exanpie, the shared pointer
nay be associated {e.g., in the control block with a deieler oiject that stores the index
of the slot and which, when called when the reference count associaled with the
shared mimi&r reaches zero, clears the siot {.g., by overvweiting the slored pointer by
a nudl pointery.

{0271 FiG 3 is a flowchan! of an example method 300 for identifying pointers in a
cache, Method 300 may be desoribed below as being executed o performed by a
system, for example, systerm 100 of FIG. 1, syslem SO0 of FiG. S or sy‘siem 800 of FIG
&, Other suitable systems andior compuling devices may be used a5 well, Method 300
pEy he implemented i the form of axeculable instrucions siored on &t least one
machine-readable storage mediurn of the system and executed by at least one processor
of the system. Allernalively or in addition, method 300 may be implementad in the form
of sleclonic cireuitry {2.g., hardware)  The steps of meithod 300 may be exsauied
substantially concurrently o in a different order than shown in FiG. 3. Method 300 may
mchide more or less sieps than are shown in FIG. 2. The sleps of method 300 may, al
cariain times, be ongolng andior may repaat.

{00281 Method 300 may slart at step 302 and conlinue 1o step 304, where the meathod
may inchude defennining if a8 cache cortaing a second pointer o the obiest. The second
pointer may be 8 weak polter o any form of pointer based on which & shareqd poirder
may be created.

00241 Delermining whether the cache contains the second poinder 1o the objet ma}e‘
alsg inciude oblaihing & weak pointer associated with the first painter. The wesk poind
iy be in the cache. The melhod may also include oblaining o third pointer based on
the waak pointer and delermining whether the third poinder points {o the object, The
third pointer may be a shared pointer or any pmﬂtﬁf which can be ponstructed fom a
weak polrder. Upon determining that the third poirder poinis 1o the object, the method
may nolude identifving the weak poinler as the secord pointer or otherwise compuding
the second pointer based o the weak g}eini"s: inchuding compuding the second polter
based on the third painter,
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{00301 H the cache does contain the secand poinder, (YES branch of step 304}, the

method 300 may cordinue {0 step 306, where methad 300 may include inferring, based
oft the second poirder haing in the cache, that the reference {abie contains the stored
painter, in other wonds, if the second pointer is in the cache, # can be inferred that the
reference able containg the slored pointer, without checing the reference table dzelf
03] As discussed above, {

s

sharad pointer fo the object, with an associated
reference cound, may be oblained. Al slep 308, the method may include computing the
shared pointer based on the second pointer.  For example, the melhiod may includs
identifying the third poinler as the shared painter, and the third pointer may he compiied
based ot the weak pointer derdified with the second pointer.  Method 300 may
sverifually conlinue o step 310, where method 300 may stop.
{00321 ¥ the cache does ot contain a second pointar 1o the object, (NO branch of
step 304}, the method 300 may continue 1o slep 312, where method 300 may include
obiaining the stored pointer based on the first poinder {8.g., by creating the stored
poirter 1o point o the objiect referrad o by the first paintern). Al step 214, the methad

may nciude inserting the stored poinler in the reference table. Atslep 314, the method

may include oblaining the shared pointer hased on the first pointer {e 4., by creating
the shared pointer o point 10 the objec! referred o by the firs] pointer), Oblaining the
shigred pointer based on the first poinier may comprise crealing & naw contrad biogk,
different from all olher controd blocks i the sysiem, and associating it with the shared
poirter. Al slep 318, the method may include obiaining the second pointer based on
the first pointer, The zecond poinler may be oblained, for examplie, by creating a weak
pointar copy of the shared pointer, which is obiained based on the first politer. Al step
320 the method may nclude adding the second pointer o the cache. Msthod 300 may
sverifually conlinue o step 310, where method 300 may stop.

{00331 The cache may comprise two levels and may include g thread-iocal cache
and & globat cache. A thread local cache may be oreated for each program thread
using the GO managed heap and may only be accessed by the program thread ihweas
gcrealed for. The thread local cache mwy be created on demand. The fhread-iocal
cache may also include an immiuiable reference 1o the process’s reference {able, an
rnmutable reference o the globatl cache, a fixed-sived arvay of weak references and
an integer or other indication of & drst empty slot of the reference table in a free list of

amply slofs,
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{0341 The giobal cache may be associated with & pluralily of threads using the GO

'w'
T
5

managed heap. are may be a single global cache per opersting sysiem process

conlaiting threads using the GC managed heap. The global cache may include a
fixed size array of enties, sach of which comntaing a weak reference and a flag. The
fiag may he used 1o ensure that ondy o thiead al & fime s accessing an enlry in

reference fable, An example fiag thiat may be ysed & an alomic_flag suipported by the
G+t programming language. The atomic_flag in C++ 8 an objert that supports the
oleary } and the fest_and sef {joperations. The ofeary } operalion alomicaly sels the
atomic flag to falze and the fesf_and sell } operation atomically sels the fag o ue
and returns the prior value, If the fest_and celf } operalion on a given atonie_fiag
ghifect refums a false value, this indicales that the invoking thread was the first I
invoke the Gpﬁf&iiﬁn on the ohiect o the first 1o do so after the cleary } operation was
invoked ot the objecl. The glchal cache may further include a collection of free Ksiz
of emply slofs {2.q., indications of the first sinls of such free lisls). When thread-locat

caches are destroved {eg., upon fhread axif}, thelr associated free lisls, when non-
emply, may be added tv the global cache’s collection of free lisls

D035 When corwverting the garbage coliecior pointer {e g, the first painter fo the
shigred pointer, a lookup operation may be performed by & local cache handier inthe

thread-iocal cache of the ttwead. The lookup operalion may accept the garbage

%

coliector pointer as an argument and return the shared pointer. I the value of
garbage collecior poinfer is null, a null shared pointer may be refumed. i the value
of the garbage coliector pointer & not null, the locsl cache handler may obiain 3 bare
painter {e.g., 8 G4+ T7 pointer) 0 the obect the GO pointer poinds o, The eal
cache handier may then delermine the index inlo the amay corresponding o the bave
pointer. The index may be delermined by converting the Dave pointer {o 3 number,
performing shift operalions on the number o remove gty low-order Bits known {o be
zero due o the in-memory alighment of the obiect pointed 1o, and Bking the modulus
of the resulling number with the gmay size.  In example implementations i which
the thread-local cache’s array sizge is constrained o be g power of twy, this moduius
may be perfanmed by means of a bitwise AND operation using the appropriate bit
mask. The weak painter contained at the index in the thread-locabcache’s weak
poirder array may converted o g shared ponler (8.9, by the G+

weak pir<T>fock(} funclion;
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{0381 the value of the resulling shared poinfer s null, the array sl may be
emply of i may contain a weak pointer o an object where the iast shared poirder
associated with the weak pointer's reference count was destroyed. I the value of
the shared pointer is not equal to the bare pointer{fe.g, Fdisndl or fpoints o a
different object than does the garbage collector pointer), then it can be determined
that the thread-local cache doas not confain a weak pointer referring o the correct
ohiect, since there {5 anly ane index thatl such 8 weak poinler couid reside &t Inthis
scenaric, the local cache handler may request the global cache handler to parfon

P

fookup operation in the globa! cache based on the bare politter. Specifically, the
meihod 300 may include delermining hat the thread-logal cache does noteontain a
second pointer d.e. as discussed above it regards 10 step 304} and determining that
the glohal cache containg the second pointer. The mathod may further include
adaing & value based on the second pointer 1o the thread-local cachs.

{00371 The nokup operation perfonmed by the global cache handier will be
discussed in furthey delall balow. The global cache handier may retum the restdt of
the iookup operation o the locsl cache hanaler as a shared pointer. | the shared
painter recaived from the global cache handler matches the bare pointer, the local
cache handler may pul & weak painter copy of the shared poinfer in the thread-oeal

cache's weak poinder array &l the index previousiy computed. The local cache

s

handier may retum the shared politer, which may be either the shaved pointer found
during the thread-ocal cache loakup operation or the shared pointer received from
the global cache, as the resull of the lookup operation. The weak politers in the
thread-local cache and global cache may refer o objects as being of & common
type, which may be a base Yype in 8 hlerarchy of ypes  In some examples, when the
type of object referred I by the garbage collector type passed ih a3 an argument io
the thread-locs! lookup operation differs from that of the shared poirder defermined
by the local cache handier, the jocal cache handler may cast the sharad pointer io
the appropriate shared poinfer type {e 3., corresponding to the GO pointer fype) and
refurn the resuting shared pointer,

a3
N

{00381 A tockup operation may be alse be performed in the gs@ al cache by 3

>

global cache handler. The global cache’s lookup method {akes a {(bare) poinder &
the object a8 a parametler and a creation function and relns a sharved pointer o the

ahjecl The creation funclion may creale g sfored poirder based on a GU poider
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{£.g., the G pointer Known 1o the local cache handler) and insert it into the
referance table. The creation funclion may further create a shared poirder pointing

to the same chiect as the GC poinder and associaled with 8 new condrol blogk nnt
associated with any other shared pointer. The creation funclion may relurn the
cregted shaved pointer. The gicbal cache hanadier may determine {e.g., by means
similar o those usad by the local cache handier 1o determine an index) the index info
the giobal cache’s array comresponding o the pointer, where the indey uniquely
fdentifies an entry i the global cache’s array. The global cache handier may then
request an exclusive access {0 the dentified entry by attempling 1o set the anliy's

d self}

e

flag. For example, the global cache handier may iwvoke the fesf and
aperation on the atomic flag corresponding to the enlry. An exclusive access means
that no antity other than the enfity with exclusive access can access the enfry. in
attwer words, if the global cache handier has exclusive aocess to the dentified entry,
no other entily can access the identified entty. An exclusive may be usefid in
preventing other entiies (e other procasses, threads, elc. from accessing the enliy
guring the oakup operation, if the result of this operation is a Wue valug, indicating
that the fiag was set prior to the nwocation, the global cache handler may infer that g
global cache handier operaling iy angther thread has acguired exclusive acoess o

the erdry. H the resull of the operation is false, then the invocation changed the fiag

from unset {o set, and the giobal cache handier operating in this thread has acguired
gxrhisive access 1o the entry.

{00381 i exclusive access has not been acquired, the glohal cache handier may
irfer that ancther thread is curerdly using the antry and that it is therefore ynsafe for
this thread o do so. In this s%iuaﬁ-zm‘ the global cache handier may invoke the
creation funclion and retum the resuiting shared poinler. As a side-effect of invoking
the creation funclion, & stored pointer may be oraated and added {0 the reference
table. ¥ exclusive access has not bean acquired, the giohal cache handler may
retum from the ookup operalion withowd dearing the enlry’s flag. ¥ exclusive access
o the eniry has been aoguired, the globatl cache handier may obisin a sharad
pointer based on the weak poirder contained it the entry {8.g., by means of the O+

weak_ pir<Triockd) method) 1 the resulting shared pointer refers to the same

b2

ahifedct as the pointer parameter, then the global cache confains a pointer {fe the

weak pointer} in the objedt, and the global cache handler may relinglish Bs exclusive



WO 2017/095367 PCT/US2015/062931

13
acoess 1 the entry {e.g., by cailling the cleary) method on the entry's flag) and retum
the shared polrtter. if the resulting shared pointer does nof refer to the same object
&s the pointer parameter, then the giobal cache handier may call the creation
funclion to create a new shared pointer referring o the obiecl. 4As a side-sffect of
invoking the creation funclion, a stored pointer may be created and added o the
reference {able. The gicbal cache handier may create a weak poirder hased on the
shared poinfer and may store the weaak pointer 31 the enfry. H may then relinguish its

gxolusive acness 1 the entry and relurn the shared pointer. Specifically, the method

00 may include identifying an entry in the global cache assooinied with the first
pointer, requesting an exclusive access 10 the enlty, oltaining & weak poinler

assaciagted with the entry and relinquishing the exclusive access

{00481 FiG. 4 is a Rowcha! of an example method 400 for managing objects stored
in the mamory of a computer system. Meathod 400 may he desaribed below as heing
exscuted or performed by & systern, for exampde, system 100 of FIG. 1, system 500 of
FIG. & or system 800 of FIG. 8. Other stdlable systems andfor compiing devioss may
be used as weall. Method 400 may be inplemeted in the form of exscutable inshruclions
sfored on &l least one machinereadable storage medium of the syslem and execuied
bey at least one processor of the system. Alternatively or in addition, method 400 may be
implemented in the form of sleconic circuilry {a.g., hardware) In slitemate exampilas of
the present disclosure, af least one step of method 400 may be axecuted substardially
concurently or in a different order than shown in FIG 4 In allermnate examples of the
present disclosure, method 400 may include more oF ess sleps than are shown in FIG.
4. b1 some sxamples, at least ane of the steps of melhod 400 may, al cerlain times, be
ongoing andfor may repeat.

041 Method 400 may start at step 402 and continge 10 sten 404, where the method
iy include receiving a first pointer (o an oblect. The first pointer may be, for ex:ﬁmpie,
3 garbage collecton pointer. The garbage collection poirder may belong o 3 olass of
an object orjented wnguage. The objec! may be stared in a GO managed heap.
step 406, the melhod may include ensuriy that a stored pointer (o the object exisls in
& reference table.  The reference lable may be a mulli-level fable. Ensuring that the
stored pointer o the object exisls in a reference able may further include identifving
a sint in the reference {able as an unused siol, claiming the slef, constructing the stored
pointer based on the first pointer ana storing the stored pointer in the siot. Al step 408,
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the method may include oblaining a shared painter o the obiecl. The shared painter
may have an assockyted reference counl. The reference courd may be associated
with iformalion sufficient 1o locate the stored pointer in the reference table. At step
£10, the methnd may include modifving the reference count o indicate a number of
copies of the shaved pointer within a computer system. The number of instances may
include the shared pointer and each copy of the shared pointer. A step 412, the
method may include determining that the reference count indicates that there are no
remiaining copies of the shared poinler in the computer systent. Al step 414, the
meihod may include repnwving the stored painter from the reference lable. Blep 414
may be performed wpon making the delermination i step 412,

{0421 FIG. 5 s a blook diagram Hustrating one exampls of a processing system
500 for implementing the system 500 for managing objects stored i the memory of &
computer system, Syslem 500 may include g processar 502 and a memaory 504 that
may be coupled o each ather through a communication 8nk {e.g., a bus). Pm::ﬁs&ef
502 may nciude g Central Processing Unit {CPL or ancther suitabie processor. in
some examples, memory 504 slores machine readable instructions execuied by
processar B2 for systent D00, Meamory 504 may include any suifable combination of
vodatile andfor non-volatiie memory, such as combinations of Randont Access Meamary
{RARM}, Read-Ondy Memory (ROM), flash memory, andior other suitable meamary.
{00437 Memory 504 stores instructions o be execuiad by processor 502 including
instructions fora pg,, inter recaiver 510, cache handier 512, pointer creator 514, referen

o

o
count modifier 516 and pointer remover 518, The componeants of systent D00 may be
inplemeniad in the form of execuiable instructions slored on at least one machine-
readable storage medium of systern §00 and sxecuted by &l least one processor of
system 500, Altematively or in addiion, sach of the camponents of syslem 500 may be
implementad in the form of atieast one hardware device including slectronic circuitry for
implementing the Rinctionaiity of the comporeant.
{00441 Processor 882 may exscule structions of pointer recelver S02 o recelve a
firsl pointer 1o an object, The first poinfer mwy be, for example, a garbage collection
pointer. The garbage collection poirder may belong 1o a olass of an object otientad
language. The object may be storsd in & GO managed heap. Procsssor 502 may

sxacute instructions of cache handier 804 1o delerming that a cache doss not contain

g second pointer (o the object. The cache may include a thread-ncal cache associated
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with a thread within the computer system and a global cache assaciated with a pluraiity
of threads within the computer system. The plurality of threads may include the thread,
Frocessor 502 may execule instructions of pointer crealor 508 o oreale a slored
painter and a shaved pointer corresponding 1o first painter. The shared pointer may
have gt associaled reference counl. The refergnce count may be assaciated with
information sufficient {o locate the stored pointer in the reference table. Processor 502
may execuie instructions of reference count madifier 548 1o modily the reference count
to indicate a number of instances of e shared poinfer within the computer system.
The number of inslances may include the shared pointer and each copy of the shared
poinfer. Processor B0 may execule instructions of pointer remover 514G o remove
the stored pointer fromn a reference table when the reference court indicates thal there
gre no remaiing instances of the shared pointer in the computer systemn, The
reference {able may be a multi-level abile.

{00451 FiG. 8 s a bioey diagram of an example systent 800 for managing objecls
siored it the memory of 8 computer systent. Syslent 800 may be similar to system 160
of FIG, 1, Ior example, In the axample Hiustrated in FIG. yatem 600 includes a
processor 802 and a machine-readable storage medium 804, Aiﬁmugh the Bilewing
descriptions refer to a single processor and a single machine-readable slorage medium,
the descriptions may also apply 1o 8 system with mudliple processors and mudliple
pwchine-regdabie slorage mediums.  In such sxamples, the instructions may be
disiribuled {8.g., stored) acmss multiple machine-readable siorage mediims and the

£ o

Fistructions may be distibuted {g.g., execuled by across mulliple processors.

{30481 Processor 803 may be ong of move centrdl processing unds {CRUs),
microprocessars, anddor other harddvare devices suilable for refrieval and execution of
mstroctions stored in machine-readable storage mediun 804, I the example Bustrated
in FIG. 8, processor 602 may felch, decode, and exeaiile instruclions 806, 808, 614G, 612,
£14, 610 and 018 for managing objacls stored i the memory of & compiiter sysiem.
As an allernative or in adddion o retrieving and esecuting instruclions, processor 8072
may nolude one of more elecionic circulls comprising & number of eleclonic
componenis for performing the funclionalily of at least one of the instructions i machine-
readable storage mediunr 604 Wilh respect o the execudable  insbuchion
represendations {e.g.. boxes) deseribed and shown herein, § should be undersiood that
part or all of the execulable instruchons andior electronic cireuils included withinn one box
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miay. in alternale examples, be included in a different boxshown in the igures oy in g
gifferant box nol showa,

{30471 Machine-readable storage medium 604 may be any elechronic, magnetic,
optical, or other physival storage device that stores executable instructions.  Thus,
machine-readable storage medium 604 may be, for exampﬁe, Random Access
Memory {(RAM), an Eleclrical iy«Emmb%e Programmable  Read-Only  Memory
{EERFROM), 8 slorage drive, an optical dise, and the ke, Machine-readable storage
medium 604 may be disposed within system 800, as shown in FiG. 8. In this situation,
the execulable instuctions may be “instafied” on the system 800, Allernatively,
machine-readable slorage mediurm 604 may be a ponlable, external of remote storage
mediun, for example, that allows system 800 o download the nstruclions from the

%

poriablefexiernaliremole slorage medium. in this stuation, the exacutable instruction

gy be part of an "instaliation package”. Az desaribed hereilt, machine-readabie storag

<

medim 804 may be encoded with execidable instuctions for using pointers in a
memory managed systent.
{00481  Referring to FIG. ©, pointer receive instiuctions 806, when execlled by a
processor (8.4, 802}, may cause syslem 800 o receive a first poinfer. The first pointer
may carrespond o an object. The object may be stored in a GO managed heap, The
first pointer may be, for exampie, a garbags coliecion painter. The garbage colieclio
poinder may belong o & class of an ofject orented language. The reference {ahle
may be a puili-level labde. Local cache nstructions 808, when exaculed by a processar
{2.g., 802}, may cause system 800 to determine that no polnter corresponding o the
first pointer exists in 3 local cache. The local cache may corespond 1o a thread using
the first pointer.  Global cache instructions 810, when execuded by a processor (&4,
623, may vause systern 800 o determine that g second poinder corresponding to the
first poinder axists it & global cache. The global cache may comespond o a plurality
of threads including the first thread shanng & centrally managed data store.
{0481 Poinler create nstructions 812, when execuled by a processor {eg., 802,
may cause system 800 {0 create a stored pointer and a shared poirder corrasponding
to the fivst politer, the shared p@iﬁtes wving a reference cotil. The shared pointer
may have a reference count. The reference count may be assooiated with iiformation
sufiicient 1o locate the stored pointer in a reference table. Poinfer add instrichions

614, when sxeculad by a processor (8.4, 803}, may cause syslem £00 to add the
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siored poiter o a reference {able. Reference count modify instructions 618, when
execuled by a processor {g.g., 802}, may cause system 600 fo modify the referance
cotitt o indicate 3 number of nstances of the shared pointer within the compider
systerry. The number of instances may nclude the shared pointer and each copy of

the shared pointer, Polder remove instiuctions 818, when exscuted by a processay

&.4., 802, may cause system 800 o remove the stored poirder from the reference
table when the reference count indinales that there are no remaining instances ot the
shared pointer in the computer system.

{30501 The foregoing disclosiye desoribes @ numiber of examples o managing
objects stored i the memary of 8 compider system. The disclosed sxamples may
mclude systems, devices, camputerreadable sforage media, and methods for using
poinders in & memory managed system. For purposes of explanation, ceriam examplas
are desoribed with reference 1o the components Blustrated in FIGS. 16, The funclionahty
of the #lustrated components may ovenap, however, and may be present in a fewer
greater nuynber of elements and components. Further, all or part of the fJunclionaily of
flustrated slemends may co-exist or be distributed among seversl geographically
dispersaed locations. Further, the disclosed examples may be implemented in varfous

envirarrnents and are notl imiled o the diustrated examples.

&

U051 Further, the sequence of operations desaribed n connechion with FIGS. 4
are exampies sl are nol interded {0 be limiting.  Addilionsd or fewer operalions of
continations of operations may be used or may vany without d‘epaﬁiﬁg fom the scope
of the disclozed examples. Furtherore, implementalions consistent with the disclosed
exampies need nol perform the sequence of operations in any parficular order. Thus,
the present disclosure mersly sets forth possible ﬁmmg}i of nplementatons, and

rany varations and modifications may be made to the desaribed exanpies
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CLams

1. A method comprising:

receiving a first pointer to an object;

gnsuring that a stored pointer i the objec! exisls in a reference labie;

abfaining a shared pointer to the objedt, the shaved pointer having an
associated reference cowy;

modifving e reference count to indicate a number of copies of the shared
poirter within a compuder systeny;

determining that the reference courd indicates that there are no remaining
copies of the shared pointer in the computer system; and

resnowving the stored pointer from the reference fable upor making the
determination.

2 The method of claim 1, further comprising
anumera%mg each painier in the reference fable, wherein each objedt pointed

to by an enumerated pointer is considerad 1o be a live object by 3 garbage collecion
3. The msthod of olabn 1, wherein the reference count is associated with

information sufficient to focate the slored polrter in the reference {able,

4, The method of claim 1, further conpnsing:
determiring whether a cache conlains & second poider o the object

whearain if # is determinad that the cache conlains the seco pu:?ie*
n the cache, that the

inferring, based on the second painter baing
reference table containg the stored pointer; and
oblaining the shared pointer based on the second pointer;
wherein ¥ it is delermined that the cache does not conlain the second poinier
obtaining he stored pointer based on the first painter;
inserting the storad poinler in the referance tabie;
ghigining e shared poirder based on  the first poirder
obliaining the second pointer based on the first painter; and

addding the serond pointer o the cache.
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5. The method of claim 4, wherein the determining whether the cachs conlains
the zecond poinder further comprises:
ghiaining a weak politter associated in the cache with the first pointer;
ablaining a third pointer based on the weak pointer;
determining whether the third poinier pointz {0 the object] and
upon determining that the third polvter points 1o the object, compuie the

second pointer based on the weak pointer.

8. The method of claim 1, whergin the cache comprises g thread-local cache
assnciated with a thread within the compider system and a glohal cache assodiated
with a phurality of threads within the computer systern, wherein the plurality of
threads includes tha thread, the method further comprising:
determining that the tyead-local cache does not contain 3 secord pointer o
the abject;

determining that the global cache contains the second pointer {0 the object;

and
adding a value based on the second pointer {o the thread-local cache.
7. The method of claim &, further comprising:
identifying an enlry in the global cache associated with the first pointer;
requesting an exclusive access (o the anlry; and
obiaining a weak poirder associated with the enlry; and
refinquishing the exclusive access.
8. The method of claim 1, wherein ensuring that the stored poirder o the objedt

axists in the reference fable comprises:

“
2
o]
oo
%
i
[74]
&
£
2,
&

identifyving a slotin the reference iable &
giming the siot

consiructing the stored poinder based on the first pointer; and

storing the stored pointer i the sint

8. The method of claim 1, whereitt the reforsnee {able is a multi-level tahie.
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A system comprising:
7 pointer recelver {0 recelve g first poirder o an object;
a cache handler fo delermine thatl a cache does not contain a sscond pointer
o the ohject;

a pointer crestor 1o create a stored pointer and a shared pointer
corresponding o first pointer, the shared pointer having an associated reference

¥

oount
7 referance couni modifier o modify the reference cownt tv indicate a numbey
of instances of the shared pointer within the computer ; tem, where the numbey of

mstances include the shared pointer and each copy of the shared pointer; and
a poinder remover o remove the stored pointer from a referance table when
the reference count indicales that therg are no remaining instances of the shared

poiter in he computer system.

1. The system of claim G, wherein the reference courtt is associated with

fonmnation sufficient o bcales the stored pointer in the reference lable

Py

2. The system of claim 10, wherein the cache comprises a thread-local cache
gasociated with 8 thread within the computer system and a global cachs assodiated
with a pluralily of hreads wilhin the computer system, whereain the pius‘a%it‘f af

threads includes the tiwead and the cache handler is further o

determing thal the thyead-local cache does not contain a second pointer o the
ahifect;

determing that the global vache contains the second p nter o the object; and

add 1o the tread-locs! cachs a valus bassd on the first poinder,

13, The sysieny of claim 14, futther comprising a pointer enumerator {o enumerate
each pointer it the referance 1able, wherein sach ohiedd pointed o by an
enumerated pointer s considered {0 be a live object by a garbage collector.
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4. Anon-ransitory machine-regdable storage medium conprising inslructions
execiiable by a processor of a compuling device, the machine-readabie storage
medium comprising structions o:
receive a first poinley corresponding o an object
determine thal no politer comesponding 1o the first pointer exists in & iocsl
cache, the local cache coresponding 1o a first thread usi g; the first poirder;
determine thatl a second pointer corresponding o the st pointer exists in g

glohat cache, the global cache corresponding o a plurality of hreads including the
first thumad sharing a centrally managed dala store;

cresie a siored pointer and a shared pointer coresponding to the fivst pointer,
the shared pointer having a reference sount;

add the siored pointer {0 1 reference table;

modify the reference count {o indicale 3 number of instances of the shared
poirter within the computer systarm, where the number of instances include the
shared pointer and each copy of the shared pointer; and

remove the siored pointer from the reference table when the reference count
mdicates that there are no remaining instances of the shared painter in the compider

systeny.
148, The non-ransitory machine-regdabie storage medilam of claim 14 further
comprising instructions 2

identify an entry i he global cache associated with the Hirst pointer;
regquest an exclusive acness o the enlry;
ablain & weak pointer assaciated with the enlry and;

inquish the exclusive access.
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