AU G, 2004 ALLOCATI NG MEMORY BASED ON MEMORY DEVI CE ORGANI ZATI ON
CROSS- REFERENCE TO RELATED APPLI CATI ON This application is a;

continuation-in-part of U S. Patent Application -5 Serial 3@9/5;%429@51
which was filed on Decenber, 29, 1999, and is entitled "ALLOCATI NG ’
MEMORY. " Background of the Invention Enbodi ments of the present invention

provide a nmethod an to apparatus for allocating nenory for use by a
graphi cs processor. More particularly, enbodi ments of the present

i nvention-provide an apparatus and nethod for sorting portions of nenory
being all ocated based on nenory device organization. A graphics processor
requires | arge amounts of contiguous 15 nenory for processing and

di spl ayi ng i mages. Dedi cated "graphics" nenory nay be provided to neet

+ this requirenent; however, this additional nenory increases the costs

associated wth graphics processing. Another approach is to allocate
operating system (or "system') nmenory for use by the graphics processor.

_ Traditionally, this approach required "l ocking down" 20 | arge anpunts of
system nmenory for exclusive use by the graphics processor. The operating
systemwas often left with an insufficient amount of nenory as a result. 1

examl 5, Sy M OB A O B R Y D R A e s, Each

menory device may be in an active state or an inactive state. The tine it
takes to access a nmenory device that is in an aC|v% s]tg is less than
the tine it takes t REGERENGE TARELATED APPLICATI

This application is a continuation-in-part of U.S. Patent Application
5 Serial No. 09/474,651, which was filed on December, 29, 1999, and is
entitled “ALLOCATING MEMORY "

Backaround of the Invention

Embodiments of the present invention provide a method an
10 .apparatus for allocating memory for use by a graphics processor. More
particutarly, embodiments of the present invention provide an apparatus and
" method for sorting portions of memory being allocated based on memory
device organization. - |
| A graphics processor requires large amounts of contiguous
| 15 memory for processing and displaying images. Dedicated "graphics™
memory may be provided to meet this requirement; however, this additional
memory increases the costs associated with graphics processing. Another
approach is to allocate operating system (or "system™) memory for use by
the graphics processor. Traditionally, this approach required "locking down"
20 large amounts of system memory for exclusive use by the graphics

processor. The operating system was often left with an insufficient amount

of memory as a result.




I nactive state. In sonme systens, a nenory device will transition to an
inactive state after each menory access unless that nmenory device is also
accessed in the next cycle, in which case it will stay in an Vi veustatie
at least until the next cycle. 10 Brief Description of the Drawings Fig. |
Is a view of a conputer on which an enbodi nent of the invention may be

| npl enmented. Fig. %i a flowhart, showin rocess. for allocating nenory
toa 15 gr aphi cs _Véieée%?magcﬁ?%Pﬁ&“%’@?@eﬁr%‘a‘Pﬁ%? MHMPHe i nvention.
Fig. 3is gHRliQa( #b@@fa%ﬁblbbggs@m«f«@ma?Wbe%bsém&%dm@‘ow of

al l ocated according to one enbodi nent of the invention. Fig. 4 is a block
di agr am t hdbRANbdeyicesnEaghuimempry Hevicesnay beiis anadtive state dreared on nenory
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25 availabl e portions of systemnenory and allocating the avall able

portions ofinactivt stateTelsgm e Gystemg raplenasy plevieswillitraritioytd Ae advant ages
of this aspect nay be one or nore of the following. Identifying avail able
portions ofinacive datgatier sachmemony aeceag unlassdhat/ aiemaly «gyite ISFEC makes it
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of dedi cat agagt Uity neRpycdeed by the graphics processor can be reduced
wi thout substantially adverse effects to the operating system Another
aspect B¥ the invention relates to allocating nmenory

. Brief Description of the Drawings

Fig. 1 is a view of a computer on which an embodiment of the
- invention may be implemented.
Fig. 2 is a flowchart showing a process for allocating memory to a
15 graphics processor according to one emboediment of the invéntion.

Fig. 3 is a block diagram that shows, conceptually, how memory is
allocated according to one embodiment of the invention.

Fig. 4is a block diagram that shows, conceptually, how memory is
allocated based on memory device organization according to a further

20 embodiment of the invention.

Description
In general, in one aspect, the invention relates to allocating

memory for use by a graphics processor. The invention features identifying
25 available portions of system memory and allocating the available portions of
system memory to the graphics processor. Among the advantages of this
aspect may be one or more of the following. Identifying available portions of
system mémory and allocating those available portions makes it possible for
the graphics processor to use system memory without "locking down" large

30 portions of that memory beforehand. As a result, the amount of dedicated



based on nmepory organi zation. This aspect of the invention features 5

I denti fying avail able portions of system nenory and all ocati ngﬁtﬁﬁe&&j‘{; 200
avai l able portions of -systemnenory to the graphics processor—based at

| east in part on the devices in which the available portions are | ocated.
Anong the advantages of this aspect may be one or nore of the follow ng.
| dentifying available portions of system nenory and all gcatjng the

avai | abl e prerhonymegoiredbyshetgsaphiosrprocassor fan §edpAvead WitheEssor based, at

|l east in part on.the devic [N ich the aval.lable portions are | ocated,
i ncreases tSHBStl?_GHBE\Y agYer_Sﬁ&t%@%S RS @98@‘%‘ es that are in the active
state. Because It Aﬁoth‘é‘r"a%tﬁéétchQhéﬁﬁ%?ﬁioﬁ&g@té!s tdallodatingmemongt i ve state
than it is to access nmenoty In an inactive state, as a result of this

- aspect of taged Dremenwry ohgariibatiorer This aspeot of theoeventianieaiwedecr eased.

Ot her features _and adyantages of fhe invention w|l Ill beco es\?@%ﬁé‘t from
the fol ISowidenttivingavaiiable Rathors aUeyREM Memery and aligcd e I's shown
_on which an_enbodj f | LOR: e Shri KIFesed. ot (@49 4 Bartl0

i ncl udes | r?ﬁﬂtt'o'lfe{)/i eg?'ﬂsrﬂ%'ﬁ%%{d%%?gggrﬁ)r%@%nd m)usea 12, ang a di splay

screen 14, MBHERSS intWihiteshe abailable pbrizmspanedacatedf Aroopathe 10 are
shown in view 15. These include one or nore busesﬁéG, . roiéesri[ﬁ@ 17,
graphi cs prasvestagesid thistasnegtmaydes ane 20 marpidhe W‘EQZ enli¥RY9as a RAM

" Rand A Me " d ' : [ 20 i
' comut er vanapgratas bt AemdhBRY FoYIREAIAS the AvaldbigpeniRdiefn 20 1S
operati {19 %?ége‘gﬁ‘n?égo%hhé%r%ﬁibgfﬁ%éésrsbr bYéedox=88étrih; parbopiiieer gr aphi cs

| on , and conp

Lapplica uter instructions 27 for allocating nenory for
use by gr apiEvicespnodEck the #vailabiephrtions aedeeatedr incteasesthginieRR flessor or

e e opsnees Hrheriony v Rasdn2tal ARRL G106 Seh&! Bdlakifis(not shown)
quicker to access memory that is in an active state than it is to access
memory in an inactive state, as a result of this aspect of the invention the

15 overall memory access time is decreased.
| Other features and advantages of the invention will become
apparent from the following description and drawings.

In Fig. 1, a computer 10 is shown on which an embodiment of the
invention is implemented. Computer 10 includes input devices, such as

20 keyboard 11 and mouse 12, and a display screen 14, among other things.
internal components of computer 10 are shown in view 15. These include
one or more buses 16, processor 17, graphics processor 19, storage
medium 20, system memory 21, such as a RAM ("Random Access
Memory"), and graphics rﬁemory 22.

25 Storage medium 20 is a computer hard disk or other memory
device that stores data 24, an operating system 25, such as Microsoft®
Windows98®, computer graphics applicétions 26, and computer instructions
27 for allobating memory for use by graphics processor 19. Graphics
processor 19 is a microprocessor or other device that may reside on a

) 30 graphics accelerator card (not shown) on computer 10. Graphics processor




19 executes, graphi cs applications 26 to produce inmagery, incl uog gg t\‘/j‘ d‘%g
S

based on data 24. During operation, graphics processor 19 requi »‘ﬁdﬁfEnf{)--%/
to process data 24 and to generate inmages based on that data. In this 5
enbodi ment, both graphics nmenory 22 and portions of systemnenory 21 are
used by graphics processor 19 for these purposes., A process 29 for

dynam cal |y ' | ileSvi wn in
Fig. 2. Pr oﬁé‘g%@?? F?{%ﬁg%ﬁ%@{/@%@%g@?ﬁﬂcﬁgﬁs aﬁ%ﬂ%ﬁggéﬂaggocessor
17. 10 To psegidonalat®@dry nmanager driver (not shown) in conputer 10 nekes

a determnation as to_how nmuch nmenory it will need tQ execute a given
graphi cs appl i cat i dPHrNNchePeRatioe, JtapbYrS BioseraRetY EERUFSJEEMAY 1@ he

requi red ampunt _of r Pr 2 & ' ' e ..17) receives _
(201) e reitess oo 28 o COaR B R Y A T s 1 por i ons -
of graphkcsemBeRINieR bof §@apHidieatbry @288nd baRitingsof sysRin Widmhpnt 21 _

gr aphi cs processor 19. This may be done via a nenory map, as described in

nore det ai | atgelisad by igrapricapmeasser 19¥al theisepurpeses, AProeeghilomenory 22 -

i fficient t tisfy.th t f aphi 19 .(203),

memory | 20 QMR A SRR tPReHERS PrECempr S8 PR Daval | abi e

graphi cs megpyy (ﬁr%bs? E@%?rﬁﬁlgﬁ?erﬁbh‘bgﬁhgﬁu&@s@ﬂ&;rﬁ% bhqiteceésgryst em
or eficit nount o

menory 21 tG0 make up the d graphics nmenory. To this
end, proces$729 identifies (204) available portions of systemnenory 21..
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provi ded bygiQeR'grapiigs sippliesticth The deiler theroiormaltites aoequast fabliee
required amount of membry. Process 29 (executing in processor 17)
receives (201) the request and, in response, allocates (202) available
15 portions of graphics memory 22 (also referred to as graphics "aperture”) to
graphics processor 19. This may be done via a memory map, as described
in more detail below.
If the amount of available memory in graphics memory 22 is
sufficient to satisfy the request from graphics processor 19 (203), memory
20 allocation process 29 ends. [f there is not sufficient available graphics
memory (203), process 29 allocates availiable portions of sysiem memory 21
- to make up for the deficit amount of graphics memory.
To this end, process 29 identifies (204) available portions of
system memory 21. Process 29 requests (204a), and receives (204b), the
25 locations of available portions of system memory 21 from operating system
25. System memory 21 is addressabie in "pages" (or blocks), each of which
is about four KB ("KiloBytes") in size. The locations of available system
memory provided by operating system 25 therefore correlate to available

pages of memory. These pages may be contiguous portions of system




- of system pemlny of Gyateet memorye fararse kiegiapbics RrOsPsEY at% dPas§dral

pages of nepory. These pages nmay be contiguous portions of system mnenor
or, alternatively, they may be discontinuous portions of systeiﬁp%rﬁé}ﬁ)rﬁﬁﬂ%l.
i n one enbodi nent, process 29 allocates (205) the-available portions of
system nenory, for use by graphics processor 19, based at least 5 in part
?Tgt}]hg d]?w c-efs wher e tﬂe av?i | abl e portions are |ocated. According to one
od of performng this allocation rocess 29 generates a nenor
t he avai | aleengupmor; @Itm‘nafw@y,sth@mm@hb@;?dif(ogﬁ&ln%u%ga'ﬁ'ﬁﬂéﬁr?&ﬁﬁ"} 2%, irr?p Ho
applicable). The all | ocation of available portions of system nmenory
accor di ng.‘f”@"iq‘wg met hod may include first identifying (205a) the nenory 10
device for each Of;deﬁ% SrRBSHNRSht! SRREESNS. albestes (R0B) thecaiailabld ocat i ons may
be -sorted (205b), based on the identified nmenory devices, so that portions
i}e"i’g"}rgaphi cs

processor as conti guous. add . S ' he | ' y i
Bntr | a3t hilt PEPRABBSIRYICES WiRIel e AVRURAS harions, A RereS, RearaReid’ (Re 15

L ocati ons g Bl LRl brBAnI N ociBRPboce8I LY @ineratusea by Lo the

avai |l abl e B 'ons"of "systemnenory nay bucket sorted based on the
menory devi tehReeaveiiablel portionabesystemt mamarp (amdisglaphieedediPy he sane

devi Lt T f :

Sgﬁzéiniﬁfz%%ap%é;ﬁ@)? 3 PlogaRiY SRR REoNS oYMV by pr ocess
and programmed. | ' FRYAR A

To. “The t aBPe AT B e e B et i (20 e e b ocess.

29 reprear aR%ick #sr &akH 6f thEvecBR@d lbedtighsiepextpthsiacaived Idcstiams MaMous

iportions of system nenory 21 and graphics nmenory so that, they..
~ graphi cs pbecestedr(202b), based arethe ig fat &Hgﬁgear to

addresses provided from graphics .or P MQ@ Efeter uous
avail abl e Q{,gy%mmcgyy%qczﬁed 5% REQSHSS bvikd 6 QIBEAREctRe RAGSSCOT
processor as contiguous addresses. Sorting the locations means sorting
entries that correspond to the locations; the information stored at the
15 locations is not itself sorted. For example, entries cdrresponding to the
available portions of system memory may be bucket sorted based on the
memory device where each is located so that portions located on the same
device are written to adjacent entries in a memory page table.
In one embodiment, the memory map is a page table that is
20 generated by process 29 and programmed into an internal memory (cache)
30 of graphics processor 19. The tabie itself may already exist in cache 30,
in which case process 29 reprograms the table.
The page table maps physically discontinuous portions of system |
memory 21 and graphics memory so that they appear {0 graphics processor
25 | 19 to be a single contiguous memory. Contiguous addresses provided from
graphics processor 19 are mapped to pages of available system memory 21
(and, possibly, graphics memory 22), without regard to whether those pages
* constitute contiguous memory. This concept is illustrated graphically in Fig.
3. There, graphics processor 19 outputs read/write requests 31to

30 contiguous memory addresses. These requests 31 pass through page table




(and, possiply, graphics nenory 22), w thout regard to whet her .tgos,(?ﬁ paeges
constitute contiguous nenory. This concept is illustrated graprﬂ a"FUH';v/ g
Fig. 3. There, graphics processor 19 outputs read/wite requests 31 to 30
contiguous nmenory addresses. These requests 31 pass through page table 0 6

- AUG' 2210A 32, which maps the contiguous nenory addresses to discontinuous

pages 34 obp SYRICHITBRERRY cBAGRILL ARy dkldesedltb RABRABbUS Bres

graphics nmenory 22). In this enbodinment; systemmenory 21 is shown as a
singl e nenddyf dgstere mé&meiyg?1 dandpetebtialyk althagghmot Bhowshgrephics '

X Ul . : :
accor di ng. t BeE g A er B ESBPARIE b NS HABAEY e PG oS Iean
enbodi ment | rgm.?', tem menory 21 is inplenented on four menory
devi ces, mf’{c‘]"h a gh?\ﬁ 2

avai | abl @ portions Fify. 4\isadiodOdiagram thatr showd, avaceptuaily ! hew gnemlbne &
processor based at |east in part on the devices in which the available

portions ar allecsted basehsan meARSY éiseviqegqrganlz?ti@m@cg@@m tagpdiessor 19
ronory. o o8 BBHER S fnlenton riots SH8s oy biibodRiEM B20Eh SRS

which are sfenbry2Fisdmplerd8nRRO6S foldrRemdfr Bevidds Cwhidh dfe Idteldd-20, and

34-f. Pages 34-a and 34-d are located in nenory device 210, page 34-c is
| ocat ed i n &7, @nd 289.2iBthipagbodinent, dnrlagailable pertigtaefaystem nenory

devi , d 4- e, | I J ' 19. .1 hi
Sl terat e BRI AR ETOGRiasdo RS S ERRS prtmaser BRFRY ot Rt e Ae not
tshown) cr eagsdcdOln whidh Bk éJé‘ﬂabIé%B&iBh@tQRé’Eﬂ:%%d.' Poﬁ@xé’rﬂpgérhtlﬂ%@t i ve

enbodi ment, the array nmay be created by e operating sys 5. Process
29 then sorshowhgraphiay peaceskat 19 oecaiong dhomsguesbts (g, tth e, daspanddyicce are
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system memory, which are shown in Fig. 4 as pages 34-a, 34-b, 34-c, 34-d,

15 34-e, and 34f. Pages 34-a and 34-d are located in memory device 210,
page 34-c is located in memory device 213, pages 34-b and 34-f are located
in memory device 217, and page 34-e is located in memory device 219.

In this alterative embodiment, process 29 then creates entries in

an array (not shown) created for each of the identified pages. In an

20 alternative embodiment, the array may be created by the operating system
25. Process 29 then sorts the array so that portions iocated on the same
device are written to adjacent entries in memory page table 32. For
exa.mple, a bucket sort algorithm may be used. In the example shown in
Fig. 4, entry 32-a corresponds to location 34-a in memory device 210 and

25 may be the first entry in the array. Because location 34-d is also in memory
device 210, entry 32-d may be placed in the next entry in the array.
Because none of the other identified portions is in memoary device 210, entry
34-c may remain the third entry in the array. Location 34-c is the only entry
in memory device 213, and therefore entry 32-d may be the next entry in the

30 array. Because iocation 34-f is in the same memory device as 34-d

abel ed 210, 213, 217, and 219. In this enbodiment, the ~




Fig. 4, entry 32-a corresponds to |location 34-a in nenory device 210 and 25
may be the first entry in the array. Because |location 34-d is & 8a\ih 7%
menory device 210, entry 32-d nay be placed in the next entry in the
array. Because none of the other identified portions is in nenory device
210, entry 34-c may remain the third entry in the array. Location 34-c is

the only eptioar UdliEs Y7 R8s # IToinB0d i} 4 EERIRNG tile B MBY De the

next entry array. ecause | ocatl on n the Same nmenory

devi ce as Pinaliyo it ARG B Qdcddprthe fasdeniyen 206 prrayt dine3dirdy mayddeced in
the next entry’in the array. Finally, item32-e is placed.in Bﬁ | ast
entry in t it ino grmhiey page e B8 Arcordieg t‘Pﬁf‘B"W&ﬁW%”}?ﬁ% Babl e 32.

According to ot her ..enbodi ment , th vaj ' stem menory
“may be di ré’é’?ﬁ%biﬁl9%8?%89?@?Wem%@%gﬁcégghg(é@gé@%%g%ltﬁ t he devices

| nwhi chy t heyoiRike drosadser bakbl enlthe Tovidesdn wiiisie thidyearepeatedivatrolamount of -
menory has “been al'l ocated, graphics processor 19 perforns its imge

.processi ng sanithgienerati ng functions out of that nmenmory. \Wen graphics

processor 19 no |onger ,needs 10.the all qcated nmenpr ;L 4 sSsues an

i nstruction to pro tB@.apPFW?gg awfﬁr?zﬂ‘ﬁfaﬂnﬁ%%s%’g%{'%%dt he system
Ll fiohe . g q b

menory (a mﬁgﬁéﬁ'ﬁﬁ grée 19 erfPRisats ,ﬁgg%ﬁb%s&ﬁ? aHdi geri@diting done by

re-progra page tabl’e 1n cac so that system nenory is no
| onger avaifladtichs cutgsfabai memay oVWissograrhicsPprmressor2td abdongergwedssed

ool B dneriiapaeamamess E05). iRses ApRBEICHRD ELBEroh S8 BAAFT i onal
or pr oscus BETRn EhreRy B] thy BIHERARARr, SR EIEA0ST® PO° Cceri bed
Wi th respegpdratirly §pstert 25. ThRi mapdeldse By re-programming the page table

in cache 30 so that system memory is no longer available to graphics
processor 19. Process 29 also frees used graphics memory by providing
15 unused graphics memory addresses to a "pool” of available addresses.
When graphics processor needs additional memory, process 29 is repeated.
Pseudo-code for implementing one embodiment of process 29 is shown in
the attached Appendix. ‘
Process 29 is described with respect to a computer that includes a
_ 20 dédicated graphics memory 22. Howevet, process 29 also operates on
" computers that include no dedicated graphics memory. For example, all
memory for graphics processor 19 may be allocated out of system memory
21. In this case, steps 202 and 203 are omitted from process 29, with the
remainder of the process being identical to that shown in Fig. 2. Similarly,
25 memory may be allocated to graphics processor 19 from other memories (in
addition to those shown).
Although process 29 is described with respect to computer 10,
process 29 is not limited to use with any particular hardware or software
configuration; it may find éppiicabi!ity in any computing or processing

- 30 environment. Process 29 may be implemented in'_hardware, software, or a




20 dedi cated graphics nenory 22. However, process 29 al so operates on
conputers that include no dedicated graphics menory. For exanpfe, zablongs
menory for graphics processor 19 may be allocated out of systémnenory 21.
In this case, steps 202 and 203 are omtted fromprocess 29, with the

remai nder of the process being identical to that showm in Fig. 2.

Sinmilarly, 25 & a 9&% ' from ot her
nMenori es (.itﬁomg@%ﬁéiﬁggﬁ%(%%ott S E)s\j\% %Xﬁ%m%ﬁlﬁg@gss pg't%rdescri bed
Wi th respegirobfaragExeteting 8n progreaaiabRScdrfputets tHatieked inciude@ wi t h any

particul ar hardware or software configuration; it may find appligability in
any conput iprgcessyi a@é@@gﬁgngwuahmadﬂ%ﬁ RY thepieeassod gnaiHEINgVG'aiite nent ed

in hard f i.nat| .
26 may bo | 405 ShbiRlAte Merford Avor Hoftoe sEtIR R at ML brkfpdtlo. Process
conputers t&aﬁ?@,aéﬁu bAE bH fiford ol RCRSACEs. Rrdgramiasiamdy s appitabice by the

processor (1 ncluding volatile and non-vol atile mem)%? and/ or storage
el enents), datalesdsteconsing @pubpdt dievice &y perfdrmopeoeassmi? and i@ 98NStRIS ces.
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I nformatio : | d J out put devices, such as display
screen 14. r@i@ﬁt Qﬁ%lﬁgg’réo%ﬁaénsf?r%e%gcegﬁr%%ﬁ2#ént ed in a high level 10
procedural or obj e@Eachysuphimdgramgnayrberimplementaegantaohighrieveli cate with a
conput er system However, the Programs can be inplenented in assenbly or

“machi nel® ary @ggduratBe ObiaFQHEBtafR OEAR MHBEATIUAS OHPMMLBIGH B Mt 2
en0eaSs . PReBRYLER PLRYRIR T clSghlfs e B0 ARk gy, 19,
a or machine language. The language may be a compiled or an interpreted
language. |

Each computer program may be stored on a storage medium or

15 device (e.g., CD-ROM, hard disk, or magnetic diskeite) that is readable by a
general or special purpose programmable computer for configuring and
operating the computer when the storage medium or device is read by the
computer to perform process 29. Process 29 may also be implemented as a
computer-readable storage medium, configured with a computer program,

20 where, upon execution, instructions in the computer program cause the
computer to operate in accordance with process 29.

Other embodiments not described herein are also within the
scope of the following claims. For example, the invention can be
implemented on computer graphics hardware other than that shown in Fig.

25 1, The steps shown in Fig. 2 can be re-ordered where appropriate and one
or more of those steps may be executed concurrently or omitted. Memory
maps other than a page table may be used in the invention, as can memory

devices other than those shown in Fig. 1.




general or special purpose programmabl e conputer for configuring and
operating the conputer when the storage medi um or device is reaﬁ éoy. tfhe and
computer to perform process 29. Process 29 may al so be inpl enent'ed "&s’ &
conput er -r eadabl e storage nmedium configured with a conputer program 20
where, upon execution, instructions in the conputer program cause the
conputer to operate in accordance wth pEaaEss 29. G her enbodi nents not
descri bed herein are also within the of the follow ng clains. For
exanple, the invention can be inplenented on conputer graphics hardware
ot her than that shown in Fig. 25 1. The steps shown in Fig. 2 can be

re- or der ed G Allgnate(sizeit e and one or nore of those steps may be
executed cgncurrently or omitted. Menory nmaps other than a page table may
< be used 5n t he i nvegibcate addresses fronvthe grdphicsepedun®r t han those shown in
Fig. 1. 06 Appe”d'Mlo@Mp% JERCRER thel dratingby Nem! aseitior sixedevicesn t he
graphics aperture érg?ﬁé gg%?ei ahe operating system based on the

. devi ces where the page-table to comit
appropriate addr eé’§8§ g 35@ t8 6°ﬁgﬁﬁ%?h turn base addr ess of
al l ocated region i @ F%ﬁﬁ‘ﬁsd’%' ﬁg‘??é r:al | er -, ree (address) 15
Free add®ess range Relupoeasepddiassed %’Pﬁ%‘ﬁﬂd@g'c’&‘p‘arqrﬂ? ICaddresses Unnap

pages al |l ocated toapeduesto callege i n the page

}
GMM_Free (address)
15 {
Free address range to pool of unused graphics
aperture addresses;
Unmap pages allocated to address range in the page
table;
20 Return free pages to the operating system;
)




table-, 20 Return free pages to the operating system 9 06 AUG 2004 Wat is
clainmed is: 1. A nethod of allocating nenory for use by a graphics
processor, conprising: identifying available portions of a sysGemigemsy,
the systemnmenory conprising a plurality of menory devices, wherein

I dentifying conprises receiving an array containing |ocations of available
portions pihsystamaem@ry; and allocating the avail able portions of the
system nmenory to the graphics processor, wherein each of the avail abl e
portions |ocated on a first nmenory device are allocated as conti guous

Gevi oo ar b ai 1 Godnefiods OF AEAAR. MR RES oo UE & 9 ¥BrRsc BAR B npr  ses

rearrangi qgnphsingrray so that avail able portions |ocated on the sane
menory device are adjacent to each other in the array, wherein rearranging
conpri ses changeRYiNgeavailable porlignseer @ systemt Memary.aficosysdam memaenibl e

ocat o0 o Re a8 an Ry o Ry SEVERS™ WhdBiP Reniih BorigERs, |

al | ocat i ngpckivirihean araypcoriamirgeloeativns of availabie portions dfasystda rgemphy;cs
processor _to the available portions of system nenory. 3. The nethod of
claim 2, rein rearranging further conprises sorting entries that

ni 1 o5 To & r R o, S ety Aot BB vy
devi ce haprecessarcavhereint eaels dfrthehavailabte poptiome loabtesl on. a Tist menhary of
claimz2, m%éa iaPé allocated as contiguous addresses and each of the available portions

located on a second memory device are allocated as contiguous addresses,

wherein allocating comprises rearranging the array so that available portions

located on the same memory device are adjacent to each other in the array,

wherein rearranging comprises changing the relative order within the array of an

available portion located on the first memory device and an available portion

located on the second memory device.

2. The method of claim 1, wherein allocating further comprises generating a
memory map for the graphics processor to the available portions of system
memory.

3. The method of claim 2, wherein rearranging further comprises sorting
entries that correspond to the available portions of system memory and writing
the entries to a memory page table so that portions located on the same

- memory device have adjacent entries in the memory page table.

4. The method of claim 2, wherein:

two or more of the available portions of system memory are located on
the same memory device; and

the memory map makes available portions of system memory that are:
located on the same memory device appear contiguous to the graphics

Processor.
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two or nore of the available portions of systemnenory are |ocated on the
sane nenory device; and the nenory map nakes avail abl e portiopsa c&fms;p@’g%em
menory that are |ocated on the sanme nenory device appear con igl’jéfds “to the
graphics processor. 10 5. The method of claim4, wherein: the avail able
portions of system nenory conprise physically discontinuous portions of
system nmenory; and the nenory map nakes the physically discontinuous
portions of system nenory appear contiguous to the graphics processor. 6.
The met hod of Eh@mathod gheleén i, whereishgi ng the array conprises perform ng

a bucket sort.g.Z. h cl agm rt | sing: Ly, hg a
[eqtjﬁSt f ;irbm.rrme:[ptér yg{@?ﬁiﬁ h%%ﬁ?éanﬁwi @g ngtg&@séﬁg%gﬁg?é@ﬁ{ég% @ﬁsféca\sﬁynpgory
0 t he grdipbomtinuousgesitans ofsystapanemong dride  request; an erein sai

al l ocating the systemnenory is only perforned if there is not sufficient
gr aphi cs menor et HERRY SnP NMirkesdhgadhysiaally gigcontinHews §erians oh ystanr t her
conpri si ng, I ale? ' ; | of system nenory to an
operati ng ?@rg%l"ggté’é?&?l?tedbg\?g?‘?@%pg@éﬁ%ﬁé%@e no | onger needed by the
graphics processor. 9. An article of manufacture conprising a

conput er - ;. eadap| e rreg%'u ich stores conputer instructions for allocating
nenory foé' USZPIB?/ e %fg]h%’,}&(;s‘:?a'ﬁ"r oteg‘gﬁf?‘nt Y S YU MM ECEausi ng
a conput epedf@miag basubket g6/t i fyi ng avail abl e portions of a system menory,
the systemnmenory conprising a plurality of menory devices, wherein

identifying conprises receiving an array containing |ocations of available
portions of SYPhE MRIR LY claim 1, further comprising:

receiving a request for memory from the graphics processor;
allocating graphics memory to the graphics processor in response to the
request; and
~ wherein said allocating the system memory is only performed if there is
not sufficient graphics memory to satisfy the request.

8. The method of claim 1, further comprising re-allocating the available
portions of system memory to an operating system after the available portions

are no longer needed by the graphics processor.

9. An article of manufacture comprising a computer-readable medium which
stores computer instructions for allocating memory for use by a graphics
processor, the computer instructions causing a computer to perform:

identifying available portions of a system memory, the system memory
comprising a plurality of memory devices, wherein identifying comprises
receiving an array containing locations of available portions of system memory;
and |

allocating the available portions of the system memory to the graphics
processor, wherein each of the available portions located on a first memory
device are allocated as contiguous addresses and each of the available portions
located on a second memory device are allocated as contiguous addresses,

wherein allocating comprises rearranging the array so that available portions
11 '




and allocating the avail able portions of the systemnenory to the graphics
processor, wherein each of the available portions |located on a first nenory
device are allocated as contiguous addresses and each of the ayal lzall e
portions |ocated on a second nenory device are allocated as contiguous
addresses, wherein allocating conprises rearranging the array so that

avai | abl elopateldi @ the shrf$ MbiroRPB4vicecatestjatent® SadH offiFaRMhEatHe are
adj acent to each other in the array, wheréin rearranging conprises

changi ng Whereiregarranging gempises changiag dhe sglative arder authin thst arrpyof Adn

second meaySBi, pbRlonBERtel SR NETIRL toB . MhyiEY fkh dvRllppischRbRg " 1"
further Cclooatedsesthgesenondi mgmary devieey map for the graphics processor to
the avail able portions of system nenory. 11. The article of claim 10,

wherein rearranging further conprises sorting entries that correspond to

the avail ¢bl e s off e gpﬁ(mr A4 | LS a
menory pagéé)' ta Ietaso tk?gtd%eoff%'l @hs oc?g?gé}ﬂj(?ﬁﬁ{rwgg‘grrﬁed}%ﬁg érdf?%'eﬁ ge have
adj acent memargsmap fohdhexgraphicsapmceaddreto e aVhidallet patiensfof cdyastem 10,
wherein: two or nore of the avail able portions of systemnenory are | ocated
on the s@ﬁﬂ’%‘m)ry devi ce; and the nenory map nmakes avail abl e portions of
system nenory that are |ocated on the sane nmenory devi ce appear contiguous
to the graphics processor. 13. The article of claim 12, wherein: the

avai | abl elpor t Theartigle sgis claim ntowhersinpeayangingsfustiier yconaprisesnsomiogus

portions é’ﬁmég %ﬁé‘t”&&FPé‘s%%u t%ntgle available portions of system memory and writing
the entries to a memory page table so that portions located on the same

memory device have adjacent entries in the memory page table.

12.  The article of claim 10, wherein:

two or more of the available portions of system memory are located on
the same memory device; and

the memory map makes available portions of system memory that are
located on the same memory device appear contiguous to the graphics
processor.

13.  The article of claim 12, wherein:

the available portions of system memory comprise physically
discontinuous portions of system memory; and

the memory map makes the physically discontinuous portions of system
memory appear contiguous to the graphics processor.

14. The article of claim 9, wherein rearranging the array comprises
performing a bucket sort.

15. The article of claim 9, further comprising instructions that cause the
computer to perform:

receiving a request for memory from the graphics processor;
12




the nenory map nmakes the physically discontinuous portions of system
nmenory appear contiguous to the graphics processor. 14. The artjcle of .,
claim9, wherein rearranging the array conprises performng a bhucket it |
15. The article of claim9, further conprising instructions that cause the
conputer to perform receiving a request for nenory fromthe graphics

processor; 12 dbatinglgraghicd In@haghiccthe'GEBhicst frob8ssdiapessonsereapesor in
response to the request; and wherein said allocating the systemnenory is
only perf&aeatiandthere is not sufficient graphics menory to satisfy the

request. 16. T, g laidm 9 t ]S ' r | t hat
cause the corr\E)}ﬁte'(Ealz'rr!Iji ts%loggﬁcgﬁlh rtgl-e aﬁwsg%@trﬁﬁéome@ éb@i é‘%ﬁrgﬁ tp()joff'? $%r(r%g§of ,

syst em nenatrsuficdeaingraphiesaheémgnsicssatishafHecstequbet. avai | abl e portions are no
| onger. needed by the graphics processor. 17. An apparatus for allocating
menory for use by a graphics processor, conprising: a nenory which stores

conput er {@strygéisHisle 6P‘1’;Ié}n~i|0§(é)ﬁtﬁ|ﬁ§86 cwmgfaéljrf‘d;?ﬁéﬁ&%oﬁé‘%ﬁpgg%érthe

i nstructions to perform (i) yi ng bl'e portions a system
menory bycerapeteyita gedormiresfiocating thienavailablecpaitions ob bysteai inehiary poehi ons  of

and (11 Operaing (stc S, S AuSRRT bbBiedS o rd he Bpoek ol VBt he

graphi cs @rpeRsIHbceddtrrein the allocation is based at least in part on
the organization of the nenory devices where the available portions are
| ocat ed, and wherein allocating conprises rearranging the array so that

avai | abl eqport \Qng, A QS rOMiddiaing AEMERTIEY use by a graphics processor,
comprising:
a memory which stores computer instructions; and
_ a processor which executes the computer instructions to perform (i)-
identifying available portions of a system memory by receiving an array
containing locations of available portions of system memory, the system
memory comprising a plurality of memory devices; and (ii) allocating the
available portions of the system memory to the graphics processor, wherein the
allocation is based at least in part on the organization of the memory devices
where the available portions are located, and wherein allocating comprises
rearranging the array so that available portions !bcated on the same memory
device are adjacent to each other in the array, wherein rearranging comprises
changing the relative order within the array of an available portion located on the
first memory device and an available portion located on the second memory

device.

18.  The apparatus of claim 17, wherein available portions of system memory
are allocated to the graphics processor so that available portions that are
located on the first memory device are allocated to the graphics processor as
addresses that are contiguous to each other and available portions that are
located on the second memory device are allocated as addresses that are
contiguous to each other.

13




device are adjacent to each other in the array, wherein rearranging
conprises changing the relative order within the array of an avgigquBe o0k
portion located on the first nenory device and an avail able portion st
| ocated on the second nmenory device. 18. The apparatus of claim17,
wherein avail able portions of systemnenory are allocated to the graphics
processor so that available portions that are |located on the first nmenory
device are _allocated to the fgrap_hi cS_processor as addresses that are
conti guoud9t o EBehappatungl adlain ah¥e whersionallaaaiingaferthero cemudises t he

cach ot neoeherg e e T o AEb R e ERor B The Ay Grarfif Bt ey *©

al | ocat i ngystemtrhemogpnpri ses generating a nenory map for the graphics
processor to the available portions of systemnenory. 20. The apparatus of
claim 19, wherein rearranging further conprises sorting entries that

correspondht 0 YHE Bharata of ¢ %tfg?[%ﬂwacz{?éin%ﬁr%ﬁgiﬁ%%ﬁ%ﬁeﬁe&n}ﬁ(ﬁ' &4 88rtinghe

entries to a nenory page table so porti o ocated on the sane™ nenory
devi ce haenlriadjtheicotrrespandeto ihe avellabinpogtiopagd dystane merhoryTard aypitiagat us of
claim19,  wher . two or nore avai | a%brlpé_tiﬁgrtions of system nenory

t

I n: f th
are | ocat B SHﬁiet%hzao ?ar%erﬁ‘@ﬁblpﬁ‘gﬁe bl&, 50, Ihy FrdPGRAREpORERESSAVS | abl e

porti ons fienfot§ dRMcEEEVYadiBééntdiried mﬁberﬁeﬂeg} B&q_i?éﬁ?e.”emry device
appear contiguous to the graphics processor. 22. e apparatus of claim

21, wherein: the available portions of system nmenory conprise physically
di scontinypus L LEBARAL of YRl Mo RRRTein: 2Nd
two or more of the available portions of system memory are located on
the same memory device; and
_ the memory map makes available portions of system memory that are
located on the same memory device appear contiguous to the graphics
processor.

22.  The apparatus of claim 21, wherein:

the available portions of system memory comprise physically
discontinuous portions of system memory; and

the memory map makes the physically discontinuous portions of system

memory appear contiguous to the graphics processor.

23. The apparatus of claim 17, wherein rearranging the array comprises
performing a bucket sort.

24. The apparatus of claim 17, wherein the processor executes computer
instructions to perform:

receiving a request for memory from the graphics processor,

allocating graphics memory to the graphics processor in response fo the
request; and

wherein said allocating the system memory is only performed if there is

not sufficient graphics memory to satisfy the request.
14




the nenory map nmakes the physically discontinuous portions of system
menory appear contiguous to the graphics processor. 23. The appay alus 2@1‘;}
claim 17, wherein rearranging the array conprises performng a bucKet™
sort. 24. The apparatus of claim 17, wherein the processor executes
conputer instructions to perform receiving a request for nenory fromthe
graphi cs processor, allocating graphics nenory to the graphics processor in
response to the request; and wherein said allocating the system nmenory is
only perfdpmedThe apparatussof glaimsUf,.f wbeksin the apypcessoreexsicytasocemplisiry t he

b acessor Me iAo pR ot e AR PREHR A BRieCR s, o1 SYSBRE bikril§ tone
avai | abl eapaperatitgy sfsteishfier RMavildtle pyitioReaAl hBdohysit Ageddd B thee

avail abl e portions are no | onger needed by the graphics processor. 15
graphics processor.
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