;e3e. **+$, @62. 6h. T. Xb 3WD 00/ 41083 PCT/ US99/ 30719 METHOD AND APPARATUS FOR
ARBI TRATI ON I N A UNI FI ED MEMORY ARCHI TECTURE FI ELD OF THE | NVENTION The
present invention relates to nenory systens; nore particularl e present
inventi on M %4B3t o arbitration policies in a Unified wé’ﬁ&(‘if)%’@ﬁi tecture
(UMA). BACKGROUND OF THE | NVENTI ON Typi cal conputer systens are inpl enented
using at |l east two nenory subsystens that help to control access to a
menory system by requesting agents. The two subsystens are typically a main

menory subsyste i, C i}, Menory
subsystem MR @?’@Wﬁﬂ“w@i@b& %ﬁﬁ'@?ff}é‘?@mmﬁr@@@@?@ | ocal
menory subsystem i ncludes a gr aQRCSHTEOTURE controll er. Two nenory
subsystens are typically necessary for supporting tr i mmenent s of
all requests to access the systemnenory within an a%ﬁ%ﬁ\\“@“\@m\“\\ | at ency.
Thus, the dual nenory architecture provides a perfor enefit for

typi cal conmputer systens. Neverthel ess) the additional c38P%F i ncl udi ng a
second nmenory subsystem increases the manufacturing costs of typical

conput er Mﬁhﬁ? tenms that include a Unified Menory

Archi tect ﬁﬁéf‘@c%'lrne e E%?l onality of the main nmenory subsystem and the
gr aphi cs | ocal Tinepresent isventiyis tedatas tCowpmotyesystems nens pasticuharky, hipresgné obvi ousl y

| ess expensive to mapufacture due to.th sence, of. se menory

control | ermv(a?t.mé‘.r?]arteﬁg’ a@?’ﬁ«b‘fﬂ“@é’ 1%%@%@@8??@@&’%%%3@& he additi onal
graphics requests to access the systemnenory typically overload the conmon
system nmenopry . co ller,. Thus) typical UMA conputer systens suffer a
significa d%ﬁBg{ﬂlﬁﬂanTBEJm c€ due to the overload of traffic
requests at th‘?}gﬁ&&k&ﬂ%ﬂ@@ﬁfté{n@@é‘hﬁﬂéﬁ&ﬁwu@ﬁn@%@ﬂh‘s@ﬂ% MemaRy arbitration
policy is needed to bal ance the demand for system nenory and to maxim ze

t he avai | BrsEsterB ol nglpHo contepl agopssde ABISMOFY sy§temdmrequestipgagrplsg fig 3
PCf NS99/ 3 i Loent .
W&&bﬂ%%%ﬁsﬁgggﬁ dtnﬁg(ﬁwog\é @&%ﬁgg@hﬁggcﬂmﬁen a

conput er systemis . t 1ncludés a ne and a nenmory controller
coupl ed t eubshsterne iy main Tiiesnomesnbs ysteguinclndds|asystérm olemgascoatoliarvitiledhd on uni t
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THE DRAW Rllsystems are typically necessary for supporting traffic requirements of all requests to

access the system memory within an acceptable time latency. Thus, the dual memory
architecture provides a performance benefit for typical computer systems. Nevertheless,
the additional cost of including a second memory subsystem increases the manufacturing
costs of typical computer systems.

Computer systems that include a Unified Memory Architecture combine the
functionality of the main memory subsystem and the graphics local memory subsystem.
Computer systems with a UMA are obviously less expensive to manufacture due to the
absence of a second memory controller (i.e., the graphics memory controller). However,
the additional graphics requests to access the system memory typically overload the
common system memory controller. Thus, typical UMA computer systems suffer a
significant reduction in performance due to the overload of traffic requests at the system
memory controller. Consequently, an arbitration policy is needed to balance the demand
for system memory and to maximize the available bandwidth in a UMA computer

system.
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The present invention will be understood nore fully fromthe detail ed
description given bel ow and fromthe acconpanyi ng draw ngs of various

enbodi ments_of the invention. The draw ngs, however) shoq%%pgg&m% taken to.
limt the "OBHMBN to the specific enbodinents) but are expl anati on
and understanding only. Figure 1 is a block diagram of one enbodi nent of a
conputer system Figure 2 is a block diagram of one enbodi nent of a

chipset; Figure 3 is a block diagram of one enbodi ment of an arbitration
unit; Fi gUISTMMARY OFSTHEANVENTION of one enbodi nent of an arbiter; Figure

4b is a state dia %P m of one_enbodi nent of an arbjter; gure 5 is a flow
di agram of one éﬁ%ﬁ Bine Smbpimen’ya FOmEYT syten i§ déﬁclﬁ’is?dépat “F’lh{jiﬁ?% 6is a

flow di agr afenedry ¥ AR 'c%leﬁou?l@@t&ﬂ@ﬁ@ﬁb&n TRE nRPhoff Bhirfller Figure 7 is
a flom1d|agran1of one enbodi nent of the operation of an arbiter; and Figure

8 il ustr atieciudgs p @bmamragwatmtm be pragrAmrRgd: to gperate ggoording tb @ Sirgt nterface. 3
WO 00/ 4108 [ CRI PTI ON OF THE PRESENT | NVENTI ON
Figure 1 is g&%{ ﬁg%'ggé%%ﬁ§ﬁg one IQgédlnent of a conmputer system 100.
Comput er system 100 includes a central processing unit (processor) 10S
coupl ed to processor bus 110. In one enbodi nent) processor 105 is a
processor in the Pentiumfam |y of processors including the Pentiuml]I
processor famly and nobile Pentiumand Pentium || processors avail abl e
fromlIntel Corporation of Santa Clara, California. Aternatively, other
processors may be used. Processor 105 may include a first |level (L1) cache
menory (not shown in Figure 1). In one enbodi nent, processor 105 is al so
coupl ed to cache nmenory 107, which is a second | evel (L2) cache nenory, via
dedi cated cache bus 102. The L 1 and L2 cache nenories can al so be
integrated into a single device. Alternatively, cache nenory 107 may be
coupl ed to processor 105 by a shared bus. Chip set 120 is also coupled to
processor bus 110. In one enbodinment) chip set 120 operates according to a
Unified Menory Architecture (LTMA). Main menory 113 is coupled to processor
bus 110 through chip set 120. Main nmenory 113 and cache nenory 107 store
sequences of instructions that are executed by processor | OS. In one
enbodi ment, main nmenory 113 includes dynam ¢ random access nenory ( DRAM ;
however, main nmenory 113 may be inpl enented using other nmenory types. The
sequences of instructions executed by processor 105 may be retrieved from
mai n nmenory 113, cache nenory 107, or any other storage device. Additional
devi ces may al so be coupled to processor bus 110, such as nultiple
processors and/or nultiple main nmenory devices. Conputer system 100 is
described in terns of a single processor; however, nultiple processors can
be coupled to processor bus 110. Video device 125 is also coupled to chip
set 120. In one enbodi nent) video device includes a video nonitor such as a
cathode ray tube (CRT) or liquid crystal display (LCD) and necessary
support circuitry. Processor bus 110 is coupled to system bus 130 by chip
set 120. In one enbodi nent, system bus 130 is a Peripheral Conponent

I nt erconnect (PCn standard bus devel oped by Intel Corporation of Santa
Clara, California; however, other bus standards



may al so be used. Miultiple devices, such as audio device 127) may be
coupled to system bus 130. 4 WO 00/ 41083 PCT/ US99/ 30719 Bus bridge 140
coupl es system bus 130 t6 secondary bus 150. |In one enbodi nent, secondary
bus 150 i sWOPWHEstry Standard Architecture (I1SA) bus dEGHUSHEL By

I nt er nati onal Busi ness Machi nes of Arnonk, New York; however) other bus
standards nmay al so be used, for exanple Extended I ndustry Standard
Architecture (EI SA) devel oped by Conpaq Conputer, et al. Miltiple devices)

such as ha ; { i y be coupled to secondary bus
150. Qherhm%wggﬁéﬁﬁfﬂgmﬁdevi ces (not shown in Figure 1))

may be coupl ed The psesemtrii@ntiorbwit] bk mtiderstoauhere Fuliysfran Hecletailel degeripionf one

enmbodi nrent of chipsef. 12Q. Chi pset. 120 i ncl ydes a host interface 210
ool T e R B i the o Gryieds pLAE R e R E M cor 105 ¢ o
access Mai fhvBRivA! The drawingk, iho®etddfshauld 2didbeitske @ ithit thelifvei@sd toitiy er f ace 210

and buffers requests received fromhost interface 210 to conduct wite
transact i oPRSCFE embadimantsdiibarg for explanatign agd ynderstapding paly-a) so coupl ed to host
interface 210 afghiedt iva 8fbck Biafdfnl ot lond SAbEIRhent bESSInyRek: kyspum;host i nterface
210 to conduct read transactions with main nenory 113. Chi pset 120 al so

i ncl udes a gr ap¥igere i ablogk diegram onFmpridioent obmehipset,er 220 handl es vi deo
data requests t | Q. D8 bk .1s also included
wi t hin chi pset ﬁggﬁcﬁggrb{e&; H‘G i %éﬁgéﬁ%}dg%%{{st%ﬁ%n%@;&? e%(r%étshes t hat

rechar ge el ect rFigate 4ad$ b stateidiagtam ofeing embodimgnt bf 3n arhitey der to nmai ntain data
integrity. In ditign, chipset 120 includes a_.system bus interface 240
coupl ed to sysﬁ@ﬁ?ﬁh li%@?”§@§$ﬁm99 th?@F?ﬁE%a%ﬂ%nﬁéceives requests from
i nput /out put (| FighredeagRW® di 8forRRmbYEihRA Tk opsftibfofthn.artiiedi 0 devi ce
127) to access main nmenory 113. Further, chipset 120 includes a nmenory
control | er 250. Figuredtiy adlow diagrane of onsgmbedimsntnf she qperatipn efangefiesr 212)  read
buffer 214, graphi . ; i us
interface 240. n§$§ﬁ§§%$?%%§é?g%%%eg@%@?%@g“ﬂk%ﬁgﬁg%ﬁgﬁm%ﬁi&ﬁ%PPnennry
transacti ons baEigorefilinstcatesabiodk diagraei ane@nibodimepr of cesystem bhOfmteaface. one or
nore peripheral devices coupled to chip set 120, such as video device 125.
Menory controller 250 nay read data from and wite data to, nmain nenory
113. Menory controller 200 includes arbitration unit 255. Arbitration unit
255 coordi nates access to main nenory 113 by various agents) such as wite
buffer 212, read buffer 214) refresh unit 230, etc. Figure 3 is a block

di agram of one enbodi nent of arbitration unit 255. Arbitration unit 255
includes a slice tinmer for operation inatine 5 WO 00/ 41083

PCT/ US99/ 30719 slice node) a grace tinmer 320 and a page conpare unit 330
for operation in a conditional grace grant node, a watermark unit 340 for
operation in a watermark node and an arbiter 350. Arbiter 350 receives
access requests fromagents, determines the relative priority of the access
requests, and then grants access to one of the agents at a tinme depending
upon the relative priorities. As inplied above) arbitration unit 255 and
arbiter 350 nmay perform according to various nodes of operation. According
to one enbodi nent) arbiter 350 may coordi nate




access to main nenory 113 based upon: 1. A Priority Designation Mde; or 2.
A Time Slice Mbde. In addition, while operating in either the priority
designation node or the tinme slice node) arbiter 350 may HRE[AL €
accordi ng t¥O %1% conditional Grace Grant Mde; and 4. ernmark Mode.
Further, the above arbitration nodes of operation are progranmmabl e such
that a system 100 user nay sel ect a node dependi ng on the desired
performance. Arbitration unit 255 receives a MODE signal that indicates the

nmode i N WhigiTATLED DESCRIETEIR OF THEFRISSENT INVENTIONN nmay be stored in a
basi ¢ i nput output system S(BI 0S) nenory (not shown) coupled to secondary

bus 150 and tr aRigwre 1 s bleskdlingpaef ono gmbplimertps o eomPY ¥R D or reset via
a configur %fok@gtgg?y%\t_éﬂg@%clﬂéggcéﬁmﬁpﬁ&si%ﬂ éﬁ%&%érﬂbﬂ’%ﬁ Bdwo |-

Arbitration riority Designation I1e operating in the
priority desicgssatbhusrldmbene embodimens, proceasoe d8%is aprasessenio the PeaRumPe

categori ze follows, .wth the,n I i t
priority: %"'gﬁ]f %ff?r f%ﬁ%?‘,’@? tﬂ%ﬁfﬂb dng&gfsg#f#@%ﬁ&hlr%ﬁg%&%ﬁ ority
graphi cs; a.ﬁ&iP&mua_@nmesak la@labl® from\iteDO6rHdiafdch dTCRNWEIRA, I MEAniZhe hi gh
priority category includes requests t(ri\at nmust 8§ servij %Ed g% rral! n_nmenory
113 wi t hi n AlteFagydy-Other progessors Bay: e wsqd-oFgesssar 03 mey welpdea figshieveli(hd gemand.

For exanpl Qacﬁéimrg@bmﬁw“&m@%gb_ed to graphics controller 220 may
flicker if service by main nmenory 113 is substantially di Sfl ayed. The high

priority categofyongiegbodiment, grogessed e s alsorrppletiasechs geamary, i Fetthich ior der to
prevent a Says?&ﬁﬂ‘lév@l Ly %rctégﬁé%&wmh@dica@fatcachef%g Hp! The Lflahd LOELHE at main

menory 113 1f nenory refr yg:1 es received fromrefresh unit 230 are
excessi vel ynaadrigy exh aljothedutegrated inge esiegledevice. Piternptbeely, aantie mgmoam i/ O

category i ”lﬁiyf%?%ﬁq“élgﬁtg%%%Séfﬁgifﬁ?%g%é@%pr ocessor 110 (e.g., read

transacti ons requests fromsystem 1/ O devi ces on
system bus 130 ChipesevE2) iy also cynpled o frusesson bey Flac & @e@mbbdigieas tlip ketom devi ces

PR I A ENCE ST TR R e G T S
etc.) are |@hsietl pieessor busd 1aBFouptichiple: 1205 Magtdlediyry THS tndeasRy Y 113 wi thin
an acceptable tine gr i od. Asy n(ihr on(())us r equgst S ge. g.) r e_%uestos from hard
di sk 153) dPROTALYY, rfB‘?ﬂ“c’é‘i"%?{] HaigHonsdhal aresxqcpied by gocrssert l0an& omei gure 8 i's
a bl ock di agffiniht, R RERGS 1 MBREIEs dYHEmic MrdbhARsfibnorPBRAN)DUS
however, main memory 113 may be implemented using other memory types. The
sequences of instructions executed by processor 105 may be retrieved from main memory
113, cache memory 107, or any other storage device. Additional devices may also be
coupled to processor bus 110, such as multiple processors and/or multiple main memory
devices. Computer system 100 is described in terms of a single processor; however,
multiple processors can be coupled to processor bus 110,
Video device 125 is also coupled to chip set 120. In one embodiment, video
device includes a video monitor such as a cathode ray tube (CRT) or liquid crystal
display (LCD) and necessary support circuitry.
Processor bus 110 is coupled to system bus 130 by chip set 120. In one
embodiment, system bus 130 is a Peripheral Component Interconnect (PCI) standard bus
developed by Intel Corporation of Santa Clara, California; however, other bus standards
may also be used. Multiple devices, such as audio device 127, may be coupled to system
bus 130.



interface includes an isochronous queue 810 and an asynchronous queue 815
coupl ed to system bus 130. |sochronous queue 810 stores isochronous
requests to %ain access of main nmenory 113) while asynch*;&t)&bg/3 ue 815
stores asyWeRY#us requests. System bus interface 240 als0 1ncludes a
pre-arbiter 820 coupled to isochronous queue 810 and asynchronous queue
815. Pre-arbiter 820 selects the system 1/ O requests (isochronous or
asynchronous) that are permtted to arbitrate for access to nmain nenory

113. Isochr Onoﬁﬁ{éﬁﬁéﬁbﬁc’ fie} s?é'tt ygusrfggﬁggccmdag,rgu@rﬁ@pﬁohg the critical

time |atencies ormal priori phics cat'egory includes non-real tine

gr aphi cs resipodistent, fecondagy bysHiS@ & ustsy Siendapd drehisecsiere 4S4) busi n menory 113.
The opportyni,sti,cs,G i . t v | at ency
Fequi T omerfEeipas B9 RS ERRRYnE A dl-C OHRE NAD YO Bl Rer b | T O hou
causi ng deys stgndards mnayralsebs hied, b Exaenid Bxtemdded Mduftgr Stendardphmehiteonst ed write

transactio fromwite puffer 212 and i n. ry refreshes. queued in
t heir resdg )\f‘é"%‘i’ﬂcﬁbﬁﬁ’ﬁﬁq GB‘EP gn%t&l';r@?%gg%g’f%{soﬁucgtas gar?g'tsgﬁﬁi ne.
Figure 4a dng ddk3tiod B54dh§Headupléd @Isbédneiry BED1 500 Otker apaces sutlgasicarsbhe priority
designation node. Note that, many transitional arcs of thﬁ (zt ate diagram
have been cpntrohdeyiges/(RathavipinNgye 3oy §e w@&g%?eﬁmf\?fy&m ?%d to avoid

confusi on. Ar Digigire 330a bIGN a%ﬁ&mBh&mf&{ﬂoemeﬂggmlﬁk&aao.htﬁbsepui(pri ty (HP)
410; host and system 1/ O (H 420; normal priority graphics (NPG 430; and
oppor t uni singlgdes @dpRlintadme 219 cenpledieprogBHeoribys { 1P and secaives manests &8l ves one or

nore reque L . 1 i IS, : as to the
or or ity abgaieh 10T IR Y1 Wi bultEl AW QbR Nty HRHEZ 10, )
350 i s opelidtant fuffers tdyaesthZeceived fromdmisiaerfacer2d0 nadongudt ortitd tyangacepisi CS r equest
from graphics controll 0.to i.n. normal access .of mai.n nenory 113,

arbi ter 35Hith E‘ﬂ‘&i%nqrﬁ?h'geéé%‘.‘ff%%? {Sy'so Bp]?cfﬁﬁ’ﬁtt‘i’tﬁﬁ%ccl%o 430 after
Mai N Menor ysed fobuffdSreGiidir&leRed B oSt il@rfide @16 & oondsch Hiall BensActdhgR|R priority
agent does not subse%uently request access. However) if a high priority
request i smpBEEMAEYl13ar biter 350 imediately transitions fromH O 420 to HP

410. As descri hefh0008lsothdhiieRh bRPhEYcInROILE 206 Gfphili HgSicrdde to its real
tine requi renents, and opportunl Sstic requests are Iowest because it can be

del ayed wi kandles yideeedaja renussts to aqepssmppimmemprypd 8+ Refrgsh Uni2d0 dsalsoem 1/ O
requests a i i I: Oyt ol raphi cs
requests s{nglgg@%{g@élg re 95@5%&%’2{%%’33%%%{%@3%2? %g& ilgg{lje%ﬁ)ér npl e, del ays
i n servi ci electyicabeatls swithinliBain meeynogaliSan drdantetmaintpie dbta integritye ldadditehat i on.

el |- behay BP R aReuRsp syt Biattefip a0 ESuP i o PROTI 47T o beiae bet ween a
burst of diiterfabeTNaEIeE A eduékts TRk Bigutdfutpud D) dévices loddbditon@Ystér Bugdr ocessor

requests (i.e., ninety-five percent (95% or higher) are serviced at cache
menory 107 130fg&p @pdip deviger 127 tojangesempia memprhbBessary” for processor 105 to

access main NMen@irerl ddpdeN1 W iHAGdds A nfedlorycdidtbher 250.EMaRbHAn@ltek BoEFL T Vi ty
bet ween processor data requests at main nenory 113 allows for a sufficient

bandwi dt h ¢@wleds weite byffen? 2 spadybuffrin2t4 graphigeeanirolles 2@ refresh jupit 23 hand

i nst ances) ' .aﬁf‘.ﬁrl mal | cache
menory 107”?#%@?“%“(@5‘?&%32&6@ s@%‘%’gﬁ?@{‘ﬁ"@&%@%@y eg@&?c} ?% F%’z starvation of
nor mal pri owenpgy trpnsachdrsdasedgpers caumands saceivedfacre pracessomlS bad orecessary to

provi de equal_ pr.iority .ranki et.wee ost, and,syste requests) and
Por el pr 1 P B abA IR BERREN AT AR RERE S RASHTD Y of

nor mal pri odrtdoYerP5a piay ceadrdagfemi, andyrilzaiata tamthis nsmei 1180 requests results
nor mal pr i or 1 ¢ yVFBETGeReolEF 200 FRBe gEEion e Lt L BB RISt i n merDry
113 must  bgodiHiaRerhcsdsh EPmiA Hendhdl BbyvaAbu agtE SuBSh Sridd taffePd 12 jek@l Y to
access 8 WD 001 41083 PCT/ US99/ 30719 the sane page. Subsequently, a new
page of neReksr 2Ahdeirash uaih3batci Kigwreid is abjockeliagram of one embadimgricdfsystem | / O
requests. éxfbgt%ioﬁEﬁtfﬁ?tmﬁi&%@’ﬁﬁ%}ﬁc@n&?% .Eiﬁmepfb‘{%g&&m'i%ﬁﬁ‘waccess' ng
mai n nenory and the normal priority graphics request I's again granted
access, the page accessed by the host @nd system 1/ O requests nust be

cl osed and the normal graphics request page nust be re-opened. The
timeslice node assists in mtigating these concerns by providing equal
priority ranking between host and system 1/ O requests and normal priority
graphics requests. B. Tineslice Mbde Upon receiving configured information
via the MODE signal indicating the tinmeslice node of operation, arbiter 350
operates according to a tinmeslice arbitration




technique. Using the tineslice technique) requests to access nain nenory
113 are categorized as follows) wth the nunber one (1) having the highest
priority: 1. Hgh Priority; 2. Host and System 1/ O and LQrity

gr aphi cs; :Ma"_ .Osé]oport uni stics. The tineslice techni qu%@g?@h?hat

normal priority graphics request starvation will not occur as in the
priority designation schene. Host and system |/ O accesses of nmain nenory
113 are regul ated by slice tiner 315) shown in Figure 3. Slice tinmer 315
limts t hﬁicgl'hro@é,'a%?acb B3 2 nB Qphectidthpi Tt B0 foPop&stitASH & coiitidaR Ser vi ced
by main nenory 113. After expiration of slice tiner 315, normal priority

gr aphi cs greepgeatt sode.@ watermerkdinit 34@ for operatinm in 2 wateonyrk micgle apdsan aditeg t here are
no hi gh pgd.or,t. ) L.org . ted
nccese) gt Akl SSEHERN R e BRE RS TRy HelSdeletmf PR RITNBRRLROBE, O
113 unti | tht hee@xpjuess,iaadtheh gshis @ecets trene Sfltbe agos ar diimg d¢pendingupmbodi ment )
the duration of slice tinmer 315 nay be programred by a system 100 user.

Fi gure 4phpElRUvePaeles; 45r am of arbiter 350 while operating in the
tineslice nmoders ifiphiéd Sova afbietivh ahie 353 A 2SHIRE35mAypeiforn pedoliigtey mode under
nost conditions. For exanple) if arbiter 350 is in a state (e.g., OPP 440)
and r ecei VAEQUEMPpdss @6 AREratioBnASCHHigH yons embpdimgntaarbiter 3@%“‘&%8‘%@5“3‘% n menory
113, arbi ;cggssgtﬁlgaiﬁmglﬁ&yif%gdhﬁmkomr to the higher priority state (e.g.,
HP 410) and grants control of main nmenory 113 to the higher priority
request. HowevierA Piidrity Desigeatiogd®de:orin a state (e.g., NPG 430) and receives
a request frorE N Ti lpcgll\é;ld(g% PCT/ US99/ 30719 an agent with an equi val ent
priority (e.g.”, S ystem 1/ O group), arbiter 350 remains inits
current state servicing the NPG request until the expiration of slice tiner
315. After the expiration af slice tiner, 315). arbiter 350 shifts to the
state w tl;?afiﬁlﬁmé vgpgﬁ?ngplple@?clr ,pnggg’tﬂ‘?flﬁ'ba*lf’ﬁg’i"gc ﬁratgc %‘gﬁhcﬁo request from
a hi gher pbde) aibityr IQeiy.alsbiogerae atcordingtof | ow di agram of the operation of
arbiter 350 ile arhiter 350 i s rating in the tine slice node. Wile
arbiter 350 i s ithCeh “%M?Wﬁcﬁﬁétgﬁgﬁa@state, a request froma different
agent to access AW aeriBiFNIydel13 1S received, process block 510. At process
bl ock 520) it is determ ned whether the request is froman agent with a

hi gher priority than the state arbiter 350 is currently in, If the request
is froma hig Al A | batrin® i.ts current
state to the %ﬁgelrf{hgPP%%iaftgegiogtng{dpépé%@%@g&%%%@{%2%30. 'B%ng%r |tr$gl y, the

hi gher pr $ysteint O useatnmyiseleg raamade depending on dfe desited peformagce] ¥@bitr@idys equent | y)
control is. urned. t ess..block 510 wherein.another request is

recei ved. §ql{f|£tmﬁe§'e%lae&gﬁ r# %é‘(’iﬁflﬁgin&tcﬁtgs t?‘%(':]ntﬁ’ggfn "iﬁga}n@fsq? P%efﬁ’tg' ﬁﬁegher
priority mgésndonfigiratich ra8iterseoreuid abagt mpot dufjmit sy BEOSYeh@sindts from an ‘
agent with an equjval ent priori ranki ng, . process_ bl ock 540. |f the
request i ¥°N8 COEPi(‘iﬁf"a C%@ﬁtb“&ﬂ%%“gﬁm@ﬂﬁ'gwg ‘?ttlﬁg“N’i’esy?t%‘ad@%t was from a
| ower pri Qithipyor 236t Via REShfighalibrEnechafisth S¥BH £ PAY cohBguealion Wilte.St at e to -
continue gservicing the current agent at |east until a higher priority
request ik red’éﬁ%ﬁ‘}mﬂ‘%@ss bl ock 550. If the received request is froman
agent with equgl plﬁgp'%nesifg,;adoﬁmeerm ned whether slice tiner 315 has
expired, process block 560. If it is determned that slice timer 315 has
not expired) aVbilgeperatingin thenriory fesignationamedeereguestsae accessmydici ng t he current
control li ' ' | [ rbiter 350
hits  onfRadargpe LY sl bl WA b She PGB Mene 0! ' A Drocess
bl ock 580prigsity:ce tinmer 315 is reset to provide the newy granted agent a
new count. Subsegu t.| (%_ntrol is returned to process block 510 wherein a
different agent's Mé&“’(

's received. One of ordinary skill in the art

wi |l recognize thaHopmdSystethll/@zks 520-560 may be processed in a variety of
di fferent sequenseﬁj For exanpl e, the process disclosed in process bl ock
540 may be execute %ﬂ&@“&yﬁéapg &@ds in process block 520. Alternatively,
process bl ocks 520Chf&ifyiche executed in parallel. According to one

enbodi nent, if arbiter 3SO shifts fromeither H O 420 or NPG 430 to a

hi gher priority agent before conpl etigon of service, arbiter 3S0O returns to
its



10 WD 00/ 41083 PCT/ US99/ 30719 previous state after servicing the higher
priority agent if slice tinmer 315 had not expired. In such a case slice
timer is reset upon re-entering the state. However, in another enbodi nent)
upon re-enﬁﬁywﬂﬂﬁé one of the equivalent states, slice tiFfdS¥¥ Qontinues
to count fromthe tine it had accrued upon shifting to the higher priority
agent. An additional advantage of the tine slice technique is that by not
interrupting normal priority graphics requests to service host and system
I/ O requests, the grouping of transactions that are naturally localized in
a certain range of nenory address space is permtted. For instance,
whenever back The high@iotityargay imhrlearqess thd eustbesenigd bpinaimai n menory 113

(i.e.) page hit), the access {i i s reduced, .and / be minimzed. On the
ot her hanlasmwéﬁéyétpmﬁ‘é&defe&nwaé 90F B R i%%gsafﬁegsgaiﬁwa#wﬁe&a?f page of
Mai N MeMgYmbik3viito &vice 325 88D1eA1tS Sraphibd @nBEIFL 220 by Bicksr ifRNiidEged since

each transaction regglres additional time to precharge a different page
before t hwaiganenany bsss sybstangally displasied (hehighypriogifycategory 4lsp éludet hni que

| ncreases, I}&@tskl‘l#ﬁlukt@%ﬁwf&dﬁlﬁ&‘&% berl CRUAPrNERURS! kabbRIGaAE MOt and
systen1|/6 group) as well as those fromthe normal priority graphics group,
tend to beruptiel wilgcumat i memay p Kb seoforimefreshrageiot gceived frol  Condi ti onal
Gace Gran he. itional .grace.qrant .techn expands on the concept of
mexi ni zi nﬁ*‘?%‘e““f‘icz(égg'}eﬁéoe 51‘6?19%%ﬁfﬁ”‘%@‘r‘%&’%%ﬁf%gge hit. In this

arbi tration scremest aad bysteat I/G bltegoeyrhicludes mquebts receivedfidm ptogtssordOn recei vi ng
both a request by the agent curren in control of i menory 113 and a
request f (ﬂ'nr%f‘dﬁ?laﬁ??@?mﬁ&fo&} 'i%@g%fgeéh% aR%{F@P?sffeff%%gStegﬁéaa?vé °8f access of
Mai N Mengykedlbhis 13C kecdited Vigsye@ i BB lidtériie 24® NHequstsedth HAGRBbn ORtehhe

fol |l ow ng re%uest bei ng a page hit. Page conpare unit 330{ shown in Figure
3) makes byid3@atectassified asdspcbonoyteand asynghreumyscliodinoneraests e+ | be a page
hit. As | &gges%_sfrow%ﬁgd*@a?ﬁer REUBTL arfY, e{ch%:&%{x_g%ﬁéitm AYRRL R & page hits,
the agent retains control of nain nenory 113. However, once page conpare
unit 330 sketiesdyrmeain mamporyal 18 witharaneasceptabtputins penpd.aAsymabnondusirggyesigent woul d
result in a ESS, it 0.shifts. ta the higher priority state.

Addi ti ona‘ergg/’%gfﬁﬁsetghgr%ﬁehagd;@%(g@%t %rgrka%“vﬁ tsé’i ertlc')gl(% P%%ch]p r?ﬁlgsrtlnc(r%'é)?rsbr y 113 is
limted by grdfiguiei8iena bR2K diagiamas ohé embodaréht bbb ditenfae @d0.upBEnausagent

first regain'q?,controL of main negﬁéy %13 under a raqﬁsconqi ion

However , ST REE AR 9L RERO AU AR *RY FASYIEFTONOWRG 8ES A8 L US99130719
320, the ageRR budust. Kedhrddld Sldus BT didtks BdchPThbis HRIERE Yo delBaccésegar dl ess of
whet her page conpare unit 330 determ nes_that a subsequent request wll be
a page hi fPaindpeRery { Hhthils styngireansp aueve §E5 pAfsHAVRFIERN0YE reapesEx SEYYPve wai t
time for Bidier&3aabalss B! 4 PIE-aRAEPSR doBpllPlollsRREK gl s1Flafge timer 320
may be progranmeble in order for a user to select an optimal value. An

opti mal vasyachrenpugquenggly.  Rep-arbitasd20isploers the systens EPirenussts Hsashioheus oro ot her
requestin LE1.on. s el Ltd L qar t.echni que may

oper ate i%syg‘?tE é’rﬁs)ttﬁ"gq{eiﬂﬁgﬂl gH éé)eaﬂ%%% 8?%99%6%%8%%‘ %?‘F%}Q/}yc}égl gnati on node.

Fi gure 6 Issclaorfduswquéstgragivar highee poqrity dte onhedritinalbintedate®€3 | N accor dance

wi th one enbodinent qf .the present invention. At process. block 610, a high
i ori Ty equell T pary efiPRas et Hehad Ron e BB EBRRenE S ne t hat i <
cur rent | yfrom geaphics obntiler@20no aeeeRmyaid hdmorit 1 1Br TheSpoRlisistics 6déhorpage conpare

unit 330 dehﬁrm' nes \M;Fet her thg foll owi ng request fromthe controlling
agent wi | frepidesyequests thaf have relaxed latency rroyprements thatangy bePoEpPoReA Y &t hat t he
subsequentups@aid afnotint oftie WehBit SRusideg e g R AR in BfsteR) fObﬁ)_exrf&ﬂiéﬁéet. Hop granted
access to nmain nenory 113. However, 1 f page conpare unit 330 determ nes
that the SxARplynesied wiilqrarsactions Somawmdte buffor 212 apdsmejamemarnesfieshhether grace
timer 320 I 4 I F AC j 320 has expired,
control |gmﬁk§e(ti ﬁﬁﬁéelfiﬁgpoecg‘?egogjgfgé ag{i g@ﬁfpogglgfo\f\,ﬁ;eef gtlgo?? agég:dé%g{mc?f main nmenory 113
i s granted to Figeredajhestaerdiagrant §f shier 850 Whilegspaca€ing inntee pr3itlly has not
expired, the controlli ent retajns. control of main.menpry 113, process
bl ock 6502 ErAlaEdn N Bty iipationdt s erehs vl s BREBIKT ek 610 wher ei n
another request is received. By groupjyng many page hits accesses together,
unnecessary main nenory 113 precharge tine is elimnated. Consequently, the
avai l able main nmenory 113 bandwi dth is maxi m zed. D. Waternmark Levels The
wat er mar k techni que takes advantage of | oose |atency requirenents for
opportuni stic requests. For exanple) posted wite requests fromwite
buffer 212 and




main menory 113 refresh requests fromrefresh unit 230 are queued in

hol di ng buffers) and execution is postponed until arbiter 350 is idle.
However nmes of heavy workload at main nmenory 1 portunity .
for opport3£ 5%II():'J‘?’agents to gain access of main nmenory 1 F%Q%gquced. | f
there is little service frommain nenory 113, the 12 WO 00/ 41083

PCTNS99/ 30719 hol di ng queues within each respective agent may reach maxi num
capacity and cause detrinmental performance inpact. The waternmark techni que

oper at es ﬂ«g@éefdﬂ%nﬁttba tb hvid SdniGfonREBIR B350 MeluBEs 1Y foliywig Sla@ealigon node and
requires arbiter” 350 be sensitive to the |evels (or watermrks) of

hol di ng qmés(fm)ﬁﬁﬁmt@ﬁlsmq%ﬂ%ﬁ@)sﬂol gormakpsiogitygyarkirs (PG4 30ear enpty,
the waterpgpy 3(}|pl>r?ﬁ’n?4t1cé é‘oﬂ afbiter 20005 até%é%ﬂd(ie&fvgy&)ero‘?%ké’es a | ow

priority as scussed ab wever, ding queue 1s near full, the
wat er mar krelqaases|to heeedsinmgin mnnhotyhldBqutpmrmunhsm isenage oo theemvrityetetwechi gh

i te ouf meraratTindume R Rl R67 ool el S B B Tt

t he ranki pgei®ds d doemappiofityRdphics eeqfést ftBmi gBaphits Sﬁdroillé)r 220eo plighesdal priority.

Additionally, the priority of the op ortunistics oup_rmay be gradually
i ncr eased2ssstoh @Wﬂ?%lé%é{}é@ qOIrF pips 1n|15[9‘}2ﬁ E“glﬁt?égsqtfg/“t“ﬁ@“ﬁfﬂeues are

hal f ful | NplyR13BRke thiiy mER¥nPA 3IMAE Easael geevx@n%sawm@b @ésufnftigladhigr@pki ng.
Figure 7 1s a flow diagram'of the operation biter 350 in accordance

with one emrdmiagpehqloe@mttsnbsemeegbqu¢Sh%féms| Seweyar, ibp Bigh oy rNesT 10, a
request ?sog%ﬁgg%@ep ﬂpﬂﬁﬁédiﬂ?élf e Bmtrﬁoaee?éﬁpm.n menory 113. Al

process b |ter 350 T e wat ermark | evel s and determ nes
whet her the op@sdﬁsmh@tab@vcghlehlpﬂmr@aumsqlf@lﬂlglpﬂﬁ dyeite ifs tepldimd t s current

state or ol UE mdnfs; Sr}d"c%‘ﬂoﬁx‘ﬁﬁé{%% esti %ggéwes?begﬁ}sgft% ddei g@& wﬁl?ﬁttl‘é’at ermark

| evel s ar &} rve arb emal ns |n| state or
shifts tomfhdrtﬂbetbnnaquemacmg{aagadtsymmﬂommﬁsaxprdes:gnate;zl,atmgmcess bl ock 730.
If it is deter ned V\@ termark | evel s ar§0§eld%%i verlﬁ% hi gh, arbiter
350 shi ft 8RR E P’E"Eﬂﬂ' ETApUES TEHUESE SHRHPTRETHY i nory 113 is
grant ed t genkifiQe. Bt éRsh %ﬂ@eﬁﬁ@ﬁ&éﬂfﬁ@@r&ce@@ﬁ[ﬂimW&G&SﬁaxﬁﬂtﬁCk 740. Al though
the present invention has been described with respect to a Unified Menory
Ar chi t ect B¢ Emans dsgradatignnary skill in the art will appreciate that the

present | nvent {3fhoigp rts)@esgmbﬂygﬁm%ceésgeagn@ﬁ RehoRBTYiYa SYfbaAVed

configurations. Furthe the arbitration techni qués described in the
present i mﬁemri Brmrlnna}zlcb@rcpwpewnm@mlwwy@csﬂ@rwe@ne@mrsmfd@tasm@md such as

et 5, B i P o Pl ARG AU ORI A, RIS BRSRTE L0

00/ 41083 ﬁgbm/ﬁeWraiced & ca¢heinmpebry $07. Aherfpeitics iniegtenrly oaepatyfomg: a rrermr y;
and processor 105 to access main memory 113 in order to fetch data. The period of inactivity
between processor data requests at main memory 113 allows for a sufficient bandwidth
for normal priority graphics requests.

However, in some instances, such as the use of heavy graphic applications or
small cache memory 107 size, host and system I/O requests may lead to the starvation of
normal priority graphics requests. In such cases it may be necessary to provide equal
priority ranking between host and system I/O requests, and normal priority graphics
requests. Further, continuous interruption of normal priority graphics requests by host
and system I/O requests results in reduced efficiency of main memory 113 operation. For

example, each time normal priority requests are interrupted, the accessed page of main

memory 113 must be closed since host and system 1/O requests are not likely to access

8



PCTNS99/ 30719 a nenory controller coupled to the nenory, wherein the nenory
controller includes an arbitration unit that is programmable to operate
according to a first arbitration node and a second arbit;,g.}/hgﬁls[m e 2. The
comput er sYQWMBY claim 1, further conprising: a first device coupled to
the arbitration unit; and a second device coupled to the arbitration unit;
wherein the first device is assigned a higher priority classification than
t he second device for accessing the nmenory while the arbitration unit is
oper ati ng, accordi f] } i [‘@éﬂ% L.n:the first
devi ce aﬁﬁe ?aﬁng pg%ég%r? Qegéé\}?lgéi %%p%é§¥%l%§%llyglnmsequ en%ﬁ?@%? %’%ﬁé"gsi fication
f or accegasé ngt inddaysrmambOyreqiests e Afthithehdst drrdedystem UGhiequests hayeeroatplatagl accor di ng

to the second arbitratio 3. The. c uter system of clai.m 2, wherein
the ar bi t4SEHBRTAN R ﬂ}%?x%ihearbo g@%?&n%@%ﬁ#‘?tﬁ%ntgﬁg& econd devi ce
for a prededsshd pageladcedied bythe hysd hnddyste® IR qldstsShustie/dleed hastheont rol  of the
menory whenever operating according to the second arbitration node. 4. The

conput er BOPBALEFADBICS FqHestPage myskheserorened. ARHIMECE BRI t hhol ds access
of the rrefmagyﬁd‘grtﬁm LdRerh @6} pdoMingRqhA bricrith R AL eMBLRost hiBsyaher val while
the second device has contTtol of "the nmenory whenever operating according to
t he secoriD saqbéstsrand nornakprierity Brapliiperegensisut er system of claim 2, further
conprising a tirdpgesi;cemopbrerein the third device is assigned a | ower
priority classification than the first and second devices 14 WO 00l 41083
PCTI US991 307 13Ypshesteiving cohféguaedinformationrviathe MOBE eipeal atdicagngtbeor di ng to t he
first or secand arbitratlion d The comput er system of.cl.aim5) wherein
the ar bi tTEeHEHRE o OBRRIR albter 30 oRes R5OHEN F HTEHHE SWHBE 1  n 1 he
third nodectinktfie AUbIhE ftiin@slicentbdhnigué, iypedsioacessmaiaimdnigy m3mey fromthe
first and second devices for a predetermned tinme interval if a subsequent
request Hbiptagpdzed ap flloyawiththe purabes @ag (1) havingdhe PighsskRiAME in a page hit. 7.
The conput er sysi‘emmpx{dﬂ@;m 6) wherein the arbitration unit grants access
to the first or second device if the subsequent request by the third device
to access the nedoHgstand System U@ apdNgymalpripsity gaphigseandonput er syst em of

claimb5, whereingt b? Sdinidicdevi ce includes a request buffer for storing
requests to access Re nmenory.

The timeslice technique ensures that normal priority graphics request starvation
will not occur as in the priority designation scheme. Host and system I/O accesses of
main memory 113 are regulated by slice timer 315, shown in Figure 3. Slice timer 315
limits the duration in which host and system I/O requests may be serviced by main
memory 113. After expiration of slice timer 315, normal priority graphics requests are
granted access to main memory 113, assuming there are no high priority requests. Once
normal priority requests are granted access, host and system I/O requests are not granted
access to main memory 113 until the expiration of slice timer 315. According to one
embodiment, the duration of slice timer 315 may be programmed by a system 100 user.

Figure 4b is a state diagram of arbiter 350 while operating in the timeslice mode.
Arbiter 350 operates the same as in the priority mode under most conditions. For
example, if arbiter 350 is in a state (e.g., OPP 440) and receives a request from a higher
priority agent to access main memory 113, arbiter 350 shifts from the lower to the higher
priority state (e.g., HP 410) and grants control of main memory 113 to the higher priority

request. However, if arbiter 350 is in a state (e.g., NPG 430) and receives a request from

9



9. The conputer systemof claim8, wherein the arbiter operates according
to a third node wherein in the third node the arbiter assigns the third

device a higher priority classification than the first a devices .
if the reqd@%‘f“’%ﬁ?f er is full and assigns the third devi %%Téﬁ?ﬂ’?%ﬁﬁ priority

classification than the,first and second devices if the request buffer is
enpty. 10. The conputer systemof claimsS further conprising: a host
interface coupled to the arbitration unit; a systembus interface coupled

to the arhitratj. T Is LGS Célljrm . arbitration
unit; and%az{gF3 %f*l%%h{lv?‘l °@‘d’3‘8?§3"'§6ﬁt€’ﬁg}‘ {%rgggltét?{l gtéi on pz‘%lrt%@r 5151@)‘3 The conput er
syst em of reeaiis in itOcurnehtestate sertiting fhie NPG ctquastumntil the axprabomsishice dwempl ed to t he

arbitrati unit via host interface t on ice is gr aphi cs devi ce
coupl ed t 5% e i eRpiion af HisE At 515, b S8 s B £ Mg hi o

devi ce i seduiglenEpridiy) askirling thete hdstReC ARYERT frén @ hipheiqTriotityedgeat11) wher ein
the first device is coupled to the 15 WO 00/41083 PCT| US99/ 30719
arbitration urfigurgiSis aHewdiagrasyeishe opertion phabiter P30 Whilearbilsipa? & syst em of

clai m 12, \\Wheh ekt Rfe SHE! ROBeD WPhilektitet 858is IHkithBahe NPGIHERS staft, Y €-ar bi ter;
an i sochronous buffer coupled to the pre-arbiter; and an asggchronous

buf f er cotghestifrem atdiféerent agent t9i aceass majnananary { Heis gaceived process bieskSifhs a hi gher
priority £ e Ldds § ' Siddf fer than
Pequest o o BR% bld BNt OudGRYRE WheBbabe obdh kMol SABHARIIIEANE 1 of
claimb5, fuoritithan dersptd @biteg 350 isicneentlyis | i theaeqiestiicizgm wheghes priotibe t hi r d
device is_assigane hi gher. .pri.ori cl.assifi.catior t | rst, second
and t hi r d%78% F‘%@grd%/@élﬁle‘\%g?nstf e lfr%]%r%é?tgta?eotﬁ ttlljcnhllél cll‘ g&g}ﬁgggtf i Iﬁgccgsccor ding to

t he fir st bletk SX¥C ondomdingly, thathigher priociesstatd fs. grahled accpspefingdin sygmbamief cl ai m 2)

wherein the arbitration, unit receives a.signal indicating whether the
arbi trati SEPoEReRtY. Conpl isgeined Sreesrng 118 Nne G KGREUSr (e second
node. 16. reffigedcOonput er system of claim 2, wherein the nenory controller
operates according to a unified nmenory architecture, 17. A nethod of

accessi ng a nef#riydstermined that the deqvestés it fPmyH higher prierity agopy it is
determined whether the received request is from an agent with an equivalent priority
ranking, process block 540. If the request is not from an agent with an equal priority, the
request was from a lower priority agent and arbiter 350 remains in its current state to
continue servicing the current agent at least until a higher priority request is received,
process block 550. If the received request is from an agent with equal priority, it is
determined whether slice timer 315 has expired, process block 560.

If it is determined that slice timer 315 has not expired, arbiter 350 remains in its
current state servicing the current controlling agent. However, if slice timer 315 has
expired, arbiter 350 shifts to the state with equivalent priority, process block 570. At
process block 580, slice timer 315 is reset to provide the newly granted agent a new
count. Subsequently, control is returned to process block 510 wherein a different agent’s
request is received. One of ordinary skill in the art will recognize that process blocks
520-560 may be processed in a variety of different sequences. For example, the process
disclosed in process block 540 may be executed before the process in process block 520.
Alternatively, process blocks 520-560 may be executed in parallel.

According to one embodiment, if arbiter 350 shifts from either HIO 420 or NPG

430 to a higher priority agent before completion of service, arbiter 350 returns to its

10



conput er system conprising: granting access of the nenory to a first agent
after arbitration; receiving a request froma second agent to access the
menory; determ ning whet her the second agent has a priority request
classifi catW@f/4defdi valent to the first agent; if so, detdiGHIPHYhet her a
predetermned tine interval has el apsed since the first agent was granted
access to the nenory; and if not, w thhol ding access of the nenory fromthe
second agent. 16 WO 001 41083 PCTI US99/ 30719 18. The net hod of 17 further
conprisin ranting_access of the ne ent if S

Gt bt m noded o StA g e TRne e b ZEou et i s o Al segiree!

classifi Cmmﬂame@hédmna‘rhmiet a%m b-entbiing fﬁb@taﬁ&”em%v@fm@h&héﬁ 17, further
conprising granting access o menory to the second agent if it is

det er m neemgwamemh@w@a@fyenmqaéef the ﬁ%‘lY%@éF‘\?‘ﬁ% shigectingar 3ha eRNtiNYGY 10 The et hod
of claim I gg&mh Ing unit (CPU) and
t he secon(;l:ig"z?gtgﬁﬁl tFésln‘gé g?‘%‘#ﬁr"@’tgd Vi cghﬁ %tﬁ?ﬂ%ﬁ%{lﬂ%%%%?@cl aim19) wherein
the first agerftn ddditiongrdyintage oftby lime shigedechhigueisdlnt iy agfdnierripding syst em

i nput / out [ f

receivi ngggﬁl}aﬁejg%éérygﬁaﬁécs r-gq th'rad&g\gceeol{osfin% gétérZIlo E@eﬁ? thc?%/mu "{'EZArfnt he first
agent has tiassactiops &ratﬁdnaumﬂgmcﬂmeﬂhmmrrmgewﬁmmbry ddthesd dphdeds agent has a

| ower request Slflcatl n than .t first agent; t er m ni ng.whet her a
bt or ot PAPHI G 7 1o, NS Darip Gatk ASach s Aocesh (e SHTGIZE BT ant | e

access of xﬁamneiﬁaiqrmsm tpbgeﬂ.bltﬁda@gs@mﬁne @Eeduaéheanm @€ nihinfizedl On22)
further conprising wt hhol di ng access of the menory fromthe third device
i f the buftegther bantpwheneverthiagketopagk fransacsians scesp diffsernbpage efmeinng access time
experienceg f9f.L 54 P&Q?xﬂ&sg GRNERHRG if @hxﬁa&%@%cé&cﬁtr{am&féﬁce with a

plurality of additional agent’s, the neth conpris
requires additional time to precharge a different page before the data access is made.

Consequently, the timeslice technique increases the likelihood of a page hit because
requests from the host and system I/O group, as well as those from the normal priority

graphics group, tend to be localized in the same pages of main memory 113.

C. Conditional Grace Grant

The conditional grace grant technique expands on the concept of maximizing the
likelihood of a main memory 113 page hit. In this arbitration scheme, arbiter 350
remains in its current state upon receiving both a request by the agent currently in control
of main memory 113 and a request from a higher priority agent. Nevertheless, the grant
of access of main memory 113 back to the controlling agent is contingent on the
following request being a page hit. Page compare unit 330, shown in Figure 3, makes
the determination of whether a subsequent request will be a page hit. As long as
subsequent requests by the controlling agent are page hits, the agent retains control of
main memory 113. However, once page compare unit 330 determines that a subsequent
request by a controlling agent would result in a page miss, arbiter 350 shifts to the higher
priority state,

Additionally, the time an agent may retain control of main memory 113 is limited
by grace timer 320. Grace timer 320 is activated upon an agent first regaining control of

main memory 113 under a grace condition. However, upon the expiration of grace timer
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granting access of the resource to the first agent; receiving a request
froma second of the plurality of additional agents to access the resource;

receiving a request fromthe first agent to retain contr
det er m ni ng"MPEPEr the request by the first agent will

?ggms?&ﬂ%gr esource; .

I n"accessi ng

17 WO 00/ 41083 PCT/ US99/ 30719 the sane page of the resource; and if not,

granting access of the resource to the second agent. 25.

The net hod of

claim24) further conprising: determ ning whether a predetermned tine

el B T e, Sy (1

resul t i nconpessiinmpotdeerminacthgagebsequenerguest widlrte aipagesiif. Giatdtiroérdi ng access

of the resource fromthe..
resour ce ts’gol’rﬁ\éc“?ég

d t; otherw ti
HPOSEn P! SFaC e B BF et u g

nsq. access of, the

w%?r%cf? in a

uni fi ed nMeywRAM nkdeb} 118C1GH® tndvBR0 MeyRreFramihable I ool d Sen@ selgérant i ng

access of the nenpry to a first agent after arbitration;
request f ABARtMal ¥alus A gRbrpal Kalhs i@ t’énerlé'&‘&gﬁ

recelving a

impgses Op SETPUS IASDSIES Phe  enory;

det er m ni gGeWagleSG e deBifts. SREA1AShaR gl SRY cof@Biomal Bia8EEhnRYuk fial bijerfi@ GIESt
classification'than the first agent; if not, determ ning whether the

request beities thejtimerstipesmpdesgrghes priority degignationgapdegr ant i ng access of the menory

to the second gﬂﬁ@G-S%OWT(ﬁ

granting access 0 to the second agent t

§is2 mm%mkm oge‘ratfoln%mbﬁé)ssbﬁséaﬁrrga,gcggng%oagggm e

hi gher pr embodimentefj the preserit dmventidne gttipoaresstpiask Hh@ afhighgriosigemaquest is

received, as well as a request from the agent that is currently in control of main memory

113. At process block 620, page compare unit 330 determines whether the following

request from the controlling agent will be a page hit. If page compare unit 330

determines that the subsequent request is a page miss, the higher priority request is

granted access to main memory 113. However, if page compare unit 330 determines that

the subsequent request is a page hit, it is determined whether grace timer 320 has

expired, process block 640.

If grace timer 320 has expired, control is returned to process block 630 wherein

access of main memory 113 is granted to the higher priority state. If grace timer 320 has

not expired, the controlling agent retains control of main memory 113, process block

650. Subsequently, control is returned to process block 610 wherein another request is

received. By grouping many page hits accesses together, unnecessary main memory 113

precharge time is eliminated. Consequently, the available main memory 113 bandwidth

is maximized.

D. Watermark Levels

The watermark technique takes advantage of loose latency requirements for

opportunistic requests. For example, posted write requests from write buffer 212 and

main memory 113 refresh requests from refresh unit 230 are queued in holding buffers,

and execution is postponed until arbiter 350 is idle. However, during times of heavy

workload at main memory 113, the opportunity for opportunistic agents to gain access of

main memory 113 is reduced. If there is little service from main memory 113, the
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"10%& 10% &
- FlgSlZ'e 7 is a flow diagram of the operation of arbiter 350 in accordance with one
embodiment of the present invention. At process block 710, a request is made by an
opportunistic agent to access main memory 113, At process block 720, arbiter 350
checks the watermark levels and determines whether the opportunistic group has a higher
priority than its current state or other received requests. If it is determined that the
watermark levels are relatively low, arbiter 350 remains in its current state or shifts to
another requesting agent with higher priority, process block 730. If it is determined that
the watermark levels are relatively high, arbiter 350 shifts to the opportunistics state and
access to main memory 113 is granted to the requesting opportunistic agent, process
block 740.
Although the present invention has been described with respect to a Unified
Memory Architecture, one of ordinary skill in the art will appreciate that the present
invention may be implemented using other memory system configurations. Further, the
arbitration techniques described in the present invention may be implemented in other

electronic systems, such as networks, printers, etc.

Thus, an arbitration policy to increase the available bandwidth in a UMA

computer system has been described.
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CLAIMS

What is claimed is:

1. A computer system comprising:
a memory; and
a memory controller coupled to the memory, wherein the memory
controller includes an arbitration unit that is programmable to operate according

to a first arbitration mode and a second arbitration mode

2. The computer system of claim 1, further comprising:

a first device coupled to the arbitration unit; and

a second device coupled to the arbitration unit;

wherein the first device is assigned a higher priority classification than the
second device for accessing the memory while the arbitration unit is operating
according to the first arbitration mode, and wherein the first device and the
second device are assigned an equal priority classification for accessing the
memory while the arbitration unit is operating according to the second arbitration

mode.

3. The computer system of claim 2, wherein the arbitration unit withholds access of
the memory from the second device for a predetermined time interval while the first
device has control of the memory whenever operating according to the second arbitration

mode.

4, The computer system of claim 2, wherein the arbitration unit withholds access of
the memory from the first device for a predetermined time interval while the second
device has control of the memory whenever operating according to the second arbitration

mode.

S. The computer system of claim 2, further comprising a third device, wherein the

third device is assigned a lower priority classification than the first and second devices
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7. The computer system of claim 6, wherein the arbitration unit grants access to the
first or second device if the subsequent request by the third device to access the memory

results in a page miss,

8. The computer system of claim 5, wherein the third device includes a request

buffer for storing requests to access the memory.

9. The computer system of claim 8, wherein the arbiter operates according to a third
mode wherein in the third mode the arbiter assigns the third device a higher priority

classification than the first and second devices if the request buffer is full and assigns the
third device a lower priority classification than the first and second devices if the request

buffer is empty.

10.  The computer system of claim 5 further comprising:
a host interface coupled to the arbitration unit;
a system bus interface coupled to the arbitration unit;
a graphics controller coupled to the arbitration unit; and

a refresh unit coupled to the arbitration unit.

11.  The computer system of claim 10, wherein the first device is a processor coupled
to the arbitration unit via host interface, the second device is a graphics device coupled to
the arbitration unit via graphics controller and the third device is the refresh unit.

12.  The computer system of claim 11, wherein the first dcvice is coupled to the
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the isochronous buffer than requests stored in the asynchronous buffer.

14, The computer system of claim 5, further comprising a time sensitive device,
wherein the third device is assigned a higher priority classification than the first, second
and third devices whenever the arbitration unit is operating according to the first or

second arbitration modes.

15.  The computer system of claim 2, wherein the arbitration unit receives a signal
indicating whether the arbitration unit is to operate according to the first mode or the

second mode.

16.  The computer system of claim 2, wherein the memory controller operates

according to a unified memory architecture.

17. A method of accessing a memory in a unified memory architecture (UMA)
computer system; comprising:
granting access of the memory to a first agent after arbitration;
receiving a request from a second agent to access the memory;
determining whether the second agent has a priority request classification
equivalent to the first agent;
if so, determining whether a predetermined time interval has elapsed since
the first agent was granted access to the memory; and

if not, withholding access of the memory from the second agent.
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20.  The method of claim 19, wherein the first agent is a central processing unit (CPU)

and the second agent is a graphics device.

21. The method of claim 19, wherein the first agent is a graphics device and the

second agent is a system input/output device.

22.  The method of claim 17, further comprising:
receiving a request from a third agent to access the memory after the first
agent has been granted access to the memory, wherein the third agent has a lower
request classification than the first agent;
determining whether a buffer within the third agent is relatively full; and

if so, granting access of the memory to the third agent.

23.  The method of claim 22, further comprising withholding access of the memory

from the third device if the buffer is not relatively full.

24. A method of reducing access time experienced by a first agent contending for
access to a resource with a plurality of additional agents, the method comprising:
granting access of the resource to the first agent;
receiving a request from a second of the plurality of additional agents to
access the resource;
receiving a request from the first agent to retain control of the resource;

determining whether the request by the first agent will result in accessing
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otherwise, granting access of the resource to the second agent.

26. A method of accessing a memory in a unified memory architecture (UMA)
computer system, comprising:
granting access of the memory to a first agent after arbitration;
receiving a request from a second agent having a request buffer to access
the memory;
determining whether the second agent has a higher priority request
classification than the first agent;
if not, determining whether the request buffer is relatively full; and

if so, granting access of the memory to the second agent.
27.  The method of claim 26, further comprising granting access of the memory to the
second agent if the second agent has a higher priority request classification than the first

agent,

28.  The method of claim 26, further comprising withholding access of the memory

from the second agent if the buffer is not relatively full.
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