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ARBIRTRATION I N A UNI FI ED MEMOR The present invention rel ates
to menor yWyeYEA8; nore parti cjmmmﬂ”mm resent inventi ditTePaB¥d9t o
arbitration policies in a Unified Mgmpry Architecture (UVA). BACKGROUND OF
THE | NVENTI ON Typi cal conputer systens are inplenented using at | east two
menory subsystens that help to control access to a nenory system by
requesting agents. The two subsystens are typically a main nenory subsystem
and a gr auiiTIS0ODOEND ARFBRA BUHEPHR & RBITRA TTAONINBTONYFERIDSYEMEIR Y NCl udes a
system nmenory controller) while the graphics |ocal nenory subsystem

i ncl udes a graphics nenory contABCHITE Fenory subsystens are typically
necessary for supporting traffic requirenents of all requests to access the
system menory within an acceptable tinme |atency. Thus) the dual nenory
architecture provides a performance benefit for typical conputer systens.
Nevert hel ess, the additional cost of inc i ond nenory subsystem

i ncreases the manufacturing costs of typmmmllm\mmmmm systenms. Conputer
syst ens [ A Menory Archit ;e conbine the

functi on@?@f%"ﬁggﬂﬁﬁry subsystem aﬁ%ﬁé{éhe graphics | ocal nenory
subsyst em CO'TH&E;:%Ecn%YrﬁIeﬁH&q Mt 18 VDG RIcARY INBRSIaMiduBS s, BeRpaehve to
manuf acture due to the absence of a second menory controller (i.e., the

gr aphi csinventonretatastte efbliteation pelies/mra Unified Nediary dnchiitegpegdbiNM4).r equests to
access the systemnmenory typically overload the comon system nmenory
controller. Thus) typical UMA conputer systens suffer a significant

reduct i og A CKBROONDEOE T ReNVENTI®ONVeEr | oad of traffic requests at the
system nmenory controller. Consequently, an arbitration policy is needed to
bal ance the déping computysystamsreerunpicmenied esimgmatileAsyievothemaryai | abl e

bandw dth ,in a U ut er ste 1 1 JUN zD03 WO,.OO at 08

P Usoor s Em Sl on R e RS SRR R1 BB e *Eibocl ent ) a
conmput er w6y Sittds e 36308t hliatnenidey UBEFtedn BRIPEMpABHIcdalREMEyy control | er
coupled to the nenory. The nenory controller includes an arbitration unit

t hat maysWsypeogrlamman memepeiuhsysteativoludésrsysismamémeytconrpilary whileote node or

a second arbitratjon npde 1 ]1 Z}UPJ 2003 WD 00/ 410 | EF DESCRI PTI ON
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acconpanyi ng draw ngs of various enbodi nents of
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 overioad the
commuon 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.



i nvention. The draw ngs, however, should not be taken to limt the 11 JUN 1003
invention to the specific enbodi nents) but are for explanation and
under st alNR M8 y. Figure 1 is a block diagram of one enﬁﬁﬂ?ﬁ%ﬁ?o%ﬁ a
conputer system Figure 2 is a block diagram of one enbodi nent of a
chipset; Figure 3 is a block diagramof one enbodi ment of an arbitration
unit; Figure 4a is a state diagram of one enbodi nent of an arbiter; Figure
4b is a t i iment of an arbiter; Figure 5is a flow
diagran1%&ﬁﬂﬁ@ggﬁ%égﬁhgﬁgﬁgﬁﬂﬁﬂﬁggperation of an arbiter; Fibre 6 is a

fl ow di agram [ : t ' : O rpiten.  E.gure 7 is
a flow di agr a%cg?ﬁ%@?@%ﬁ%ggﬁ@%ﬁ n(t)'fahc'?)h 063%%%?6%318?83% tg%[t;ﬁhédre?aand Fi gure
8 i || ust madnemy and bk ocknaty agrtesiico new pderbdhermnainoof. Ehesryistnem dousoligit er f ace. 1
1 JUrJ 2003 WO 00/al1083 PCT| US99/ 30719 DETAI LED DESCRI PTION OF T HE PRESENT
| NVENTI ONGHidss 28 20itralioq YitghRt IR BOSHIUBRILOORBBH 3RsATd It 04 tE¥nput er
system 1QQ.. i s a central processing unit
(processgg?“%%ﬁ“@%%%?§§§%@H%%ggggggr qﬁs 110. In one enbodi ment, processor
105 is a processor in the PentiunOO fam |y of processors including the
Pentium || processor famly and nobile PentiunD and Pentium || processors
available fromlIntel Corporation of Santa Clara) Califomia. Alternatively)
ot her processors may be used. Processor 10S may include a first level (L1)
cache nmenory (not shown in Figure 1). In one enbodi ment) processor 105 is
al so coupled to cache nenory 107, which is a second |evel (L2) cache
menory, via dedicated cache bus 102. The L1 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 (UMA). Main nenory 113 is coupled to processor
bus 110 through chip set 120. Main nenory 113 and cache nenory 107 store
sequences of instructions that are executed by processor 105. In one

enbodi ment) main nmenory 113 includes dynam c random access nenory ( DRAM
however) nmain nenory 113 may be i npl enented using other nenory types. The
sequences of instructions executed by processor 105 may be retrieved from
mai n nenory 113, cache nenory 107, or any other storage device. Additional
devices may al so be coupled to processor bus 110) such as nultiple
processors and/or multiple main nmenory devices. Conputer system 100 is
described in terns 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 enbodi nent, video device includes a video nonitor such as a
cat hode 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, systembus 130 is a Peripheral Conponent

I nterconnect (PC)7 standard bus devel oped by Intel Corporation of Santa
Clara, California; however, other bus standards may al so be used. Miltiple
devi ces) such as audi o device 127) may be coupled to system bus |130. 4 1
1 JUN 2003 ~O 00! a1083 PCT/ Li S99/ 30719 Bus bridge 140 coupl es system bus
130 to secondary bus 150. 1n one enbodi nent, secondary bus 150 is an

I ndustry Standard Architecture (ISA) bus devel oped by International

Busi ness Machi nes of Arnonk, New York; however) other bus standards may

al so be used, for exanple Extended Industry Standard Architecture (El SA)
devel oped by Conpaq Conmputer, et al. Miltiple devices, such as hard di sk
153 and di sk drive 154 may be coupled to secondary bus 150. O her devi ces,
such as cursor control devices (not shown in Figure 1)) nay be coupled to
secondary bus |50. Figure 2 is a block diagram of one enbodi nent of chi pSet
120. Chi pSet 120 includes a host interface 210 coupled to processor bus 110
and recei ves requests from processor 105 to access main nenory 113. Wite
buffer 212 is coupled to host interface 210 and buffers requests received
fromhost interface 210 to conduct wite transactions with main nenory 113.
Read buffer 214 is also coupled to host interface 210 and is used to buffer
requests received fromhost interface 210 to conduct read transactions with

main menory 113.
2



Chi pSet 120 al so includes a graphics controller 220. G aphics contrbhiJeN 2003
220 ‘handl es video data requests to access nmain nenory 113. Refresh Unit 230
is also iWEIOWABE3 wi t hin chi pSet 120. Refresh unit 230 tri §§ENS* %ty
refreshes that recharge electrical cells within main nenory 113 in order to
mai ntain data integrity. In addition) chipSet 120 includes a system bus
interface 240 coupled to system bus 130. System bus interface 240 receives

requests frominput/output (1/0O devices |ocated on systembus 130 (e.qg.)
audi o de\BREEH PESGRIPAdOSO Xl DRABYINGSL3. Furt her, chi pSEt 120 i ncl udes

a nenory contrQller 250. Menory,controller 250, i coupled..to. wite buffer
512 rend buf (G PRSAT IBYSRSAT OG BORRGGT PR MeBulY BPFRBh Seie SSHRRE syst em

bus i nt er ;86 dtd andBERe £RBIMpAHARYS drdwhoREEESRRS cABbMERI Yhel 13 for
menory transactions based upon comrtands recei ved from processor 105 and one
or nore pevénploer Ahe dewings shavoaypt, eibul dnathicpakeatto i the irolantasn witkkeo devi ce

| 25. Menory control.ler 250 read data from and wite data to) main
nenory 1153’?01‘&’/%&’6‘;’9&‘@(%‘!:% tla@n%QW?WEP% undepaname - uni t 255.
Arbitration ung; . id; g&eezﬁ i y various
agents, such %&um%?flé%%ﬁ‘%edg%ﬁfgrea %%%@%ig)gﬁ?g?‘é;ge}é%nﬁnit 230) etc.
Figure 3 is a Kipoek diadjschnigfraro oEoendinichidireatt ok chupbttt rati on unit 255.
Arbitration unit 255 includes a slice tinmer for. operatjon in atine 5

ii'0 00/410fi Figure %@r@ﬁ%@oﬂs@@w(ﬁwmﬁi@%mf&@ [Giongndt ace tinmer 320
and a page cong L . i ] i:ti.onal grace grant
node, a water @?ﬁ&uﬁyﬁ%§§ge0?l%)é}&g%zr8gﬁ%lggqlwggpova§?gggr#aclrr'k node and an arbiter
350. Arbiter 3JSgurestieisuwesntadiagas ofefeesbsdimennfaganbisr;, det er m nes t he
relative priority of the access requests) and then grants access to one of
the agents at Hgdierisgdpundiragmaione embodigicat phthe pparation ¢feg artagri npl i ed
above, arbitrat. it . r bi 50 I cordjng to

vari ous m)desa]g(‘)l %péejfrlétqoo%gaa&%%ooﬁgg%tﬁglt'bggﬁg‘ﬁg eﬁgggﬁ;gﬁ%ﬁﬁ&%ﬂ bairl%ng, 350 may
coordi nat e accEgsre DisHBldw BRERMYofbhe cRBEEEheHPOMhe dperaforRyfi@rridér; @i gnati on
Mode; or 2. A Time Slice Mdde. In addition) while operating in either the
priority desi ghigerehiliysiriesor blophedingram arieicobodivera! ohrlsysten b85S erfege.al so
operate according to: 3. A Conditional G ace Grant Mde; and 4. A Waternark
Mode. Further, the above arbitration nodes of operation are progranmabl e
such that a system 100 user may sel ect a node depending on the desired
performance. Arbitration unit 255 receives a MODE signal that indicates the
node in which it is to operate. The node configuration nay be stored in a
basi c i nput output system (BIOS) menory (not shown) coupled to secondary
bus 150 and transmtted to chipset |20 upon system 100 startup or reset via
a configuration nmechanism such as a PCl configuration wite. I.
Arbitration Modes A Priority Designation Mode Wil e operating in the
priority designation node, requests to access nmain nenory 113 are
categorized as follows, wth the nunber one (1) having the highest
priority: 1. High Priority; 2. Host and System |/ Q



3. Normal priority graphics; and 4. OQpportunistics. 6 11 JUPJ 2003 Jo7003
001 41083 PCT/ US99/ 30719 The high priority category includes _requests that
nust be ¥Q¢¥E88Dy main memory 113 within a predet erm ned A{SHE Th or der
to satisfy a real tinme demand. For exanple) video device 125 coupled to
graphics controller 220 may flicker if service by main nenory 113 is
substantially displayed. The high priority category al so includes requests
that nust be serviced in order to prevent a systemfailure. For exanple)
data cor PEkABERDES GREFFIQN Q&1 FESENE INVENEIRNy refresh cycl es
recei ved fromefresh 1t 230 are excessj vel el a Wi bei ng

execut ed. Thgkf?ousrfqdﬁa%&/css\tdé?ﬁrf?ﬁ?(?%et %’gg d}}mfﬁc?ﬂaacé)gyp‘r%gc(ﬁl%sé{]glﬂér)%cei ved from
pr ocessoiColnphr 6fstém 100 frdudes AnSAEA ippdtesshi it gasteddf 8IS cdbgikd @d requests
fromsystem 1/ O devi ces on system bus 130 received via system bus interface
240. Reqpestsof ban ldeh oss embodiyene prdsasson 305 & wprotesswiin tredPeadum@ochr onous

and asynchronous. |sochrongpus. request e.g.) requests froma video canera,
et wor k ERBI PToRt S Herapetey SRRl pietatsah BHE D DE PR siB, et n
mermory 1134 %&xmn'i@qux%(é@s@&fs%bﬁjﬁabté % BRET OskpoARNAGRaNeEs.rk edesthis. (€. 9.,
requests fromhard di sk 153, disk drive 154) etc.) have no such .tine

restri ct iAdresnatiFelguotbeBprosessorb Inty e aisaly rRxnrast orol(d reapbiodiudea firsvfevelub.1)
interface é}%o. System bus i.nterface includes an isochronous queue 810 and
an asynclPgISUS" d0Q B9y dR tﬂ“é"dﬁto system bus 130. |sochronous queue 810
stores isochr gnghsSehBORRHE ptRe S8l [‘Oﬁi‘%‘iﬁ%%ogfﬂcﬁ% DacHERM6L 13 whidiié e
asynchronous queue 815 stores asynchronous requests. System bus Interface
240 al so a sacdnddewe! dLPraacky lnetery, 820icdwaet edchedbusd62hiTomblisngLi2oaeh810 and

asynchronous queue 815. Pre-arbiter. 820 selects the stem1/0 requests
(i sochr oﬁBﬂg"%}S 2% 9158 R JHERIAYCd I HE SH\'gie ‘%?éffﬁc:rt lé‘ii“"’_t‘B’cS)r/B?Cﬁ? Htcé’ofy& access to
mai N mengL¥ tkl3upled Q6 BIRBAUS 160L8pE SR, 9i ven higher priority due to the
critical ti'nme | aFenC| es The normal priority graphics category includes
non-real tinme @upptiled is depestped topnagsephic 1@ dntoneleindpdig20t, thipacicess nai n

1 Th uni st i t i ncl ud ts that ha | axed
atenty roaPPERSALOTRALS R e HELeR AR e P B AR RN of ) e
wi t hout %Uﬁlicﬂ'gaﬁ%@é@&%dsqnOitﬁkoﬁglf&rﬁﬁkétQQOPMziiQW-1lerfd'ca@ﬂ@@' e) posted

wite transactions fromwite buffer 212 and main nenory refreshes are
queued i merhesyrlOF sopesaquenced of fnstrectionsithabarepanaded oy progessartli0dnlmenea | at er
time. Fiqure 4a is a state di,a9r of, arhiter, 350 while o t, in the
priori ty%&ébsoflﬂﬂ%}ti ’B?f"r%%c.’ryads gnc?‘%f' dypiRye randes ?‘icfjsﬁa{?c'g?rgzﬁgﬁ‘wﬁe state

di agr am hpueveesRin/memory™1 I3 thdy BORSIMEE NG 408 31HRChHe MeBOARR7 I9e pur posef ul I'y
omtted to avoid confusion. Ar%lter 350 includes the follow ng states: high
priority se@rencesid;insipistionsrriesyted Byyploc@s¢- () map be retrgved fropy inainimemagy aphi cs
(NPG) 430,,,and, opportuni.stics P) 440. Lf arbjter.350 is in a,state and
Fece ves HAECEpERRRloY BT ok 8y pEETwiiCosiden ABHER 35S B nari on i s
nmade as tQuplee idplotEdsbyblRat1veaizh bh mulAUERESIsoAM dod Miulile flafl Bembr9r
exanple) if arbiter 350 is operating in H O 420 and receives a nor nal
priority devgphi €empelguesstent i hsgesopibed in teons phi biegle pr@essor;daivavaror mal
access of rWiln msm)gé/§ 11 ar ﬂfﬁﬁr 350 retimai n® in HO 420. Arbiter 350
transiti SREUPE HREESHEH Y 1O UREC A0 RIOFEYY 4U53 Was conpl et ed servicing H O
420) assuni ng Vidbé 868Ee PIF Ralso)oafiedto PSSt NOb. SbREIMIMhah I aalest access.
However, if_a high priority redue~t is received) arbiter 350 i nmedi ately
transiti ciyIck prsindes @ vAgrD meniiqp syahoas apathede ey el (GRGVer, liguidgrypali ority
requests } st .due to its real time requirenments, and opportunistic
requests (‘]g%pga;lj%we tmgélg%eaéaéyis¥pp§§ncxrﬁgﬁrae| ayed with [ittle visible
performance i rgragdssorttstl 1@NcupRbRMstct bRALSTSE BcHR Serdesi mhaHeed a hi gher

priority than normal priority graphics requests since processor 105 is data
| at ency Septodimend, sysem leusaldpiiey Paepherad Gompooent Iplerapnpecs (RGEE stendaddsbway cause
dramatic performnce radatio eover...processor |Q5 i cal

accesses Flﬁp?f;gﬁ}b%elﬁ%p?rﬁ“%{] %@@%@ﬁ%%@ﬁﬂ*ﬁé?@%% qu\‘ié E%ﬁ%@%aiﬁﬁgoc essor
105 typi cghé M ) AichUK f t 1 ' f

Mnact vl o HREHELE, R e R B B K PER AR (059
or higherbusdB®. servi ced at cache nenory 107. Therefore, it is infrequently
necessary for processor 105 to access main nenory 113 in order to fetch
data. The period of inactivity between4dprocessor data requests at main
menory 113 allows for a sufficient bandw dth for normal priority graphics
requests. However, in sone instances, such as the use of heavy graphic
applications or small cache nmenory 107 site, host and system |/ O requests
may |ead to the starvation of normal priority graphics requests. In such
cases it may be necessary to provide equal priority ranking between host

e e .



11 JU'J 2003 WO 00l 41083 PCT/ US99130719 the same page. Subsequentl| {1 HINVEW
page of nmenory nust be opened in order to service the host and system /O
request s WOM&E05% he host and system 110 requests have conptEVel’*4tdessi ng
/main nmenory 113 and the normal priority graphics request is again granted
access, the page accessed by the host and system|/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 rankBrngbhégarbEhcauplksts systain bys i 20mol se@nderylbes i $0. alndnpor mal priority

hi ts. B. .Ti L de U | Vi i dinf ti
o he FEBRNERYh sreemdam R B R B e A e BskdbiSny  ar bl ter 950
oper at es yaeeHed L) IntethaBiohdl TSk GOVBERhL S FHARRnk AINYENE holieR Bilidhe

tinmeslice te%%nl que, requests to access nmain nenory 1 13 are categorized as
f ol | ows) bud $thndahis mapiles bonsed( fot eyarhple iEx¢entékIndigiyesandprd Architgciurd.  Hi gh

Priority; 2. st a System /O and Nornul priority aphi cs; . 3.
Qppor t un@ﬁi"@ggve%%%ﬂ?yn%gw%_ PTRRHAT: GLE- gﬁ%‘ﬂ&&é’e‘(‘ﬁ"ét SL%EPQE‘F%PQSSt y
gr aphi cs 5 £gHRaLVS 1 4 ¥AY 'b@@m‘%léd 1ot oREAWLs8S0] Bifeh8eidcs Afutk ¥s deglrgnat i on

schene. Host and systeni|/0 accesses of 'main nenory 113 are regul ated by
slice ti nestr@®i6yicsshionnshionnAndliguee B), n8lyi teeotpladto Btddhiyrtivs 458.he duration in

whi ch host and, system | /O requests nma e.serviced b in ne 113.
Af ter expirati ('ﬁﬂx"ﬁ ‘éFib&%ktq‘%?m 3?8‘)“: %BF%WC%‘%%@PWQ@%%%W _éuefst s are
grant ed 2ceeRS ahBstTRIcPaFEIR Youbikddo Bz oPBust N18afd gcrcﬁv&orcgﬁc% fRImority

requests. Once nornmal priority requests are granted acces host and system
|/ O requesdcessar €05t acgeamhaia neames $13.0Wrae buffee202 v cbiifledint hdst inleefaexpi r at i on
of slice timer 315. According to one enbodi nent, the duration of slice
timer 313!1Rapd Beffers sepushressebygd fogyiaskintertroe 4o copgugl Waitepansactianst at e

di agram %H%Q'ntﬁém&% 1‘9"‘gz'e§d BLPf?Jr?ztlh'?QaJ'gcJ;J%? dth MBS i tEFacTBIE an fYsPI ter 350
operates the sane as’in the priority mode Under ~nost conditi ons. For

exanpl e) uséd artuiffeereqdbils fescived fomthakein(etfage 2 | 0BR0AdU2) reath dafsaaiing @6tha
request froma higher priority agent to access main nenory 113, arbiter 350
shifts f MR IKEFDMT to the higher priority state (e.g.) HP 410) and
grants contr ol j i L Ol s§. However,
if arbiter BSOC%SC??(QME? g}ta[e%f %%gﬁa?mﬁ%’%&ﬁgug)gpg{?dFt?%@g%sf/éeég[rgﬁ#gdgest from9
1 1 JI| Nh2odigs wdemdita rdques S tPETLIISHN B@ERLTy ai3. dyeresh Winit 1238 adgpui val ent

i ity .(e.qg., .Host d /0. . bit 5 i i it
bur rent” bR enfinet it Rele il Wit e Brat FOMeOta i ce i mer
315. Aft Qlectdi@l &XRIWidih Qﬂjrpfmﬁlbbpﬁ3tii'1'5‘?5cr$3—§1)ajnﬁtfipij:§t§fntc’§gﬁ)y.Smiaﬁéli%oﬁ‘o t he

state with the equivalent priority, assum ng there has been no request from

a hi gher cpipser i20yncigdssta syRiegubue iBerifaces240l coupled tgpystemadius 1B@ Syseenabison of

arbiter 350 whi arbiter 350.is operating. in.the tine slice de. Wile

bl ter J8GHE 34 rEreiHEaUa S 0w BPoV P DL 9o Berde g BT RO 1 er en

agent to 3pGesS afilth AcIREDLY) 1d b ebSmhRGRENES)1 1B Ocess bl ock 51 ~. At process

bl ock 520) it is determ ned whether the request is froman agent with a

hi gher pri ori thprthbmchiphe 180at@udes bimteenord sontralec 150, vieyryicontrdlfer RB@isr equest

is froma higher priorit en rhiter 350 transitjons from.i current

state to THB’%H%WEFC ‘B‘ﬁ%%i@%"' ‘{%Hf% gﬁéﬁééécstﬂoﬁ‘é&?%éé& ’%&5‘&?81”65‘355?’}‘1 t he

hi gher prsyQeittos Shélifeel 20IMEMGY BRFSRS 290 26FRLEs FBMAdry 113 forSUbSequent 1y,

control i$ returned to process block 510 wherein another request is

r ecei ved.m¢rorytransactienebasehapont doatmartds reeeiped Stomi grocestorflOdandiodd grher

priority agent,. it is determ ned whether the received request is from an

agent Wi jt’ﬂgrﬁr?cgarﬂﬁr?}ﬁsééf?fs b?qp6ﬂ‘9§mPéﬁkf%f”‘§r%8@§§ dBYiE k2 B A0emPP t he

request iconBofierl250 A T ANENE Wi By ARAEANRL (PRLA NI IfG request was from a

| ower priority agent "and arbiter 350 remains 1n iIts ‘Yurtent state to

conti nue ser viMemgryt doatroler200tindgdes tartzdtratierastit 156t iArbiaatidrgiver25sri ority

request i s received, process bl oclﬁé 50. |If the received request is froman
t

agent wi t97CBHRAES A5FFSS1P MmN PEmpy rYRIRRY28RAEE ek asyritedbuiiendl2. 589 has
XDl e (RERFONE QGO0 Ut Bt 83 30K BI0TE BEkalFon? b BEaible RS P15 Nas
not expired) arbiter 3 remains® n 1ts current state servicing the current
control | inpitragentnit 2EMeXitratidn witi266 ifdo@ds 2358 haér foXPickRbn iRk Birdeer 350
shifts to the state with equivalent priority) process block 570. At process
bl ock 580) slice tinmer 315 is reset tosprovide the newy 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

wi |l recognize that process bl ocks 520-560 nmay be processed in a variety of
di fferent sequences. For exanple, the process disclosed in process bl ock
540 may be executed before the process in process block 520. Alternatively)

o o o AN SN



According to one enbodinent, if arbiter 350 shifts fromeither H O 420 191003
NPG 430 to a hi 8her priority agent before conpletion of serv,} C%ﬁf@;lgi ter
350 retur M9 4P to 1 1 JUPJ 2003 'O 00/i 1 083 PCT/ USH9)'s revi ous
state after servicing the higher priority agent if slice timer 315 had not
expired. In such a case slice tiner is reset upon re-entering the state.
However, in another enbodi nent, upon re-entry into one of the equival ent
states, slice tinmer 315 continues to count fromthe tinme it had accrued
upon shisticé mgde.a grhee timerd20 JodiaPaBe sorepgentnit 3¥9 faddparrieeTain A@vdhivage of the

time slice technigue is that b t. interrupting normal priqrity .graphics
request $1455 ST O RSt BYD fo sl b P RS et ey

t r ansactjsgng ;biat3saecdtal et ¥qhQedtkdk agkntd) dete SRINEAINB ré1aMESprRritfBNDI Y
address space is permtted. For instance, whenever back to back

t r ansactthoasescegessts, hml thamgrapsgeces$ tonaierof therageyts 20 Btifie. depgndprggeponi t)) t he
access tjnme is reduced) and may be mnim zed. On the other hand, whenever
back to 'BatkettVFRHOREES ons access different page of main menory 113 (i.e.) a
page mss), the J S o) j i ngequires
addi ti onal ti%‘“@&gf’@%ﬁéﬁﬁéﬁimw %tglrs g?\?d %Iabgg‘%bsgﬁﬁryeﬁe[rﬁgﬁaﬁgggggégss IS
made. Consiequenttsyof dpemtibh.ndstardimgt@ctednchodimenty ehses SOy dokedinhood of a
page hit because. requests fromthe host and system 110 group) as well as

t hose fr%ﬁ‘is’él‘fémﬂ‘r‘??ﬁmob’r]ilértiatsﬁﬁ YO8phi cs group, tend to be localized in the

sanme pages of, nai iRy | .. Condi tional Grace Grant The conditi onal
grace grant tlég'ﬁrﬁ?‘(ﬁ)ule eé%%%é‘gﬁ%oqtehépconcept of maxim zing the likelihood
of a main nmerori Tidd Jpiagsididet . In this arbitrati on schene, arbiter 350
remains in its current state upon receiving both a request by the agent
currently in control of main nenory 113 and a request from a higher

Pri Of [ tYin2Q8filon, DEHEOLRAIBIA kitheni ity i ARG Bl oM infEIREY 113 back
to the control FI ng agent I's contingent on the follow ng request being a
page hi tmoRagicodPpmey alsb op&3@,acshidmgta:n rigure 3, nakes the determ nation
of whether a subs ent request will, K be a page hit. As |ong as subsequent
requests by t%&c@ﬂ%ﬁ‘lﬂ"?ﬁﬁé‘c%@éﬂm\iﬂd&‘ #dge hits, the agent retains control
of main menory ARG cHRWEYESEde. ONCE page conpare unit 330 determ nes that a
subsequent request by a controlling agent would result in a page mss,
arbiter 350 shifts to the higher priority state. Additionally) the tinme an

agent may retain coptrol of .main nepory 113 is limted race timer 320.
S ace {1 er  dored e FRyS AERIT GRS ALREacn 2as PRGN EBAT#al of mai n
menory  1d3 pnadefusdr &%9§§e&%%&'d@§cndh@vﬁv{ﬁédcsHQ@?%rtFS 2XPI Al Qfpr0f grace

tinmer 1 JUPJ 2003° CVO 001a1083 PC®T/ US99I 307 0, the agent nust

r el i nqui wht Tontcovese MR sigeattiray intiic3ies thegaodt iesshidf itwhetdperatgpdalle conpar e
unit 330 deternines, that a subsequent .request will page hit. G ace
;30850 GOsb G oha R HESLTES it e arpLRtasshbem aiioS) FREorbitobt hor
agents r i 180 IR . : } be

progr amﬁ@%?%%@%%@?@ lﬁ%érgoto s%n?gg%'ge%zat%%l tgﬁnlglbrﬁ?grl‘ %&W%pti mal

val ue i sstaupi areedet mata ¢dnfigunanpromeshanoms ewdhan e ACGitconfigestidrowoteher requesti ng
agents. Additjqnally) .the conditional grant technique may operate its

ei ther the ti ‘érlai‘%’é’MB or the priority designation node. Figure Gis a
flow di agram gf thprigpgy BEdioRaiRh MbRI ter 350 in accordance with one

enbodi ment of the present invention. At process block 610, a high priority
request is redbileogeratisg inght pagrityl deggnasist nfodemeqiestsagentesg main i s currently
in control of in menory 113 . At pr.cess bl ock 0, pa pnpare unit 330
det er mi n@gmﬂﬂeﬁﬁ’earm fﬂgBW%F%SWOHQWF’ ‘ﬁ‘ﬁb‘gf npm ?ﬁot”ﬁg%)clb"ﬁ’f”r%lﬁfzﬁf%e%[gent will be
a page hlg,i;'orid,;f page conpare unit 330 determ nes that the subsequent request
is a page mss) the higher priority request is granted access to main
menory 113. HowdveH)ghiFrigpiage conpare unit 330 determ nes that the
subsequent request_is a page hit) it is determ ned whether grace tiner 320
has expi red) pr@ce’é{gs%‘!‘@)gb{s‘ﬁwd’p;lf grace timer 320 has expired, control is
returned to proges - R el n, access of main nenory 113 is granted
to the higher pr%i olr%f)%ﬁ@bgﬁ?J ?Cgr;sf’g@e timer 320 has not expired) the
controlling ageat Ogpduagstieantrol of main nmenory 113) process block . 650.
Subsequently, control is returned to process bl ock 610 wherei n anot her
request is' received. By grouping many page hits accesses together,
unnecessary main nmenory 113 precharge tine is elimnated. Consequently) the
avail able main nenory 113 bandw dth is maxim zed. D. Watermark Level s The
wat er mar k techni que takes advantage of | oose |atency requirenments for
opportuni stic requests. For exanple) posted wite requests fromwite
buffer 212 and main nenory 113 refresh requests fromrefresh unit 230 arc

T Y . -, ~Nres "



1 1 JUrJ 2003 1' VO 00f 41083 PCT/ US99/ 30719 hol di ng queues within each?l JUN 2003
respective agent may reach nmaxi mum capacity and cause detri nent al

per f or man®¥° PUPALL . * The watermark techni que operates in ei &S PRY i me
slice node or the priority designation node and requires arbiter 350 to be
sensitive to the levels (or waternmarks) of holding queues of opportunistic
agents. |If a holding queue is near enpty) the watermark | evel is | ow and

t he opportunistic group receives a low priority as discussed above.

However) if a holding queue is near full, the watermark |l evel is high and

t he opportunistic group receives a high priority. For.exanple) using the
priority rankﬂfg’é%@%@?ﬂ%ﬁ%%%éqdeﬁ fe%\‘ziﬁ%t @a‘b‘ﬂf‘%{(?f: S?I?egsy hol di ng queue
withinr j : k : tpni stic

ar oup i Sp BRI oS cRERes Ladsey i oL R0 o) R R R S o the
opponuniexhimpie, gideu devinay2 beougied do glapyics contied e Oasayt iekdral ehrvige bueues fil |
up. For instance, if the queues. are half full the pri orm%f,nqﬁ@be i ncreased
to a sedBAA NBEMeHilld 1y WRAMRNYHispiaved 7 heshigh prieriy 4ra8R AR B ¢ S oper at i on
of arbit i nee: W i : . i nvention.
A proce e Bk T B R T e e B T
access mirmupnenoily odchiB at Abinpnates 3 1 bifosdmat G freah bydlesrre@50cdcfheaoks t he

wat ermark | evel s_and deternm nes whether the opportunistic group has a

hi gher pEfTE ¥Rjt 23PAHC PEESTVRTY dHeyedrithouheing H¢Fulfecei ved requests. If it is
det erm ned t haf r\/éga}‘tl,r r i vely.d ' 50
remains in i?gﬁ%wrg?%nt g[tc @é@g%t@%ﬁﬁcﬁfd? S()chlr]]‘gs:l r\érgél?lcgqu%%tpﬁcgg%gqelr\? wth

hi gher pleigorieid/rap3aaings srohl ek buf80 2 14 andtrequastel &oer gyseadl/Oliavictéshm wat er mar k
| evel s are relatively high, arbiter 350 shifts to the qpportunistics state
and acceystefobysali rateise iz spstembugiaiatiecg 208 Reguesisdinss 8¢ HeEsoppsretini sti ¢
agent) C . t Nty i een descri bed
Wi t h re%@c@%pggﬁﬁf%ﬁgésﬁgﬁg% F@Eﬁﬁﬁ@ﬁ‘%é)“d&ﬁ}eé’%g@g %ﬁgﬁi c%"ski Il in the
art w | | regpguefoataeriddoadamie e nawegemiffit revenire tentayed3fiviergpd emsnbed usi ng

ot her nmenory system confi g{ur ations. Further, the arbitration techniques
descri be¥YiRed BempindBaRRY Il d S 3raS5P1Ae i IPEHht ALY PFRIOBPYIEIESECt 1 oni ¢
syst ens, ch pﬁm AT el i trat. i olicy to

i ncr ease(ef%’e g‘\?;cgislr}a eygz%sclig\?l\nsgt 19{ ‘?Iméc ﬁgme’ggﬁri%vﬁt@&”@g?’tém Ig‘éq ng’en

descri bed. 13Figute 8 isJd Blo208idgrd¥nadf ons embadifmest afbus Aratmpauer Sgyah

conprising: .a meg‘t)ry; a menory contraoller coupled to the mem)ré, wher ei n
the menoErEERINCHIIER AN SATIORRAYS quFkeAtIRiand ar PoRCRIRRAUSANEYe § bxeupld 1% node

sel ect s{ r gl ' i ' r i 0 a first
arbitrat é|y§){r}%{rrh[))u \é\h{?hggndg\l}xtg? S‘fﬁi@%g? és[gligsét:g? &%?%bglglr@qtugéf ?locgﬂfa ?&rcjsat% (}sft ate and
oper at esmaucoempryg 18owhilsayoctdoraubigheuatsil 6 stonssdeynwhemeverequésts. fhdensel ect

signal is i.n a se state; a first vice coupled to the arhitration
ani't antrd RS A e B pTEd ST FIEHPC BETUR UL SPRrErn t he
first dexyfénrboAgpbeed. Pria@iier 320 deREL e Gh@sHd k&RkdORsédhpdhober Second
devi ce for accessing the nenory while the arbitration unit is operating
accor di ngpynehromensy ihasare gerniittecatoi aomtrate der, acudse teemaintrhendriyrldf. devi ce and t he
second dgevice are assigned an.equal. pri orit% cl.assi.fi gati an for accessing

the menor§SRARPTYS TEHHESS A15i B YR H el RHPHUYIdNe IR00F SETR) VBEdRFRT Ry to the second
arbitration nmpge ' U iRl unL it ;A8 ss of the
menory fromthe Fslcér?gﬂgr\‘\%}ggi%g@hg‘cgr@mgéﬁ ggg{dgfﬁlbnn{e&gf l%#ngg?ﬁicg?e\ﬂgfﬁﬁhi | e the
first defrowmegripscsoontrolidr 280 td fmeessenon ynewioenENe IThepppatimigicacaegaiyng to t he

second arbjtration de. 2. The conputer systemof claiml, wherein the
arbi t rati®6 dﬁmcguwstnﬁﬁ@laagr%%&aéergg ERECHEMS AL 2% B PREPPIEALE Hevice for a

pr edet ermb@t%ﬁti&ia%uh(‘&ﬁfrﬂé‘bvit%ﬂtgﬁusﬂktedocﬁﬁﬁﬁmi i%%&grl g??eff&.‘?ﬁz{n%. #f, the

menory whenever operating according e Seco ration node. The
conput erexsygilemosttd elriad mankactfons frioar waebpf{ts Nging ridih rdndey ref@eshosher ei n t he
third : . .
queued in their respective buffers and postponed for execution at a later time.
Figure 4a is a state diagram of arbiter 350 while operating in the priority

designation mode. Note that many transitional arcs of the state diagram have been
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device is assigned a lower priority classification than the first ard! JUN1003
second devi ces whenever the arbitration unit is operating j to the
first or YOMAW Arbitrati on nodes. 4. The conput er system'g(rnﬁ'%gg}iﬁﬂ%,
wherein the arbitration unit operates according to a third node wherein in
the third node the arbitration unit w thholds access of the nmenory fromthe
first and second devices for a predetermned tine interval if a subsequent
request by the third device to access the m_am)é%/ results.in a pj’;\%g hit. The
conput ePUERRSETElY omitiaddp #vaid cRpREnn ATt 0B BG4S BB TQHPY INgrsiitss Mg cess to
the first. 'd..2 ev] if L fipelazpequest by
the thiPd Ogé'v(%@)é‘*tl%’ %Dég%sdgsyfﬁ%g]%nggg?@d?g)ém}ﬁm iphog{}gggiém%ﬁss. 6.3 6"I’he

conput efang ¥epinBlicS{GPPN 420, WhabRedBS0hSIn Ditid abl@Ydceies O8d stdRsrea request
buffer for storing requests to access the nmenory. 7. The cpngut er system of
y

cl ai m 6 requiests & FFCessanap Mhamaery il o adtlermopsiont eBageesde dipfiarsy Ac4M§ET d node
wherein jin the third node the.arbite si.gn he third.deyice,a hi gher

ot or | £ JieaeSI AP ERT R PTG TRt S egmPRieuiedt TP 4PRdnY eanest
buf fer irscefyk b n8Rfal33RHGNSraphIEs felqUél (ARVArEShiSs dRANBed0Qb ighivi netAasi fication
than the first and second devices if the request buffer is enpty. The

conput eracspss bemmiofmerhaerynh13, 4rhit¢rid0 remaps isHHY 420 Adzter BHP srdsacms ¢oupl ed to
t he ar bi tion unit: a sys bus interface.c to the arbjitration
it GO Rib ity ) B Sty €8 HE SRl £ e PR ey esh

uni t couplagey 4gent iRs Abbidbke@bhPNredDist accke IEQUBME 8T 1 hgUTHeMkqelai m 8,
wherein the Tirst device is a processor coupled to the arbitration unit via
host i ntierdcaived, ather §6¢ onuhedieiziieansgicas fpoapHi@ $2@eviHB&18oupl ed to the

arbitration unit via graphics controller and.the tlurd deyj.ce is the
refresh unit .ﬁslcgﬁ?crﬁ?g%%g%&f@rprgg}( Gy EF i’%‘:@)‘,(}”\ﬁﬂ%f'[%faﬁy{”ﬁ’ﬁ first device
I s coupligghitetnchReardf igor@his@A rddidis ¥ ol dre b&as it ftise ddMe8 hagaiuid1l. The
conput es system of claim 10, wherein the system bus interface further

i ncl udesvisiblepedommance gnpacantpsgaod spriony bightests o dpdignhtadn hiskerpre- arbi t er;
and an asyncl n-onous , buff.er cqupled to the pre-arbjter; erein the

ot e- ar bi FPOL08T BT P HRcr S oy R e gt T oh 8 akleet s stored in
the i SOGkNsiGVOUor BiAhSIe, AAR if SRS redeédd 0k tndyhR@uasikiahic onous buffer.
12. The conputer systemof claim3, further conprising a tinme sensitive

devi ce, pehfermeinse dhgradsion.

Moreover, processor 105 typically accesses main memory 113 in a well-behaved
manner. For instance, processor 105 typically cycles between a burst of data requests and
a period of inactivity. Most of the processor requests (i.e., ninety-five percent (95%) or
higher) are serviced at cache memory 107. Therefore, it is infrequently necessary for
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 /O requests may lead to the starvation of
normal priority graphics requests. In such cases it may be necessary to provide equal
prion’ty ranking between host and system /O requests, and normal priority graphics
requests. Further, continuous interruption of normal priority graphics requests by host
and system /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 I/O requests are not likely to access
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1 1 JUJ 2003 third device is assigned a higher priority classificatildnJUN 2003
than*the first, second and third devices whenever the arbitration unit is
oper ati ng¥@8¥H08 ng to the first or second arbitration nod&&USP%0Phe
conputer systemof claiml1l, wherein the arbitration unit receives a signal
i ndi cating whether the arbitration unit is to operate according to the
first node or the second node. 14. The conputer systemof claiml1l, wherein
the nenory controller operates according to a unified nmenory architecture.
15. A méthade phgactdssiuegtip amavopageiof nemony fvedbenpanedyinardehia sctice e ( UVA)
conput er system conpr.ising: granting access of e nenpry to a first agent
af ter a‘rhSi?‘P?[a’t“ éﬁ?‘gg‘elé(zf‘?ﬁ%ﬁijgaﬁ?‘éb@g%‘f’“@flgﬁ%’sécrgi@orﬁﬂi”eé@é]ﬁi'e tUnREELss t he
menory;, RY t. ik d- : ry,

her 61 e e o e R S R IR 1 1ot
agent ; steter Herfiang avdesteHdry thdiboss endsydicagi@iredhasts anysr baorlosey andguest

classification equivalent to the first agﬁ{e}t; I L so, .determ ni ng whet her a
pr edet eRTHEErAPNIRS TEaYEERR8E TSP ARSRY: SiFCUNESHES TPPSESSiAgdht was grant ed

| e Soicapsed an
Cecond TN SRR acchl Y hey M O P G BR SO P P il T

rel at i vBOyredqudsls;andndrhdl sritgpaphicgqaestess of the nenory to the third
agent. 16. The nethod of 15, further conprising granting access of the
mermory to th8-secdwdediféMod¢ it is determined that the second agent has a

hi gher pri or L@j{én rrﬁc%ﬂﬁ@%c&n'ffg%?éd“ikﬁ;%h% Si0an Moo ,ifagﬁ REGARa k7 The method

of claim15, further Npri~si ng granting access o & menoty to the second
agent i fimetlidesnél®d & dpcragidn! Bitert 356 operarde hedondinpeda timasick aibek M has

el apsed. 18. The nethod of claim 17, wherein the first agent is a centl-al
pr ocesseaBNigH-t Usiopue hineslichdechBiadhd e agein to pacess mpa ey dbvige. 16

catcgorized as follows, with the number one (1) having the highest priority:
1. High Priority;
2. Host and System /O and Normal priority graphics; and

3. Opportunistics.

The timeslice technique cnsures that normal priority graphics request starvation
will not occur as in the priority designation scheme. Host and system IO 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 /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 /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.
Atbiter 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 reccives a request from a higher
priority agent to access main memory 113, arbiter 350 shifts from the lower to the higher
prionty 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



1 1 JU'J 2003 19. The nethod of claim 17, wherein the first agent isl ®JUN 7003
graphi cs device and the second agent is a system i nput/out i.ce. 20.
The net hoW O P4 m 15, further conprising withhol di ng acgggzusg§/¥¢7ﬁ§ nenory
fromthe third device if the buffer is not relatively full. 21. A nethod of
reduci ng access tine experienced by a first agent contending for access to
a resource with a plurality of additional agents, the nmethod conprising:
granting access of the resource to the first agent; receiving a request
from a gaceent voith thegipyaler Proptyde-gadipist angrgpte gwup) agieedal t he resource;

receiving a request fr the.first nt toretain control of .the resource;
det er m r’i?rﬁamé\ﬂé#%%w%gmreesﬁwé%?gBﬂ?Itkhgrequj?sgf?[gldgcn?(p\’/ﬁa lign ?Lsshﬁ 'M°h accessing
the sane;gaggPind dxPiraBSPf $ife tilrler DS, artBieAT0 dMehisA6 aRSSat@lvithhge resource to

t he second agent; determ ning whether a predeterm ned tine interval has

expi r ed egiivelent preorftyr assuragenberevhss peantd edjuest ¢rgsa bighdripeiorigszgence; and i f
so, W t hhol di access_of the resource fromthe cond agent_ otherw se,
granting accé@g" §fsﬁeﬂ?‘égﬁﬁfa€boflgef’ﬂféa ﬁﬁp'ﬁbgfﬁ‘?’g‘g%rgﬁernjéphbd of
accessi etaatiggri‘fp{h)é tirfe Qicﬁ%d(d'e.e@‘llﬁlmﬁiYer%'S@ﬂ'iﬁgﬁ%ét'rt}% IR ROt 6r system

conpri sing: anting access of the nenory to Irst agent after
ar bi t r atrequest fremei diffegnhageequastest mam memeydid iagentedhanicag bdoakedlest

buf f t t npry: determ ni ng whet her _the second agent has a
i gher BRI SHE dede t B ALEIE ST (HAAEHE PP oD SRgRAtn ThShsy
det er m ) ngiyhieh Ry sthiBQrti@AYSPls OHEL RS in 5 1h&le@hdsY RIdonk Whighet frigtRy granting

access of the nenory to the second agent; and otherw se, W thhol ding access
of the mgeor ybiteodhQ thansgeme frdmaigenwrent stath e hehigber firprinpstacepratdsvel y ful | .

23, The JRuneth ol LAl 22, Ebr et compt) Sing, ranting sccces, o, Lhe
(eguest SRRSO SO Seat s enlo WS . (o
received.

If it is determined that the request is not from a higher priority agent, 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 1o
continue servicing the current agent at Jeast until a higher priority request is reccived,
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
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ExY. / 1011%‘} ehic YR Gi)e:, padORME (b aedddoBint ) SMbEAYE d(hay ThNTHiZ&d O
10Et uvwwxb %{f@%@ % g‘Ici'(?oamez f?& s n%%’é (Sé- 13‘ 10 10, zed. n
t 109&' () 1ezdiBestany; Wherdtkx®at R oAk drdh(apt SkORdess @ifferent page of main
1099& ()-f' 1090 & (() -s10%0 & (52 -"1090& () -] >xyz{ bg) 10M 109&' g - 3Z109%& () -
10T memory 113 {(i.e., a page mis$), the access tirne 1s maximized since each transaction
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
réqucst 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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to main memory 113. Grace timer 320 may be programmable in order for a user to select

an optimal value. An optimal value is a time limit that imposes no serious latencies to
other requesting agents. Additionally, the conditional grant technique may opcrate in
either the time slice mode or the priority designation mode.

Figure 6 is a flow diagram of the operation of arbiter 350 in accordance with onc
cmbodirhént of the present invention. At process block 610, a high priority request 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 whercin
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, contro! 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

iIs maximized.

D. Watermark Levels

The watermark technique takes advantage of loose latency requirements for
oplportunistic 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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LY (gol(rirllr]ug Ia%sg Eggl&u%x?s"uc%%cn%gol a h(o}dmg queue is near empty, the watermark
level is low and the opportunistic group receives a low priority as discussed above,
However, if a holding queue is near full, the watermark level is high and the
opportunistic group receives a high priority. For example, using the priority rankings
discussed Iabove, if write buffer 212 or the holding queue within refresh unit 230 is ncar
full, the ranking of the opportunistic group is raised to the highest priority. Additionally,
the priority of the opportunistics group may be gradually increased as the holding qucues
fill up. For instance, if the qucues are half full the priority may be increascd to a second
or third ranking.

Figure 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 madc 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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a memory controller coupled to the memory, wherein the memory controller includes an
arbitration unit that receives a mode select signal, wherein the arbitration unit operates according
to a first arbitration mode whenever the mode select signal is in a first state and operates
according to a second arbitration mode whenever the mode select signal is in a second state;

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, 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, and 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.

2. The computer system of claim 1, 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.

3. The computer system of claim 1, further comprising a third device, wherein the third
device is assigned a lower priority classification than the first and second devices whenever the

arbitration unit is operating according to the first or second arbitration modes.
4, The computer system of claim 3, wherein the arbitration unit operates according to a third
mode wherein in the third mode the arbitration unit withholds access of the memory from the first

and second devices for a predetermined time interval if a subsequent request by the third device

10 access the memory results in a page hit.
5. The computer system of claim 4, wherein the arbitration unit grants access to the first or
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storing requests to access the memory.

7. The computer system of claim 6, wherein the arbitration unit 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 1f 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.

8. The computer system of claim 3 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.

9. The computer system of claim 8, 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.

10. The computer system of claim 9, wherein the first device is coupled to the arbitration unit

via the system bus interface.

1. The computer system of claim 10, wherein the system bus interface further includes:
a pre-arbiter;
an isochronous buffer coupled to the pre-arbiter; and
an asynchronous buffer coupled to the pre-arbiter;
wherein the pre-arbiter assigns a higher priority classification to requests stored in the

isochronous buffer than requests stored in the asynchronous buffer.

12. The computer system of claim 3, further comprising a time sensitive device, wherein the
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. 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.

13. The computer system of claim 1, wherein the arbitration unit receives a signal indicating

whether the arbitration unit is to operate according to the first mode or the second mode.

14, The computer system of claim 1, wherein the memory controller operates according to a

unified memory architecture.

15. 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;

receiving a request from a third agent to access the memory, wherein the third agent hé.s a
lower request classification than the first agent;

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;

if not, withholding access of the memory from the second agent;

determining whether a buffer within the third agent is relatively full; and

if so, granting access of the memory to the third agent.
16. The method of 15, further comprising granting access of the memory to the second agent
if it is determined that the second agent has a higher priority request classification than the first

agent.

17. The method of claim 15, further comprising granting access of the memaory to the second

agent if it is determined that the predetermined time interval has elapsed.

18. The method of claim 17, wherein the first agent is a central processing unit (CPU) and

the second agent is a graphics device.
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20. The method of claim 15, further comprising withholding access of the memory from the

third device if the buffer is not relatively full.

21. 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 the same page
of the resource;

if not, granting access of the resource to the second agent;

determining whether a predetermined time interval has expired since the first agent was
granted access to the resource; and

if so, withholding access of the resource from the second agent;

otherwise, granting access of the resource to the second agent.

22. 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;

if so, granting access of the memory to the second agent; and

otherwise, withholding access of the memory from the second agent if the buffer is not

relatively full.

23. The method of claim 22, 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.
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