PREFETCHI NG FROM A DYNAM C RANDOM ACESS MEMORY TO A STATI C RANDOM ACCESS
MEMORY [ TECHNI CAL FI ELD 5 Enbodi nents of the invention generally relate
to the field of integrated circuits and, nore particularly, to systens,
nmet hods, and apparatuses for prefetching froma dynam c random access
menory (DRAM to a static random access nenory (SRAM). BACKGROUND 10

| ndust r i apREFPITCREVGTROM ANBYNXMICVIRAND O ACPBEIMEMORISTFO & (CWPs) . In
conparison to high frequency uni processors, CWVPs provide inproved

performance and reduddNPEWBANBOM AECBRS MEMORBYe rel atively sinple
cores and rely on thread | evel parallelism(TLP) to inprove perfornmance.
Applications running on CMPs have to increase TLP to efficiently utilize
t he corecpeuoil HiBLIDncreasi ng TLP, however, al so increases nenory |evel
parallelism (MP) by increasing the nunber of outstanding nemory requests
ped cl ock. Fmbeditenised the irueniipngengigtk relatede thedteld peintagrated eirwiided
appl i catyl i1 I i t | i ncreasi ng
TP 1 o B3R Pyl KePBL i, IR kAR S BletrchBHa  "ohar o
cachesdwiméeraadcoassess hefiorg EORAM) folw eatitsranddoh abeesd memohe@RaM).Thus,
menory bandw dth 20 and cache capacity should scale wwth core count to
support the increased MLP and data footprint. Recently, three dinensional
(3D) dhgcRiRehiNg has been proposed as a viable option for stacking a
dense nmenory die (such as DRAM on a mcroprocessor die. Stacking allows
dil¥par at e Andugdhndipdisesistace inevingridwvmdsd chip naultippostssok(CMiPshdut concer n

for 25 technol ogy jntegration into a sipgle ocess flow Stacking al so
or ovi dEEERG (P i feTtaRanareroshre MPEPBldidaRr e pef ergpeich gnd
t hr ouglagdeliipe@Re ¥bREmplibk S CMEER ik 28kiivdy Sinpl dBIFRY Md(BHCh @SeadRON on CVPs
may effecti vel&/F addreSs the nenory hierarchy hurdles for CWP scaling.

|

DRANs nayallediam| (f LR tpinzmio vpearforeanets t Armicedonsmuiing Ao dPs haww tbs required to
o0 1 ERCETR LAUGHRY ol BeLaEIOMALS 5, o2 Led an open-page pol oy ant
page. O hermcsasina@nR, 64 0&RS, aMdtdincreases memory level parallelism (MLP) by
- increasing the number of outstanding memory requests per clock. In addition, the data
working set of the multi-threaded applications will likely grow with the thread count.
Finally, increasing TLP is also likely to increase the randomness of accesses to the shared
caches since accesses from several threads will be interleaved. Thus, memory bandwidth
20  and cache capacity should scale with core count to support the increased MLP and data
footprint.
Recently, three dimensional (3D} die stacking has been proposed as a viable option
for stacking a dense memory die (such as DRAM) on a microprocessor die. Stacking
allows disparate Si technologies to be combined in a die stack, without concern for
25  technology integration into a single process flow. Stacking also provides a very high
bandwidth interface between the die using through-silicon-';/ias. Thus, 3D stacking of
memory (such as DRAM) on CMPs may effectively address the memory hierarchy hurdles
for CMP scaling.
DRAMs typically keep an open row activated until another row 1s required to
30  reduce access latency. This technique is called an open-page policy and 1t works best if
successive accesses to the DRAM are to the same open page. Otherwise, bank closes and
precharge penalties significantly increase the total latency of accessing a bank.

Traditionally, there is only one open page per bank in DRAM designs.
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precharge penalties significantly increase the total |atency of accessing a
bank. Traditionally, there is only one open page per bank in DRAM desi gns.
-1 a BRI EF DESCRI PTI ON OF THE DRAW NGS Enbodi nents of the invention are
illustrated by way of exanple, and not by way of limtation, in the
figures of the acconpanying drawings in which Iike reference nunerals

refer gRI pERaRIETEMOISTHE TAWRds i S a bl ock diagramillustrating
sel ected aspects of a conputing system inplenented according to an

enbodi ment Bmbodimentswdithe iomentFingue Blugtrated By swived gramplegindgroa by Wayust r at i ng
a bl oc 1tr.grtlsfer c§or di ng&to an enbodd ment of hhg i nvefnti . Figure 3 is
a hi g VOB, BARE BeigP ShiheetripRaly ity e E e Sl G r 5P conputing 10
syst emuyndhie hEBt ©dimilsodehagst 0 an enbodi nent of the invention. Figure 4 is
a high-level block diagramillustrating an enbodi ment in which the L2

cache is shared. Figure 5 is a_high-level block diagramillustrating an
emBodi ment Kigugh! i plaek diggenbillupiratgg sslected sspestsef afommitiBgsy§tael s wit hin

t he Cm??ﬁ%&%ﬁc%@dﬁéﬁs i&ﬁﬁo%irﬁeﬂt?f%éib?%t%?‘gr amillustrating sel ected

aspects 0 er according to an enbodi nent of the invention.
Figure 7 is a cross-sectional view of a sem conductor device, inplenented
accordi ng tKigare 2idodingepttialafiagrive illvsteting eblodkitranEleT AtdofinOESORI PTI ON 20
Experi ence,. has own that the locality of accesses to the DRAMis likely to
be nﬁ‘g’ngﬁﬁgrﬂ%gl%ﬂflﬁ%n%‘nber of threads accessing the DRAM i ncreases.
Since DRAMs have a |imted nunber of banks (e.g., 16) the nunber of page

opens may iRghfAeS s a MERNIR BRIck Miadtanh NRstbiiesel @ted RpeALSt 4 Bsifipasgs. Thus,
t he consequences of bank thrashing could significantly inpact the

peiOf or&yaﬁqgeinqﬂemmedsg@pmg to an embodiment of the invention.
Figure 4 is a high-level block diagram illustrating an embodiment in which the L2

cache is shared.

Figure 5 is a high-level block diagram illustrating an embodiment in which the

prefetch logic is used at different levels within the cache hierarchy.

15 Figure 6 is a flow diagram illustrating selected aspects of a block transfer

according to an embodiment of the invention.

Figure 7 is a cross-sectional view of a semiconductor device, implemented

according to an embodiment of the invention.
DETAILED DESCRIPTION

20 Experience has shown that the locality of accesses to the DRAM is likely to be
more random as the number of threads accessing the DRAM increases. Since DRAMs
have a limited number of banks (e.g., 16) the number of page opens may increase
dramatically as the number of threads increases. Thus, the consequences of bank

thrashing could significantly impact the performance of the system.

25 Embodiments of the invention are generally directed to systems, methods, and
apparatuses for prefetching from a dynamic random access memory (DRAM} to a static

random access memory (SRAM). In some embodiments, two or more cache lines are
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25 Enbodi nents of the invention are generally directed to systens, nethods,
and apparatuses for prefetching froma dynam c random access nenory (DRAM
to a static random access nenory (SRAM. |In sonme enbodi nents, two or nore
cache lines are -2 transferred froman open page in DRAMto an SRAM The
transfer may occur over a dense interconnect such as a die-to-die via. As

i's furifeferdaFion Bedpdteh2¥in BRIOAI FRABR . Thb f@rahﬁ\é%'lﬁ'ﬁér efcurdyeref fectively

provi de menory resources suitable for CMP scaling. 1 is a block

di agr adanie intereqraiertigck a3 @ dicelg-die piae tAs isfurther dﬂqmgtchbelgvs eshedimentsiterent ed
according. to.an enbadi.nent of.the inventio ug i em 100 includes
cor o Spe ol AR TR aRtic ety SRR o B L B SR 2% 00 ey

be nearly any core logic of an integrated circuit including a general
processi ng EIG. &,is ablogkapdpras ilbetratingsdediditadpedte of 4 Bormputhpasybeti ments, core
102 is one of a plurality of cores on a die 10 Core 102

€ e.g., a CMVP) .
i nel udewlimatedaeriingiosteshadgmen gf él}ellag?nt@ﬁ-( @é%‘ﬂlém(lé .S_@S.f%ml_lﬁocac he) 110,
and priﬁaﬁa&mo@%?gwdzo&h@lea%ﬂl bRANT Y6k 1128udlf AELHE 1089ic%rd 98 ARy i ncl ude
one Oor nore e nment s 0 process I nstructTons suc as an 1 nstruction
poi nt dre neddg ade coredogic of egimégrated caadt inalndirg cgamkml ptavesorpecoeetaodi nent s

instruction |ogic . 108 may al so include |ogic, ta engrate a prefetch hint
(-0 IRt i Ahe g Samg empar Ehenk RorechBange it e e BEsr s

i ndi cal pMict bt atowgppr nore load instructions are likely to request data
fromthe sane cache "~ page. In sone enbodi nents, the prefetch hint may be a
confidence value generated by an instruction pointer (IP) history based
stlfi de det eeeredA2 mrcdiden insyinuction processimgtlpgie 10 eiche (.8, LA caghe) &FGnt
mechanj_ sm d ner h r ef et hint.. n_cac 110 and PF
Togi o rnpeen TEEHBE (12, AR S plolnRistaEieaoe B ingh e g0t ough

i nt er can@ss tolpiBedse igtructidhslsdcbakson inktfugARoaNEOdédraalEsic, régisthel svd s an LI
cache g  mss, _then the mss and prefetch hint 114 are forwarded (directly
or t hriddghcashe Bysomsr @nbedimpats instrycligileels 18dpay epginchdelogiettche 110 and/ or

pref et ' ﬁ%&i -Br of et % ll;hz;zA Y BRUEE By Lber.to prefetch
t wo orgceﬁ%:)ljra %gdc}grg e ]inﬁ{a§ ’rlgr%egc% ggten 'ag? o@e B&M 61%1}1 ased, “at least in
pdst , inticgicef hhtthrohirmborg 1ehd ikgructrasgok éikelivito pepkstdala fiomtthd $vne cache
page. In some embodiments, the prefetch hint may be a confidence value generated by an
instruction pointer (IP) history based stride detection mechanism. In alternative

embodiments, a different mechanism may be used to generate the prefetch hint.

Ln cache 110 and PF logic 112 are coupled with instruction processing logic 108
20  through interconnect 116 (e.g., an 1.2 bus). In some embodiments, if there is an L1 cache
miss, then the miss and prefetch hint 114 are forwarded (directly or through one or more
levels in a memory hierarchy) to Ln cache 110 and/or prefetch logic 112. Prefetch logic
112 may determine whether to prefetch two or more cache lines from an open page of
DRAM 104 based, at least in part, on prefetch hint 114. For example, if prefetch hint 114
25  indicates that there is a high probability that a number of LOAD instructions are going to
exhibit streaming behavior, then PF logic 112 may transfer an entire open page of data

from DRAM 104 to Ln cache 110.

In some embodiments, PF logic 112 may include logic to throttle a prefetch if, for
example, the usage level of interconnect 106 is too high. In such embodiments, PF logic
30 112 may compare the level of confidence (e.g., high, medium, or low) provided by

prefetch hint 114 with an indication of interconnect usage level and determine whether or
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25 indicates that there is a high probability that a nunber of LOAD
instructions are going to exhibit stream ng behavior, then PF logic 112
may transfer an entire open page of data from DRAM 104 to Ln cache 110. {
In sonme enbodi nents, PF logic 112 may include logic to throttle a prefetch
if, for exanple, the usage |evel of interconnect 106 is too high. In such

enbodi gRAd prefétth 18] DRIV IDZ. MRY 1GRMRRRLS” dhBell 8¥RIn, BfoadBNkldence (e. g.,
hi gh, medium or | ow) provided by prefetch hint 114 with an indication of

i nt er canriepe olisdymatiendncludiog destmendnseinietihen renognizable thearetl82.pr ef et ch
data from DRAM 104. The term "data,"” as used herein, broadly refers to any

type of inf i i.ncl udi i r } ser ] N izable to
core 102, CRRMM O ey YDy RER{ SR AP o benkREH SRASE 2571 DRam
r educ e@dhaiddaeycyDIRRNM RRDBRMWM), iitgpnetic fintd amndooesa aehssy (IR, (R , and

t he like. In addition may have nearl|y any .nunper of banks

S, n DRAM 104
havi nglike fBadditiny. BRAM 4P4 mayhave aeaslyeans sambshpEbanksphRring almpssanss banks and
each i i I\t wi de range
o i S8 sl b bt A D A O e ke e, core
102 andB)RAM 104 are vertically stacked and 10 interconnect 106 is a high
density die-to-die via. In alternative enbodi nents, core 102 and DRAM 104

are packag t oget her in mul ti-chip nodul.e.and..intercannect. 106 provi des
2 P gh denOiT PR el ot S S e it U FaTar HHRES Ehibos |t he
modul eintekdbnyi8dts Ol@ine @hbRhMakts \@r& RO IBRAM 1096 vERafpdtabRIMnE04 may be
in separate packages and interconnect 106 connects the packages. 15 FIG 2

i 40a cotseepned!106isghiemdensibsdiededirgvia bl diskoativasstbedingnés caeri§2taod an
enbodi e._inv Lon. M 202, i S ni int [_.ADre cache
pages T T4 bEak YR 0 her AW S AE M AL IR OB R0l £, °20y

gi ven HigiimBersity sntBicofnect bew@en (ot easy sbiie 0P teadhigaih thdabd@xatpy® otlich t he
illustrated enbodi nent, cache page 206 is open. Each cache page consists
of twhllsmaliye empadiments;, s 199and Arhigax Woinserssicaadkrgsy & of data. |In

sone QHRBQhﬁgﬂﬁﬁﬁc&&%%%%ﬁ@p&%ﬁé&x(e-9-’ prefetch logic 112, shown in

15 FIG. 2 is a conceptual diagram illustrating a block transfer according to an
embodiment of the invention. DRAM 202 is organized into one or more cache pages 204.
In some embodiments, DRAM 202 has one cache page open at any given time (assuming
the device is in operation). For example, in the illustrated embodiment, cache page 206 is
open. Each cache page consists of two or more cache lines 208 each having two or more

20  bytes of data. In some embodiments, prefetch logic (e.g., prefetch logic 112, shown in
FIG. 1) transfers a block of two or more cache lines from open DRAM cache page 206 to
SRAM 210. The decision to transfer a block of cache lines may be based, at least in part,
on a prefetch hint (e.g., prefetch hint 114, shown in FIG. 1). Block transfers of data from a
DRAM to an SRAM are further described below with reference to FIGs. 3-7.

25 FIG. 3 is a high-level block diagram illustrating selected aspects of a computing
system implemented according to an embodiment of the invention. System 300 includes a
plurality of cores 302. Cores 302 may be any of a wide variety of cores includes general
processing cores and graphics cores. In some embodiments, each core has a private L1
cache 304 and a private L2 cache 306. In addition, each core (or a subset of the cores)

30  may include PF logic 308.




FIG 1) transfers a block of two or nore cache |ines from open DRAM cache
page 206 to SRAM 210. The decision to transfer a bl ock of cache |lines may
be based, at least in part, on a prefetch hint (e.g., prefetch hint 114,
shown in FIG 1). Block transfers of data froma DRAMto an SRAM are
further described below with reference to FIGs. 3-7. 25 FIG 3 is a

hi gh-1evel kgl dhraiamts, | DRAM BS cithe3ehesched IRSRAGE Selicaldy §8dRRAL | Ng
system i npl enent ed accordi ng to an enbodi nent of the invention. System 300

i ncl udesh the ¢ig thahrentging rorgs sl Rpch cpbedinBois, FAyEe 3 hipagbea higle vari ety

of cor In sone

erbod S edESRe AEIEHee. HAEPIAD DUERIAT BRI SR8Ty . Uy Cache

306. lincladenhumber @ﬁﬁ&n@@rc&v(deﬁ thaat axeepdrateffrdnn €01e9 863 indBORAMY 1i3ncl ude PF

logic 308. -4 In sonme enbodi mnents, DRAM L3 cache 310 is on a die that is
i cchg3t-acked with the die that contains cores 302. In such

enbodi nents, L3 bus 314 may be a high density die-to-die interconnect.

Bul k DRAM %%%oﬂie%‘fﬁ%%ﬁné&@ ﬁﬁbgﬁ%@hﬁ@ﬁérs ori\Gt WeGh Ay BRG] o 0f NMEnOIY
devices that are separate fromcores 302 and DRAM L3 5 cache 310. In sone

enbodi erentpege PFDRMII ¢.3308hg toamsIRANI E2voache. Whe dedsioh® trinsés afhlashadn  open

page of AM L3 ¢ che n SRAM L2 ca h decj si.o o.tr fer a bl ock
o SR Tipsranagla osedgu [ef i gy %@Pr@?%% P proSiHed S PERGEERORTNE or ovi ded

tO PF hagicioR $odeERB 1oigtSd &k BON (¢ OmSSStig @&hﬁn%[bg%)f@ 3R B 9.

i nstruction E_:ocessm I0|c 102, own in 10 FI G In addition, the

ddé) sile. tlp hrasdgioss the d@m@m t@ﬂran%f@mbllopheﬁcaehy hbes Ima:sbdba@ﬂ, dtdest in
part, .on the use_experien us_314. nts,

Pooi o Baat b IS 8 ol ErEARRRY BV RELARY Bt SRR E P BRIOR™T, * sram
L2 306mayirfasf& m%nar@@bnwamiorplﬁ@ﬁmmrmm1|0Itbt$$¢mthmfg)6an enbodi nent in
which the L2 cache is shared. In the illustrated enbodi nrent, each core 302

has a prlvate LI, cache a 15 the caores share L2 cache 40 If there is a
mss for LIFEaéHee wb letﬂﬂ %iééa%ﬁ*a Hustraing pp gmbo t Wavl%ﬁé theokZvar ded to
L2 Ca%@hé@%hﬁ@@/ ﬂ{the':llﬁs%ﬁte‘a AMbdirhéh SORE 602 IHTE Q?Eva@'il' QghEaftD4
determ nes whether to transfer two or nore cache es froman open page of
[ I5DRAME b@-ess]mdaag e:dqheaﬁlOZl dbthierd im apaisg for @A dablee $ﬂ4eﬂ®tmiss hncha preffeictaddi ti on,
pref eth(irq Illg}gt)e forwarded to 1.2 cache 402 and/or PF logic 404. In some embodiments, PF

logic 404 determines whether to transfer two or more cache lines from an open page of

DRAM L3 310 based, at least in part, on the prefetch hint. In addition, prefetch logic 404

may base the transfer decision on other factors including the usage level of L3 bus 314.

20 FIG. 5 is a high-level block diagram illustrating an embodiment in which the
prefetch logic is used at different levels within the cache hierarchy. In some embodiments,
a cache miss (e.g., both an L1 and L2 cache miss} and a prefetch hint may be forwarded to
DRAM L3 cache 502 and/or PF logic 504. PF logic 504 may transfer two or more cache
lines from an open page of bulk DRAM 312 to DRAM L3 cache 502 based, at least in

25  part, on the prefetch hint (and possibly other factors such as bus usage levels). Prefetch
logic 308 may, in turn, transfer two or more cache lines from an open page of DRAM L3
cache 502 to SRAM L2 cache 306. While the illustrated embodiment shows two levels of
batch prefetching, it is to be appreciated that the batch transfer of a block of cache lines
could be performed nearly any number of times across nearly any number of levels of

30  cache.

FIG. 6 is a flow diagram illustrating selected aspects of a block transfer according
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may base the transfer decision on other factors including the usage |evel
of L3 bus 314. 20 FIG 5 is a high-level block diagramillustrating an
enbodi ment in which the prefetch logic is used at different levels within
t he cache hierarchy. In sone enbodinents, a cache mss (e.g., both an LI
and L2 cache mss) and a prefetch hint may be forwarded to DRAM L3 cache

502 and/aalenttfodirRéit &f HAnvditioh O RieCerBRd td B cdst Bk @021 Wofcldh 10Bk§e.gache |ines
from an open p_agie of bul k DRAM 312 to M L3 cache 502 based, at least in
8e

I25 p?rRT?fe&h lpgie 13PethomarinAilGt 1) raprivesosrrelsiah lontassodizied with ad@fDas bﬁs :J_sage
tr om afsiskEh o g SELHES Y prdBh I s AN Sy Al PLTREGL EPENE, |1 s

i || ustdetdotidn argoaitinie M sueh @b otliticnt € vied Srefetch Hiat @by frdedaed Iedw HRelylifisi s to be

appreciated that the batch transfer of a bl ock of cache |lines  could be
perf orthelpuhgeareyt LMD dosipictions will have adnerptenipalby ingreasipe pudtsEsasHE | evel s of

30 ca 61l di.agr I i s of a bl ock
T e b e L S e L e

pr ocessllds ondicGiz,a qepedeaifchnfidapice i @hether supsefuentdhO ADginstnikctidns ilbwn i n FI G
1) receives a prefetch hint associated with a LQAD instryction. In sone
enbodil ﬁ@gr}ortﬂﬁgliﬂ?@flgﬁrewmﬁ ?ﬁf¢§a§§aéﬂ¥@%§&hﬂ9€- Forioena _eﬁlemt?ﬁ_e _

det eCly;ma} fRidatd UonieR T D AHARAL oW NAIRESERESNn SirRlanfR¥ndRdi cat e
how likely 1t 1s 5 that subsequent LOAD instructions w || "have a

mdfot onixhd bseditmordecsd thyg level dbomddsineey address stride. In sone
enbodi nents, the prefetch hint nmay have any of a nunber of val ues

i ndi cating egree of confi,d i et her .,subs nt, L instructions
w1 have SBEREEE aitest Yo EPE el Pl R Ak rRUIR T Hht R PRI or
exanpl @, ordeh® nire bedditiony ditfadral. Mdirgat hdtlonhhdeoe® Dhuhbghf nedi um or
|l ow. Alternatively, nearly any schene [ 10 may be used to indicate the

| evel bshavigrsfineladias dehuingr ragler.capedbins s tppdek aboing the sizppf ¢ Fghdenmay

thrott I i.44,ans actors.
The t ape b iy BsoREE, 8 DAREF, 0B B b B R R A Boet el 2 ng
a 16r arlefed of thedanieslohnay oaert whink thertranafer ¢ tongcih e psdfateh bfnt,aa povearsfer, and
the like. The conditions that tri r hrottling of. the transfer may

i ncl ud8¥ings {f¥glyan %{Gﬂ@&er‘m&ﬁwﬁ@é B s Bshetbite. trafrefiinsmchattnanst or i s to
ocCur ,opRioR418h 86AE cRbBlimdoner

Referring to process block 606, the PF logic transfers two or more cache lines from
a DRAM to an SRAM based, at least in part, on the prefetch hint. For example, if the
20 prefetch hint indicates a high likelithood that a number of LOAD instructions will have a
monotonically increasing or decreasing address stride, then the PF logic may transfer a
block of cache lines into cache to increase the likelihood that requested data is stored in
cache. The DRAM may be part of the cache hierarch and/or an element of bulk memory.
In addition, the SRAM may reside at nearly any level of the cache hierarchy.

25 Fig. 7 illustrates a cross-sectional view of a semiconductor device 700 in
accordance with an embodiment of the invention. Device 700 may include a package 702,
die 728, die 730, and die-to-die vias 726. One or more bumps 704-1 through 704-N
(collectively referred to herein as “bumps 704”) may allow electrical signals including
power, ground, clock, and/or input/output (I/0) signals to pass between the package 702

30  and the die 728. Die 728 may include one or more through-die vias 706 to pass signals
between the bumps 704 and the die 730. The device 700 may further include a heat sink
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savings level, and the like. As indicated by the dashed line, the
throttling nechanismis optional in sonme enbodi nents. Referring to process
bl ock 606, the PF logic transfers two or nore cache lines from a DRAMto
an SRAM based, at least in part, on the prefetch hint. For exanple, if the
20 prefetch hint indicates a high likelihood that a nunber of LOAD

i nstr updgl teRfoW fot di@ﬁ?ﬁl(ﬁl of RAGhRAMCH tyyiht AR BASINAMbr devideGo@asi ng addr ess
stride, then the PF Togic may transfer a block of cache lines into cache

to increase the |likelihood that requested data is stored in cache. The
DRAM nmay beDjsar’g8 gnd f/%mmmﬁéudﬁ @n@ﬂ%hyaﬁsdlf@rexmp@ direrS ey alude penor y.

In ad dg]#( glﬂbgfl @%Wf@ ?\}edﬁ I%;er 9?@" Aol a0t %?Q/c?(l 719 13:093§ gﬁ%g

hi erarc ustra €S a cross-sectional "view 0

semi cqndudé 8 ineta siack 7200m| amaesoraglarm ihd Hbak sem}@dvmm\s giovithi@ i nventi on.
Devi ce 700 may. include a package 702, .die 728, die 730, and die-to-die
vi al 7ig.2 @*ﬁe‘“é? 7%V@ysaw~a§mm with Hr%a%ﬁﬁcmﬂrxﬁﬂ(t@@itl%&q%mkﬁt%ﬁerred to

her ei 371%321 g 120! n%e%'{z%l l:r'nB&%hﬁle?F}iEé) %‘m ﬂﬁrﬁw&ﬂﬁi ‘h‘géeﬁ'ﬂ) RVer ,

groun n uf'f sut put S|g s to pass tween the

pac kagaaﬁ@ﬂa HD;- Y%dnayhmcmde afizdnoridevicg surh ys b naldodeacenss memonyrdevichy ough- di e
vi al %f ss SI? | s between the bu s 704 a %?S the die 730. The device
700 nedP i THEmaY Fnliitfens O GATC BTOGRSSOL GOTFY arsHoT B b RFBiE Corhess pation of
generated heat by the die 730 and/or device 700. Dies 728 and 730 nay

i ncl ude varpRUSOliAN8IE-onERF r¥eRlBcesHfPF138icBY. N&dHEemBodiRichts, BFI i con
(Sl) layer 710, an active Si layer 712, and a netal stack 714. Die 730 may

i 16l udegis 7A@ mady teanafek tWoOr mare eache heessfroma@RAMm digrAdd & BubRABI i ayer 724.
As s hocﬁ@ 75 fl;;' F%rgqsifer meéz? oeccv% %%Q}%ﬁlGdle %@s‘uﬁéc eﬂl goﬁ’qmet h %e%sealg 28 and

730 throug respec P& n an’ enbodi ment ,

die Y%Iamyblegmmnﬂmmtomm tdide V3@ 725@ﬁabl@><f&f%|gﬁ; 7336 traa&emséckm ude a
menory devi ce (such as a random access nenory device) and die 730 nmay

i ncl udeuignle @eheiines vrthowb s sigpificapiaacigaty/ ipdatedar ed or private caches. Die
730 includes one or nore instances of PF logic 732. In some enbodi nents, PF

101 0gi ¢ 73318700 @85 iftfudeWadftfon R, €3S RS irhd RS ol WoApBRAN infp di € 728 to

15  the same device or system. In such an embodiment, die-to-die and/or through-die vias may
be used to communicate signals between the various dies (e.g., such as discussed with

respect to the vias 726 and 706).

Elements of embodiments of the present invention may aiso be provided as a

machine-readable medium for storing the machine-executable instructions. The machine-

20  readable medium may include, but is not lirhited to, flash memory, optical disks, compact
disks-read only memory (CD-ROM), digital versatile/video disks (DVD) ROM, random
access memory (RAM), erasable programmable read-only memory (EPROM), electrically
erasable programmable read-only memory (EEPROM), magnetic or optical cards,
propagation media or other type of machine-readable media suitable for storing electronic

25  instructions. For example, embodiments of the invention may be downloaded as a
computer program which may be transferred from a remote computer (e.g., a server) to a
requesting computer {e.g., a client) by way of data signals embodied in a carrier wave or
other propagation medium via a communication link (e.g., a modem or network

connection).

30 It should be appreciated that reference throughout this specification to “one

7.




die 730. The transfer may occur through die-to-die vias 726. In sone
enbodi nents, the relatively high bandwi dth of die-to-die vias 726 enabl es
PF logic 732 to transfer blocks of nmultiple cache lines without a
significant increase in |latency. Device 700 may include additional dies,
e.g., to integrate other conponents into 15 the sane device or system In
such agmBdth@ent™ntan dhBodiRrefi"enand iRl a phARUBR féhfe dnadti@yr be used to
communi cate signals between the various dies (e.g., such as discussed with
r espectharastaristic dessibad g famaeq@@)wﬂahé reevhodingdnt émbelgidedin a lesst eiige pr esent

' nventé df@i%nt%tstl? aﬁr%%e?{t %’YVIG{,q 10 afhe?"efo% gtql?rglglﬁflaSéze a8§ 8ge‘ﬁ‘é%m for storing

t he macChi ne-éexecu nst i ons Fredi um may

i ncl udgyprdviidted ShanBio dmﬂbﬂe&éfet@mes‘ foash ef®OBINEnt 0@t lo8d kmBbsiggent C@mRact 20

di sks- read only rrem)r%/” , digital versatjle/video di sks DVD) ROM

r aRdondltereating §mbg (Wouw%am of thissgeatieailonare sefdweeessyil

( EPRON) I EEPRCM :
magneti gerﬁlrlg g} | c%*jé g%?ﬁélﬂ&ﬁgr%ﬁg{;a |%%§ﬁl&%%2ﬁﬁp Elf:'B'fééfo :

mac hi I’tﬁhal‘e&@iﬂbl:ﬂnﬂ?ﬁt eombintd bt snifable i8 bae bngiosd @abodimients zsthmﬁwnui@hj ons. For
exanpl e, enbodi nents of the invention nmay be downl oaded as a conputer

program whi ch be trapsferred froma_renote c ut e a server) to
a requestlﬁ'ﬂﬂwglgfplﬁ ‘ﬂ‘?g ¢ gppregjate ihat i thg Omwngg%ﬂo’éggnal s enbodied in
a car rdgodif@¥ s f theRhMkioR RRRIA dafRed RE koM Hh&s Qoﬁﬁ%ﬂ*ﬂd@étﬁé’&h%%ﬂglé‘k (e.g.,
a nodem or network connection). 30 It should be appreciated that” reference
t Hﬁou@t@lﬁdlmhmtsﬁgtpemﬁdesfalptt@n th@reﬂﬁﬁqethe-pﬂmboﬂstxmmhmmg the gfsclstiedi nent "
nmeans . a.partic I ature ture or. characteri ic scribed in
connect Dk AR ktesaf Ak b g™ MRt i P PE ARG d HsamEBE rent o
the prarslosufty BoWL@R, is hbo&cahRrprbed aS rIEphaSs iz Btbrdind s o daibfed

appr eci at ed that two or nore references to "an enbodi ment" or "one
enbodi S¥Bifct maiterrggnins aare fepiMey daa mpﬁ@ﬁﬂw regijedva epehidaipbrRatbersanf this

speci fth&%llo%?gﬁlﬁln'?so{eﬂ@(?tcﬁq%ﬁx?@aet Xp @ét!: 116{ L&l i S Tfe%n{rgf agsgf%g”b()d' ment .

Furt hernore i‘cuf ar FuctUres of ristics may be
cdsbi rfeﬁbgamgsmcﬂ@bﬂ embodiatdt.OThua) tlr& cﬂamﬁdolﬂmmhg tlof ddtdiredi deveiyitioanre

hereby expressly incorporated into this detailed description.




Simlarly, it should be appreciated that in the foregoing description of
enbodi nents of the invention, various features are sonetinmes grouped
together in a single 10 enbodinment, figure, or description thereof for the
pur pose of streamining the disclosure aiding in the understandi ng of one
or nore of the various inventive aspects. This nethod { of disclosure,
howevegg alpgsnot to be interpreted as reflecting an intention that the

cl ai med subject matter requires nore features than are expressly recited in
each cWhiis cRampérs; as the following clains reflect, inventive aspects lie
inless than all features of a single 15 foregoing di sclosed enbodi nent.
Thus, the cjai L, oW - .detailed description are hereby expressly
incorp%rateégﬁﬁagggﬁfg%%gggﬁﬁg%g%escription. 6 CLAIMS What is clainmed is:
1. An i nt egécat Bgiciorprovitle 6 RgTeick hit@; andore 1 ogic to provide a prefetch hint;
and 5 prefetch |l ogic coupled to the core logic, the prefetch logic to
transfer tvieiichiiagie coppled o thegare lp%mhsmrﬁg'@h logigto wanSEEr dYALRTOT? andom

access RAM, ' :qg,gm I%B 61@5%/9& sed, at

| east ?%ﬁ%g%%}ﬁonathg&g?%?Z%gﬁbﬁ?ﬁ{. ) %@ﬁfﬁﬁﬁgﬁng Cl cuifgg' claim1l

wher ei mnddme atosss miemony SRARD Gasddnatd easd ppdrt 8 tlee prpteeh Iiht. mrenory. 10 3. The

integrated circuit of claiml, wherein the prefetch logic is to transfer

the t or . nore cache |in t.hrough a high density interface. .4. The

|t eori ad B blertE Srithein i i Hedba g ot fa By e fRprits o o

di e-t Qadb@f méhfbry.5. The integrated circuit of claim3, wherein the high

density interface is a through- 15 silicon-via. 6. The integrated circuit

of claim1, wherein the DRAM conprises bulk nenory. 7. The integrated

cilfcui} of Ehwintpgiatedwizquit of daia IprAwRrer theindelstch lpgigdy todrangtse e tHRP! t he

SRAM [ ' el . che. 8. The integrated circuit of
%8% Vs%@l%e Fned ?Eﬁéu@g gg&oieﬁgéiﬁlggrfa%g

claim erein I'sS an L3 cache and the
4. The integrated circuit of claim 3, wherein the high density interface is a die-to-die
vid.
3. The integrated circuit of claim 3, wherein the high density interface is a through-

15  silicon-via.
6. The integrated circuit of claim 1, wherein the DRAM comprises bulk memory.

7. The integrated circuit of claim 1, wherein the DRAM provides a level of cache and

the SRAM provides a next higher level of cache.

8. The integrated circuit of claim 7, wherein the level of cache is an L3 cache and the

20 next higher level of cache is an L2 cache.

9. The integrated circuit of claim 1, wherein the prefetch hint indicates a level of

confidence associated with transferring the two or more cache lines.

10.  The integrated circuit of claim 9, further comprising:
throttling logic, wherein the throttling logic is capable of throttling the transfer of
25  the two or more cache lines based, at least in part, on an interconnect usage level and the

prefetch hint.




20 next higher level of cache is an L2 cache. 9. The integrated circuit of
claim1, wherein the prefetch hint indicates a | evel of confidence
associated with transferring the two or nore cache lines. 10. The
integrated circuit of claim9, further conprising: throttling |ogic,
wherein the throttling logic is capable of throttling the transfer of 25

the two or TR Rtpagbecirdudes dases] witeih @sdoré IdgladdmpriaBs @ik 6fd er connect
usage level and the prefetch hint. -9 11. The integrated circuit of claim

8, wheblBiahty pfepreessaing 6gice- conpri ses one of a plurality of processing
cores. 12. The integrated circuit of claim8, wherein the core logic

conpris£s i - C .5 g V¢ prefetch
hi nt al?goc gﬁﬁ%ﬁﬁd glp‘fugrao(f (%%glt ?J@t% Fégﬁﬁiea%gp {Oggéngs&?ﬂé)rrréfgngwcgrgo%br e cache
lines froman open page in a dynam c random access nenory (DRAM to a

st at i c1¥ anddmabokesnprsing:y (SRAM) based, at least in part, on the

prefetch. hint. 14. Th thod of c|ai 3,, Wherein the prefetch hint
i ndi cat es d°FRVEL agie ffgﬁ?‘&@ﬁ%lat‘i ng]gé‘&?daﬂf‘gal PP ansferring the two or

more cache {fi@Srind Bvo %hﬁof%@ﬁ@liﬂés Edrﬁhﬂbﬁéll%d@é%@id’j}néﬂ% rhh  Of

confidence is one of three or nore val ues. e frethod of claim 15,
wher ei aecedsenarhere dDBADoe statli s dem mpedss eemogh (SRl bascd, anlgastow, 15 17.
The net hod of cl itm 13t’ further conprising: throttling a transfer of the

t wo orp%%ﬂ&ea%ﬁ%qhim%s based, at least in part, on an interconnect usage
| evel and the prefetch hint. 18. The nethod of claim 13, wherein

t ransfer.ri nphd Methbwaf claini 08 ewké@einaht preésc hiamddnates aievel pagenfidentdhe DRAM

conprises: 20 transfer_rigrllsg a cache page fromthe open page in the DRAM 19.
THE netsprsdpted withrapsfening e Fee AT RE PRBMIBSnpri ses bul k menory.
15. The method of claim 14, wherein the level of confidence is one of three or more

values.

16. The method of claim 15, wherein the three or more values comprise high, medium,

and low.

15 17.  The method of claim 13, further comprising:
throttling a transfer of the two or more cache lines based, at least in part, on an

interconnect usage level and the prefetch hint.

18.  The method of claim 13, wherein transferring the two or more cache lines from the
open page in the DRAM comprises:
20 transferring a cache page from the open page in the DRAM.

19.  The method of claim 13, wherein the DRAM comprises bulk memory.
20. The method of claim 13, wherein the DRAM provides a level of cache.

21. A system comprising:
a first die including a dynamic random access memory (DRAM);
25 a second die including
core logic to provide a prefetch hint, and

prefetch logic coupled to the core logic, the prefetch logic to transfer two or

-10-




20. The nethod of claim 13, wherein the DRAM provi des a | evel of cache.
21. A systemconprising: a first die including a dynam c random access
menory (DRAM); 25 a second die including core logic to provide a prefetch
hint, and prefetch | ogic coupled to the core logic, the prefetch logic to
transfer two or -10 nore cache lines froman open page in the DRAMto a

st at i cmbA \GhoR: RE&ESSn Hﬁ@‘?éﬂpag@%\’&h@ DRAJEE a Sthti¢ AATbmI RcRBtemdy t he
prefetch hint; and an interconnect coupled between the first die and the

second(SdRAeM) based Tt deast/int part, of thel preteichihinted ei n the two or nore cache |ines
conprises a e of 5 . 23.. The syst of clai.m 21, wherein the
interconnec?P?%rgngfgf?g§%$é¥vvg?t 4&“%%%38§§%Eﬁ?%¥ﬁ%Fain121, wherein the
DRAM provi des a | evel of cache and the SRAM provides a next higher |evel

of cacle. 2Bhe SRensySdilaim Df, vHeadimtltwodranererathedines ebbtifeshipige bdi cates a
| evel of confidence 10 associated with transferring the two or nore cache
| i Fes.MOBOTYThe system of claim 21, wherein the core |ogic conprises one of
a plurality of processing cores. 27. The integrated circuit of claim 21,

wher ei 33 t NeTROLRiPOF GairPIRWIRSSn TreinARnGEct i€ R Uf-toREe vial 1_

24, The system of claim 21, wherein the DRAM provides a level of cache and the
SRAM provides a next higher level of cache.

25.  The system of claim 21, wherein the prefetch hint indicates a level of confidence

10 associated with transferring the two or more cache lines.

26. The system of claim 21, wherein the core logic comprises one of a plurality of

processing COres.

27. The integrated circuit of claim 21, wherein the core logic comprises a graphics

core.
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