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BACKGROUND OF THE | NVENTI ON - Field of the I'nvention
The present invention relates to the field of caches. Mre particularly,
the invention rel ates to hybrid caching architectures and protocols
for multi-processor conputer systems. ; 5 Description of the Related Art
Mul ti - processornulti-cache conputer systens w th cache-coherentmenories can
be based n- Uni f orm Menory
Archi tect @W%Mﬁ%&%ﬁ WEéﬁaﬂ #Igct ure (COMVA). In
bot h exa Eﬁ’c*éE Fﬁ ]ésal SO needed | f
coherency is to be maintai RO FSEENYRONaches. 10
Figures 1A, 1B, and IC 1D are a bllock di agram an address map and two
- f1 owchar t gield Fthe Invention spectively. -illustrating a cache coherent NUNA
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5 Description of the Related

Multi-processor multi-cache computer systems with cache-coherent memories can be based

on several cache architectures such as Non-Uniform Memory Architecture (NUMA) and Cache-
Only Memory Architecture (COMA). In both examples, cache-coherence protocols are also needed
if coherency is to be maintained between the respective caches.
10 Figures 1A, 1B, and’ 1C-1D are a block diagram, an address map and two flowcharts, re-
spectively, illustrating a cache-coherent NUMA (CC-NUMA) computer system 100. Asshown in
Figure 1A, CC-NUMA system 100 includes a plurality of sub-systems 110, 120, ... 180 coupled to
each other by-a global interconnect 190. Each sub-system includes at least one processor, a corre-
spondihg memory management unit (MMU), a corresponding second level cache (L2%), a main
15 memory, a global interface, a directory and a local interconnect. For example, sub-system 110
includes processors 111a, 111b, ... 111i, MMUs 112a, 112b, ... 112i,1L2$s 1134, 1 :i3b. ... 1131, main
memory ll4,};lobal iﬁtcrfacc 115, directory 116 and local interconnect 119. Note that since sub-
systems 110, 120, ... 180 are similar in structure, the following description of sub-system 110 is
also applicable to sub-systems 120, ... 180. ) '
20 Processors 111a, 111b, ... 111i are coupled to-MMUs 112a, 112b, ... l 1%i, respectively. In_
turn, MMUs 112a, 112b, ... 1121 are coupled to L23s 113a, 113b, ... 113i, _respectiveiy. L2%s 113a,
113b, ... 1131, main memory 114 and global interface 115 are coupled to each other via local
interconnect 119. Directory 116 is coupled to global interface 115.
Refemng now to the memory map of Figure 1B, the total physical address space of CC-
NUMA computer system 100 is distributed among main memories 114, 124, ... 184. Thus. parti-

tioning of the-(global) addressable space (GA) is static and is determined before system
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spondi ng nmenory managenent unit (MWJ), a torresponding second | evel cache

(L2%), a main 15 menory, a global interface, a directory and a | ocal

i nt erconnect. For exanple, sub-system 110 i ncl udesprocessors |1l a.

111b, ... IIl1iMWs 112a, 112b,... 112iL2%s 113a, 113b.... 113i.nmain

~nmenory 114, global interface 115, directory 116 and | ocal interconnect 119.
Not e that since sub- systens 1-10,-220, ... 180 are simlar in

structure, the follow,ng scriptio of sub- s 110 i S
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REPLACED gﬂggs-fglc forhaintaining global cache cohcrcncy. global interface 115 includes hardware and/or

software implemented cache coherency mechanism for maintain coherency between the respective

caches and main memories of sub-systctﬁs 110, 120, ... 180.

10 A typn:al read request, e.g., a Read To Share (RTS), by processor 111a of sub-system 110
occurs in thc following manner asillustwrated by theaﬁowcharts of Figures 1C and 1D. First, processor
l11a presents a v1rtua.l address (VA) to MMU 112a which converts the VA into a global address
(GA) and presents the GA to L2$ 113a (step 1110). If there is a valid copy of the data line of interest
in L23 113a e.g.. a shared (S) or owned (O) CopY, then L2% 1132 provxdes the data to processor

15 1lla via MMU 1123, thereby completing the read request (steps 1120, 1125). 3

Conversely, if L2% 113a does not have a valid copy, then L2$ 113a presents the GA to the
local interconnect 119 of the requesting sub-system 110 (step 1130). If the GA is not part of the
requesting sub-system 110’s local address space, i.e., the requesting sub-system is ;iot the ht-:mc

sub-system, then the request is forwarded to the appropriate home sub-system, e.g., sub-system 120
20 (step 1145). | | | :

Referring now to Figure 1D, in the above cases where the data cannot be found in the L23
of the requesting sub-system 110, the home directory (116 or 126) is updated to refiect this response,
for example by marking requesting sub-system 110 as a sharer of the data (stcp 1148).

Next, if requesting sub-system 110 is also the home sub-system, the corresponding MTAG
in directory 1 16 is checked for an appropriate MTAG state, e.g., modified (M), owned (O) or shared
(S) fora read (stcp 1150). If the MTAG state is mappropnatc for the read rcqucst or if requesting



configuration tinme. i.e.. before the execution of application software.

Accordingly, the first tinme a sub-system 110 needs to read or
wite to an address location outside its pre-assigned address space,

the data has to be fetched fromone of sub-systens 120, ... 180.

In this exanple, global interface 115 is responsible for tracking the
status of data associated 5 with the address space of main nenory 114.
The status information of each nmenory | ocation is stored as a
menory tag (MTAG in directory 116. In addifion, since global interface-
115 i 5 al §ff-system 110 is ERHRARSuBIsPstéca) difbBion} FIGT SifbckAdTaAln RNEAGREYe.

gl obal interface 115 incl udes hardmare and/ or software inpl enented
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shared (S) or owned (0) copy, then L2$ 113a provides the data to processor
| 5 111 a Vif theliome sub-gysterh Ev10vp 12Q) dydetaminingd tdtave evadidicopyefdbe dasd linesthen 20,
1125). Conversely, if L2% 113a does not have a valld copy,
t hen L2$ the ggnﬁ sybssyisicm pragidesthe dati fogequesting sub-system 110 (step 1162). In the case where

requesting sub—systmn 110 is also the home sub-system, only an internal data transfer is required.
10 Alternatively, where home sub-system 120 is not tht requesting sub-system, then global interface
120 of home sub-system 120 responds by retrieving the data line from main memory 124 and
sending the reqL_lested data line to global interface 115 of requesting sub-system 110 via global

interconnect 190.

Conversely, if the home sub-system (110 or 120) does not have a valid cbpy of the data line,

[
W

i.e., the home sub-system is not the owner sub-system, then the read request with the GA is forwarded
to the global interface of the sub-systcﬁu who is the owner of the data line of interest, e.g., global
interface 185 of owner sub-system 180 (step 1155). Global interface 185 responds by retrieving
the data line from one of the L23$s of owner sub-system 180, e.g., owner L2$ 183a, and sending the
requested data line to global interface 115 of requesting sub-system 110 via global interconnect
20 190 (steps 1164). |

Upon receiving the data line, global interface 115 forwards the data line to L2$ 113a which
provides the data requesting processor 111a (step 1180). The data line can be cached in L2$ off
the critical path for subsequent retrieval by processor 111a (1190).

When a location in an L23, e.g., L2$ 113a, is needed for storing another data value, the old
cache line needs to be replaced. In this implementation, cache lines having an S state are replaced

“silently”, i.e., they do not gencrate any new transactions in computer system 100. In other words,



| ocal interconnect 119 of the requesting sub-system 110 (step 1130). If the
GA is not part of the requesting sub-system 110's | ocal address
space, i e., the requesting sub-systemis not the hone sub-system
then the request is forwarded to the appropriate honme sub-system eg.,
sub-system 120 20 (step 1145). Referring now to Figure
ID, in the above cases where the data cannot be found in the L2$%

of therequesting sub-system 110, the honme directory (116 or 126) is updated
to reflect this response, . for exanple by marking requesting
sub-system 110 as a sharer of the data-(step 1148). Next ,

I f requesting sub-system 110 is al so the hone sub-sg;}en1 t he correspondi ng

MIAG 25  a subrsystiemgeimeing mitigd;ip thehkoneedirgctary ghithe spehsdiop g a shapsiofdhefeplaced) |
dified d (0 har ed S) f d (st 150) . .1f
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has info rsz&%mA?hQ.%chV\t% afedbiy aSibeiatillwith the¥¢Epondibie@uls-SyteRiSis updated to refiddet t he
data |ine and whi ch sub-system’is the owner of the data |ine. Note al so
t hat shonmemhiWhaggest em
i In sum, the architecture of CC-NUMA system 100 is better-suited for executing software
programs using small data structures which requires & small number of the available cache lines in
L2% 113a. Thf is because the small data structures can remain entirely in L2$ 113a while they
may be rcp:atedly accessed. Unfortunately, CC-NUMA systemn 100 is unable to cache large data
10 structures which are too large to be stored enﬁrelyﬁL2$ 113a, causing a thrashing problem whereby
portions of large data structures are repeatedly cached and discarded.
Figures 2A, 2B, 2C, 2D and 2E illustrate a simple COMA (S-COMA) computer system 200
which is ca%)ablc of caching large data structures in their entirety since S-COMA system 200 allo-
cates its cache memory space a page at a time. As shown in the block diagram Sf "Figurc 24, S-
15 COMA system 200 includes a plurality of sub-systems 210, 220, ... 280 coupled to each other by
a global interconnect 290. Each sub-system ixlcludes atleast one processor, a cqrrespondhg memory
management unit (MMU), a corresponding second level cache (L.2$), a cache memory, a global
interface, an"address translator, a directory and a local interconnect. For example:.‘sub-system 210
includes processors 211a, 211b, ... 211i, MMUs 212a, 212b, ... 212i, L28s 213a, 213b, ... 213i,
20 cachememory 214, global interface 215, directory 216, address translator 217 and local interconnect
219. Note that since sub-systems 210, 220, ... 280 are similar in structure, the following description
of sub-system 210 is also appliéable to sub-systems 220, ... 280. |
Processors 211a, 211b, ... 211i are coupled to MMUSs 212a, 212b, ... 212i, respectively. In
turn, MMUs 212a, 212b, ... 212i are coupled to L2$s 213a, 213b, ... 213i, respectively. L23s 213a,
_ 213b, ... 2133, main memory 214 and global interface 215 are coupled to each other via local



may or may not be the owner sub-system Note further that if the requesting
sub-systemis also the 5 honme sub-system then the MIAG states w ||
provide an indication of whether the transaction is permtted,
i.e., the home directory does not need to be involved in the particular
transacti on. ' I f the home sub-system (110 or 120) is

determ ned to have a valid copy of the data |ine, then t he hone
sub-system provides the data to requesting XZub-system 110 (step 1162). In
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responds by retrieving e data line fromone of the L2%s of owner
sub- syst afsdft@are @s the neaivrises. LiSGte 188 eache hidessweitidn eagh (dlkocated) page are irebividsdllyd
~data line to global interface 115 of requesting sub-system 110 via gl obal

i nt er conrigesssiP. . 190 (steps 1164). '

10 Hence, by allocating memory space in eg&e pages in cache memories 214, 224, ... 284, S-

COMA computer system 200 avoids the above-described capacity and associativity problem asso-
ciated with caching large data structures. By simply replacing main memories 114, 124, ... 184
with Similarlg_(-;ized page—erientcd cache memories 214, 224, ... 284, large data structures can now
be cached entirely in sub-system 210.

15 In this example, global interface 215 is responsible for tracking the status éf data stored in
cache memory 214 of sub-system 210, with the status information stored as memory tags (MTAGS)
in a corresponding location within directory 216. In addition, since global interface 215 is also
responsiblc for maintaining global cache cohetency, global interface 215 includes hardware and/or
software implemented cache coherence mechanism for maintaining coherency between cache 214

20 of sub-systcrn. 210 and the caches of other sub-systems 220, ... 280. Address translator 217 is

responsible for translating local physical addresses (LPAs) into global addresses (GAs) for outbound

data accesses and GAs to LPAs for incoming data accesses.
In thisimplementation, the first time asub-system, e.g., sub-system 210, accesses a particular
page, address translator 217 is unable to provide a valid translation from VA to PA for sub-system

210, resulti.ng m a software trap. A trap handler of sub-system 210 selects an unused page in cache

memory 214 to hold data lines of the page. MTAGs of directory 216 associated with the page are



Upon receiving the data |line, global interface 115 forwards the data |line
to L2% 113a which provi des the data requesting processor 1llla
(step 1180). The data line can be cached in L2$ off the critica
path for subsequent tetrieval by processor 11la (1190).

Wien a location in an L2$%, e.g., L2% 113a, is needed for storing another

~data value, the old 25 cache line needs to be replaced. In this
i npl ement ati on, cache lines having an S state are repl aced
silently", i.e., they do not generate any new transactions in conputer
systen1100 I n ot her words,
4 a sub systen remai ns narked I n the5hone dlrectory of the cache
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sub- system'r esponsi bl e for this GA. As such, the directory
associ at echs¥d foltefich this ppgrthidnpion systay 20&m i s updat ed to reflect
A typical read request, e.g., a read-to-share (RTS) request, by processor 21 1a of sub-system
5 210 occurs in the following manner as illustrated by the flowcharts of Figures 2D and 2E. First,
processor 211a presents a virtual address (VA) to MMU 212a which converts the VA into a LPA
“and presents the LPA to L23 213a (step 2110). If there is a valid copy of the data line of interest
in L2$ 213a, e.g., a shared (S), owned (O) or modified (M) copy, then L2$ 213a provides the data
to processor 2114, and the read request is completed (steps 2120, 2125).
10 Conversely, if L2$ 213a does not have a valid copy, then 12§ 213a presents the LPA to
global interface 215 (step 2130). Global interface 215 accesses MTAGs of directory 216 to deter-
mine if a valid copy of the data line can be found in c;.chc memory 214 (step 2132).
~ If such a valid copy exist, the data line is retrieved from cache memory 214 (step 2134)
The data line is then provided to L2$ 213a which provides the data to processor 211a via MMU
15 212a, thereby completing the read request (step 2136).
However, if a valid copy of the data hne of interest cannot be located in either 123 213a or
cache memory 214, thenrequesting address translator 217 converts the LPA toa GA, before sending
the data request via global interconnect 290 to the home sub-system whose addr;ss space includes
the GA of the data line of interest, e.g., sub-system 220 (step 2142). Next, address translator 227
20 - of home sub-system 220 converts the GA into a LPA (step 2144), and looks up the appropriatcﬁ
dircctory entry to determine if there is a valid copy of the data line in home cache memory 224 (step
2150). This GA to LPA translation in home sub-system 220 can be a trivial function such as stripping
an appropnate number of most significant bits (MSBs).

Rcfemng now to Figure 2E, in each of the above cases where the data line is not found in
requesting sub-system 210, home sub-system 220 updates home directory 226, €.g., to reflect a new

sharer of the data line (step 2148).



5 thi s change. In sum the architecture of CC NUVA

system 100 is better-suited for executing software prograns using
smal | data structures which requires a small nunber of the available cache
lines in L2$ 113a. This is because the snmall data structures can
remain entirely in L2$ 113a while they may be repeatedly accessed.

Unfortunately, CC NUMA system 100 is unable to cache large data 10
structures which are too large to be stored,entirely in L2$% 113a, causing a
t hrashi ng problen1mhereby portions of large data structures are

repeatedly caf global irftefide 835 2Aportis, byZEiiediAgand
2E il lustrat e a SI rm’éﬁpﬁéﬁ-t% gﬂ‘&ﬁ\‘m corrput erosyst em 200 “p y whi- Chgl S

capabl e @k da@ik fon GEBEmeRoRy 234102 112812234, ibefdréisentiing thd reqiested date dinSta el

system 200 al | o- cates its cache nenory space a p:ae at a time. As
shown i nintdefackRif &f miquegtiogsubi-systegu2 1 vigglobal ingrconnegtNP0 #2200 i ncl udes

2 3[)2!'7%5 cFomisReb S5 TROHHEB20yobs AP P BL7RLA 5P %iﬁh ottt
Ceotna | ERIeDRE AR ta0A it feaRied e ar paces i of é oSk R8s,

dd t ad%mng
2 052 R of 235 Ehh ek REhob e i 250 B o
212a, 2138 of sub-sgsterh 280 Sotiverts 82 GA inth an LPA ferlolbbal Afierface 289GHS 72 54y, yrhi’sJGA

gl obal interface” 215, directory 216, address translator 217 and |ocal
| Nt er CONYICHA translation in ddfler shbsgstdia 280 saarmbtrisisbfunotion? Nexg 2ibbal in@gface 285 of

aresimlar in structure, the follow ng description of sub-system
210 i s abwnerapbisysn|280 respoudsshysetieying the data ling §om either cache memory 284 or one
Processors 211a, 211b, ... 211i are couplged to MMJs 212a, 212D, 21

re slBe ct i ofRLybs 2838, 283b . 2831, and sending the requested data line to global mterfacc 215 of requcsti%g
sub-system 210 via global interconnect 290 (step 2164).

When the data line arrives at global interface 215, global interface 215 forwards the data
line to L23 21311 which then provides the data to requesting processor 211a (step 2180). The data
line can be cached in L2$ 213a off the critical path for subsequent retrieval by processor 211a

15 thereby completing the read transaction (2190). Note that a GA to LPA translation is not required
for returning data.

Occasionally, replacement of (entire) pages stored in cache memory 214 may be needed
when cache memory 214 becomes full or is nearly full, in order to make room for allocating new
page(s) on a read request. Ideally, sub-system 210 maintains an optimal amount of free pages in

20 cache memory 214 as a background task, i.e., off the critical t.umng path, ensuring that the attraction
memory, i.e., cache memory 214, does not run out of storage space. Upon replacement, a determi-
nation of which cache lines of the to-be-replaced page contains valid data (either M, O or S state)
is made by accessing the MTAGs stored in directory 216. A message is then sent to the responsible
home directory informing the home directory that the cache line is to be replaced.

25 If the cache line has an M or O state, this transaction is similar to an owner sub-system’s

Write_Back (WB) transaction in CC-NUMA mode, which writes the data value to the home cache



turn, MMJs 212a, 212b, ... 212i are coupled to L2%s 213a, 213b, ... 213i,
respectively. L2%$s 213a, 25 213b, 213i, main nmenory 214 and gl obal
interface 215 are coupled to each other via |ocal '

5 " interconnect219. Directory 216 is coupl edtogl obalinterface2l5.
Address translator 217 is | ocated bet ween gl obal interface 215 and
gl obal interconnect 290. Referring now to the nenory nmaps of
Figures 2B and 2C, responsibility for trackigg the status of total
addressable space of S-COVA system 200 is distributed anong the respective
hore ﬂl‘t)y’ bﬁfels@@sys‘mumacaemnai@msgam, the repl&@meRtirdrisedtionidecs ait
t he cache nenori es of S COVA conput er systen1200 Is dynamc, _i.e.
cache Nenpgisfi anydata, 2dtiupdates tRbcbriespading dicestony torrefict the fact that the

(AM wherein cache nenory space is aIIocated i n ge-sized peor duri ng
execut i onnode, i.e., sub-systemofio Ipnger has a shared ﬂsfégmm g m S5 tﬁm

within each (allocated) page are i nd| Vi dual I essj
Hence, by2QH, replasement ifBRD st p3iaee the IESREGHVE d%%@@?’???nﬁ‘ﬁﬁ ‘?@ﬂ%fﬁ%gcﬂ%g any
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- Although S-COMA system 200 is more efficient at caching larger data structures than CC-

NUMA system 100, allocating entire pages of cache memory at a time in order to be able to

accommodate large data structures is not a cost effective solution for all access patterns. This is

because caching entire pages to accommodate large data structures is inefficient when the data
10 structures are.sparse or when only a few element? of the structure are actually accessed.

Hence there is a need to provide a hybrid caching architecture together with a cache-coherent
protocol for a multi-processor dbﬁiputer system that is flexible and efficient in caching both large
and smaller, s;‘)arsc and packed data structures.

Further, in order to fully exploit the capability of such a hybrid caching architecture, there

15 is also the need for static and/or dynamic algorithms to efficiently select appropriate caching modes
while executing programs with a wide variety of data structures and access patterns. Although
specialized hardware event tracer for capturing class(es) of events, e.g., bus operations, over time,
can be used to optimize caching mode selection, they are expensive and difficult to implcmcni:. This
is because event ordering and timing capture based on in-circuit emulation (ICE) technology typ-

20 ically involve complicated high-speed analog circuitry and probes. Accordingly, any cache mode
selection algorithm(s) should be simple and yet eﬂccﬁve event-based histograms which captures
some of the same event informatibn, e.g., cache miss, to give some indication of the appropriateness

of COMA versus NUMA cache optimization.



COVA conmput er system 200 avoi ds the above-descri bed Capacity and

associ ativity problem asso- ciated with caching | arge data
structures. By sinply replacing main nenories 114, 124, ... 184

with simlarly-sized page-oriented cache nmenories 214,224, ... 284, |arge
data structures can now be cached entirely in sub-system 210. 15
In this exanple, global interface 215 is responsible for tracking the
status of data stored in . cachernendry 214 of sub- system 210, with

the statusinformation stored NFION in a

correspondi ng | ocation wthi addition, since global

interface 215 im@@&tmuonpromaw@-mﬁfommgm@mam

coherency, global interface 215 includes hardware and/ or . software
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I'n this i npleeatiCOMatactiched & linsillocsing Aylrid NUMaYEOMAsache, Sedhir-hyhsd gystedil O,
accesses aparticul ar page, address translator 217 is unable to
provi de a peavidgs Rexihility nd sfficieneninwaching bom large and gnall, apdiopsparse and pagiesl data
resulting in g software trap. A trap handl er of sub-system 210 sel ects an
unused pag® Hr®ache menory 214 to hold data |ines of the page.

MIAGs of di r ectBrdbcotddhc@§sil Ghetih@htivh, lehoh J18-sPsE@e isHbR to independently store data in
10 COMA mode or in NUMA mode. When caching in COMA mode, a sub-system allocates a page

WA

of memory space and then stores the data within the allocated page in its COMA cache. Dcpendmg
on the implementation, while caching in COMA mode, the sub-system may also store the same
data in its hybrid cache for faster access. Conversely, when caching in NUMA mode, the sub-
system stores the data, typically a line of data, in its hybrid cache.

_ 15 In one implcmcntation; the memory address space is divided into a local physical address
(LPA) space and a global address (GA) space for use in COMA and NUMA mode, respectively.
Accordingly, the address of the data provides a quick indication as to whether the data had been

“cached previously in a particular mode.
When a processor of a requesting sub-system needs to access data, e.g., a read request, an

20 attempt is made to retrieve the data from the hybrid cache of the requesting sub-system which

supports both COMA and NUMA modes. If the data is not found in the hybrid cache of the

requesting sub-system, and the address of the data indicates that memory space has been allocated
for the data in COMA mode, then an attempt is made to retrieve the data from the COMA cache of
the requesting sub-system. If the data is not found in either the hybrid or COMA cache of the
requesting sub-system, then the request is forwarded to the home sub-system and the home directory

is updated to reflect the new status of the requesting sub-system, e.g., as a new “sharer” of the data.



6 initialized to an "invalid" state, and address translator 217 is
also initialized to provi de transl ations to/fromthis page's | ocal
physi cal address (LPA) fromto the unique global address (GA) which is

used to refer to this page throughout system 200. A

typi cal readrequest, eg., aread-to-share (RTS) request, by processor2lla of

sub-system 5 210 occurs in the follow ng manner as illustrated by the

flowmcharts of Figures 2D and 2E. First processor 21 |la presents a

virtual addre waueﬁx Héﬁénﬂcxhﬂ%cﬂ& oprikfe/dache mode
and presents ﬁ% to $ 213a %ﬁtep 2110). If there |s a valld copy of

the data Fe.gs Fh dudtaBIefor its pattern of Bcdessh mﬁawmgmwwmmqedamm
(O or copy, then L2$ 213a provides the data

pr OceSSOho&é&ﬁb-swdn tmiwmmmmmwmmgwmmmhm
Conversely, if L2$ 213a does not have a valid copy, then L2$ 213a presents
the LPA sub-system. If theyflashid foind by ditheecarhss, {6 thp home gyb-sysfegbisialsothe pyAESub- 5

accesses MIAGs of directory 216 to deter-
5 system, then the home sub};yswm provides the data to the requesting sub-system.

Conversely, if the data is not found in the home sub-system, then the request is forwarded
to-._an .owner sub-system identified by the home directory. Again, since the data fnay have been
cached in the COMA cache and/or the hybrid cache of the owner sub-system, a search is made in
both the COMA cache and the hybrid cache of the owner sub-system. If a valid copy of the data

10 is found in the owner sub-system, the data 1s provided to the requesting sub-system.

Note ihat, a.lthbugh a read request sequence is illustrated in the example above, a write
request sequence is similar, except that with a write request, the requesting sub-system is also
respons_ible for ensuring that all cached copies of the data throughout the entire system is coherent,
i.e., consistent. |

15 In one embodiment, the defaﬁlt cache mode is NUMA until the data access pattern of the
software program executing in a particular sub-system provides an indication that caching in COMA
mode is more efficient. This method of detection is based on the observation that whien caching in
NUMA mode, i.e., caching in the hybrid cache only, capacity and conflict misses occur when data
is discarded because the hybrid cache is either not associative enough or too small causing data to

20 be discarded and unavailable when re-accessed at a later time. -

~ Briefly, if a data line from a particular page was cached as owned (O) or modified (M) in
NUMA mode by a particular sub-system and then written back to make room for another data ﬁne,
it is marked as the Last_Owner ("L"). Subsequently, if the same sub-system accesses the same
data line (the data line is no longer in the hybrid cache), a NUMA_miss counfer associated with

the page is incremented.



mne if a valid copy of the data |ine can be found in cache nenory 214
(step 2132). If such a valid copy exist, the data line is
retrieved fromcache nenory 214 (step 2134). The data line is then
provided to L2$ 213a which provides the data to processor 21la via MMJ 15
212a. thereby conpleting the read request (step 2136).

However, if a valid copy of the data line of interest cannot be |ocated in
ei ther L2$ 213a or cache nenory 214, then requesting address
transl ator 217 converts the LPAto a GA, before sending the data
request via global interconnect 290 to the home sub-system whose address
space i ncl udes the GA of the data.ljjne of interest, e.g.
sub-system 220 (step 2142). Next, address translator 227 20 of hone
sub- syst em 22(gif6RMgH sddthlindFomthosamelpage was prpvidisly Pachedias d shates (1)) minkthe
appropriate directory entr to determine if there is a-valid copy

of the dafresent requéshisiadReadc 2the NUBVIAgmiss counter is Rlsg@gcrenpented.GA t o

Is_rfl LL?ESI ati on |n ho sub:; sg@&g&ﬁo can be Ztriw Ifu ct| on :ch ai l
B .
ig ﬁ:)[' Pg”ﬁﬁganZ?V%&fue mg%g’syw i %ﬁ%&sﬁgg&sys ep%n?g%% I e

d f
ggt grslels n%&éﬂp %%;M&ﬁd Epdge of nRkoidel spack @ase@aed in the COMARRESY exfdf subdie

“_quently. data lines associated with the page is cached in COMA mode. Note that separate counters
can be implemented for tracking the two types of NUMA_misses described above.

10

)
(o]
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7 If a valid copy exist in home sub-system 220, gl oba
interface 225 responds by retrieving the data line from cache
menory 224 or L2$ 223a, before sending the requested data |line to gl obal
interface 215 of requesting sub-system 210 via gl obal i.nterconnect 290
(step 2162). Conversely, if home sub-system 220 does not
have a valid copy of the data line, then th 5 read request with the
GA is forwarded to the address translator of the owner sub-system e.g.,
SOR 3 i DRE& gn honme sub- system 220,
address transl ator 287 of sub- systen1280 converts the GAinto an
LPA for gl obalrheé otijexts, fentureSind(astvapages 6fithe sjitrns of3he present inverttipn ivill be apparent
transl ation in owner sub-system 280 is a non-trivial function. Next, gl obal
|nterfacﬁn@ﬂﬁcﬁﬂkwwngdummmumenvéub-systen1280 responds by retr|eV|ng t he

T % agai . anden My TREMCHTTID ¥ ek ARgEm. Frpdisat TR 91 Re lopEah
4).
whart © noraRrEgveiy s Z%%%%%%%J%@?ﬁ-ﬁ“ﬁ%% Gl

forwar ds i Ra§@bdputer sys line to L2$ 213a which then provides the data to
requesting processor 51 l'a (step 2180). The data | ine can be
cached in L2$Fighdes DALE 1|!lﬁstﬁ!t¢ hicomVenfitidd sinfple sadhsatiliembmbstdrtigicaturd§8-CO-
processor 211la

MA) computer system.

Figures 3A-3F illustrate one embodiment of the COMA/NUMA hybrid computer system
10 of the present invention.
Figi;res 4A'énd 4B are flow diagrams illustrating one sclcction algorithm for the hybrid
computer system wherein the default is the NUMA caching mode. %
Figure 5 is a flow diagram illustrating another selection algorithm for the hybrid computer
system wherein the default is.the COMA caching mode.

20



15 t hereby conpleting the read transaction (2190). Note that a GA to LPA
translation is not required for returning data.

Qccasional ly, replacenment of (entire) pages stored in cache nenory 214 nmay
be needed when cache nenory 214 becones full or is nearly full, in
order to make room for allocating new page(s) on a read request.

| deal |y, sub-system 210 nmai ntai ns an optinq% anount of free pages in 20
cache nmenory 214 as a background task, i:-e.”; off the critical timng path,

ensuring that the attract m[&%lmmmwche menory 214, does
not run out of storage space. Upon replacenent, a determ - nation
of which cache lines of the to-be-replaced page contains valid data (either
M 0 or S state) is made by accessing the MIAGs stored in
directory 21GLASSBSORGACHES MISSESNt to the responsible home
directory informng the honme directory that the cache line i3 to be

repl aced. 25 If the cache line has an Mor O state, this :
transaction is simlar to an owner sub-systenis WiteBack (WB)
tr&nsaction i n CO)NCrmpulsery mighpcRoldiStarémisshe data val ue to the hone cache

8 o
Occurs the first time the data is accessed. Not affected by cache organization.

Unavoidable without some other mechanism like “pre-fetching."

ii) Coherence miss:
10 Occurs when data, previously in cache memory but later invalidated by a processor
at another sub;systcrn. is requested again, i.e., the previously valid copy is invalidated by a
write request, e.g., a read-to-own (RTO) reéuest, from another sub-system. Not affected by

cache organization. Unavoidable in an invalidation-based coherence protocol.

15 iii) Capacity miss: .
Occurs when data, previously in cache rﬁcmory but later replaced due to the limited
cache memory size, is requested again. i.e.,data ﬁad to be "bumped” (written-back) because
cache ran out of space. This class of cache miss still occurs in a fully associative memory

of the same size, but can be avoided in an'inﬁnitcly large fully-associative cache.

20

iv) Conflict miss:

Occurs when data, previously in cache memory but later replaced due to an access
conflict to the same set, is requested again, i.e., old data had to be replaced because of the
low level of associativity (i.e., not enough “ways"). This class of cache miss will not occur

25

if the cache is fully associative, i.e., avoidable.



menory of hone sub-system If the cache line has an S étate, t he

repl acenent transaction does not transfer any data, but updates the
‘corresponding directory to reflect the fact that the to-be-repl aced

node, i.e., sub-system no |longer has a shared copy of the data |ine.

Hence, in S-COVA system 200, replacenent is not "silent" since the
respective directory is continually updated to reflect any 5 -

repl acenent (s) of the data Iine. - Al t hough S-COVA system 200
is nore efficient at caching | arger data structures than CC NUMA -
system 100, al | opatddiginfipimiss: pages of cache nenory at a time in order to
be able to accommobdate |l arge data structures is not a cost

ef fective sol utiQecur®iwhehla fBSCHBEesPOt 6fod AFb-sykent hasa local copy ditthewlate tutdki ng
entire pages to accommodate | arge data structures is inefficient when the
data 10 urfabletoishdre theedata with asecond prbezssorof thessafnesubisystemisénding & nead-to-
structure are actually accessed. Hence there is a need to
provi de a hshlard ®RTS)odquest, thereby causing the scupatliprocessar o fetahtbé date fitom thetowner
protocol for a nulti -processor conputer systemthat is flexible and
esficient iswbeysismagAveadable.arge and snal | er sparse and packed data
structures. Further, in order to fully exploit the
capability of such a hybrid caching architecture, there 15  is also the
need for static and/or dynamc algorithnms to efficiently select appropriate
cachi ng nodes whi | e executing prograns with a wide variety of data

structures ¢R& erns. Although speci al i zed hardware
event trace mﬁ cl ass(es) of events, e.g., bus operations, over

tine, A "last-owner” state indicates that a node/sub-system was the previous owner of the

10 data before it had to be written-back and replaced, i.e., bumped because of a capacity miss
or a conflict miss.

5

20



can be used to optim ze caching node selection, they are expensive and
difficult to inplenent. This I s because event ordering and tim ng
capture based on in-circuit emulation (ICE) technology typ- 20 ically

i nvol ve conplicated hi gh-speed analog circuitry and probes. Accordingly,
any cache node selection algorithm's) should be sinple and yet
effective event-based hi stograns whi ch captures some of the sane
event information, eg., cache mss, to give1§one |nd|cat|on of the

appropri at eness 25

9 ‘ _

The present 'fﬁ’ﬁﬁtﬂoﬁﬂwﬁl'gcﬁ& Hyhérotls hb@ﬂp?wv%m Maﬁm vAi&Blah @6 OF She
(NUMR) and Cache-Only I\/Em)ry Architecture (COVA) Edgachl ng 5

ar chi t ecirdvestidn JHiche detwild include fnletiondl bivcks knd exemplary plgntithond tofessista desigoat er
system having aplurality of sub-systms coupled to each other via a system .
in implementing a hybrid Non-Uniform Memory Architecture (NUMA) and Cache-Only ory
S5 Architecture (COMA) computer system. In addition, while the present invention is described with
reference to a specific hybrid COMA/NUMA cache architecture and algorithms for exploiting the
hybrid COMA/NUMA architecture, the invention is applicable to 2 wide range of computer systems.
In other instances, well-known circuits and structures are not described in detail so as not to obscure
the invention unnecessarily.
10 |
a) Architecture and Qperation of MA computer system

In accordance with the present invention, a hybrid COMA/NUMA cache architecture pro-
vides a cost-effective méchanism for efficiently executing a wide variety of software programs
having large and/or small, and sparse and/or packed data structures. In addition, the hybrid COMA/

15 NUMA architecture of the invention is able to efficiently execute software programs having code
that are re-exccuted in large and/or small portions.

Figures 34, 3B, 3C, 3D, 3E and 3F illustrate one embodiment of a COMA/NUMA hybrid
computer system 300 of the present invention. Referring first to the block diagram of Figure 3A,
COMA system 300 includes a plurality of sub-systems 310, 320, ... 380 coupléd to each other by

20 a global interconnect 390. Each sub-system includes one or more processors, corfcspondjng mem-
ory management units (MMUs), corresponding hybrid second level cache (L2$s), a COMA cache
memory, a global interface, an address translator, & directory table and a local interconnect. For
example, sub-system 310 includes processors 311a, 311b, ... 311i, MMUs 312a, 312b, ... 312i,
hybrid L2$s 313a, 313b, ... 313i, COMA cache memory 314, global interface 315, directory 316,

address translator 317 and local interconnect 319. Note that since sub-systems 310, 320, ... 380 are



5 I nterconnect. In one inplenentation, each sub-systemincludes at |east
one processor, a page- . all ocating COVA cache and a line-allocating
hybrid NUMA COVA cache. Such a hybrid system provides flexibility
and efficiency in caching both Iarge and small, and/or sparse and packed
dat a structures. I n accordance with the invention,
each subsystemis able to independently store data in 10 COVA node or
in NUVA node. Wen caching in COVA node, - a- sub-system al | ocates a page

of nmenory space and then stores the data within the allocated page in its
COMA cac himilabdn stmeptyrg, the following siesqription afyubrrystem 310 is alsgrpplicabledn Fﬂgsxsr?ﬂeom
node, the subsystem nmay al so store the sane data in its hybrid
cache forzpasﬁéﬁ access Conversely, when caching in NUVA node, the sub-

system stores he ca 12bS *é#ﬁﬂfQF 15
I n one inpl ené;ﬁ?cacfs 1-on, é/e]‘lcik’r’erré?ill ad %g%s%@@lg@?s Vlli)’d'egxl nto a caca]fu
physi cal ;ﬁﬁ';dw& 312a, 312b, .(Bﬂi)a:é@ﬁﬁa&d&ﬂi%s gmpgiabaddsm&eép%v aegdiidor

use in COMA’and NUVA node, respectively. Accordi ngly, the address
of the datasspidwBidls. aslﬁumm:nmaﬂoqeammndgbbalmmbabiarehmpdbtttacmwﬂbem
cached preV|oust I n gﬁfartlcular en a processor of

a requestlpery intersoraest n@BE%‘-’W@lﬁéﬁé@’é’lfdéPthbél igpterfage ?b%dh‘r@hflf@%li"dméﬁ? 20

attenpt is  made t t dat a,f.r n11 bri.d h

request i rﬁ‘sjldgeﬁ%ug‘gfgatt%%% Fardd Feridl gl°baP AR %%" an d'% WR nodes. | f

the data is nafesdBHPdok o ﬁxla%xgﬂﬁﬁﬂy%&ﬁ&'p ¢haBlof Fijfire 3B, the total addressable physical
address (PA) space is divided into a local physical address (LPA) space and a global address (GA)

10 space, for use in COMA and NUMA modes, respectively. Addresses in the GA space may be
generated tit—her by the S-COMA address translation (in COMA mode) or directly by MMUSs 312a,
312b., ... 312i (in NUMA mode). Note that COM’A.cache memory 314 supports COMA mode data
accesses while L23s 313a, 313b, ... 3131 support both NUMA and COMA mode data accesses.
Alternative implementation of the division between LPA and GA address spaces are possible. For

15 example, an LPA may be the pre-assigned address space associated with a particular sub-system.

' Several exemplary algorithms for .selecﬁng between COMA and NUMA modes are described in
detail below.

Responsibility for tr'ackihg the status of both NUMA and COMA address spaces is distrib-

uted among the respective home directories 316, 326, ... 386 associated with and coupled to global

20 interfaces 315, 325, ... 385 of sub-systems 310, 320, ... 380, respectively. Accordingly, the first
‘time sub-system 316 first accesses an address location outside its pre-assigned address space re-
sulting in a compulsorymiss, the data hasto ec fetched from one of the other sub-systems 320, ... 380.

Partitioning of COMA cache memories of computer system 300 is dynamic, i.e., COMA
cache memories 314, 324, ... 384 function as attraction memory (AM) wherein cache memory space

is allocated in page-sized portions during execution of software as the need arises. Note thatalthough



requesting sub-system and the address of the data indicates that nenory
space has been all ocated for the data in COVA node, then an
attenpt is made to retrieve the data fromthe COVA cache of t he
requesting sub-system If the data is not found in either the hybrid or
COVA cache of the 25 requesting sub-system then the request is
forwarded to the hone sub-system and the hone directory I s updat ed
to reflect the new status of the requesting sub-system e.g., as a new '
"sharer" of the data.

10 As di scussed above, each sub-system can i ndependently
sel ect an appropriate cache node (e.g., per page) suitable for its
pattern of access. Thus, when a read requestjyis forwarded to the

hone sub-system the data may be found in the COVA cache and/or the hybrid
cache of fiemonpiie COMA cachesiy mllogasddcim peRé-sizérbpoftions, icache dinas withinc¢éach qpage are
caches, i.e. the hone sub-systemis also the owner sub- 5 system then
t he hone individyallyassessiblei des the data to the requesting sub-system

Conversely, if_the.data.is t. found Lpn.the home sub-system. ihe
request is for %’%F‘g@_&"n’ smee &%%m%ﬁgﬁﬁ\hg ms’ﬁ%"- ﬁ%‘f% %ﬁﬁf"ﬂ%“e"ﬁ‘g oﬁgaﬁ%erre
di rect ory ¢, Galc); s15ualnferfabOs 53h&udbR Y nlAV/aredB8/dr software implemented cache coherence

5  protocol for maintain coherency between the cache of sub-system 310 and the caches of other sub-

- systemns 320, ... 380.

Figures 3C, 3D, 3E and 3F are flowcharts illustrating an exemplary read request, ¢.g., a
Read_To_Share (RTS), by processor 311a of one embodiment of the present invention. Referring
- first to Figures 3C and 3D, processor 3112 presents a virtual address (VA) to MMU 312a which
10 converts the VA into a physical address (PA), for example by referencing a VA2PA table (step 3110).
If there is a valid copy of the data line of interest in L23 3134, e.g., a shared (S) or owned (O) copy,
then L2$ 313a provides the data to processor 311a, and the read access is completed (steps 3120,
3125). As discussed above, the data line may be successfully retnieved from L23 313a regardless

of whether the data-ine was previously cached in COMA or NUMA mode.

—
W

Conversely, if the data line is not in 23 3134, since the PA provides an indication of whether
the dara line of interést may have been cached in COMA mode or NUMA mode, MMU 312a
presents the PA to global interface 315 (step 3130). Accordingly, by simply comparing the PA
against the local physical address (LPA) and global address (GA) ranges, L2$ 313a or global

- interface 315 can easily determine if further access should be attempted in COMA mode or NUMA
20 mode (step 3131). |

If the PA is within the LPA range, then a COMA mode access of the data line is aftcmpted
(step 3200). Alternatively, if the PA is within the GA range, then a NUMA mode access of the data
line is attempted (step 3300). Note that a NUMA mode access may initiate a global read request
transaction without the need to perform a lookup of MTAG state in the requesting directory 316 or

the need to perform a LPA to GA translation in requesting translator 317, thereby reducing remote



cached in the COVA cache and/or the hybrid cache of the owner subsystem a

search is made in both the COVA cache and the hybrid cache of the
owner sub-system If a valid copy of the data 10 is found in the owner
sub-system the data is provided to the requesting sub-system

Note that, although a read request sequence is illustrated in the exanple
above, a wite regquest sequence is simlar, except that with a
wite request, the requesting sub-systemisjglso responsi bl e for

ensuring that all cached copies of the data throughout the entire systemis
coher ent , (inter sub-system) accessolateheyt andkalso reduce the overall ytilization of Hgpsiivapsresourgasof
default cache npde is NUVA until the data access pattern of the

sof t war e F&8Y executing in a particul ar sub-system provi des an

irrggihggt icngmdte{1 acm“?’b‘ﬁ?%’ﬁgwoﬁervagl M?@\ﬁ%&g ca?ﬁé‘rﬁ&@

NUMA modey, te'rfa\%‘}]Blf &s'mm% JosRIdidctoRAP3X® 10 Blténmiféif @ hiid/ coph Of e dhiailink
nm sses occur

I's di scarded because the hybrid cache is

ei t her n%mmlwmmmmnmﬂw B232)LKiarvglidledpy df thedfata linelie located
di scarded and unavail abl e when re-accessed at a later tine.

Briefly, infCQMdetaghd memotnth(demiad3h), thendhe datajis provided senmeersees 3blas aefl theyead
nodi fied (M node by a particul ar sub-system and then

N
witten b%ﬁkesfﬁmé"t‘?do@ﬁ?g%)anot her data |ine, it is marked as

Same o ket it BRI el add it EenBGlTR Al S CORIR BERERRAR) KBy

NUMA_mM SsiheR gmbﬁr m&fﬁ&cm Fésetstthe 2PA to aad}&s%sﬁaﬂoﬁﬂmﬁ&mm is translated
10 into a GA- beforc bcmg sent to the home sub-system whose address space mcludcs the data line of
interest, e.g., sub—system 320, via global interconnect 390 (step 3242). Upon receiving the GA
from sub-system 310, address translator 327 of home sub-system 320 converts the GA into a rec-
ognizable LPA, for example by simply dropping the most significant bit(s) since the read request
already includes the necessary portion of the GA address (step 3244). '
15 Alternatively, as shown in Figure 3F, in the case of the NUMA mode access, no LPA2GA
address translation is needed. Instead, the GA, i.e., the unmodified PA, is sent by global interface
315 to the home sub-system whose address space includes the data line of mterest, é.g., sub-system
320, via global interconnect 390 (step 3340).
Returning to Figure 3D, in both COMA and NUMA mode cases, where the data line is not
20 found in requesting sub-system 310, home sub-systcm-320 updates home directory 326 to reflect
the response to the read request, ¢.g., the new status of requesting sub-system 310 (step 3148).
Next, home sub-system 320 checks directory 326 to determine if a valid copy of the data line exist
in the home sub-system 320, i.e., to determine if the home sub-system is also the owner sub-system
(step 3150). _
If a valid copy exist in home sub-system 320, global interface 325 responds by retrieving
the data line from cache memory 324 (if previously cached in COMA mode) or from one of 2L$s



Simlarly, if a data line fromthe sanme page was previously cached as a
shared (S") and the present request is a Read To_Share ("RTS"),
the NUMA mi ss counter is also increnented. I n ot her words,
avoi dabl e NUVA _m sses associated with data lines fromthepage of interest
are tracked. Eventually, when the nunber of NUMA m sses associated with the
page of interest 5 exceed a selected threshold, a page of nenory space
is assigned in the COVA cache and subse- guently, data |ines
associated with the page is cached in COVA node. Note that separate
counters can be inplenented for tracking the two types of
NUMA m sses descri bed above. 10

19

4238, 323b, ... 3231 (if previously cached in NUMA mode), and sending the requested data line to
global interface 315 of requesting sub-system 310 via global interconnect 390 (step 3162).
Conversely, if bome sub-system 320 does not have a valid copy of the data line, then the
read request wifh the GA is forwarded to the address translator of the owner sﬁb—systcm. e.g.,
translator 287 of owner sub-sysicm 280 (step 3152). Upon receiving the GA from home sub-system

L

320, address translator 387 of sub-system 380 converts the GA into a LPA for global interface 385

(step 3154). Next, global interface 385 responds by retrieving the data line from either cache

memory 384 (if previously cached in COMA mode) or one of 2L$ 383a, 383b ... 3831 (if previously

cached in NUMA mode), and sending the requested data line to global interface 315 of requesting
10 sub-system 310 via global interconnect 390 (step 3164).

Note that the data line of interest may be cached in either COMA or NUMA mode in one
or more of sub-systems 310, 320 ... 380, independently of each other. As such, the respective
caching modes of the home sub-system and the owner sub-system is transparent to the requesting
sub-system. For exa;lple, the data line may be cached in cache memory 324 (COMA mode) in

15 home sub-system 320 and cached in 2L$ 383b (NUMA mode) in owner sub-system 380.

‘When the requesting global interface 315 receives the requested data line, global interface
315 forwarcis the data line to L2$ 3132 which then provides the requested data line to requesting
processor 311a. Note that a GA2LPA translation of requested data line need not be performed by
MMU 312a (step 3180). The data line can be cached in.L2$ 313a andfor COMA cache memory

20 314 off thé critical path for subsequent retrieval by processor 311a thereby completing the read
request (3190). -

In sum, by providing the ability to dynamically-cache in both COMA and NUMA modes,
computer system 300 is able to efficiently cache small or sparse data structures in NUMA mode,
computer system 300 avoids wasting large COMA pages, and to efficiently cache large data struc-
tures in COMA mode when the need arises. Generally, NUMA mode is more efficient if the data

is not likely to be accessed again.
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Thus, in order to better understand the underlying criteria for optimizing the selection be-
tween COMA and NUMA modes, it is useful to briefly define the general types of cache misses
and the underlying causes for these misses as follows: |

i) Compulsory cache misses or cold start cache misses occur the first time a data line of
interest is accessed. These misses are unavoidable without resorting to techniques such as prefetch-
ing. |

ii) Coherence cache misses resulting from the invalidation of a shared ("S") copy of tﬂe data
line of interest. For example, when the S copy of a first sub-system is invalidated by 2 write request
of a second sub-system. Subsequently, a read request for the data line by the first sub-system will
result in a cache miss. The occurrence of these misses are independent of the size or depth of the
cache, i.e., cannot be reduced by increasing the size of the cache.

iii) Capacity cache misses are the result of the data line being bumped (and written~back or
discarded) when the cache is full to make room for a new ciata line. These misses can be reduced
by increasing the overall size of the cache, but will still occur even if the cache is fully associative. .

iv) Conflict cache misses occur when a data line cannot be cached because the sc‘t-associative
cache is not deep enough, i.e., not enough "ways" in the structure of the cache. These misses can
be reduced by increasing the number of ways, i.e., by incr;easing the associativity.

v) Combining miss : occurs when a first processor of a sub-system has a local copy of the
data.-but is unable to share the dat# with a second processor of the same sub-system, causing the
second processor to fetch the data from the owner sub-sysiem.

Note that while types i and ii are unavoidable, types iil. iv, and v are avoidable depending

on the implementation.



12 DESCRI PTI ON OF THE DRAW NYGS

The obj ects, features and advantages of the system of the present invention
wi |l be apparent fromthe foll ow ng description in which: '
Figures 1A, IB and 1C 1D are a bl ock diagram an address nmap and two

fl owcharts, 5 respectively, illustrating a conventional cache-coherent
non-uni form nenory-architecture (CC NUMA) conput er system

Figures 2A-2E illustrate a conventional sinple

cache-onl y-nenory-architecture (S-CO MA) conputer system

Figures 3A-3F illustrate one enbodi nent of the COVA NUMA hybrid conputer
system 10 of the present invention. Fi gures 4A and 4B
are flow diagranms illustrating one selecti ogbal gorithmfor the hybrid
comput er systemwherein the default is the NUVA cach| ng node.
Figure 5 i o . 13 . 1A @aciihg ol
hybrid coﬂ'}#ﬁ‘ system V\/nerel n the def ault S the CO\/A cachin
node. 15 Having provided the hybrid COMA/NUMA cache architecture for supporting both CO.

and NUMA cache accesses during the execution of software programs, exemplary methods for
selecting between the COMA and NUMA caching modes for computer system 300 are described
5 below.
- In accordance with one selecting algorithm of the present invention, the default cache mode
is the NUMA mode until the data access pattern of the software program provides an indication
that caching in COMA mode is more efficient. This method of detection is based on the observation
that in NUMA mode, capacity and conflict misses eccur when data is discarded because the cache
10 is either not associative enough or too small causing data to be discarded and unavailable when re-
accessed at a later time. ' | .

Figures 4A and 4B are flow diagrams illustrating an exemplary method for counting the
number of conflict/capacity cache misses (avoidable NUMA mode misses) experienced by a re-
questing sub-system 310 with respect to a data line of a home sub-system 320. In this example, for

15 each data line of home sub-system 320 there is a entry in home directory 326 corresponding to each
sub-system of computer system 300.

First, consider avoidable NUMA mode misses resulting from an initial Read_To_Share
(RTS) request followed by requesting sub-system 310 eending either another RTS request to home
sub-systemn 320. Note that prior to sub-system 310’s first access of a data line of home sub-system

20 320, the cormresponding entry of home directory 326 is marked invalid ("I"), ie., neither
Last_To_Own ("L") nor shared ("S*). Accordingly, as shown in Figure 4A, when requesting sub-
system 310 sent the initial RTS request for the data line of home sub-system 320 (step 4110), the
corresponciing cntxy of home directory 326 is marked "S" (steps 4120, 4140, 4160). Home sub-
system 320 then initiates a transfer of the requested data line to requesting sub-system 310 (step
4170). Upon receiving the requested data, requesting sub-Systcm 310 stores the data in a cache line
of 2L$ 313a for subsequent retrieval (step 4180). |
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Subsequently, since the cached data line has an “S" state resulting from the initial RTS

request, when sub-system 310 needs to reuse the same cache line of 2L$ 3134, ie., replace the
cache line, sub-system 310 simply discards the content of the cache line by overwriting the same
location, i.., mg cache line of 2L$ 313a. The data line is discarded from 2L$ 313a of sub-system
310 without informing home sub-system 320, i.¢., the corresponding entry in home directory 326
remains in the "S" state. '

Hence, referring again to the top of Figure 4A, having discarded the data line, when request- .
ing sub-system 310needs to access the same data line of home sub-system 320, another RTS request
is sent to sub-system 320 -(step 4110). Since the corresponding directory entry is still marked™'S"
and the read request is 2 RTS request (steps 4120, 4140), home sub-system 320recognizes the event
as a cache miss and generates an Avoidable_ NUMA _miss message to requesting sub-system 310,
causing requesting sub-system 310 to increment a hardware or software NUMA_miss counter (step
4150). Note that the Avéidable__NUMA_nﬁss message is sent since conflict/capacity (non-avoid-
able) misses have occurred but are undetectable by this algorithm in COMA mode. Depending on
the implementation, the Avoidable NUMA _miss message can be piggy-backed on another message
or sent as a separate message. Next, home sub-system 320 updates directory 326 by marking the
cache line as "S" (step 4160). Home sub-system 320 also initiates the transfer of the requested data
to requestirg sub-system 310 (step 4170), which then stores the data in a cache line of 2L$ 313a
for subsequent retrieval (step 4180).

Referring now to both Figures 4A and 4B, consider the avoidable NUMA mode misses
resulting from a RTS or a Read_To_Own (RTO) request after requesting sub-system 310 was the
last owner of a data line of home sub-system 320, i.e., after a RTO request followed by a Write_Back
(WB) from sub-system 310 to home sub-system 320.

As discussed above, prior to sub-system 310’s first usage of a data line of home sub-system
320, the corresponding entry of home directory 326 is neither "L" nor "S”. Accordingly, as shown
in Figure 4A, when sub-system 310 sends an initial RTO request to sub-system 320 (step 4110),



5 1) Conmpul sory mss or Cold Start m ss:
Occurs the first time the data is accessed. Not affected by cache

or gani zati on. Unavoi dabl e wi t hout sone ot her nechanismlike
"pre-fetching.” ii) Coherence mss: 10

Qccurs when data, previously in cache nenory but |ater invalidated by a
processor at anot her sub-system is requested again, i.e.
the previously valid copy is invalidated by a wite
request, e.g., a read-to-own (RTO request, from another sub-system Not
af fected by cache organi zati on. Unavoi dable in an

I nval i dati on- based coherence protocol. 1 1)
Capacity m ss: Qcclrs when data, previously in
cache nenprybitadoatipbndeh) ARshaine cbitedpbiidihg BithETD" in directory 326 (steps 4420;he
menory sfZze, Is requested again, i.e., data had to be "bunped

(wri t t engjaacklcohctamesmb-system 320 also‘initiates actganisfer ofithe roquestefl dstg serequesting sult-5s s
of cache mss still occurs in a fully associative nenpry

of the semems3i(stenH7QaSubsyses34@ gan pow storethe dats lpsn agache line of 213 3132
fully-associ ative cache., 20, _ iv) Conflict mss:
Qceur s ﬁ“%&‘i‘%&,““ﬁ?ﬁ\‘ﬁ% HP $180 cache menory but later replaced due to an

acc&ss Referring now to Figure 4B, when sub-system 310 needs to reuse, i.e., replace the cache
| line of 2L$ 313a, sub-system 310 sends a write-back ("WB") request to home sub-system 320
together with the modified data line from 2L$ 313a (step 4210). Home sub-system 320 responds
by marking the corresponding entry in directory 326 as "L", indicating that sub-system 310 was
the last owner of the data line before the cache line was replaced, i.e., bumped because of a conflict/
10 capacity miss (step 4240). In this c#ample, the "L" is implemented as a single bit in directory 326,
indicating that the owner sub-system’s information is old and that home sub-system 320 is now the
new "owner” of the data line. Home sub—systcm 320 then write the data line back to home cache
memory 324 (step 4250).
Referring back to Figute 4A. snbsequently, when sub-system 310 needs to access the same
i5 data line of home sub-system 320, a RTS_req or a RTO_req is sent to sub-system 320 (step 4110).
Since the corresponding directory entry is marked as "L'_' (step 4120), home sub-system recognizes -
the event as an avoidable NUMA. cache miss and generates an Avoidable NUMA_miss message
to request'm'g sub-system 310, causing requesting sub-system 310 to increment its NUMA_miss
counter (step 4150). Next, home sub-system 320 updates directory 326 by marking the cache line
20 as shared ("S") or as owned ("O"), respectively (step 4160). Home sub-system 320 also initiates
the wansfer of the requested data to requesting sub-system 310 (step 4170), which then stores the
data in a cache line of 2L$ 313a for subsequent retrieval (step 4180).
Note that the two NUMA cache miss preconditions described above, corresponding to the

"S" and "L" states, can be used independently or together as illustrated in the example above. Hence,

[28)
W

separate S_miss and L,_miss counters may be used.



conflict to the same set, is requested again, i.e., old data had to be

repl aced because of the | ow | evel of associativity (i.e
not enough "ways"). This class of cache mss will not occur 25

if the cache is fully associative, i.e., avoidable.

114 v) Conbi ni ng m ss: Occurs

when a first processor of a sub-systemhas a local copy of the data but is
unabl e to share the data with a second proc%‘%sor of the same sub-system

sendi ng a read ttﬂl P ? Sln{a?cﬁléalc'fg?casnﬁgafb-sysgﬁ%£§8Uﬂ§£&yk&%&pyﬁﬁﬁ%ﬁﬂg’ the

second processor om t'he owner

SUb Syst my ﬂg@&&r@ss associated with it. A counter iféGlelPidld"Ntords kfelfage address of the first
S

"| ast - owner tate indicates that a node/sub-systemwas the previous
ovvner of INUBMA_miss in its page address portion. New NUMA_miss replies which match its page address

will cause the respective counter to increment. The requesting sub-system can access, via software,
5 the counter value and address value before resetting the counter state back to "idle".

) Other variations are possible. For example, instead of dedicating a counter to a page, conflict
counters are associated with mulu'ple pages since associating a counter with each page of a GA
address spacemay be prohibitively expensive. Alternatively, an associative management of a limited
pool of counters can ensure that NUMA_misses to the most frequently missed pages (or set of

0 pages) are tracked.

In yet another variation of this embodiment, each page’s corresponding entryinthe GA2LPA
table has a small counter field, specifying which counter, if any, is associated with the accessed
page: -’I'-he value of the counter field can be initiated by software executing in processor 321a. Such
an arrangement permitsmultiple pages toshare the same counter so that, for example, a data structure

-3 spanning several pages can be tracked with the same counter. .

By tracking the behavior of a specific data structure, processor 321a will be able to select
the appropriate NUMA COMA strategy, thereby maxi.miiing t.ﬁe benefit from the h)}brid NUMA/
COMA caching scheme of the present invention. Counters can also be used by the operating system
executed by processor 321a to dynamically change the NUMA/COMA mode based on the current

20 behavior of the data structure. Depending on the particular implementation, cache mode conversion
thresholds can be selected statica.lly or dynamically, either by the operating system or under hard-
ware control, in response to parameters such as changing system load/behavior, memory utilization,

and global message traffic densirty.

Hence, by attempting to differentiate between coherent/compulsory misses and capacity/

[N
i

conflict misses, it is possible to optimize the use of the hybrid COMA/NUMA cache system by

entering the COMA page-oriented mode when the conflict counter exceeds a preset number.



10 data before it had to be witten-back and replaced, i.e.,
bunped because of a capacity m ss or a conflict mss.
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Figure 5 is a flowchart illustrating another selection algorithm of the present invention,
wherein the default mods for system 300 is the COMA mode. Subsequently, the NUMA mode is
attempted under the following conditions. A pair of counters, a COMA_miss counter and a
COMA _hit counter, are provided for each COMA page. The respective COMA_miss counters and
COMA _hit counters may be incorporated in, for example, directories 316, 326, ... 386.

- Using sub-system 310 as the exemplary requesting sub-system, first, while operating in the
default COMA mode, requesting sub-system 310 makes a request for a data line (step 5110). If the
data is found in 2L$ 313a, then the read request is completed (step 5120). Else if the data cannot
be found in 213 3133, thén a requesting sub-system 310 determines if the data is stored in COMA
cache memory 314 (step 5130).

If the data is found in COMA cache memory 314, the COMA _hit counter corresponding to
the page associated with the data line is incremented (step 5150).

Else if the data is not found in COMA cache memory 314, the COMA_miss counter corre-
sponding to the page associated with the data line is incremented (step 5140). Next, requesting
sub-system 310 forwards the read request to the home sub-system 320 (step 5162). Upon the return
of the requested data from the home sub-system or the owner sub-system (if the data 1'.5: not owned
by the home sub-system), the data is stored in COMA cache memory 314 of requesting sub-system
310 (step 5164). In this embodiment, if the corresponding page has not been previously allocated,
a new page is allocated in COMA cache memory 314 and the data line is then written into the page
allocated in COMA cache memory 314. _

In one implementation, requesting sub-system 310 then compares the ratio of the
COMA _miss counter against the COMA_hit counter to determine if the ratio exceeds a selectable
threshold (step 5170). Depending on the particular implementation, cache mode conversion thresh-
olds can be selected statically or dynamically, either by the operating system or under hardware

control, in response to parameters such as changing system load/behavior, memory utilization, and

global message traffic density.



15 DESCRI PTI ON OF THE PREFERRED ENMBODI MENT

In the follow ng description, nunmerous details provide a thorough
under st andi ng of the i nvention. These details include functiona

bl ocks and exenplary algorithns to assist a designer in _

I npl ementing a hybrid Non-Uniform Menory Architecture (NUMA) and Cache-Only
Menory 5 Architecture (COMA) conputer system In addition, while the
present invention is described with .26 eference to a specific hybrid

COMA/ NUVA cache architecture and al gorj for exploiti .

hybrid COMA N3fikezanahes apt wﬁwrﬂm@%@ Tegu ﬁub'ég%ﬁ&ﬁ“%%%&%snge
of conputer st | " I DQWRy, ' b bsccatid
struct ur "’g?s%mno essacaf’fit?lec(f%r%{el%gh sgi‘%&%@tﬁ?@'o scure'%éﬁ% t he

| nvent i ongLARRESIASHEN rbfuestif) sub-system 380 swiichéy fie6 the BEfalld0OMPEh6dd 16 theNNUMIA
NUMA/ COVA conput er system In accordance with the present:
i nvent i onmode (saeh 1 58D)Gokkadlch thedamiline dn 218 3188 ofirequesting sub-system 310i(s1eps1590).
cost-effective nechanismfor efficiently executing a wide varjiety o

sof t iar e pr ogriaswn, for each page in CONA eachememeny i 4.3t -+ ?S%W&“%@%mé‘rﬂﬁt‘%

S I RHETE R AT ST L
ngtgif ans BENVeREyCRA very cache hift HREORACCARs RKRBHELII4, 824,31 384 AQEKiREA &Ml Ithe
page, the corresponding COMA_hit counter is incremented. Eventually, when the COMA_miss
counter associated with the page exceeds the corresponding COMA _hit counter by a pre-determined
10 threshold, the cache lines corresponding to the page of interest is cached in NUMA mode for
subsequent accesses. |
Variations of the above-described algorithms are possible. For example, instead of dedicat- '

ing a counter to a page, conflict counters are associated with multiple pages since associating a

counter with each page of an LPA address space may be prohibitively expensive. Alternatively, an
15 associative management of a imited pool of counters can ensure that NUMA_misses to the most

frequently missed pages (or set of pages) are racked. It is also possible to associate each counter
with one or more entries of an LPA2GA table.
Note that the above-described selection algorithms is also useful for optimizing COMA-
only or NUMA-only cache architectures and also useful for diagnostic applications such as instru-
20 menting software. Further, the two disclosed selection algorithms can be used independently or
together. Other selection algorithms are also possible.

Modifications to the COMA/NUMA architecture and selection algorithms of the present
invention are possible without departing from the spirit of the invention. These include static
methods for selecting between COMA and NUMA modes. For example, kernel software can be
executed in NUMA mode while application software can be executed in COMA mode or vice versa.

_Alternatively, both kernel and application software can be executed in COMA, i.e., “waste" pages



Figures 3A, 3B, 3C, 3D, 3E and 3F illustrate one. enbodi nent of a COVA/ NUVA

hybrid conputer system 300 of the present invention. Referring
first to the bl ock diagram of Figure 3A, COVA system 300 i ncludes a
plurality of sub-systens 310, 320, ... 380 coupled to each other by 20 a
gl obal interconnect 390. Each sub-systemincludes one or nore processors,
correspondi ng nem ory managenent units (MVJs), corresponding
hybrid second | evel cache (L2%s), a COVA cache menory, a gl oba
interface, an address translator, a directory table and a | ocal
i nt erconnect. For exanpl e, sub-system 310 i ncludes processors
311a, 311b ... 311li, MMJs 312a, 312b, ... "312i, hybrid L2$s 313a,
313b, ... , AGhE ;BTN YefdrkbwithiBab th J,éecdlu,é t 6,
25 . adapressemans g?or 317 and | ocal |nt§?{,:onnect 319 Not e t tis}{'%
sub- syst ejfshedh@entidf should oflybedintited by the claims.
16 simlar in structure, the follow ng description of sub-system
310 is al so applicable to sub-systens 320, ... 380.
Processors 311a, 311b, ...311li are coupledto MMJs 312a, 312b,

. 312, spectively. In
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20



ﬁgggécml S?Zi‘&bf’?ﬁb’ 5 Bi%sagisg?ugllgg, e Fzgisi?),l?’ﬁéi ﬁlﬁgﬂﬂlullllﬁmklml " '"'
al ¢ L N s x

gl obal interface 315 are coupled to each other via | oc

i nterconnect 319. Directory 316 is coupled to global interface 315. In this
enbodi nment , address translator 317 is |ocated between gl obal

I nterface 315 and gl obal interconnect 390. Referring now to

t he exenplary nenory map of Figure 3B, the jotal addressabl e physical
address (PA) space is divided into a | ocal 9Physi cal address (LPA) space and
a gl obal address (GA) 10 space, feraggs in COVA and NUVA nodes,
respectively. Addresses in the GA space may be generated tither by
the S COWRaeM#ned st ansl ation (in COVA node) or directly by MWs 312a,
312b, ... 312i (in NUVA node). Note that COVA cache nmenory 314 supports
COVA node data accesses while L2$s 313a, 313b, ... 313i support

bot h NUMA and COVA node data accesses. Al ternative_inplenentation

of the divisibn befwmethrd giAtosng daja ip 8 gpraputersysicehaxing a plyuality of subrgystems
exanpl e, an, LPA be the pre-assigned address. space soci ated w t.h.

par t1 cui SPUPLERoSATE Pl by a Systéin maisrEoRmRet cecRsmd i 2yg R R protesson alyatid | g
bet ween é{)ﬂ\/ﬁ %9’ m@gnﬁ_ > GhivaRdné-architectur '

Responsibi 11ty 6‘? trac %g tlﬁec%?i%fg of %@t%umem%g%g'aspaces

i s di strCOMA cache and adirectopRilgmehed comprhsing the skepsisf: di rect ori es 316, 326,
... 386 associated with and coupled to global 20  interfaces 315, 325,

385 of sub- sysstenmng @tpassgaged with aZige line dnsihe SybNdENYMAEE M arhe of onehe
first '

said sub-system; and
10 . determining whether the data should also be stored in the COMA cache of said one
sub-system in a COMA mode.

2. The method of claim 1 wherein if said determining step determines that the data

should also be stored in said COMA cache in the COMA mode, then the method further comprises

15 the steps of:
allocating a page of memory space in said COMA cache of said one sub-system; and
storing said data within said allocated page of said COMA cache. '
3. Themethod of claim 1 whereinthe determining step includes the step of determining

20 that said data stored in said hybrid NUMA/COMA cache of said one sub-system was previously
discarded by said one sub-system a predetermined number of times due to a capacity miss or a

conflict miss.

4, The method of claim 3 further comprising the steps of:
' ;witing-back said data to a home sub-system;

marking said one sub-system as a last owner of said data; and

i - This Sheet Has Been Re’;ilaced
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time sub-system 310 first accesses an address |ocation out

pr e-assi gned address space re- suiting in a corrpu Hmunmslllmmlullll
dat ahas to be fetched fromone of the othersub-systens 320,

Partitioning of COVA cache menories of conputer system 300 |s dynan1c

i.e., COVA cache nenories 314,324, ...384 function as attraction
menory (AM wherein cache nenory space 25 |s all ocated i n page-sized
portions duringexecution of softwareas thengged arises. Notethatalthough

17 menory i n COVA cache is allocate® in page-sized portions, cache
lines within each Bag&aHSaid data stored Bikaid 1H/bAl NUMAJEOMAtdhe of seid one sub-

In addition, since gI obalg Interface 315 is al so responsi ble for naintaining

gl obal cache gsystem. coherency, global interface 315 includes a hardware
and/ or software inplenented cache coherence 5 protocol foer maintain
coherency between the cache of sub-system 310 and the caches of other sub-

5. The method of claim 4 wherein upon a subsequent read-to-own (RTO) or read-to-
share (RTS) request for said data by said one sub-system, the method further comprising the steps of:
- detecting that said "one sub-system was the last owner of said data;

" retrieving said data from said home sub-system; and

incrementing a NUMA_miss counter.

6. . Themethod of claim 5 wherein said NUMA_miss counter is associated with a page

of memory which includes said data line.

7. The method of claim 5 wherein said NUMA_miss counter is implemented in an

associative memory of said one sub-system.

8. The method of claim 4 wherein said marking step includes the step of setting a read-

to-own (RTO) indicator associated with said one sub-system.

_ 9. Themethod of claim 5 wherein if said NUMA _miss counter exceeds a predetermined
threshold, then the method further includes the steps of:
allocating a page of memory space in said COMA cache of said one sub-system; and

storing said data within said allocated page of said COMA cache.
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systens 320, ... 380. Fi gures 3C, 3D, 3E an
flowcharts illustrating an exenplary read request, eg., a d“l]ﬂlﬂ"ﬂ"“l“llll"lll'
Read _To_Share (RTS), by processor 31la of one enbodi nent of tHie prasemt s =
i nvention. Refering first to Figures 3C and 3D, processor 3lla
presents a virtual address (VA) to MVJ 312a which 10 converts the VA

I nto aphysical address (PA), for exanple by referencing aVA2PA table (step
3110). If there is a valid copy of the data tine of interest in L2$%
313a, e.g., a shared (S) or owned (0) copy,. then L2$ 313a provides
the data to processor 31 la, and the read aégess I's conpleted (steps 3120,

3125). As di scypssetnahiMBod bf\Qaiffd furthbGonPikingthssgaassfi ul |y retrieved from
L2$ 313a regardless of whether the dg?a-l i ne was previously cached
in COVA or NUMA nDQfarking said one sub-s¥stéi ¢ SsHayer of Said Ustadatia |ine is not in
L2$ 313a, since the PA provides an indication of whether t he data

line of interest nulisdauimg fniddats stoteddn said Gyiwil NUWA/COMRIerchend said ionesubt2 4
presents the PA to global interface 315 (step 3130). Accordingly, by sinmply
conparing t he System without remgrking sgid ope sYtswal™ohysi cal address (LPA) and

gl obal address (GA) ranges, L2$ 313a or gl obal interface 315 can
easily determne if further access should be attenpted in COVA node or NUNA

20 rmode (stgp 31l claim 10 wherei (e Gbsefnentrei-tdlbihrd EQRGE,

then a COVA np _e' accesseﬂé_ ?fhe altoﬂelmrllré&éog at t%ﬁ%t e?wi @ﬁ'(%féég 3200) .

Al ternat i 4ed data bf sdidd Endhubl-systohd, Biemdthed fafthérudgrising @it stephlofMA node access

of the data line is attenpted (step 3300). Note that a NUMA nobde

access nmy initi at edetecting bmt said anie satsgsystim was the sharer of said data; :
retrieving said data from said home sub-system; and

incrementing a NUMA_miss counter.

12.  Themethod of claim 11 wherein said NUMA _miss counter is associated with a page

of memory which includes said data line.

13.  The method of claim 11-wherein said NUMA_miss counter is implemented in an

associative memory of said one sub-system.

14,  The method of claim 10 wherein said marking step includes the step of setting a

read-to-share (RTS) indicator associated with said one sub-system.

15. The method of claim 11 wherein if said NUMA_miss counter exceeds a predeter-
mined threshold, then the method further includes the steps of:
allocating a page of memory space in said COMA cache of said one sub-system; and

" storing said data within said allocated page of said COMA cache.
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transaction without the need to performa | ookup of MIAG s

requesting directory 316 or 25 the need to performa LPA tE’"@”’ l"""',””",
translation in requesting translator 317, thereby reducing re

(inter sub-systen) access |atency and also reduce the overall utlllzatlon

of hardware resources of syst em 300. Referring now

to Figure 3E, in the case of the COVA nbde access, the requesting gl obal
interface 315 accesses its MTAGin |local directory 316 to determne if a

valid copy of -the data line 5 can be found in COVA cache nenory 314
(step 3232). If a valid copy of the data line is |ocated I n COVA
cache nenory 314 (step 3234), then the data is provided to processor. 31 |a,
and the read request is conpleted (step 3236).

However, if a valid copy of the data |ine cannot be found in COVA cache
menory 314, then global interface 383 presents the LRA to address

transl ator 317 the upﬁ;a%
sent to the ho @nﬁﬂ%%ﬁep g(frtetgg‘ ég(ém%clu est ata~lin of

er-readable code cmbodxcd therein configured to canse & computer system to select between a non-
uniform-memory-architecture (INUMA) mode and a cache-only-memory-architecture (COMA)
mode, the computer system having a plurality of sub-systems coupled to each other by a system
interconnect, each said sub-system including a processor, a hybrid NUMA/COMA cache, a COMA
i cache and a directory, the computer-readable code compnsmg -
_ code instructions conﬁgurcd to cause one said sub-system to store data associated
with a data line in the hybrid NUMA/COMAcache of said one sub-system; and

code instructions configured to cause said one sub-system to determine whether the

data should also be stored in the COMA cache of said one sub-system in a COMA mode.

17.  The computer program product of clmm 16 wherein the computer-readable code
further comprises:
code instructions configured to cavse said one sub-system to allocate a page of
memory space in said COMA cache of said one sub-system; and

code instructions configured to cause said one sub-system to store said data within

said allocated page of said COMA cache.

18.  The computer program product of claim 16 wherein the computer-readable code
further comprises:
code instructions configured to cause said one sub-system to determine if said data
l;toredin said hybrid NUMA/COMA cache of said one sub-system was previously discarded

by said one sub-system a predetermined number of times due to a capacity miss or a conflict

miss.

-
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interest, e.g. sub-system 320, via global interconnect 390 ( .
Upon receiving the GA from sub-system 310, address tmﬂm ljlll " IIII

of hone sub-system 320 converts the GAinto a rec- ogNI za

for exanple by sinply dropping the nost significant bit(s) since the read
request al ready includes the necessary portion of the GA address
(step 3244). |5 Alternatively, as shown in Figure 3F, in the
case of the NUVA npode access, no LPA2GA address translation is
needed. Instead, the GA i.e., the unnodified PA, is sent by gl obal _
I nterface 315 to the honme sub-system whose address space incl udes
the data line of interest, e.g., sub-systen.g’2 320, via gl obal

i nt erconnect 390 (step 3340). Returning to Figure 3D, in
both COVA and,N IVWW BFRubt o clikh a8 WHefkin the Bhper-readsbl tvdei n
requesting suﬂ) stem one sub system 320 updat es horre directory 326
to refle er nsg.,sthe response to the read request, e.g., the new status
of requesSting sub-system 310 (step 3148). Next , hone sub- syst em
320 checks di rect ocode dBGuctions configuraddo causesajdoricsub-sysjenato write-back sgid

exi st in the hone sub-system 320, i.e., to determine if the hone
sub-system i saéP@Es‘E‘?‘IMer sub- system (step 3150). 25

If a valid copy ex ﬁ! ef) '§EI=?19 &psponds
by retrieving °°dt atcgnﬁ) {br om ca 9&' %"%r evi ously

cached in %@ﬁ@a&tmﬂmmws

code instructions configured to cause said one sub-system to discard said data stored

in said hybrid NUMA/COMA cache of said cne sub-system.

20.. The computer program product of claim 19 wherein the computer-readable code
further comprises:
code instructions configured to cause said one sub-system to detect that said one
sub-system was the last owner of said data;
code instructions configured to cause said one sub-system to retrieve said data from
said home sub-system; and
code instructions configured to cause said one sub-system to increment a

NUMA_miss counter.

21.  The computer program product of claim 20 wherein the computer-readable code
further comprises: -
code instructions configured to cause said one sub-system to allocate a page of
memory space in said COMA cache of said one sub-system; and
code instructions configured to cause said one sub-system to store said data within

said allocated page of said COMA cache.
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19 323a, 323b, ...323i (if previously cached in NUNpUMEm““HII"“l‘“
sendi ng the requested data line to gl obal interface ISRRARLHEY NERATESEES
‘requesting subsystem 310 via gl obal interconnect 390 (step 3162).

Convesely, if hone sub-system 320 does not have a valid copy of the data
line, then the read request with the GAis forwarded to the address
transl ator of the owner sub-system e.g., 5 transl at or 287 of owner
sub-system 280 (step 3152). Upon reeiving the GA from hone sub-system

320, address translator 387 of sub-system 380 converts the GA into a LPA

for gl obal T bsr 3¢ dfmer progracn R cFLidh 18 Wkt ik QB eSS o305

responds by rétrieving the ne fromelther cache menory 384

(if previgQugtvoipeseed in COVA node) or one of 2L$ 383a, 383b ... 383i (if
previ ously cached in NUVA node), and sending the requested data
line to global intendedestrugtigsconfigyepitoicawsg sdid one subsfysteystoanarik s4d onesubt obal
I nterconnect 390 (step 3164) . _ Note that the data |ine of
i nterest nmay BStehetfothare obsaiddstaedidn or NUMA node in one or nore

of Sub- $YStems 310,380 usiond Sngh SR ERLS A ohe -5k BiSha o i Elea'
- in said hybrid NUMA/COMA cache of said one sub-system without remarking said one

sub-system.

23.  The computer program product of claim 22 wherein the computer-readable code
further comprises: |
' codé instructions configured to cause said one sub-system to detect that said one
sub-system was the sharer of said data;
code instructions configured to cause said one sub-system to retrieve said data from
~ said home sub-system; and
code instructions configured ti; cause said one sub-system toincrementing a

NUMA_miss counter.

24.  The computer program product of claim 23 wherein the computer-readable code
further comprises:
code instructions configured to cause said one sub-system to allocate a page of
memory space in said COMA cache of said one sub-system; and
code instructions configured to cause said one sub-system to store said data within

said allocated page of said COMA cache.
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cachi ng nodes of the hone sub-system and the owner sub-systemis
transparent to the requesting sub-system For exanple, the data

I'i ne may be cached in cache nmenory 324 (COVA node):in 15 hor ne
sub-system 320 and cached in 2L$ 383b (NUMA nobde) in owner sub-system 380.
When the requesting gl obal interface 315 receives the requested data |ine,
gl obal interface 315 forwards the data line to L2$ 313a which then
provi des the requested data line to ré&duesting processor 311 a.
Not e that a GA2LPA transl ation of requested data |ine need not be perforned

angs o cofeli AR bage Soom) Wpiihee K SRR TS Lnkequent

retrieval TVERHIE MPERer eby conpl eting the read request
(3190) . In sum by pABSTRAQTthe ability to dynam cally
cache in both COVA and NUVA nodes, conputer system 300 is able to

ef ficiently caghepresemt invention peovdes d ybridNonstnifors Memoty MK hitetare (NUMA) and
conput er system 300 avoi ds wasting |arge COVA pages, and to ef ficient
cache | ar gackaQalysviemory Arphitecture (ﬁ? M@W"ﬁgﬁéﬂ% &"‘3’#"1"?@
o2 Y ccuonpl g5 8 pomputes SywEm Bkving & Siatality of s0sy2ied coupledtoeach &h % a'.«lysecm\’
| 5 interconnect. In one implementation, each sub-system includes at least one processor, a page-
_oriented COMA cache and a line-oriented hybrid NUMA/COMA cache. Such a hybrid system
provides fiexibility and efficiency in caching both large and small, and/or sparse and packed data
structures. Each sub-system is able to independently store data in COMA mode or in NUMA mode.
When caching in COMA mode, a sub-system allocates a page of memory space and then stores the
10 data within-the allocated page in its COMA cache. Depending on the implementation, while caching
in COMA x-node, thé: sub-system may also store the same data in its hybrid cache for faster access.
Conversely, when caching in NUMA mode, the sub-system stores the data, typically a line of data,

in its hybrid cache.

(Fig 3a)



20 b) Definitions of classes of Caches m sses
Thus, 'in order to better understand the underlying criteria for optim zing

the sel ection be- tween COVA and NUMA nodes, it is useful to
briefly define the general types of cache m sses and the
underlying causes for these m sses aslf 3I | ows: 5 1)
Compul sory cache m sses or cold start dadhe misses occur the first tine a
data |ine of interest is accessed. These m sses are unavoi dabl e
W t hout resorting—toO ect‘n‘i‘qges'such"fs‘ﬁ'rﬁge'rﬂr-“""“.&""“I‘rrgT‘:"““‘"‘l
i i) Coherence cadhe missgs rgs g & tEsd nval THEeNdn of 3 =kdred- ':S
") copy of the dgta [ i f ©nt etest» FE& e e,Swh e CQPY’
]
of a first sub-systenji §Ji nvald d bdEgjwite requpst 10 = ¢f a|seeopd
sub-system Sul®e¢quenfly, quesfBfor the &data |ine 8y the fré&st !
subsystem wi | | ca I‘g m ss. Tée occurreace of these :
m sses are indepgnden 5o h of the o ecachg, iee.,
cannot be reduced by | %ofg\m%\ = i
iii) Capacity ca¢he m Z lel Jfjhe @at kT ihe Bei J.g_ﬁ'm&d I
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di scarded) when the cache is full to make roomfor a new data |ine. These

m sses can be reduced 15 by increasing the overall size of the cache,
but will still occur even if the cache is fully associative.
iv) Conflict cache m sses occur when a data |ine cannot be cached because
t he set-associative cache is not deep enough, i.e., not enough
"ways" in the structure of the cache. These m sses can be reduced
by increasing the nunber of ways, i.e., by increasing the associativity.
v) Conmbining mss: occurs when a first processor of a sub-systemhas a
| ocal copy of the 20 data but isgynable to share the data with a
second processor of the sane sub-system causing the second
processor to fetch the data fromthe owner sub-system
Note that while types i and ii are unavoi dable, types iii. iv, and v are
avoi dabl e dependi ng on the inplenentation. 25 )
— 4  nA A
MAIN
®© o o MEMORY
184
{(n-1A
L/
F_J
TOTAL -
PHYSICAL 27
ADOPESS
MEMORY
124
A
MAIN
MEMORY
114
—Y _ >
SUB-SYSTEM  SUB-SYSTEM SUB-SYSTEM
110 120 180

FIG. 1B



21 c') Exemplary Al gorithns for selecting between NUVA and COVA
cachi ng nodes . Havi ng provided the hybrid COVA/ NUVA cache
architecture for supporting both COVA and NUVA cache accesses
during the execution of software prograns, exenplary nethods for

sel ecting between the COVA and NUVA caching nodes for conputer system 300
are descri bed 5 bel ow. I n accordance with one sel ecting
al gorithm of the present invention, %ﬁe default cache node is the
NUVA node until the data access pattern of the software program provides an
i ndi cation that caching in COVA node is nore efficient. This nethod
of detection is based on the obsgervarrts that in NUVA node,
capacity and conflict m sses oc data i s discarded because the cache
10 is either not associative ®rReggh~or too small causing data to be

di scarded and unavallable when re- accessed at a later tine.

Figures 4A a =1 . nethod for

counting thej 3 abl e
5y st ﬂ(glo W th

NUVA node mi ) A oo ]
respect to ale i : : : SHE224 pl e, for 15
each data |ine of horre sub system3 0 there is aentry in hone directory
326 correspondi ng-to each -systemg& conmput er system 300.

alid
1125
v C

~Copy of data lin
in Local Second

Local L2% provides data line

to Requesting Processor

Yes

Level cache
(L2$)2

) No
L2% presents GA to Global interconnect of Requesting @
Sub-System
Y . 1130

1140

within address
Space of Requesting
Sub-system?

No

} (1145

Requesting Sub-system forwards
GA to Home Sub-system

]

FIG. 1C



First, consider avoi dable NUMA node misses resulting froman initial
Read To_Share (RTS) request followed by requesting sub-system 310
sendi ng either another RTS request to hone sub-syst em 320. - Not e
that prior to sub-system 310's first access of a data |ine of hone
sub-system 20 320, the corresponding entry of hone-directory 326 is
marked invalid (“T"), ie., neither Last _To Own ("L") nor shared
("S"). Accordingly, as shown in Figure 4A, when requesting sub-

system 310 sent the initial RTS requegyifor the data |line of hone
sub-system 320 (step 4110), the correspondi ng entry of hone
directory 326 is marked "S" (steps 4120, 4140, 4160). Hone sub-

system 320 then initiates a transfer of the requested data line to

requesti ng sub-system 310 (step }COJpon receiving.the requested
data, requesting sub-system 310 he data in'a cache line of
2L$ 313a for subsequent retrieva 4180).

22 Subsequently, sin the cached data line has an "S" state

resul ti ng fromt+fe—t+nrtia—RFS represt e STt System 310 needs
to reuse the JsardOMEHY ‘BPDQE&?%*E@BJGT!’@?{O’Y%?@&*?E@ " 1148
response to the Read Request, i.e., the new status of the
Requesting Sub-system

1150

Home Sub-system
have a valid cop

& ('1 155

Home Sub-system provides
GA to Owner Sub-system

} (1164

Owner Sub-system provides
data to Requesting

~—~ Home Sub-system provides
1162 data to Requesting Sub-system

Sub-system |
Y
Requesting Global Interface forwards data line to Requesting 180
i Processor
Data line stored in Local L2$ for subsequent use " 1190

@

FIG. 1D



cache line, sub-systern 310 sinply discards the content of the cache |ine

by overwiting the sane | ocation, i.e., the cache line of 2L$
313a. The data line is discarded from2L$ 313a of sub-system 5 310
wi t hout inform ng home sub-system 320, i.e., the corresponding entry in
home directory 326 remains in5Yhé "S" state.
Hence, referring again to the top of Figure 4A _having_discarded the data
line, when request{ [~ =g sub-sysign 310néeds;tQ access=t
data line of honme qul- p&EY emeIZ0r 4 - &Ny song to
sub- system 32Q (st ¢pR4L10)] Snas t “eg%or‘<cn1rﬁgi;|
still marked."lS' 40\U 4%( t e readd tedles] (ste 1
4120, 4140), fqre syb-systzh 20 ¥ ecoy o as a eache
m ss and gen&qat es jan quﬁ(dﬁlgjgﬂﬁﬁ message to requesting sub-eysgem
310, causijng redﬁest|q§;§L91§ 310t 0 ifCrement” aghar dwar @ or
software NUMAL ss SIS S < Y ' =
Avoi dabl e NUMAM ss nes# i s|s8
abl e) m sses have ﬁccurr hyt
mode. Depending on} 151 | Sy fi
can bepi ggy- backedjon h heNd
nmessage. Next,| ho sub- ten né
cache line as|"S " |(stgp 4160). £ 3
transfer of tHe requested datd_——_—__ 7 to reatesting sub=system3ibstep
4170), which tfthen g¢tores the data in a cache &ine of 2L$ 313a for
subsequent retjrievdl (step 4180). 20 ° Referring now to both
Figures 4A and 4B, jconsider the avoidable NUMVA node nisses
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resulting froma RTS or a Read_To_Om (RTO request after requesting
sup-system 310 was the | ast owner of a data |ine of horne
sub-system 320, i.e., after a RTO request followed by a Wite_Back

(WB) from sub-system 310 to honme sub-system 320. i As

di scussed above, prior to sub-system 310's first usage of a data l|line of
home sub-system 25 320, the corresponding entry of hone directory 326
is neither "L" nor "S". Accordingly, @glshown in Figure 4A, when
sub-system 310 sends an initial RTO request to sub-system 320 (step 4110)

FIG. 2C

23 sub-system 3 responds by marking the correspondin
- in directory 326 (s&eps 4140, 4160). Hone sub- syste@!_égg[_a SO
initiates a transfef of the requested data to requesting sub- COMA
system 310 (step 4170). Sub}system 310 can now store tiee dat® l-ineaphr@
cache line of 2L$ 313a
' {(n=1)A -
p—
aiogaL A
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SPACE
A
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Yy 0 : —-
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—x A
LOCAL LOCAL LOCAL LOCAL
PHYSICAL COMA COMA COMA
ADDRESS ADDR ADDR ADDR
RANGE (LPA) SPACE SPACE SPACE
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SUB-SYSTEM  SUB-SYSTEM SUB-SYSTEM
210 220 280



for subsequent retrieval (step 4180). 5 Referring now to

Fi gure 4B, when sub-system 310 needs to reuse, i.e., replace the cache

line of 2L$ 313a, sub-system 310 sends a wite-back ("WB") request to hone
sub-syst em 320 together with the nodified data line from2L$ 313a
(step 4210). Home sub-system 320 responds by marking the
corresponding entry in directory 326 as "L", indicating that sub-system 310
was the | ast owner of the data |ine before the cache |ine was

repl aced, i.e., bunped because of a co@=£fn/ 10 capacity mss (step
4240). In this exanple, the "L" is inplérnented as a single bit in directory

326, i ndi cating that the owner sub-systems information is old and
that home sub-system 320 is now t he new "owner" of the data |ine.
Hone sub-system 320 then wite the data |ine back to hone cache

menory 324 (step 4250). Referring back to Figurge 4A
subsequent |y, when sub-system 310 needs to access the sane 15 data |line
of hone sub-system 320, a RTS req or a RTOreq is sent to sub-system 320
(step 4110). Since the corresponding directory entry is marked as

"L" (step 4120), hone sub-systT
avoi dabl e NUMA cache m ss a _ -
to requesting sub-system 310, gausi ng requesting sub-system 310 to

increnment its NUMA nmiss counter (sten 4150). Next, home sub-system

320 updat ed RequestingRroeesae iyl S Q/Alof data. as shared ("S"
or agpowned nedy }gmﬁéﬁsﬂggtom : "ﬁgm Slﬁ’%ﬂ?em 320 al so( :

ecogni zes the event as an
ates an Avoi dabl e NUVA m ss nessage

initiates OT\‘EI%C tTafsTe—or—the—TeguesTea—aat a to requesti ng
sub-system 310 (step 4170), whN¥ch then stores the
2120
Yes
} (.2125
Local L2$ provides data line
to Requesting Processor

I L2$ presenis LPA 1o Global interface of Reguesting Sub-Systemi‘ 2130 z

Requesting Global Interface accesses Directory to determine if | __
data line exist in Local Cache Memory 2132

copy of data ling Yes
in Local Cache * (21 36
Local Cache Memory
. provides data line to
Requesting Address Translator converts LPA from Requesting Requesting Processor
Global Interface to Global Address (GA) and then forwards data 2142
request 1o Home Sub-System
Home Address Translator converts GA into a LPA o144

¥
Edre
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data in a cache line of 2L$ 313a for subsequent retrieval (step 4180).
Note.that the two NUVA cache m ss preconditions described above,
corresponding to the "S" and "L" states, can be used independently
or together as illustrated in the exanpl e above. Hence, 25 separate

S mss and L_m ss counters may be used.

24 In this inplenentation, a requesting sub-system has a
set of n page counters. Each counter has a page address associ at ed
with it. A counter in state "idle" stores the page address of the first
NUVA miss in its page address portiona/YyN NUMA m ss replies which match
Its page address w Il cause the respective counter to increnent.
The requesting sub-system can access, via software, 5 the counter

val ue and address val ue before resetting the counter state back to "idle".
O her variations are possible or exanpl e, instead of dedicating acounterto
apage, conflict co

Home Sub-system updates Home Directory to reflectthe |
response to the Read Request, i.e., the new status of the 2148

Requesting Sub-System
2150
No
Memory have a
< Valid copy of + ( 2152
data?
Home Sub-system provides
GA to Owner Sub-system
Yes 2154
Y
Home Sub-system provides datato [ ~2162 Owner Address Translator
Requesting Sub-system converts GA to LPA
2164
Y
Owner Sub-system
provides data to
Requesting Sub-system

Y
Requesting Global Interface forwards data line to Requesting 2180

_ Proceisor

‘Data fine stored in Local L 2§ for subsequent use 2190

FIG. 2E



address space may be prohibitively expensive. Alternatively, an associative
managenent of a limted pool of counters can ensure that '
NUMAM sses to the nost frequently m ssed pages (or set of 30 pages) are
tracked. In yet another variation of this enbodi nent. each
‘page's corresponding entry in the GA2RRA7 table has a small counter
field, specifying which counter, if any, is associated wth the accessed

page. The val ue he po.lmi-ei-f-i-ehd-ea-n—g_e-i-n-i-t-i-a-tgd--by-sef-tﬁ_/a-r-e-exeeuti ng

in processor 34la. $uchi S| oanj ar r 8 EE.QG%S—I
t oshare the sare co o] tRat B ipr aladtr @t U, O ;
spanni ng severgl pa 2 be, unter. a |
By tracking t&8d4 beh (0] =4 ' , pTgTEssor —3gta twi | |
be able to sehgct 21 h§] iZf e NUMG COVA strgteqgy, thegeby
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25 conflict msses, it

COVW NUVA cache system by

when the conflict counter exceeds a preset number.
Figure 5 is a flowhart
i nvention,
Subsequent | vy,
attenpted under the follow ng conditiong/iA pair of counters,
COVA- hit counter,
The respective COVA m ss counters and
directories 316, 326,
Usi ng sub-system 310 as the exenplary requesting sub-system first,
defaul t COVA node,

25
al gorithm of the present
system 300 i s the COVA node.

counter and a
i ncorporated in, for exanple,

operating in the

is possible to optim ze the use of the hybrid

entering the COVA page-oriented node

illustrating anot her selection
wherein the default node. for

the NUVA node i s
a COVA m ss

are provided for each COVA page.
COMA. hit counters nmay be

386.
whi | e
requesti ng subsystem 310 nakes

5

a request for a d;'a"l‘ﬂ‘sm n epA5410). If the data is found in 2L$
313a, then the re requeqt is cofpleted (step 5120). Else if thgdatd—ag
cannot I I
' 1 GLOBAL !
| COMA/NUMA !
! ADDR
(n+1)A i SPACE
b |
® @ o
GLOBAL
ADDRESS ——
TOTAL  RANGE ]
PHYSICAL  (GA) an
ADDRESS |  °Al e
RANGE T 3
(PA) ; GLOBAL 1
' 1 COMA/NUMA !
| ADDR |
; SPACE
2A rF————— D T |
!
| GLOBAL |
1 COMA/NUMA !
| ADDR |
! ; SPACE
- A
LOCAL LOCAL
PHYSICAL COMA 'E:%?ﬁ HOCAL
- ADDRESS ADDR ADDR | ® e o SOMA
| E(LPA) ) SPACE SPACE SPACE
SUB-SYSTEM  SUB-SYST EM SUB-SYSTEM
310 320 380
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be found in 2L$ 313a, then a requesting sub-system 310 determines if the
~data is stored in COVA 10 cache nenory 314 (step 5130).

If the data is found in COVA cache nenory 314, the COVA hit counter
corresponding to t he page associated with the data line is
increnented (step 5150). Else if the data is not found in
COVA.cache nenory 314, the COVA m ss counter corre- spondlng to the
page associated with the data line is incremented (step 5140). Next,
requesting I5 sub-system 310 forwarts/1feread request to the hone
'sub-system 320(step 5162). Upon thereturn of the requested data
fromthe hone sub-systemor _the owner sub-system (if the data is not owned
by the hone sub-system, ais stored in COVA cache nenory 314 of
requesti ng sub-system 10 (step 5164). In this enbodinent, if the
correspondlng page has not keen previously allocated, | a new page

i s al | oOCERERdelind i edetitres ety Vit yrfﬁ:llf NoFadatp |ine is then witten
into the 3 Memo%}M&Ga’ﬁeﬂiéni = e &8 MROOFY " Sihs. I'n
one |nplenentatlQammmgqu@sph-ww.-u. B3ES y1310 thep conpares the ratio of

t he COVA_m ss couniler agarns € COVWA~hit counter to determne if
the rati o .exceeds a sel ectalfle . threshold (step 5170). Dependi ng on
the particul ar inpl enment gl Grode conversion thresh- ol ds

can be selected stati ically, either by ygg operating system
or under hardware 2 ssponse—to—parane Hgh as changi ng
system | oad/ behavi or, Neyfye fzation, and gl obal yressgge
traffic density. | Local L 2$ providés data line
to Requesting Processor

No

L2§ presents PA to Global Interface|
of Requesting Sub-System 3130 @

GA
Address (LPA) or a
Cache-Only ~~3200 Non-Uniform - 2300
Memory Architecture Memory Architecture
(COMA) mode access of (NUMA)
data line Mode access of data line

@ 3P FIG. 3C



. 26 If the ratio has not exceeded the threshold, then
requesting sub-system 310 sinply caches the data in 2L$ 313a and
the read request is conplete (step 5170). Conversely, the ratio exceeds
the threshold, thenrequesting sub-system 310switches fromthe default COVA
node to the NUVA node (step 1580), and caches the data line in 2L$
313a of requesting sub-system 310 (step 1590). 5 In sum for
eachpagei n COVA cachenenory314,324, ... 384,every tinme there is a COVA
node cache m ss associated with the page, the correspondi ng COVA mi ss
counter is increnented. Convensgly, for every cache hit in COVA
cache nenories 314, 324, ... 384 associated with the page, the
correspondi ng COMAhit counter is increnented. Eventually, when the COVANM ss
counter associated with the page exceeds the corresponding COVA hit counter
by a pre-determ ned 10 t d._the cache lines corresponding to the
page of interest is cached i moRCY or subsequent accesses.

L~
response to the Read Request, i.e., the new status of the 3148

Home Sub-system updates Home Directory to refiect the
r Reguesting Sub-System

- " No
Memory have a
valid copy of + ( 3152
data? "
Home Sub-system provides
GA to Owner Sub-system
Yes 3154
- Y
Home Sub-system provides datato [~ 3162 Owner Address Translator
Requesting Sub-system converts GA toLPA |
3164
Y ¢
Owner Sub-system
provides data to
Requesting Sub-system
Y
Requesting Global Interface forwards data line to Requesting " ~31gg
Processor
Data line stored in Local L2$ f'o.r éubsequent use 3190

FIG. 3D



Vari ations of the above-described algorithnms are possible. For exanple,

i nstead of dedicat - ing a counter to a page, conflict counters are
associated with nultiple pages since associating a counter with
each page of an LPA address spacenay be prohibitively expensive.
Alternatively, an 15 associ ati ve managenent of a limted pool of
counters can ensure that NUMAmM sses to the npst frequently m ssed
pages (or set of pages) are tracked. It is also possible to associate each
count er with one or nore entries of an LPA2GA tabl e.

Not e that the above-described selection algorithns is also useful for
optim zi ng COVA- only or NUMA13ply cache architectures and al so
useful for diagnostic applications such as instru- 20 menting software.
Further, the two disclosed selection algorithnms can be used independently
or together. Qther selection algorithns are al so possible.

Modi fications to the COMA/ NUVA architecture and selection alg of the
pr esent i nvention are possible without departing fro spirit
of the invention. These include-~static met hods for A&el ecting

bet ween COVA and NUVA rmdes anpl e, kernel softwareggan be 25
executed in N UVA node whil e~app+ication software can bexecuted i n COVA
node or vice versa. AN ernatlvely, both kernel and application

sof twar e | ; ] i

determine lf data line exist in Local COMA Cache Memory, 3232
i.e., in the COMA Cache Memory of Requesting Sub-system

Y

3234

Yes

copy of data
fine in Local COMA
Cache Memo

J (3236
Local COMA Cache

. : Memory provides data line
Requesting Address Translator converts LPA from Requesting ‘ to Requesting Processor

Global Interface to Global Address (GA) and then forwards data 3242

mmumﬂﬂlﬂmn%SMEﬁwmﬂn

Home Address Translator converts GA to LPA 3244 z

Y

G

FiG. 3E



.27 of cache nmenory 314 until it is full before swtching to the
NUMA node. - Accordi ngly, the scope of the invention should only be
limted by the clains. 5 10 25

14717

3300
@ -

i th GAto ¥ a340
- sting Global interface forwards data request with 334
Requesting Home Sub-system

G

FIG. 3F



25

conputer system (300) having a plurality of

1. A nethod of storing data in a

sub-systens (310, 320,

., 380) coupled to each other by a system i nterconnect

15/17

4100

Requesting Sub-system sends a Read-to-Share (RTS) ora
Read -to-Own (RTO) to Home Sub-system

" 4110

entry in Home

Yes

Directory
marked Last-to;
Own (“I°

4140

Correspondin
entry in Home
Directory marked

Yes

Shared (“S")
and read request is
a
RTS?

4150
Y C
Home Sub-system generates an
Avoidable_NUMA_miss message
1o Requesting Sib-system which
increments a NUMA_miss counter

l

Home Sub-system marks corresponding entry in Home
Directory “S" (if RTS) or "O" (if RTO) respectively

4160

T

Home Sub-system initiates transfer of data to Requesting
Sub-system

4170

Requesting Sub-system caches the data

4180

=

FIG. 4A



5 (390), each said sub-systemincluding a processor (311), a hybrid
non- uni form

menory-ar chi tecture/ cache-onl y-nenory-architecture( NUMY COVA) cache, a
COVA cache (314) and a di.rectory (316), said nethod conprising the steps

of : . a designated processor of one said subsysteminitiating
a data transaction 10 associated with a data |ine;

determ ni ng whet her a caching node for said data line is a COVA node or

a NUMA node; 15 storing dét/d7associated with said dad20Q@e in
sai d COVA cache (314) of sai d one sub-systemin response/to

determ ning that said caching node for said data line sai d COVA
node; and storing said data in the hybrid COMA cache
(313) of said one sub- 20 system 2. e et hod of

claiml1 wherein if said determ ning step determ nes that ' t he data

should al so be stored in said COVA cache in the COVA node, then the

met hod further conprises the steps o al l ocating a page
of nmenory space in said COVA cache sai d one sub-system

and storing said da in said allocated page of said

COVA cache. 30 3. The n*thod of claim1 further conprising

det erm ni ng t hag—satd—dat= stored—TTTSsar dhyorT g NOVEICOVA cache

(313) of said onRequésting Setr-system sends a Write-Back (“WB”) to Home 4210
Sub-system

4240
C

Home Sub-system marks
Corresponding entry in
Home Directory

Last to_Own (“L7)

Y

Home Sub-system stores data in Home Cache Memory |~ 4250

Y

G

FIG. 4B



29 previ ously di scarded by said one sub-system a predeterm ned

nunber of tines due to a capacity mss or a conflict mss.

4. The method of claim3 further conprising the steps of: 5

writing-back said data to a honme sub-system mar ki ng sai d

one sub-systemas a | ast owner of said data; and - di scarding

said data stored in said hybrid NUMANCOVA cache (313) of said one
sub-system 10 5. The ngggﬁg of claim4 wherein upon a
subsequent read-to-own (RTO or ad-to-share (RTS) request for
said data by sald one sub-system the method further conprising the
steps of: det eet+rg. t Hat” sai d one sub-system was the | ast

retrieving said data from said hone
|ncfenent|ng a NUNA m ss counter.

: od-—Q . . on AU Inter i s associ ated
with a pagd '5?“"'&3‘!?8 i al Thet—~s20 7.

The net hod o nt%r exceeds a

owner of said data;
sub-system and 15

Yes
“in COMA Cache Yes
Memoxy of Re-
5150
. C
Increment COMA_miss counter [~ 5140 Increment COMA _hit

Counter

Y

Requesting Sub-System forwards data | — 5162
request to Home Sub-system.

Y

Requesting Sub-System stores retuming
data in its COMA Cache Memory 5164

Yes
| 5180
Y
Requesting Sub-System |
switches from COMA mode
to NUMA mode
N
Cache data in 2L$ of
Requesting Sub—System _
* FIG.5
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predet erm I“l uuﬁmmwmrn the nethod further includes the steps of:
assi gni ng | for said data Ii -sa-l-d-—CQSAQ.JIpQ@wLN

al l.ocating & page'of " nefrory space in said LSS RersUbsg ]

system (310, 320, ..., 380); and 25 C : ﬁﬁ@"%@ﬂ tpxtatia. | fong, \A@t h| n
said al located page of said COVA cache (514)f * Claiz *‘“)Jpor;cagusgﬁ%@ Nk 37
access to said data |ine. 8] H&awitgioa: kcg!. al«,m,éi qr
conprising the steps of: ‘mar k r[é‘sah’dz,tonetﬁukg sy%wgg

320 o 8BAIMss a sharer of said data; 30 and ~ © T T PR

i scarding said data stored in said hybrid NU % 1 sai d
one ﬁub system w t hout re-marking said one sunl\}méy Cﬁé&ﬁ #ﬁlwo

9. The nethod o

request Tor sai & et ofaRiiid i LooribEAL el o Ry ekt g
Egﬁo 320 sulssymms‘ (3106 320, ..., 380) cmimleatttm egchhnluerslaya sys@emubtafgtsmmnt

et Bevi ngCiuedch sal] sHoSY s udha. 2 procsssSE i i Phybrd non-unio.
i ncrementi Hfén?o%téﬁtﬁ:%/@é&ﬁ&&ﬁ|y-memory-archutecture(NUMA/COMA) cache, a

COMA cache (314) and a directory (316), said method comprising the steps of:

a designated processor of one said subsystem initiating a data transaction
10 associated with a data line;

determining whether a caching mode for said data line is a COMA mode or
a NUMA mode;

15 storing data associated with said data fine in said COMA cache (314) of
said one sub-system in response to determining that said caching mode for said
data line is said COMA mode; and

storing said data in the hybrid NUMA/COMA cache (313) of said one sub-

20 system.

2. The method of claim 1 wherein if said determining step determines that
the data should also be stored in said COMA cache in the COMA mode, then the

method further comprises the steps of:

25
allocating a page of memory space in said COMA cache (314) of said one
sub-system; and '
storing said data within said allocated page of said COMA cache.
30

3. The method of claim 1 further comprising determining that said data
stored in said hybrid NUMA/COMA cache (313) of said one sub-system was

|| AMENDED SHEET__I]




Kljmqer, L.b ‘,

assoh ated ”“I“T"lll"“ uilurlﬂggf ofCI ﬁie?o?ymvmelr gihnl ?12: Sdggl\/?arﬁt

. The nethod 6f el 2f ms9 wherein said determ ning whet her cachi ng
rmde for said data line is a COMA node or a NUMA node furlt Her 18066 2088 15
checking an address associated wi th sai dhglata transactior] tjo_deternine
whet her said caching node is said COVA node or sgid N
12. The method of claim 11 wherein a default initial cachiag.onde for sald]

data |ine pseviausly Mibdardeddy 28id one sub-system aléred%nﬁﬁéqurﬁlﬁercbﬁhme%
wherein if said NUVA mss counter_ exceeds a pr edet er m ned

t hr eshol d, IHRAR & $APAREY Moigs of Agaslict MisSides t he steps of :

assigning said caching node for said data line to said COVA node;

al l ocating a page of menory space in said COVA cache of said one sub- 25
system and 4. The methodxif alaimg3 fuathetr datrprisingetheistépsiofsai d al | ocat ed page

of "said COVA cag bse ccessto said data |ine.
14. The met hod 29}?%83'3? kf%&?@f??%ﬁ %&e ¥A¥ g whet her a cachi ng 30
node for said deigtkingsid anésﬁﬂ‘é@sfé?ﬁ%scalaatww&awﬁdfdﬁié Rfig conpri ses

checki ng an address assom ated wi'th said data transaction'to determ ne
whet her disgarding said-datastereddn saiddhybridAN Wb COMAxathE 83y ofisaid

one sub-system.

10 3. The method of claim 4 wherein upon a subsequent read-to-own (RTO) or
read-to-share (RTS) request for said data by said one sub-system, the method
further comprising the steps of: |

detecting that said one sub-system was the last owner of said data;
retrieving said data from said home sub-system; and
15 incrementing a NUMA_ miss counter.

6. The method of claim 5 wherein said NUMA_ miss counter is aésociated
with a page of memory which includes said data line.

20 7. The method of claim 5 wherein if said NUMA_ miss counter exceeds a
predetermined threshold, then the method further includes the steps of:
assigning said caching mode for said data line to said COMA mode;
allocating a page of memory space in said COMA cache of said one sub-
system (310, 320, ..., 380); and
25 storing said data line within said allocated page of said COMA cache (314)
upon a subsequent access to said data line. '

8. The method of claim 3 further comprising the steps of:
marking said one sub-system (310, 320, ..., 380) as a sharer of said data;

30 and
discarding said data stored in said hybrid NUMA/COMA cache (313) of said

one sub-system without re-marking said one sub-system.

[~ amenpED SHEET |




31 met hod of claim 1 wherein a default initial

cachi ng md%ulllum&luﬁjlm&mm data line is said NUVA npde. 5
16. A conpu ct including a conput er - ushbREPLASEMENT SHEET

havi ng conput er -readabl e code enbodi ed therein configufeg—to—Tausea
conput er system (300) to sel ect Jhet ween a _
non- uni f orm nenory-architecture (NUVR) 3B node ang & 19 0CT 2080
cache-onl y-nmenory-architecture (COVA) node, the conput gr syste
having a plurality of sub-systens (310, 320, ..., 380)jcoupled to each 1j
other by a system.interconnect (390), each said sub-systenrrrctudrmg—=
processor 9. Thegmethod gf slaimi & wkiersin Cpon a subseq Bt yead-tGENAre: (RTS)

(314) and j nputer - readabl e code conpri si ng:
a routine %Sg?léﬁ@trr%rqu data,b esafgﬁéﬁ%gyéggage_ y@‘?e’??\efrl?cg%h@rmrﬁgﬁ%t ed
with a datstepsof in the hybrid NUMY COVA cache of said one sub-system and
15 a, routi nﬁ_l %ont('i:gured to cause sai d one sub-systemto

det €t mi ne whet Hgtegting that said pag; sib-sysdems (110 Be0dat.a38Q) wasdhe shater of a
NUVA node dofd HARY:eby cause the data to be stored in the COVA cache
of said one sub-systemif said caching nmode for the data is said
COVA node. 20etrieving said datg fromhsaid dvome sub-systgngrangr oduct of claim 16
wherein the co o eadabl e code further conprises:

a routine conf H@ﬁ%ﬁgeqtlggc%”yé\ﬂéﬁms%ﬁgugtgﬁ_ system (310, 320,..., 380) to
determine if said data stored in said hybrid NUMN COVA cache of said one

sub- system was previogusly discarded by said one sub-system a
pr ekfet er mi ned - The methad, ofgiaim éﬁ‘ﬂ'%ﬁ'@ said NUMpadniss ogupterds agseciated ct

m ss. with a page of memory which includes said data line.

11. The method of claim 9 wherein said determining whether a caching

mode for said data line is a COMA mode or a NUMA mode further comprises

15 checking an address associated with said data transaction to determine whether
said caching mode is said COMA mode or said NUMA mode.

12. The method of claim 11 wherein a default initial caching mode for said
data line is said NUMA mode.
20
13. The method of claim 9 wherein if said NUMA _miss counter exceeds a
predetermined threshold, then the method further includes the steps of:
assigning said caching mode for said data line to said COMA mode;
allocating a page of memory spéce in said COMA cache of said one sub-
25 system; and
' storing said data line within said allocated page of said COMA cache upon
a subsequent access to said data line.

14. The method of claim 1 wherein said determining whether a caching
30 mode for said data line is a COMA mode or a NUMA mode further comprises
checking an address associated with said data transaction to determine whether

said caching mode is said COMA mode or said NUMA mode.
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15. The method of claim 1 wherein a default initial caching mode for said
data line is said NUMA mode.

5 16. A computer program product including a computer-usable medium
having computer-readable code embodied therein configured to cause a computer
system (300) to select between a non-uniform-memory-architecture (NUMA)
mode and a cache-only-memory-architecture (COMA) mode, the computer
system having a plurality of sub-systems (310, 320, ..., 380) coupled to each

10 other by a system interconnect (390), each said sub-system including a processor
(311), a hybrid NUMA/COMA cache (313), a COMA cache (314) and a directory
(316), the computer-readable code comprising: '
a routine configured to cause one said sub-system to store data associated
with a data line in the hybrid NUMA/COMA cache of said one sub-system; and
- 15 a routine configured to cause said one sub-system to determine whether a
caching mode for the data is a COMA mode or a NUMA mode to thereby cause
the data to be stored in the COMA cache of said one sub-system if said caching
mode for the data is said COMA mode.

20 17. The computer program product of claim 16 wherein the computer-
readable code further comprises:

a routine configured fo cause said one sub-system (310, 320, ..., 380) to

determine if said data stored in said hybrid NUMA/COMA cache of said one sub-

system was previously discarded by said one sub-system a predetermined

25 number of times due to a capacity miss or a conflict miss.
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