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Description of the Related Art

Multi-processor multi-cache computer systemns 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 alsoneeded
if coherency is.to be maintained between the respective caches.

Figures 1A, 1B, and 1C-1D are a block diagram, an address map and two flowcharts, re-
spectively, .iilustrating a cache-coherent NUMA (CC-NUMA) computer system 100. As shown in
Figure 1A, CC-NUMA systemn 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-
sponding memory management unit (MMU), a corresponding second level cache (L2$), a main
memory. a global interface, a directory and a local interconnect. For example, sub-system 110
includes processors 111a, 111b, ... 111i, MMUs 112a, 112b, ... 1121, L23s 113a, 113b, ... 113i, main
mermory 114, global interface 115, directory 116 and local interconnect 119. Note that since sub-
systems 110, 120, ... 180 are similar in structure, the following description of sui:-systcm 110 is
also applicable to sub-systems 120, ... 180.

Processors 111a, 111b, ... 111i are coupled to MMUs 112a, 112b, ... 112i, respectively. In
turn, MMUs 112a, 112b, ... 112i are coupled to L.2$s 113a, 113b, ... 113, respectively. L2%s 113a,
113b, ... 113i, main memory 114 and global interface 115 are coupled to each other via local
interconnect 119. Directory 116 is coupled to global interface 115.

Referring 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



15 menory. a global interface, a directory and a |ocal interconnect. For

exanpl e, sub-system 110 includes processors 11l1la, 111b, ...111i, MVMJ 1l12a,
112b, ... 112i, L2%s 113a, 113b,... 113i,nmain nmenory 114, global interface
115, directory 116 and | ocal interconnect 119. Note that since sub- systens
110, 120, ... 180 are simlar in structure, the follow ng description of
sub-system 110 is al so applicable to sub-systens 120, ... 180. 20
Processors 11l1la, 111b, ... 111i are coupled to MMJ 112a, 112b, ... 112i,
respectively. In turn, MMJs 112a, 112b, ... 112i are coupled to L2%s 113a,
113b, ... 113i, respectively. L2%$s 113a, 113b, ... 113i, nmain nmenory 114

and gl obal interface 115 are coupl ed to each2other via local interconnect
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In this example, global interface 115 is responsible for tracking the status of gam associated

5 with the address space of main memory 114. The status information of each memory location is
stored as a memory tag (MTAG) in directory 116. In addition, since global interface 115 is also
responsible for maintaining global cache coherency, global interface 115 includes hardware and/or
software Iimplemet,xted cache coherency mechanism for maintain coherency between the respective
caches and main memories of sub-systems 110, 120, ... 180.

10 A typical read request, e.g., & Read_To_Share (RTS), by processor 1112 of sub-system 110
occurs in the following manner as illustrated by the flowcharts of Figures 1C and 1D. First, processor
111a presents a virtual address (VA) to MMU 112a which converts the VA into a global address
(GA) and presents the GA to L2§ 113a (step 11 10). ¥ there is a valid copy of the data line of interest
in L2% 113a, e.g., a shared (S) or owned (O) copy, then L23 1133 provides the data to processor

15 111a via MMU 1 12a, thereby completing the read request (steps 1120, 1125).

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 not the home
sub-system, then the request is forwarded to the apprbpriate 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 L2%
of the requesting sub-system 110, the home directory (116 or 126) is updated toreflect this response,
for example by marking requesting sub-system 110 as a sharer of the data (step 1148).

Next, if requesting sub-system 110 is also the home sub-system, the corresponding MTAG

25 in directory 116 is checked for an appropriate MTAG state, e.g.-, modified (M), owned (O) or shared

(S) for a read (step 1150). If the MTAG state is inappropriate for the read request, or if requesting



sub-system 110 needs to read or wite to an address |location outside its
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I.e., the uestgl ng sub systemis not the
10 A.lternatwely, where home sub-system 120 is not the 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 requested 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 copy of the data line,
15 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-system 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 L23s of owﬁer sub-system 180, e.g.,.owner L23$ 1833, 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 generate any new transactions in computer system 100. In other words,



sub-system then the request is forwarded to the appropriate hone
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 L2$% of the
requesting sub-system 110, the hone 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, if reduesting sub-system 110 is
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the transaction
programs using small data structures which requires a small number of the available cache lines in

L2$ 113a. This is because the small 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 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 capable 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 of Figure 2A, 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 includes at least one processor, a corresponding 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, MMUSs 212a, 212b, ... 212i, L23%s 2132, 213b, ... 213},
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 foilowing description

of sub-system 210 is also applicable to sub-systems 220, ... 280.

Processors 211a, 211b, ... 211i are coupled to MMUs 212a, 212b, ... 212i, respectively. In
turn, MMUs 2124, 212b, ... 2121 are coupled to L2$s 213a, 213b, ... 213i, respectively. L2%s 213a,

213b, ... 2131, main memory 214 and global interface 215 are coupled to each other via local



permtted, i.e., the hone directory does not need to be involved in the
particul ar transaction. If the honme sub-system (110 or 120) is determ ned
to have a valid copy of the data line, then the hone sub-system provi des
the data.to requesting sub-system 110 (step 1162). In the case where
requesting sub-system 110 is al so the hone sub-system only an internal
data transfer is required. 10 Al ternatively, where hone sub-system 120
is not the requesting sub-system then global interface 120 of hone
sub-system 120 responds by retrieving the data line frommin nmenory 124
and sending-the requested data line to globals interface 115 of requesting
sub-system 110 via gl obal interconnect 190. Conversely, if the hone

sub- syst emirtéréGnnect 219 OPirehtas 2 bois conpled toglpbal interfasp 1% fAddrrss wpsigtor 2 s logated
i.e., the honme sub-systemis _not the_ owner sub-system

t hent her eadetuger glohpliipteriare A5 pad globatdntercenncst 240" gl obal interface of the
sub-system who | S_the owner, of the data Jd.ne i -

interface 185 o °GWF§“%§9—%W1W(°§?M%%%H%’W%@M? gce %&% ©
responds b el M affeds lof 4. gﬁﬁgg disibutedSthoRf tHe YEMBEctive home
sub-systen¥?@§F&g§¥, own§$°ﬂ§%@T%%g?”%% sending the requesied data line to
gl obal 5i nt it a6ges] bP sitfsysRaid @] 22D, SUPBG: Y Piritionidd) of the cgtirlyatmeridsaf SoCOMA
20 190 (steps 1164). Upon receiving the data line, global interface 115
forwar ds t kempattasysteme2@Mis dyarhic3 he.whichh mampriesl 334,224, da2&4 funefirnsasi afigaction

rocessor 11 la (step 1180). The data li.ne_can _he cacheq in. L2$ off .
P memory gAM) Ea)vherein gache memory space is allocated?n page-stllzeg portions gurmg execution

of software as the need arises. Note that cache lines within each (allocated) page are individually
accessible.

| 10 Hence, by allocating memory space in entire 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 similarly-sized page-oriented cache memories 214, 224, ... 284, large data structures can now

be cached entirely in sub-system 210.

—
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In this example, global interface 215 is responsible for tracking the status of 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
responsible for maintaining global cache coherency, global interface 215 includes h&dwm and/or
software implemented cache coherence mechanism for maintaining coherency between cache 2 _14
20 of sub-system 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 this implementation, the first time a sub-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, resulting in 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



the critical path for subsequent retrieval by processor 11la (1190). Wen a
| ocation in an L2$, e.g., L2% 113a, is needed for storing another data

val ue, the old 25 cache line needs to be replaced. In this

i mpl enent ation, cache lines having an S state are replaced "silently",

I.e., they do not generate any new transactions in conputer system 100. In
ot her words, 4 1 a sub-systemremains marked in the hone directory of
the cache line as a sharer of the replaced cache Iine with respect to the
rest of system 100. Conversely, replacenent of cache lines having either O
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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 L2§ 213a (step 2110). If there is a valid copy of the data line of interest
in L2$ 2138, e.g., a shared (S), owned (O) or modified (M) copy, then L2$ 213a provides the data
to processor 211a, and the read request is completed (steps 2120, 2125).

10 Conversely, if L2$ 213a does not have a valid copy, then L2$ 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 cache 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 line of interest cannot be located in either L2$ 213a or
cache memory 214, then requesting address translator 217 converts the LPA to 2 GA, before sending
the data request via global interconnect 290 to the home sub-system whose address §pace 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 appropriate
directory 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 appropriate number of most significant bits (MSBs). '

_ Referring now to Figure 2E, in each of the above cases where the data line is not found in

25 requesting sub-system 210, home sub-system 220 updates home directory 226, e.g., torefiecta ne\;v

sharer of the data line (step 2148).



10 structures which are too large to be stored entirely in L2$ 113a,
causi ng a thrashing probl em whereby portions of |arge data structures are
repeatedly cached and di scarded. Figures 2A, 2B, 2C, 2D and 2E illustrate a
sinple COVA (S-COVA) conputer system 200 which is capable of caching | arge
data structures in their entirety since S-COVA system 200 allo- cates its
cache nenory space a page at a tine. As shown in the bl ock diagram of
Figure 2A, S- 15 COVA system 200 includes a plurality of sub-systens
210, 220, ... 280 coupled to each other by a gl obal interconnect 290. Each
sub-systemi-ncl udes at |east one processor, gcorrespondi ngnenory nmanagenent
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287 of sub-system 280 converts the GA into an LPA for global interface 285 (step 2154). This GA.

to LPA translation in owner sub-system 280 is a non-trivial function. Next, global interface 285 of
owner sub-system 280 responds by retrieving the data line from either cache memory 284 or one

10 of 2L$s 283a, 283b, ... 2831, and sending the requested data line to global interface 215 of requesting
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 L2$ 213a 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 ﬁlocating 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.¢., off the critical timing 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 MTAG:s 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.

[38]
w

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



5 interconnect 219. Directory 216 iscoupledto global interface 215. Address
translator 217 is |ocated between gl obal interface 215 and gl obal

i nterconnect 290. Referring nowto the nmenory nmaps of Figures 2B and 2C,
responsibility for tracking the status of total addressabl e space of S-COVA

system 200 is distributed anong the respective hone 5 directories of
sub-systens 210, 220, ... 280. Partitioning of the cache nenories of S COVA
conput er system 200 is dynamc, i.e., cache nenories 214, 224, ... 284

function as attraction nenory (AM wherein cache nenory space is allocated
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Note that cache lines within each (allocated) page are individually
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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 elements of the structure are aétuallf accessed.

Hence there is a need to provide a hybrid caching architecture togethcf with a cache-coherent
protocol for a multi-processor computer system that is flexible and efficient in caching both large
and smaller, 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 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 implcmcnt. This
is because event ordering ana 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 effective event-based histograms which captures
some of the same event information, e.g., cache miss, to give some indication of the appropriateness

of COMA versus NUMA cache optimization.
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In this exanple, global interface 215 is responsible for

tracking the status of data stored in cache nenory 214 of sub-system 210,

with the st
correspondi

atus information stored as nenory tags (MIAGs) in a
ng location within directory 216. In addition, since gl obal

Interface 215 is al so responsi bl e for maintaining gl obal cache coherency,
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allocating COMA. cache and a line-allocating hybrid NUMA/COMA cache. Such a hybrid system

provides flexibility and efficiency in caching both large and small, and/or sparse and packed data
structures.

In accordance with the invention, each sub-system is able to independenﬂy 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 data within the allocated page in its COMA cache. Depending
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.

In one implementation, 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
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 hes 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 refiect the new status of the requesting sub-system, e.g., as a new “sharer" of the data.



to/fromthis page's |ocal physical address (LPA) fromlto the uni que gl obal
address (GA) which is used to refer to this page throughout system 200. A
typi cal read request, e.g., a read-to-share (RTS) request, by processor 21
| a of sub-system5 210 occurs in the followi ng manner as illustrated by
the flowharts of Figures 2D and 2E. First, processor 21 |la presents a
virtual address (VA) to MMJ 212a which converts the VA into a LPA and
presents the LPA to L2$ 213a (step 2110). If there is a valid copy of the
data line of interest in L2$% 213a, eg., a shared (S), owned (O or nodified
(M copy, then L2$ 213a provides the data to pgocessor 2l1la, and the read
request is conpleted (steps 2120, 2125). 10 Conversely, if L2%
213a ddes not hadedigcusssd aboves pgch subrsystane gampindepepdeati srlect ameppropriaiecaghegpede
interface 215 (st

1151258 205 (B8l BB HUPLLIRS A28 Rstizer AR Ghilatil

PE{TF |r gvgéélf é%,tﬁ?%& g‘gﬁé%%ﬁﬁ l%g @glig%%%% gg&‘?‘sd ‘?ﬁ%ndf?#eow ed

to L2$ 213asyptyyslemP 1Pk A8 i$ foandl 3 dthbCcabheaCias I6¢ hotrde suB-syétém i\ikolthe ownez bdb-

t hereby conpleting the read request (step 2136). However, if a valid copy

of t he Sdat asystens, theh theionecsib-systiom provides tteciatactd thereqiestingrsub-3§stédd.3a or cache

menory 214, then requesting address translator 217 converts the LPAto a

GA, before sendi@epveiselydi the datagjs astfoyndindheliame subssystenithencthe pgoest is forveardedne

sub-system tvc\)h acz)lsoewnae(;1 gli;be-ssy;ssteip ﬂl%g i .erc]ictlyutgg iomc directory. Again, since the data may 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. I 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 example above, a write
request sequence is similar, except that with a write request, the requesting sub-system is aiso
responsible for ensuring that all cached copies of the data throughout the entire system is coherent,
l.e., consistent.

15 In one embodiment, the default cache mode is COMA until the data access pattern of the
software program executing in a particular sub-system provides an indication that caching in NUMA
mode, i.e, caching in the hybrid cache only, is more efficient. Accordingly, each sub-system attempts
to keep track of the instances where storing the data from a particular page of memory in COMA
mode is not cost effective.

20 Two counters are employed per page in this implementation. A COMA_miss counter and
a COMA_hit counter are assigned to each page of memory space. Each time data from a particular
page cannot be found in the hybrid cache of a requesting sub-system but is found in the COMA
cache of the requesting sub-system, the COMA_hit counter is incremented. Conversely, each time

data from the same page is not found in either the hybrid cache or the COMA cache of the requesting

sub-system, the COMA_miss counter is incremented.



the GA of the data line of interest, e.g., sub-system 220 (step 2142).
Next, address translator 227 20 of hone sub-system 220 converts the GA
into a LPA (step 2144), and | ooks up the appropriate directory entry to
determne if there is a valid copy of the data |ine in home cache nmenory
224 (step 2150). This GA to LPA translation in hone sub-system 220 can bea
trivial function such as stripping an appropriate nunber of nost
significant bits (MSBs). Referring nowto Figure 2E, in each of the above

cases where the data line is not found in 25 requesting sub-system 210,
honme sub-system 220 updates honme directory 22Q, e.g., to reflect a new '
sharer of the data line (step 2148). 71 If a valid copy exist

in home sub- sys {Thus,2ROratig lob CAMA thitagainst COMA. raiseoudisrsiprovides theragnesting sub-
data line fromcache nenory 224 or L2$ 223a, before sending the requested
data |ine tSystgnapth e g of hegys of fapking a padiculerpass 1 thy;l COMA

have & val [0t BRATECHMA RS i v perg ik S o S ¥ e RERR Y
i's forvardesoi@ hilQ) A dhfmighs i it bf ©OMA iR, theit tRe pagh!shBAld Perflain in the
5 COMA cache of the requesting sub-system. Conversely, if the number of COMA_hit(s) are a lot
lower than the number of COMA misses, then caching the particular page in the COMA cache of
the requesting sub-system is not cost effective. Note thata low COMA_hit value indicates that the

associated page is not accessed frequently, and hence replacing the page will have a small impact

on the performance of the computer system.
10
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transl ator 287 (step 2152). Upon receiving the GA from hone sub-system 220,
address translator 287 of sub-system 280 converts the GA into an LPA for

gl obal interface 285 (step 2154). This GA to LPA translation in owner
sub-system 280 is a non-trivial function. Next, global interface 285 of
owner sub-system 280 responds by retrieving the data line fromeither cache
menory 284 or one 10 of 2L$s 283a,283b, ... 283i, and sending the
requested dataline to global interface 215 of requesting sub-system 210 via
gl obal interconnect 290 (step 2164). Wen the data line arrives at gl obal
interface 215, global interface 215 forwards phe data line to L2$ 213a

whi ch then provides the data to requestlng processor 211a (step 2180). The
data | {ne can be cached in LY ¥ THE DRAWINGSt h for subsequent

retrieval by processor 21la 15 kw'fhereb conplétlﬁg the read transaction
(2190). Note t h¥he abjesss. fagturesand edyastages of the systertof the gueseas inveesion veill be gppegent

data. Cccasio e acenent of. (entire) pages stored in cache nenory
214 may be§ﬁEE@%8&“ﬁ@ﬂ£%ﬁ 214 becones fuII or is nearly full, in
order to maeke r a tql qﬂg@(g%r t Qﬂﬁﬁﬁﬁﬁ
sub-system 210 %O{%Si%%ﬁg&q“?}g{]ﬁg"a noun |%mee pages |EU§§ two cache

menor ys 214 ré?e&v&?cﬂﬁ&ﬂﬁﬁ g af @nbentiond - caci¥f dohbrRf: Sdnliniferh-nidniBridrciédiure (CC-

ensuring th he attraction nenory, i.e., cache nmenory 214, does not run
out of stoMNIdA3panguterlsystemr epl acenent, a determ - nation of which cache

lines of the to-be-replaced page contains valid data (either M. Oor S
st at e) Figures 2A-2E illustrate a conventional simple cache-only-memory-architecture (S-CO-

MA) computer system.
Figures 3A-3F illustrate one embodiment of the COMA/NUMA hybrid computer system
10 of the present invention. |
Figures 4A and 4B are flow diagrams illustrating one selection 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.
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I's made by accessing the MIAGs stored in directory 216. A nessage is then
sent to the responsible hone directory informng the hone directory that
the cache line is to be replaced. 25 I f the cache line has an M or
O state, this transaction is simlar to an owner sub-systemis Wite_Back
(WB) transaction in CC-NUVA node, which wites the data value to the hone
cache 1 menory of hone subsystem |If the cache |ine has an S state,

t he repl acenent transaction does not transfer any data, but updates the
corresponding directory to reflect the fact that the to-be-replaced node,
I.e., sub-system no |onger has a shared CoRy of the data |line. Hence, in
S- COMA system 200, repl acenent |s not "silent" since the respective
diregtory is continually uNOIAAAO! s WULATURFE epl acenent (s) of the
data line. Al though S COVA systen1200 is nore efficient at caching | arger
data structures than CC NUMVA system 100, allocating entire pages of cache
menory at a time in order to be able to accommdate |arge data structures
is not a cost CAAFBES; GRS MISSEY al | access patterns. This i s because
caching entire pages to accomopdate | arge data structures is inefficient
when the data 10 structures are sparse or when only a few el enents of

the structure are Hcehgbivordafi&iSr ¢hid Start miss:
Occurs the first time the data is accessed. Not affected by cache organization.

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

i) Coherence miss:
10 Occurs when data, previously in cache memory but later invalidated by a processor
at another sub-system, is requested again, 1.e., the previously valid copy is invalidated by a
write request, e.g., 2 read-to-own (RTO) request, from another sub-system. Not aff_'ected by

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

15 iii) Capacity miss:

Occurs when data, previously in cache memory but later replaced due to the limited
cache memory size, is requested again, i.e., data had 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 infinitely large fully-associative cache.

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

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



Hence there is a need to provide a hybrid caching architecture together
with a cache-coherent protocol for a nmulti-processor conputer systemthat
is flexible and efficient in caching both |arge and snaller, 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 algorithns to efficiggatly select appropriate caching
nodes whil e executing prograns with a wide variety of data structures and
acgess patterns. 4 Chabingpiei al i zed hardware event tracer for capturing
class(es) of events, e.g., bus operations, over time, can be used to
optim ze caching @odnssdieacatﬁ:snprocéssqr afreszmemumhsammdpfymfuhe data but is
inplenent. This is because event ordering and tining capture based on
in-circuit ewnsbltosheretigRjate withssteapd progessor ©f the spmg spir-systera seadiegdiraddet ed
hi gh- speed anal o |rCU|tr d probes Accordlngly, cache node
sel ection al $hérs ékﬁﬁ Uéa segoad pEacessof FF%éNEWEﬁﬁygﬁgéewm“
hiitograns whi ch caoh&wﬁéE one of the same event |nfornat|on e.g., cache
' to gi V¥ bl&n of the appropriateness of COVA versus NUVA

cache optim zation. 25

CACHE LINE STATE
. 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.
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91 SUMVARY COF THE | NVENTI ON The present

I nvention provides a hybrid Non-Uniform Menory Architecture (NUMA) and
Cache-Only Menory Architecture (COVA) caching architecture together with a
cache-coherent protocol for a conputer system having aplurality of
sub-systens coupled to each other via a system5 I nterconnect. In one

I npl enment ati on, each sub-systemincludes at | east one processor, a page-

al l ocating COVA cache and a line-allocating hybrid NUMA/ COVA cache. Such a
hybrid system provides flexibility and efficiency in caching both | arge and
smal |, and/or sparse and packed data structurgg. In accordance with the

I nvention, each sub- systentls abIe to |ndependently store data in 10

COVA mode or in NUVA ) | ) i RETODRE EME N

all ocates a page_ of nenory space and then stores the data within the

al | ocat ed page i In the Jollvwying dessHiptionpEITBETAPT eteils PrREIE B herawsh undemtandipgof the

ﬁ?‘é?l 0 caonFRIo b orils st Wg&?@v SireERey RSB R e
sub- syste 4 (ﬁ)ér?%nlhﬁ% H%N&N Meﬁ &%m@cﬁn?@\‘ijA ) s cﬂ)!-@n!lydME&%Be

15 pl ement ati o e nerfory address space 1s divided 11ito

a locals phy&&ﬁhct&f&(tcemmx&mm@mm dnddditiel, eiilk thRPrsermt Snvefifon is P ctbddowith
use in COVA and NUVA node, respectively.
reference to a specific hybrid COMA/NUMA cache architecture and algorithms for exploiting the

hybrid COMA/NUMA architecture, the invention is applicable to a 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 ration of A mputer m
In accordance with the present invention, a hybrid COMA/NUMA cache architecture pro-
vides a cost-effective mechanism 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-executed in large and/or small portions.
Figures 3A, 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 diagratn of Figure 3A,
COMA system 300 includes a plurality of sub-systems 310, 320, ... 380 coupled to each other by
20 a global interconnect 390. Each sub-system includes one or more processors, corresponding mem-
ory management units (MMUSs), corresponding hybrid second level cache (L2$s), a COMA cache
memory, a global interface, an address translator, a directory table and a local interconnect. For
example, sub-system 310 includes processors 311a, 311b, ... 311i, MMUs 312a, 312b, ... 312i,
hybrid L28s 313a, 313b, ... 313i, COMA cache memory 314, global interface 315, directory 316,

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



Accordingly, the address of the data provides a quick indication as to

whet her the data had been cached previously in a particular node. Wen a
processor of a requesting sub-system needs to access data, e.g., a read
request, an 20 attenpt is nmade to retrieve the data fromthe hybrid
cache of the requesting sub-system which supports both COVA and NUVA nodes.
If the data is not found in the hybrid cache of the 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 the requesting sub-sysiém If the data is not found
in either the hybrid or cache of the 25 requesting sub-system then

COVA
t he reduest similaf i siustarsqthe followang drsaription. of yabr Orisedsq gpmlicable to spbssystams

updated to ) I t he new status of the requesting sub-system e.g., as a
new "shar er*“of e dat a. 10 1 As di scussed above, each

sub- system can i BdeneRdsnial %1158 &14; 20 AR VNS 30AS SR 2A, fesfectivilf! In

page) suitable for 1ts pattern of access. Thus, when a read request is
forwar ded tgQrd, MMURB128,8125,.5 1320 aré bouplad © LRSY 313, BO3L)d. B1Bi, respebitvely. Gyt

and/ or the hybrid cache of the hone
5 L2$s 3138, 313b, ... 3131, main memory 314 and global interface 315 are coupled to each other via
local interconnect 319. Directory 316 is coupled to global interface 315. In this embodiment,
address translator 317 is located between global interface 315 and global interconnect 390.
Referring now to the exemplary memory map of Figure 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 either by the S-COMA address translation (in COMA mode) or directly by MMUs 312a,
312b, ... 312i (in NUMA mode). Note that COMA 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 selecting between COMA and NUMA modes are described in
detail below.
Responsibility for tracking 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 310 first accesses an address location outside its pre-assigned address space re-
sulting in a compulsory miss, the data has to be 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 3}4. 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



sub-system If the data is found in either caches, i e., the hone
sub-systemis also the owner sub- 5 system then the hone sub-system
provi des 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-systemidentified by the home directory. Again, since the data nay have
been cached in the COVA cache and/or the hybrid cache of the owner
sub-system a search is made in both the COVA cache and the hybrid cache. of
t he owner sub-system |If a valid copy of the data 10 is found in the
owner sub-system the data is provided to thelfequesting sub-system Note

that, although a r eguest uence is i.llustrated Jin,. ,
2t 1d odtetpd A SES ts AIRER S phi e SRS Thchd hel B B BB Y
requesti ng :Skl: ﬁﬁh& | so responsi ble for ensuring that all cached
copi es of ﬁﬁgﬁﬁg%g?t roﬁ%ﬁout the entire systemis coherent, i.e.,
consistent. 15 In addition, dificeOFl6bad HRSHAIEEINS, is talk® refploasible ferombiateaiiie global Gabife

until the data access pattern of the software program executing in a
parti cul ar chéresssglobalimtorficd835 tacludnsid nsad wan andfertsoftwereimplenentid fachegniierence

I.e, caching in the hybrid cache only, isnpre efficient. According%éh each
sub- sy St em RptoePkfprmuiptapcoherepcy hetwecnithe cacheof srb-systemm 21Q.and thy Gaphes PHEther spbr-

froma particul at.,pag f menory in COVA node is not cost effective. 20
Two counter%m%F%%%Qﬁnggd per page in this inplenmentation. A COVAm ss
counter and Figures 3C, 3D, 3E and 3F are flowcharts illustrating an exemplary read request, e.g., &

Read_To_Share (RTS), by processor 311a of one embodiment of the present invention. Referring
first to Figures 3C and 3D, processor 311a 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 L2$ 3134, e.g., a shared (S) or owned (O) copy,
then L23% 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 retrieved from L23 313a regardless
of whether the data line was previously caéhcd in COMA or NUMA mode.

15 Conversely, if the data line is not in L2$ 313a, since the PA provides an indication of whether
the data line of interest 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, L23 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 attempted
(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



a COVAhit counter are assigned to each page of nenory space. Each tinme data
froma particul ar page-cannot be found in the hybrid cache of a requesting
sub-system but is found in the COVA cache of the requesting sub-system the
COMAhit counter is incremented. Conversely, each tine data fromthe sane
page is not found in either the hybrid cache or the COVA cache of the
requesting 25 sub-system the COVAmM ss counter is increnented. 1
Thus, the ratio of COVA hit against COVA nmiss counters provides the
requesting sub- systemw th a good indication of the useful ness of caching
a particular -page in the | ocal COVA cache, i.gg, using the COVA caching
node for the particular page. For exanple, if the nunber of COMAhit(s) far
out wei ghs t (iensubisgstern) accSsiatencysnd aso redusn thenyersl atilizstion lofl hardweresesoprcesof 5
COMA cache of the requesting sub-system Conversely, if the nunber of
COVA_hit(s)syaﬁ“@-?QOi ot |ower than the nunmber of COVA m sses, then caching
the particul ar e.n.th che of t ' - J
cost effective. 3?’8“%3‘!’%%%%% |°t%°aﬁé¢§ﬁé%%t&¥%%§$%%&d
page i s notyRRGESHRG LSRR MTAG ifidCal AE&6ry 3B kidcidiftineifa Rl RopY oflthé\ditElire
smal | inpact on the performance of the conputer system

5 can be found in COMA cache memory 314 (step 3232). If a velid copy of the data line is located

in COMA cache memory 314 (step 3234), then the data is provided to processor 311e, and the read
request is completed (step 3236).
However, if a valid copy of the data line cannot be found in COMA cache memory 314,
then global interface 315 presents the LPA to address translator 317 where the LPA is transiated
10 into a GA before being sent to the home sub-system whose address space includes the data line of
interest, e.g., sub-system 320, via global interconnect 390 (step 3242). Upon receiving the GA
from sub-systern 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).
I5 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 interest, e.g., sub-system
320, via global interconnect 390 (step 3340). o
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-system 320 updates home directory 326 to reflect
the response to the read request, e.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).
25 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



10 15 20 25 12 1 DESCRI PTI ON OF THE DRAW NGS
The objects, features and advantages of the system of the present invention

will be apparent fromthe follow ng description in which: Figures 1A 1B
and 1C- 1D are a bl ock diagram an address map and two flowcharts, 5
respectively, illustrating a conventional cache-coherent

non-uni form nenory-architecture (CC NUMA) conputer system Figures 2A-2E
illustrate a conventional sinple cache-only-nenory-architecture (S-CO M)
conput er system Figures 3A-3F illustrate one enbodi mnent of the COVA/ NUVA
hybrid conputer system 19

1 323a, 323b, ... 3231 (if previously cached in NUMA modec), and sending the requested data line to

global interface 315 of requesting sub-system 310 via global interconnect 390 (step 3162).

Conversely, if home sub-system 320 does not have a valid copy of the data line, then the
read request with the GA is forwarded to the address translator of the owner sub-system, e.g.,

5 translator 287 of owner sub-system 280 (step 3152). Upon receiving the GA from home sub-system

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 example, 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 forwards the data line to L.23 313a which then provides the requested data line to requesting
processor 311a. Note that a GA2LPA translation of requested data line need not bc performed by
MMU 312a (step 3180). The data line can be cached in L2$ 3132 and/or COMA cache memory

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

In sum, by providing the ability to dynamicalily c#che 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.



10 of the present invention. Figures 4A and 4B are flow di agrans
illustrating one selection algorithmfor the hybrid conputer system wherein
the default is the NUVA caching node. Figure 5 is a flow diagram
illustrating another selection algorithmfor the hybrid conputer system
wherein the default is the COVA caching node. 15 20 25 13 1

NOTATI ONS AND NOVENCLATURE CLASSES OF CACHES M SSES 5 i)
Compul sory mss or Cold Start mss: Cccurs the first time the data is
accessed. Not affected by cache organization. Unavoi dable w thout sone

ot her nmechanismlike "pre-fetching." 20

1 finitions of f i
Thus, in order to better understand the underlying criteria for optimizing the sclection be-
tween COMA and NUMA modes, it is useful to briefly define the generel types of cache misses
and the underlying causes for these misses as follows:

5 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 the data
line of interest. For example, when the S copy of a first sub-system is invalidated by a write request
10 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 data line. These misses can be reduced
15 by inc'réa‘sing 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 set-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 increasing the associativity. -
v) Combining miss : occurs when a first processor of a sub-system has a local copy of the
20 data but is unable to share the data with a second processor of the sﬁmc sub-system, causing the
second processor to fetch the data from the owner sub-system.
Note that while types i and ii are unavoidable, types iii. iv, and v are avoidable depending

on the implementation.
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i) Coherence mss: 10 Occurs when data, previously in
cache nenory but later invalidated by a processor at another 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
affected by cache organi zati on. Unavoidable in an invalidation-based

coherence protocol. 15 I11) Capacity mss: QOccurs when
data, previously in cache nmenory but |ater replaced due to the limted
cache nmenory size, is requested again, i.e., data had to be "bunped"

(witten-back) because cache ran out of spacey This class of cache mss
still occurs in a fuIIy assomatwe rrem)ry of t he sane size, but can be
avoided in X 1k AdPg msfor seldciing hetween NUMA and (H{OM AOcaC) i 0S| i ct

m ss: Qccurs when dat a, preV| ously i n cache menory but Iat er repl gﬁd due
to an access corfgvingprevidedibe hehmd CQMA/NUMAseacheargtitceyss far supperiin

gﬁgugﬁ be r eplﬁﬁ% be ause of %g‘ow Pf)g assocCi %g%&wmq%f f?rhe
cache is f Y leie\ém?f §8&E&¢ ﬁlé’ %OMAQnd quec%n% modes for computer system 300 are described
5 below.

In accordance with one selecting algqrithm 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 occur 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-systemn 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 sending either another RTS fequcst to home
sub-system 320. Note that prior to sub-system 310’s first access of a data line of home sub-system

20 320, the corresponding 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
corresponding entry 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-system 310 stores the data in a cache line
of 2L$ 313a for subsequent retrieval (step 4180).



14 1 v) Conmbining mss: Cccurs when a first processor of a
sub-system has a | ocal copy of the data but is unable to share the data
with a second processor of the sane sub-system sending a read-to- share
(RTS) request, thereby causing the second processor to fetch the data from

the owner 5 sub-system Avoi dable. CACHE LI NE STATE A
"l ast-owner" state indicates that a node/sub-system was the previous owner
of the 10 data before it had to be witten-back and repl aced,
i.e., bunped because of a capacity mss or a conflict mss. 15 20 25

T . 22

1 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 313s, i.e., replace the

cache line, sub-system 310 simply discards the content of the cache line by overwriting the same

location, i.e., the cache line of 2L$ 313a. The data line is discarded from 2L$ 3134 of sub-system

5 310 without informing home sub-system 320, i.e., 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 310 needs 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"

10 and the read request is a RTS request (steps 4120, 4140), home sub-system 320 recognizes 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 & hardware or software NUMA_miss counter (step
4150). Note that the Avoidable. NUMA_miss message is sent since conflict/capacity (non-avoid-
able) misses have occurred but are undetectable by this algorithm in COMA mode. Depending on

15 the implementation, the Avoidable_ NUMA_miss message can be piggy-backed on another message
or sent as a separate message. Next, home sub-systemn 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 requesting sub-system 310 (step 4170), which then stores the data in a cache line of 2L$ 313a
for subsequent retrieval (step 4180).

20 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

25 320, 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),



15 1 DESCRI PTI ON OF THE PREFERRED EMBCDI MENT I n the
foll ow ng description, nunmerous details provide a thorough understandi ng of
the invention. These details include functional blocks and exenpl ary
algorithns to assist a designer in inplenmenting a hybrid Non-Uniform Menory
Architecture (NUMA) and Cache-Only Menory 5 Architecture (COVA) conputer
system In addition, while the present invention is described with
reference to a specific hybrid COVMW& NUVA cache architecture and al gorithns
for exploiting the hybrid COVW.NUVA architecture, the invention is
applicable to a wide range of conputer systen®3 |In other instances,
wel | -known circuits and structures are not described in detail go es ngitgo
26 (stsps 412

obscur @ t hesubrsystem 330 resnosde xmhygmoafsmpéwspm UP eingiesctope
NUMA/ t th th t ]
Pybr | 0 oS ROVBS0% Mg Ptk Pefiet S0l fmesifer BE 86 s Ycﬁ@é*%@" S mb-

for eff|C|ent | 6}921335
and/ or smal P4 gi@%&%ﬁ%fﬁ%—%%ﬂeg%? %@?%@9% a tﬁﬁ{éon thelgs
hybri d COVAfor kipbsequethicva(sicp @g8oy € of the invention is able to

efficiently execute sof tware prograns havi ng code
5 Referring now to Figure 4B, when sub-system 310 needs to reuse, ie., 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 213 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 example, the “L" is implemented as a single bit in directory 326,
indicating that the owner sub-system’s informatien is old and that home sub-system 320 is now the
new “owner" of the data line. Home sub-system 320 then write the data line back to home cache
memory 324 (step 4250).
Referring back to Figure 4A, subsequently, when sub-system 310 needs to access the same
15 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 requesting 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 transfer 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,

separate S_miss and L_miss counters may be used.



that are re-executed in large and/or small portions. Figures 3A, 3B, 3C
3D, 3E and 3F illustrate one enbodi nent of a COVAYf NUMA hybrid conputer
system 300 of the present invention. Referring first to the block diagram
of Figure 3A, COVA system 300 includes a plurality of sub-systens 310, 320,
380 coupl ed to each other by 20 a gl obal interconnect 390. Each
sub-system i ncl udes one or nore processors, corresponding nem ory
managenent units (MWUJs), corresponding hybrid second | evel cache (L2%s), a
COVA cache nenory, a global interface, an addguess translator, a directory
table and a | ocal interconnect. For exanple, sub-system 310 |ncludes
processors 311aln thishinplementafitd,ia redueiizng3ub-ayst@n Bis a set of npags counters; Egch cupater

e R
No 10, 3
\Pre L1t S, S RS i e R o s BT e e

to sub-sys \\gﬁ%@g grerwfecu%ggoun@r fincrefment. ﬂéﬁq&é&& sub-systerh barficBess, V¥ ofttvabed
MVUs 312a 3121, respectively. In

the counter value and eddress 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 multiple pages since associating a counter with each page of a GA
address space may 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

10 pages) are tracked.

In yet another variation of this embodiment, each page’s corresponding entry in the GA2LPA
table has a small counter field, specifying which counter, if any, is associated with the accessed
page. The value of the counter field can be initiated by software executing in processor 321a. Such
an arrangement permits multiple pages to share the same counter so that, for example, a data structure

15 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 maximizing the benefit from the hybrid 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 statically or dynamically, either by the operating system or under hard-
ware contr-ol, in response to parameters such as changing system load/behavior, memory utilization,
and global message traffic density.

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



turn, MMJs 312a, 312b, ... 312i are coupled to L2%s 313a, 313b, ... 313i,
respectively. Hybrid 5 L2$s 313a,313b, ... 313i, main nenory 314 and

gl obal interface 315 are coupled to each other via |l ocal interconnect 319.
Directory 316 is coupled to global interface 315. In this enbodi nent,
address translator 317 is | ocated between global interface 315 and gl obal

I nterconnect 390. Referring now to the exenplary nenory map of Figure 3B,
the total addressabl e physical address (PA) space is divided into a | ocal
physi cal address (LPA) space and a gl obal addrgss (GA) 10 space, for use
i n COVA and NUMA nodes, respectively Addr ess In the GA space may be

gener ated either t of &lidcBbn GigorifalVBF HaURese8t invention,
di rect I&/ by WSF%Jg%% 312i flarrrllaﬁUNA node) gGﬁote tha?ﬁ}ésOVA cacuktlme1

menmory 314 SMBRSH the dmﬁ)r@iﬁ&naw @35€COMA Infode 2 $aibsddidatly, SNUMA modé 3
support both NUVA and COVA node data accesses. Alternative inplenentation
of the divi aitenipted underthé Péllowing Cénditishise SA pajrasfecouatess, B0SOMA_gmiss-countes and a
exanpl e, an LPA may be the pre-assigned address space associated with a
particul ar €OMAykit eom@maﬁded@nﬁcarquw tFhesespertive SIOMALmiss peunjgra and

COVA and NUVA nodes are described in det w... Res o] I|tyfor
tracki my t hEOMALREcontaryRY R MECRALE %m& E’g‘?r}ﬁé stTie0: ut ed

anong the respec

coupled to gl obap sgb's’fm aacsgi';s‘= %%%ﬂa&%ﬁ@esung %ﬁ@@sﬁﬁﬁ %%ﬁg é’%)ﬁ%je

320, ... 38{efahIeCORLA kﬂéﬂl:)i’eqxﬁ@ﬁ&@' sdbRgidm 31 OMakdsabquest 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 2L$ 313a, then a requesting sub-system 310 determines if the data is stored in COMA
10 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
15 sub-systemn 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 is 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
20 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
3 control, in response to parameters such as changing system load/behavior, memory utilization, and

global message traffic density.



time sub-system 310 first accesses an address location outside its

pre-assi gned address space re- sultingin a conpulsory mss, the data has to
be fetched fromone of the other sub-systens 320,...380. Partitioning of
COVA cache nenories of conputer system 300 is dynamc, i.e., COVA cache
menories 314,324, ...384 function as attraction nenory (AM wherein cache
nmenory space 25 Is allocated in page-sized portions during execution of
software as the need arises. Note that although 17 1 menory in COVA
cache is allocated in page-sized portions, cache lines within each page are
I ndi vidual ly accessible. In addition, si nce"gpébal interface 315 is al so
responsi bl e for I ntalning.,ql ' ],?&éh

i ncl udds a hard s rﬁﬁ{’j%r&st%f%ggérd e@%&%%ﬁ%ﬁ%ﬁkgﬁgﬁﬁgiﬁﬂ cs
protocol f g, ARk 219 38N EIEIRE Yeal iR is EdifpleR @dtep ST70).ULoMERBMNE taicadeddse
caches of other sub- systens 320, ... 380. Figures 3C, 3D, 3E and 3F are
flowcharts thé thrieshbil fhegrequesting sub-systemi3d 6 switehes from theaiefault CONtAaubdE o tha NUMA
(RTS), by processor 3l1lla of one enbodi nent of the present invention.

Ref erri ng mode (step 1580), and caches the data line in 2L$ 313a of requesting sub-system 310 (step 1590).

5 In sum, for each page in COMA cache memory 314,324, ... 384, every time thereisa COMA
mode cache miss associated with the page, the corresponding COMA_miss counter is incremented.
Conversely, for every cache hit in COMA cache memories 314, 324, ... 384 associated with the
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 comresponding to the page of interest is cached in NUMA mode for
sﬁbscquem 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 limited pool of counters can eﬁsure that NUMA_misses to the most

frequently missed pages (or set of pages) are tracked. 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 ;nendng 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



first to Figures 3C and 3D, processor 3l1lla presents a virtual address (VA
to MMJ 312a which 10 converts the VA into a physical address (PA), for
exanpl e by referencing avVA2PA table (step 3110). If there is a valid copy
of the data line of interest in L2$% 313a, e.g., a shared (S) or owned (O
copy, then L2%$ 313a provides the data to processor 31la, and the read
access is conpleted (steps 3120, 3125). As discussed above, the data |line
may be successfully retrieved fromL2$ 313a regardl ess of whether the data
| ine was previously cached in COVA or NUVA mode. 15 Conver sel vy,
if the data line is not in L2$% 313a, since th€ PA provides an indication of

whet hen t hegrQadie Alaﬁa?@‘mhﬁﬁﬁf R¥hll B&¥re LG e51the NUMA rhotie CREoraig, the sddghA
node, MWU 312a presenfs the PA to global interface 315 (step 3130).

Accor di ngl yof the/invéntjohn\shauldpaly bedintited byAhagaimsst t he | ocal physical address
(LPA) and gl obal address (GA) ranges, L2$ 313a or global interface 315 can
easily determne if further access should be attenpted in COVA node or NUNA
20 node (step 3131). If the PAis within the LPA range, then a COVA node
access of the data line is attenpted (step 3200). Alternatively, if the PA
is witQin the GA range, then a NUVA node access of the data line is
attenpted (step 3300). Note that a NUMA nbde access nay initiate a gl obal
read request transaction without the need to performa | ookup of MIAG state
in the requesting directory 316 or 25 the need to performa LPA to GA
translation in requesting translator 317, thereby reducing renote

10

20



18 1 . (inter sub-systen) access |atency and also reduce the overall

ut| i zati on of hardware resources of system 300. Referring nowto Figure

in tt,wm m node access, the requesting global interface
315 acce , | ocal directory 316 to determne if a valid copy
of the dafa finfe ® s can be found in COVA cache nenory 314 {step 3232). |f

a valid copy of the data |line is located in COVA cache neno YHﬂSHEET‘Fms BEE
3234), then the data is provided to processor 3lla, and thejread gy egb 'S

conpl eted (step 3236). However, if a valid copy of the data™rme—earnol

found in COVA cache nenory 314, then global iTiterface 315 presents the LPA
to add{ess transl ator 317 where the LPAQL%}]mansI ated 10 into a GA
before being sent to the hone sub-system whose address space includes the

data |ine oWhdtis Qgiartis:e. 9., sub-system 320, via global interconnect 390
(step 3242). Upon receiving the GA from sub-system 310, address transl ator
327 of hone sub-system 320 converts the GA into a rec- ognizable LPA, for

exanpl e by si |y dropping the nost significant bit(s) since the read
req Lﬂe) st Y i y pp gnon—unifonn—man%ry—arcmwcmre/cac e-zmly-mcmory—amhgtecmre

5 (NUMA/COMA) caching system useful in association with a computer system having a plurality
| of sub-systems coupled to each other by a system interconnect, and wherein data is stored in said
hybrid NUMA/COMA caching system as a plurality of pages, each said page including a plurality
of data lines, said hybrid NUMA/COMA caching system comprising:
_a plurality of hybrid NUMA/COMA caches configured to store at least one of sﬁd
10 plurality of data lines; and
a plurality of COMA caches configured to store at least one of said plurality of pages.

2. The hybrid NUMA/COMA caching system of claim 1 wherein one said COMA
cache is associated with one said sub-system, and wherein data stored in said one COMA cache is

15 accessed by said one sub-system using a local physical address (LPA).

3. The hybrid NUMA/COMA caching system of claim 1 wherein one said hybrid cache
is associated with one said sub-system, and wherein data stored in said one hybrid cache is accessed

by said one sub-system using a global address (GA).

4. The hybrid NUMA/COMA caching system of claim 2 wherein said one sub-system

further comprising an address translator for translating said LPA into a global address (GA).

————
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al ready includes the necessary portion of the GA address (step 3244). 15
Al t er nati vely,—as-shewn-t+Aa—+i-gure 3F, in the case of the NUMA nbode access,

2

no LPA2GA address tran n is needed. Instead, the GA, i.q-.
unnodi fi ed mm Hﬂl“ﬂobal interface 315 to the hone ,uly-lgy El H\ég B%EH
addr ess spa

ata line of interest, e.g., subA \ia
gl obal |nterconnect 390 (step 3340). Returning to Figure 3D, in both COVA
and NUVA node cases, where the data |line is not 20 found in requesting

sub-system 310, hone sub-syst em 320 updat es hggf directory 326 to reflect
the response to the read request, e.g., the n status of requesting

sub-system 310 (st ep Shdflod dHeisting BT & ERaSHa sgHkR 2aviaf 8 plitalily bEAHLAY @6

to determine if a valid copy of the data |i'ne eXxist in the hone sub-system
320, i.e <kﬂgﬂahﬂﬁﬂh6Ekmﬁ&a&hﬂmﬁhﬁﬁaﬁubaaaﬁhamﬂdnhqﬂunnﬂdummgwpamasubanﬁhhbn1
(step 3150) If a valid copy exist in honme sub-system 320,
gl obal int mWﬁ@mWM&@WmmWMMMW
324 (if previously cached in COVA node) or from one of 2L$s 19
COMA cache and a directory, said method including the steps of:
determining whether data should be stored in & hybrid NUMA/COMA cache of one
said sub-system; and
determining whether the data should also be stored in a COMA cache of ;aid one

sub-system.

6. A method of storing data in a 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
non-uniform-memory-architecture/cache-only-memory-architecture (NUMA/COMA) cache, a
COMA cache and a directory, said method including the steps of:

storing data associated with a data line in a hybrid NUMA/COMA cache of one said
sub-systemn; and
if the computer system determines that said data should be stored in a COMA mode,

then storing said data in a COMA cache of said one sub-system.

1. The method of claim 6 wherein the step of storing said data in said COMA cache
of said one sub-system includes the steps of:
allocating apage of memory space in said COMA cache of said one sub-system; and
storing said data within said allocated page of said COMA cache of said one sub-

system.

8. The method of claim 5 further comprising the step of determining whether the data

should remain stored in said COMA cache of said one-sub-system.
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1 323a, 323b, ... 323i_(if previously cached in NUMVA node), and sending
the request-ed- dat‘a“ﬁ ne to global interface 315 of requesting sub-system

310 via gl obal mct 390 (step 3162). Conversely, if hone _sub-system
320 does m‘\a “ copy of the data line, then the refgqyieIHESt HASIBEEN
the GA | tso t'he address transl ator of the owner SJb-sysﬁmCED

e.g., 5 transl ator 287 of owner sub-system 280 (step 3152

recei vi ng the GA from home sub-system 320, address translator 387 of
sub-system 380 converts the GAinto a LPA for gI obal interface 385 (step
3154). Next, dl obal interface 385 responds byOretrieving the data line from

ei ther cache me 4 Vil & 2LS
3833 383b . o3 ﬁ?“‘%‘l"g‘\’/ %‘s‘f’bél?g‘x‘ﬁ' ﬁ&m@%ﬂaﬁhﬁ se&g&ng t he
request ed data | ne gl s CONEA 6cuiikbedth thR ATl pit cann b8 foueiam
310 via global interconnect 390 (step 3164). Note that the data |ine of :
i nterest may bea bgstitbckchdlofl fetpsustifg ddb-systedi dfdaidente systenmsbat isifownie adfOMA
sub-systens 310, 320 ... 380, independently of each other. As such, the
respective cachmgeniﬁhemﬁs&lbsuhsymw system and thé owner sub-systemis
transparent to the requesting sub-system For exarrpl e, the data line ma)éebe
cached in cache menoWTeOERtnZEfRMAFBISS popnter cach fige daty

G obal | nter! acPaqi g&%@@m&gﬂaﬁ@m@%@ 2 V“e“ SR L0
forwards the data "&%&mgaﬁ&&émw&eomiw&mﬂmme&%%m data

line to requesting
COMA _miss counter to determine if the ratio of the COMA_hit counter exceeds the

COMA _miss counter by a threshold.

10. A method of accessing data in a 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
non-uniform-memory-architecture/cache-only-memory-architecture (NUMA/COMA) caéhe. a
COMA cache and a directory, said method including the steps of:

determining whether data is stored in 2 hybrid NUMA/COMA cache of arequesting
sub-systz,zm of said sub-systems; and
if said data is stored in said NUMA/COMA hybrid cache of said requesting sub-
system, then: -
retrieving said data from said hybrid NUMA/COMA cache;
else: |
determining if said data has been stored in a COMA mode in a COMA cache

of said requesting sub-system.

11.  The method of claim 10 wherein if it is determined that said data is not stored in
either the hybrid NUMA/COMA cache or the COMA cache of said requesting sub-system, then a

read request is sent to a home sub-system of said sub-systems.
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processor 31 la. Note that a GA2LPA translation of requested data |ine need

not be perforned by MW 312a (step 3180).

o AT

and NUMA nodes, conputer system 300 is able to efficiently c hr—‘-

sparse data structures in NUVA node,

| arge COVA pages,

COVA npde when the need ari ses.

e nmenory 20

General ly,

The data |line can be cached in

314 off the critical path for ,
rocessor 31la thereby conpleting th Hﬁ? HEE t EEN
I'r sam L by" provi*di ng t he ability to dynam cally cach -LBE§§£
|

conmput er system 300 avoi ds wasti ng

and to efficiently cache large data struc- 25 tures in
NUMA node is nore eff|C|ent if

cl asses of Cacheld keéﬁgwﬁﬁg%fﬁﬁ%fﬂgﬁ% tsinceimied pef st Sk B nd Bl

criteria fo;iorg?% br_rga@

useful to brie

under | yi ng g@j.l@g&,ﬂ‘_or t hese m sses as foI | ows:

13.

i

el She Rl e6d 4

e the genera

pes 0

BOG sa:ﬂhox‘nﬁ

cathe m sses and the

The method of claim 12 wherein if it is determined that said data was not stored in

said home sub-system, then the method further comprises the steps of retrieving said data from a

owner sub-system of said sub-systems.

14.

. A method of accessing data in a computer system having a plurality of sub-systems

coupled to each other by a system interconnect, each sub-system including a processor, a hybrid

non-unifonn-mcmory—architccture/cache-only—mnory—architecture {(NUMA/COMA) cache, a

COMA cache and a directory, said method including the step of:

a requesting sub-system of said sub-systems.

15.

determining if data has been stored in either a COMA mode or a NUMA mode by

The method of claim 14 wherein said COMA/NUMA mode determining step

includes the step of comparing an address of said data with a COMA range of memory addresses

and a NUMA range of memory addresses.

16.

The method of claim 15 wherein said COMA range is a local physical address (LPA)

range associated with said requesting sub-systemn and said NUMA range is a global address (GAj

range.
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5 I ) Compul sory cache m sses or cold start cache m sses occur the
first tine a data-t+neof interest is accessed. These m sses are

unavoi dabl e wi t hout | ng to techni ques such as prefetch- ing. ii)
Coher enc m Htﬁmﬁ ulting fromthe invalidation of fa Sy
copy of ﬁmmu =l nterest. For exanple, when the j.(r:%‘%;a/é%ﬁ*iﬁ BEEN
sub-systenfi s |nvaI|dated by a wite request 10 of a s d B l—-&‘g@em
Subsequently, a read request for the data line by the first sub-systemwTT

result in a cache nmiss. The occurrence of these msses are independent of
the size or depth of the cache, i.e., cannot 33e reduced by increasi ng t he

IS: ﬁg gfei Lgebﬁﬁf)@e (aﬁ@ﬂﬁ%ﬁ%ﬁf‘%ﬁggwm‘% scar %‘Me 'S fuI to

make room fQn. e &Vk UPA BssbliBRd witRaaf mﬁwmmﬁm&aﬁnm‘m

increasing t e overall size of the cac e, but wll still occur even if the
cache is fﬁlalsﬁspawgfmeahmmmhmmcmmﬂmdm
| i ne cannot be cached because the set-associative cache is not deep enough,
i.e., not excheightht vegpestingsub-ystawr uct ure of the cache. These nisses can be
reduced by increasing the nunber of ways, i.e., by increasing the

associ ativity. v) Cbnbining niss occurs when a first processor of a

Gata e cecha i Shereindf Bt ot B 1R inicfindt 4B fyeid®
processor kﬁﬁ&}d‘cﬁm%cﬁ@ér%é cem BRROBAGE BHiksSYSduB By stem, then the method further

includes the steps of:

translating the LPA of said data associated with said requesting sub-system into a
GA;

forwarding a read request with the GA to a home sub-system of said sub-systems;

ranslating the GA into an LPA of said home sub-system;

determining whether data was stored in either a hybrid NUMA/COMA cache or a .
COMA cache of said home sub-system; and |

if said data was stored in said home sub-system, retrieving said data from said home

sub-system.

19. = The method of claim 18 wherein if said home sub-system determines that said data
is not stored in said home system, then the method further comprises the steps of:
forwarding the read request with the GA to an owner sub-system of said sub-systems;
translating the GA into an LPA of said owner sub-system;
determining whether data was stored in either a hybrid NUMA/COMA cache or a
COMA cache of said owner sub-system; and
if said data was stored in said owner sub-system, retrieving said data from said owner

sub-system.
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Note that while types i and ii are unavoidable, types iii. iv, and v are
avoi dabl e dependi ng_on.-t-he—impl enment ati on. 25 21 1 c) Exenplary

exenpl ary s for "sel ecting between the COVA and NUVA
conmput er system 300 are described 5 bel ow. I n accordance_wit

Al gorit hnse—for—sél ecti ng beifween NUVA and COVA cachi ng nodes Havi ng
provi ded t:gm‘ &“ﬂ\mm cache architecture for supporting both COVA
and NUVA ca g the execution of software pj e

0 " Z'(;:]Lsf‘ﬁ%gég BEEN

sel ecting al gorithmof the present invention, _the default cache node is the
NUMA node until the data access pattern of t hd3 sof t war e program provi des an

ot oot on'i 6 el ok CorPh bR oy SR in b chmb B yealth miealth Bing
conflict m M?&%ﬂ’@@d}%&&@&&&ﬁ&%ﬁ&@a&%&%% BeFsiaR 14 Belect béttveen

ei ther not as oCi at | ve enough or too smalf causi ng data to be discarded and
unavai | abl g yéSkhifoPm-memory-architecture (NUMA) 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, & hybrid NUMA/COMA cache,
a COMA cache and a directory, the computer-readable code comprising:
code instructions configured to cause one said sub-system to determine whether data
should be stored in a hybrid NUMA/COMA cache 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 a COMA cache of said one sub-system.

21. A computer program product including a computer-usable medium having
computer-readable code embodied therein configured to cause a computer system to select between
a non-uniform-memory-architecture (NUMA) mode and a cache-only-memory-architecture
(COMA) mode, the computer system having a plural_ity of sub-systems coupled to each other by a
systern interconnect, each said sub-system including a processor, a hybrid NUMA/COMA cache,
a COMA cache and a directory, the computer-readable code comprising:

code instructions configured to cause a requesting sub-system of said sub-systems
to determine whether data is stored in a hybrid NUMA/COMA cache of said requesting
sub-system;

code instructions configured to cause said requesting sub-system toretrieve said data
from said hybrid NUMA/COMA cache; ax;d

code instructions configured to cause said requesting sub-system to determine if said

data has been stored in 8 COMA mode in 8 COMA cache of said requesting sub-system.
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accessed at a later tinme. Figures 4A and 4B are flow di agrams gﬁ ting

an exenplary nmethod for counting the nunber of confli ct/capac §£&Q/4'
m sses (avoi dabl e NUVA node m sses) experienced by a re- qQUISEH&L

sub-system 310 with respect to a data |ine of a honme sub-sy$
this exanple, for 15 each data |ine of home sub-system 32( (-G
entry in hone directory 326 correspondi ng %Deach sub- system of conputer
system 300. First, consider avoi dabl e NUMA rode mi sses resulting from an
initial Read_Toxyfhris NUMES)coMa¢ashIie teseeMbanD equesdDs gForI BEDRETTANG3 10
sendi ng either another RTS r eqURETWEEN THE CACHING MODES20. Note that prior
to sub-system 310's first access of a dgggrRaeq of home sub-system 20

320, the corresponding entry of hone directory 326 is nmarked invalid ("1"),
i .e., neither Laghepséasinvention)providesaitybrid Noi$iniforAMenaty Agthitectare GVUMA) amd
Fi gure 4A, when requesting sub- system 310 sent the initial RTS reguest for

the data | i GachdOnlyddematy Asrbitesturg mmmmmemmmm t
of hone di rectquX 326 is marked "S' (steps 4120, 4140, 4160).

sub-
system 320 PF fﬂrﬁmwmmzaah%@%&mmbémaﬁ%o%masysm

requestJ ng sub S 310 4170 U on ce| Vi n e requested
data, requedt @X‘E‘ﬁ Pe?cP éﬁﬁést%f‘ﬁ § PEESy
for subs eq”%ﬂ&m&?ifdﬁxac'acﬁe%ﬁ& Bb8Hented hybrid NUMA/COMA cache. Such a hybrid system

provides flexibility and efficiency in caching both large and small, and/or sparse and packed data

structures. Each sub-systemis able to independently store data in COMA mode orin 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 mode, the sub-system may also store the same data in its hybrid cache for faster access.
Convcrseljr, when caching in NUUMA mode, the sub-system stores the data, typically a line of data,

in its hybrid cache.

(Fig. 3A)

20



22 1 Subsequently, since the cached data |line has an "S" state

resulting fromthe initial RTS request, when sub-system 310 needs to reuse

t he sane cache line of 2L$ 313a, i.e., replace the cache |ine, sub-system
310 sinply discards the content of the cache line by overwiting the sane
the cache line of 2L$ 313a. The data line is discarded from

| ocation, i.e.,

2L$ 313a . of sub-systemb5 310 wi t houti 1 ormi ng home sub-system 320,
i.e.. the corresponding entry in hone directory 326 remains in the "S
fer

state. Hence, re
data |ine, when

(step 4110). Sinke theRdrrespori@i fig

and the read rgg
320 recogni zes2
Avoi dabl e_NUVA \q
requesting sub-s
counter (step 41
conflict/capacit
undet ect abl e by

t- 1i nggsub- syst em 310 & epds—t-04 aTic gss—t-he.
| i ne of home sub} syst as320"(n0th r equept J,S $eTt Nt oub
're oty eriry 573t
RTS relguest gB ps 4120,4140), :
he ev m sgzqdnd genefates an I
ss L &desti g |sub- system 310, causing . "
yst e % Geent arglwar e®or seft war®® NUMA ni%s |1
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15 the inplenentation, the Avoi dabl e NUMA m ss nessage can be

pi ggy- backed on anot her nessage or sent as a separate nessage. Next, hone
sub-syst em 320 updates directory 326 by marking the cache line as "S" (step
4160). Honme sub-system 320 also initiates the transfer 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). 20
Referring now to both Figures 4A and 4B, consider the avoi dabl e NUVA node

m sses resulting froma RTS or a Read_To CMYI!RTO request after requesting
sub-system 310 was the last owner of a data |ine of home sub-system 320,
i.e., after a RTOrequest followed by a Wite_Back (WB) from sub-system 310
to hone sub-system 320. As discussed above, prior to sub-system 310's first
usage of a data |ine of home sub-system 25 320, the corresponding entry
of honme directory 326 is neither "L" nor "S". Accordingly, as shown in

Fi gure 4A, Whem sub-sAshem 310 sends an initial RTO request to _sub-system
320 (step 4110)}, 23 1 sub-system 320 responds by marking]t he
corresponding gntry "O'}in directory 326 (steps 4120, MAIN
® o o MEMORY
184
(n-1)A |
L/
T
TOTAL
PHYSICAL 2A
ADDRESS
SPACE MAIN
MEMORY
124
A
MAIN
MEMORY
4
Y >
SUB-SYSTEM  SUB-SYSTEM SUB-SYSTEM
110 120 180

FIG. 1B



4140, 4160). Home sub-system 320 also initiates a transfer of the requested
data to requesting sub- system 310 (step 4170). Sub-system 310 can now
store the data line in a cache line of 2L$ 313a for subsequent retrieval

(step 4180). 5
needs to reuse

sends a wite-back ("WB") request tg
nodi fied data line from2L$ 313a

by marking the
sub-system 310
was repl aced,

4240). In this
326, indicatin
honme sub-syste
sub-system 320

Referring now to Figure 4B, when sub-system 310

, 1.e., replace the cachg(rl_éi.,ne of 2L$ 313a, sub-system 310
10

sub-system 320 together wth the
0). Honme sub-system 320 responds
éctory 326 as "L", indicating that
e data line before the cache |ine

correspondi ng entr)
was the | ast owner o

i.e bunped because of¥a conflict/ 10 capacity mss (step

BenqusistingtPrecessor presepiscVisvabAddress MM @f dala t| in directory
Btinaao Livical MemorysManagement binit{MMURt Locali MMy d” and 1fiRat

m 320 i s namonveds VAo Glotsal Addres$i(GApt a | i ne. Hone

then wite the data Trjge back to home cache nenory 324 (step

4250). Referring back to Figure 4A, st@bsequently, when sub-system 310 needs

to access the same 15 data |ine
RTOreq is sent to sub-system 32
directory entry is marked as
the event as an avoi dabl e NU

pi2ystem 320, a RTS req or a
Since the correspondi ng
honme sub-¥8sst em recogni zes

-system 310, causing * Id
NUMA_M SSITTocal 1 28 provides data line
to Requesting Processor

No
L2% presents GA to Global interconnect of Requesting @
Sub-System ~
¥ 1130

1140

within address
space of Requesting
Sub-system?

No

; (1145

Requesting Sub-system forwards
GA to Home Sub-system

|
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counter (step 4150). Next, home sub-system 320 updates directory 326 by
mar ki ng the cache |ine 20 as shared ("S") or as owned ("0O"),
respectively (step 4160). Home sub-system 320 also initiates the transfer

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 NUVA cache m ss preconditions described above,
corresponding to the "S" and "L" states, gan be used independently or
together as illustrated in the exanpl e above. Hence, 25 separate S m ss
and L_m ss counters may be used. 24 1 In this inplenentation, a
requesting sub-system has a set of n page counters. Each counter has a page
address associated with it. A counter in state "idle" stores the page
address of the first NUVA m SS i p4ts pase dress portion. New NUVA m ss
replies which match its page a I se the respective counter to

I ncrenment. The requesting sub-sWkstemc&n access, via software, 5 t he
counter value and address val ue befbre resetting the counter state back to
"idle". Other_variations are possibte. For exanple.__instead of dedicating a

counter to afpapemé Sub-system updates Home Directory to reflectthe ¥ 4448
response to the Read Request, i.e., the new status of the
Requesting Sub-system

No

1155

v

Home Sub-system provides
GA to Owner Sub-system

i (1164

Owner Sub-system provides
data to Requesting
Sub-system

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

Y

Requesting Global Interface forwards data line to Requesting 44 80
Processor

Y

Data line stored in Local L2$ for subsequent use 1190

+
G

FIG. 1D



counters are associated wth nmultiple pages since associating a counter
with each page of a GA address space may be prohibitively expensive.

Al ternatively,

an associ ati ve managenent of a |limted pool

ensure that NUMA m sses to the nost frequently m ssed pages (or set of-10

pages) are tracked.

page's corresponding entry in the GA2LPAgtal e has a smal |

In yet another variation of this enbodinent,
counter field,

speci fyi ng which counter,

val ue of the co

fi e}-el- € & be- - t—l-a{-ed—b-y-so-f-t-war-e—e-xee-u-t-l-ng_-r ft ==

each

if any, is associated with the accessed page.

of counters can

The

FIG. 2A
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Hence,

and capacity/ 25 conf |

ict msses, it

by attenpting to differentiate between coherent/conpul sory m sses
is possible to optim ze the use of

the hybrid COVW NUMA cache system by entering the COVA page-oriented node

when the conflict counter
5is a flowhart
i nventi on, wherein the def
Subsequent |y,
pair of counters,

exceeds a- preset nunber. 25 1

ault node for system 300 is the COVA node.

the NUVA node is attenpted under the foll ow ng conditions.
a COMA nmiss counter andéd

\ hit counter,

Fi gure
illustrating another selection algorithmof the present

A

are provided

for each COVA page. The respective COVA m ss counters and 5 COVA _hi t
counters may be- pairated in, for exanple, directories 316, —
386. Using sub-sysfem 310 fas the exenplary requesting sub-syst nm;thmgt
whil e operating infthe deffault COVA node, requesti ng sub-system31 ep
arequestfora data Jine (stlep 5110). If the data is foend®i n®2LH 3 g R then
the read request i conpldted (step 5120). Else if the data cann I%Efound
in 2L$ 313a, then @ Qﬁgﬂﬁsting sub-system 310 determines if th ata 1s
stored in COVA 10 cachg nenory 314 (step 5130).
=
GLosaL A
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RANGE COMA
(GA) ADDR
. SPACE
A
GLOBAL
COMA
ADDR
SPACE
-y >
SUB-SYSTEM  SUB-SYSTEM SUB-SYSTEM
210 220 280
nA A
A
—5—
LOCAL LOCAL LOCAL LOCAL
PHYSICAL COMA COMA e © @ COMA
ADDRESS ADDR ADDR ADDR
RANGE(LPA) SPACE SPACE SPACE
0 >
SUB-SYSTEM  SUB-SYSTEM SUB-SYSTEM
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If the data is found in COVA cache nenory 314, the COwWAhit counter
corresponding to the page associated with the data line is increnented
(step 5150). Else if the data is not found in COVA cache nenory 314, the
COMAm ss counter corre- sponding to the page associated with the data line
Is incremented (step 5140). Next, requesting 15 sub-system 310 forwards
theread request to the honme sub-system 320 (step 5162). Upon thereturn of
the requested data fromthe hone sub-sy; g0 or t he owner sub-system (if the
data is not owned by the hone sub-systenm), the data is stored in COVA cache
menory 314 of requesting sub-system 310 (step 5164). In this enbodinent, if
t he correspondi ng page has not been previously allocated, a new page is

al l ocated in COVA cache nenory 314 and the data line is then witten into

t he page 20 all ocated in COVA cache nenory 314. In one inplenentation,
requesting sub-system 310 then conpares the ratio of the COMAmM ss counter
agai nst the COVAhit counter to determine if the ratio exceeds a sel ectable
threshol d (step 5170). Depending on the particular inplenentation, cache
node conversion thresh- olds can be selected statically or dynam cally,
either by the operating systemar_under hardware 25 control, in response
to paraneters such as changi ng | oad/ behavior, nmenory utilization

and gl obal nessage traffic dehs

line to Local Memory Management Unit (MMU). Local MMU 2110

[ﬁequesting Processor presents Virtual Address (VA) of data
converts VA to Local Physical Address (LPA)

2120

copy of data Yes

line in Local Second

2125

Y ¢

Local L2$ provides data line
to Reguesting Processor

| L2$ presents LPA to Global interface of Reguesting Sub-Syﬂeml‘ 2130

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

copy of data liné Yes

in Local Cache

* (21 36

Local Cache Memory

provides data line to

Requesting Address Translator converts LPA from Requesting Requesting Processor
l’ ~2142

Global interface to Globai Address (GA) and then forwards data
request to Home Sub-System

Home Address Translator converts GA into a LPA 0144 @

Y
e
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26 1 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, then
requesti ng sub-system 310 switches 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 each page in COVA cache
menory 314,324, ... 384,every tine therae j7 a COVA node cache miss
associated wth the page, the corresponoﬁ ng COVA m ss counter is

i ncrenented. Conversely, for every cache hit in COVA cache nenories 314,
324, ... 384 associated with the page, the corresponding COVA hit counter
is incremented. Eventually, when the COVA m ss counter associated with

t hepage exceeds the correspondi ng COMAhit counter by a pre-determ ned 10
threshol d, the cache |ines corresponding to the page of interest is cached
in NUMA node for subsequent accesses. Variations of the above-descri bed

al gorithns are possible. For exanple, instead of dedicat- ing a counter to
a page, conflict counters areg<associagted with nultiple pages since
associating a counter with ead g of2B LPA address space may be

prohi bitively expensive. Alternafrively, an

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

Reguesting Sub-System
2150
No
Memory have a 2152
valid copy of + (
Home Sub-system providesl
GA to Owner Sub-system
2154
Y ¢
Home Sub-system providesdatato [ 2162 Owner Address Translator
Requesting Sub-system converts GA to LPA
2164
Y ¢
Owner Sub-system
provides data to

_R@u_e_smﬁwﬂ_
Y

Requesting Global Interface forwards data line to Requesting ¥ 5150

Procg%ﬂ

Data line stored in Local L2$ for subsequent use 2190

FIG. 2E



15 associ ati ve managenent of a limted pool

NUMA m sses to the nost frequently m ssed pages (or set of pages) are
tracked. It is also possible to associate each counter with one or nore
entries of an LPA2GA table. Note that the above-described sel ection
algorithns is also useful for optimzing COVA- only or NUMA-only cache
architectures and al so useful for diagnogthg applications such as instru
Further, the two dlsclosed sel ection algorithnms can

20 menti ng software.

be used i ndepen
possi bl e. Modi f
al gorithns of t
spirit of the i
COVA and NU
NUVA node whi
ver sa. Alterna\t\
in COW, i.e.,
full before sw

Yy Of< eg-et—he#-

e prlegeit []

GLOBAL INTERCONNECT

SQ-her— set ect +-e-n—a4 g_e-r + B are—-al se- —-.
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of the invention should only be [imted by the claims. 5 10 15 20 25 28
What is clainmed is: 1. A hybrid

non- uni f orm menory-archi t ect ure/ cache-onl y- menory-architecture (NUMA COVA)
-caching systemuseful in association with a conputer system having a
plurality of sub-systens coupled to each other by a systeminterconnect,
and wherein data is stored in said hybrid NUMA COMA cachi ng systemas a
plurality of pages, each said page including a plurality of data lines,
said hybrid NUMA/ COMA cachi ng system conpai0dilidg:

A A nA A Fm———— -
! GLoBaL !
ICOMNNUMA:
|  ADDR
' : SPACE |
(n+1)A U _
® ©® ¢
GLOBAL
ADDRESS ;::j

TOTAL ~ RANGE
PHYSICAL  (GA)

ADDRESS - 3A e——— .
RANGE | GLOBAL |
(PA) | COMAINUMA!
| ADDR
| SPACE |
A| pm———m - tmmm-- -
| GLOBAL |
xCOMNWUMA:
I ADDR
| SPACE |
__}E_. A
LOCAL LOCAL LOCAL LOCAL
PHYSICAL COMA CoMA | _ | Coma
ADDRESS ADDR ADDR ADDR
RANGE (LPA) SPACE SPACE SPACE
1 L 4 0 >
SUB-SYSTEM  SUB-SYSTEM SUB-SYSTEM
310 320 380

FIG. 3B



a plurality of hybrid NUVMA/ COVA caches configured to store at |east one of
said plurality of data lines; and a plurality of COVA caches configured to
store at | east one of said plurality of pages. 2. The hybrid NUMA COVA
caching systemof claim1 wherein one said COVA cache is associated with
one said sub-system and wherein data stored in said one COVA cache is
accessed by said one sub-systemusing a | ocal physical address (LPA). 3.
The hybrid NUMA COVA cachi ng systemof claim 1l wherein one said hybrid
cache is associated with one said sub- ;ﬁ?ﬁn and wherein data stored in
said one hybrid cache is accessed by s ne sub-system using a gl obal

address (G4). 4. The hybrid NUMA/ COVA cachi ng system of claim2 wherein
said one sub- systemfurther conprising an address translator for
translating said LPAinto a global address (GA). 5. A nmet hod of storing

data in a conputer systemhaving a plurality of sub- systens coupled to
each other .by a systeminterconnect, each said sub-systemincluding a
processor, a hybrid non- unm)ry- architecture/ cache-onl y-nmenory-

Y

Requesting Processor presents Virtual Address (VA) of data |
line-to Local Memory Management Unit (MMU). Local MMU 3110
converts VA to Physical Address {PA)

Y

Yes

+ ( 3125
Local L2$ provides data line
to Requesting Processor

No

L2$ presents PA to Global Interface ___
of Requesting Sub-System 3130 @

a Local Physic GA
Address (LPA) or a
Global Addres;
Cache-Only 73200 M Non_xr:::joi{nét 3300
Memory Architecture emonl’,\lU'I-VIA ecture
(COMA) mode access of Mod ( f)d ;
data line ode access of data line

(Continugy~3cD FIG. 3C



architecture (NUMA/ COVA) cache, a COVA cache and a directory, said nethod
i ncluding the steps of: determ ning whether data should be stored in a
hybri d NUMA COVA cache of one said sub-system and 29 det erm ni ng

whet her the data should al so be stored in-a COVA cache of said one

sub-system 6. A nethod of storing data in a conputer system having a
plurality. of -Sub- systens coupled to eactepiher by a system i nterconnect,
each said sub-system i ncludin rocessor, a hybrid

non- uni f orm nmenory-archit ect e-ogty- menory- architecture (NUMN COVA)
cache, a COVA cache and a dir 7 said nmethod including the steps of:

storing data associated with a data line in a hybrid NUMA COVA cache of one

sai d sub-system and :
Home Sub-system updates Home Directory to refiect the

i 3148
response to the Read Request, i.e., the new status of the
Requesting Sub-System

3150
No

Memory have a 3152

valid copy of + (

data? A
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 to LPA

3164

Y ¢

Owner Sub-system

provides data to
Reguesting Sub-system
Y
Requesting Global Interface forwards data line to Requesting 3180
Processor
Data line stored in Local L2$ for subsequent use 3190

FIG. 3D



if the conputer systemdeterm nes that said data should be stored in a COVA
node, then storing said data in a COVA cache of said one sub-system 7.
The nethod of claim6 wherein the step of storing said data in said COVA
cache of ~said one sub-systemincludes the steps of: allocating a page of
menory space in said COVA cache of said one sub- system and storing said
data within said allocated page of said COVA cache of said one sub-system
8. The method of claim5 further conpgysrng the step of determ ning
whet her the data should remain stored in said COVA cache of said
one-sub-system 9. The nethod of claim8 wherein said determ ning step
i ncludes the steps of: increnenting a COVA sub.-- hit counter each tine
data froma page cannot be found in a hybrid cache of a requesting
sub-system of said sub-systens but is found in a COVA cache of the
requesting sub-system increnenting a COVA sub.- mss counter each tine
data fromthe said page cannot be found in either the hybrid cache or the
COMA cache of the requesting sub- system and

3200

Requesting Global Interface accesses Local Directoryto [ —~
determine if data line exist in Local COMA Cache Memory, 3232
i.e., in the COMA Cache Memory of Requesting Sub-system

Yes

copy of data’
line in Local COMA
Cache Memo

1 (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 dataj" 3242

T =,

Home_ Address Translator converts GA to LPA 3244

-

G
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conparing the content of the COVA sub.- hit counter against the content of
the COVA. sub.- mss counter to determne if the ratio of the COVA sub.- hit
counter exceeds the COVA sub.-- mss counter by a threshold. 30 10. A
met hod of accessing data in a conputer systemhaving a plurality of sub-
systens coupled to each other by a systeminterconnect, each said
sub-systemincluding a processor, a hybrid

non- uni f orm nmenory-architecture/ cache-only-nmenory- architecture (NUVA COVR)
cache, a COMA cache and a directory, sai dlAd@ffod including the steps of:
determ ning whether data is stored in a hybrid NUMAN COVA cache of a
requesti ng sub-system of said sub-systens; and if said data is stored in
sai d NUMA/ COVA hybrid cache of said requesting sub- system then:
retrieving said data fromsaid hybrid NUMN COVA cache; el se:

(e

Requesting Global interface forwards data request with GAto 3340

Home Sub-system

3300

FIG. 3F



determning if said data has been stored in a COVA node in a COVA cache of
sai d requesting sub-system 11. The nmethod of claim 10 wherein if it is
determ ned that said data is not stored in either the hybrid NUvA COVA
cache or the COVA cache of said requesting sub- system then a read request
is sent to a home sub-system of said sub-systens. 12. The net hod of claim
11 wherein if it is determned that said data is stored in said hone
sub-system then the nethod further includes the step of retrieving said
data from sai d hone sub-system 13. TR8/&ét hod of claim 12 wherein if it
is determ ned that said data was not stored in said hone sub-system then
the method further conprises the steps of retrieving said data froma owner
sub-system of said sub-systens. 14. A met hod of accessing data in a
conput er system having a plurality of sub- systens coupled to each other by
a systeminterconnect, each sub-systemincluding a process ﬁ hybri d
non- uni f orm nmenor y- ar chi t ectu+relcache-onl y- menory- archit QPE ( NUMW COVA)
cache, a COVA cache and a ry, said nethod includifg the step of:
determining if data has beenmgtored in either a COVA ggde or a NUVA node

Requesting Sub-system sends a Read-to-Share (RTS)ora }—~ 4449
Read -t0-Own {(RTO) to Home Sub-system

entry in Home Yes

Directory
marked Last-to.

Yes

entry in Home

Directory marked
Shared (“S")

and read request is

w C 4150

Home Sub-system gernerates an
Avoidable_NUMA_miss message
to Requesting Sub-system which
increments a NUMA_miss counter

—

a
RTS?

Home Sub-system marks corresponding entry in Home L~ 4160
Directory “S” (if RTS) or "0~ (if RTO) respectively

Home Sub-system initiates transfer of data to Requesting 4170
Sub-system

Requesting Sub-system caches the data 4180
@ FIG. 4A




by a requesting sub-system of said sub-systens. 31 15. The net hod of
claim 14 wherein said COVMA/ NUVA node determ ning step includes the step of
conparing an address of said data with a COVA range of nmenory addresses and
a NUMA range of nenory addresses. 16. The net hod of claim 15 wherein said
COMA range is a local physical address (LPA) range associated with said
requesting sub-system and sai d NUVA ran%g i_,s a global address (GA) range.
17. The nethod of claim 16 wherein i %3 det er ni ni ng step detf 'Oes
that the address of the data is a LPA associated with said reque 2@
sub-system then the method further includes the step of deterpning if the
data is stored in either the hybrid NUMY COVA cache or the cache of

t he requesting sub-system 18. The nethod of claim 17 wh inif said
data cannot be found in either the hybrid NUMA COVA cache Or the COVA cache
of said requesting sub-system then

Requesting Sub-sysiem sends a Write-Back ("WB") to Home {— 4,4 0
Sub-system

l ( 4240

Home Sub-system marks
Corresponding entry in
Home Directory
Last_to_Own (“L")

'

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

Y

G
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the nethod further includes the steps of: translating the LPA of said data
associated with said requesting sub-systeminto a GA, forwarding a read
request with the GA to a honme sub-system of said sub- systens; translating
the GA into an LPA of said hone sub-systen determ ning whether data was
stored in either a hybrid NUMW COVA cache or a COVA cache of said hone
sub-system and if said data was stored in said hone sub-system retrieving
said data from said honme sub-system 191.7 7The met hod of claim 18 wherein

i f said home sub-system det erm nes that 437 data is not stored in said
home system then the nethod further conprises the steps of: forwarding the
read request with the GA to an owner sub-system of said sub- systens;
translating the GAinto an "Q‘ Ri d owner sub-system determ ning

whet her data was stored in ei * 2’ hybrid NUMWV COVA cache or

Requesting Sub-System (operating in COMA mode) requests | __
data 5110

Yes
in COMA Cache Yes
Memory of Re-
(5150
increment COMA_miss counter [~ 5140 Increment COMA_hit
* Counter
Requesting Sub-System forwards data | —~
5162
request to Home Sub-system.
Requesting Sub-System stores retuming
data in its COMA Cache Memory 5164
1
; 5170
of COMA_mis Yes
versus COMA_hit :
exceed ; 5180
threshold? (
Requesting Sub-System
switches from COMA mode
to NUMA mode
I
(5190
Cache data in 2L$ of
Requesting Sub-System
Y " FIG.5
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a COVA cache of- |%QEMT§H:EEJystem and 32 if@ﬁd /dgtlg‘lhsgtored in

said owner sub-{fsylstem retrievijng said data fromsaid owner sub-system 20.

Asconput er progr gm kot 2080c!{udi ng a conput er - usabl2 Lhe DGk IRODO

conput er -readaljl § code enbodi eq tfherein configured to cause a conputer
systemto sel edgt Detweenma nom=ui f orm menory-architectur i@g;gbq% d
a cache-only- nory-architecturg (COVA) #ABde, the conputer e avl g~ a
plurality of b-. systens coupled to each other by a system i nterconnect,
each said sub\&gﬁts'?é‘f?/ﬂ'm?fg\%udi ng a processor, a hybrid NUMAY COVA cache, a

COMA cache and a directory, the conputer-readabl e code conprising: code
I nstructions configured to cause one said sub-systemto determ ne whet her

data shoul d bk st dhedyPiid a negypifeIMmBmPDERIshiecte/caehesanly manorg-grehitgctytes m
and (NUMA/COMA) caching system useful in association with a computer system having a

plurality of sub-systems coupled to each other by a system interconnect, and wherein
data is stored in said hybrid NUMA/COMA caching system as a plurality of pages,
each said page including a plurality of data lines, said hybrid NUMA/COMA caching
system comprising:

a plurality of hybrid NUMA/COMA caches configured to store at least one of
said plurality of data lines; and

a plurality of COMA caches configured to store at least one of said plurality of
pages.

2. The hybrid NUMA/COMA caching system of claim 1 wherein one said COMA
cache is associated with one said sub-system, and wherein data stored in said one
COMA cache is accessed by said one sub-system using a local physical address
(LPA).

3. The hybrid NUMA/COMA caching system of claim 1 wherein one said hybrid
cache is associated with one said sub-system, and wherein data stored in said one
hybrid cache is accessed by said one sub-system using a global address (GA).

4, The hybrid NUMA/COMA caching system of claim 2 wherein said one sub-
system further comprising an address translator for translating said LPA into a global
address (GA).

5. A method of storing data in a 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 non-uniform-memory-architecture/cache-only-memory-
architecture (NUMA/COMA) cache, a COMA cache and a directory, said method
including the steps of:

determining whether data should be stored in a hybrid NUMA/COMA cache of
one said sub-system; and

* ¢ L m s x
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REFLAGEMENT SHEET

code instructions configured to cause said one sub-systemq to determmn
whet her the data should also be stored in a COVA cachejof g_ﬁi,d?gp\ezgm
uter-

sub-system 21, A conput er program product includingjajconp usabl e
medi um havi ng conput er-readabl e code enbodi ed therein ¢of SE a
conputer systemto sel ect between a non-uniform nmenoryfarchitecture (NUMA)
node and a cache-only- nenory-architectur&?(COVA) node, the conmpurer—system

having a plurality, of sub- syste oupl ed .t o each ot her syste .
i nt er connect, eacrﬂeé%rmmewiefrﬁ@%ﬁ?ﬂas}]aﬂﬂga?sgEﬁs‘e 'Bra 8§l\ﬂ§,5¥<§@orpsald
NUMA COVA caci sub-dyshdi.cache and a directory, the conputer-readable code

conprising: code instructions configured to cause a requesting sub-system
of said sub- systens to determ ne whether data is stored in a hybrid

NUMA/ COVA cache of | o - gy, ' cli : f{,qur ed
to cause sai S&requeﬁﬁ%@oﬁgﬁ-@yg?gﬁ%}% r§e ri eveercga%?eéﬁgﬁlgﬁfér Sﬂ?é‘gf%f]ﬁy%n d
NUMA/ COVA cacsystenmn doupletk to resch uathérohy & systemuintatcormect iesaehssaidl subgystem ng

S YSLer il Hibon 3 e b ek eaneh A LA oy
architecture (NUMA/COMA) cache, a COMA cache and a directory, said method
including the steps of:

storing data associated with a data line in a hybrid NUMA/COMA cache of one
said sub-system; and

if the computer system determines that said data should be stored in a COMA
mode, then storing said data in a COMA cache of said one sub-system.

7. The method of claim 6 wherein the step of storing said data in said COMA
cache of said one sub-system 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 of said one

sub-system.

8. The method of claim 5 further comprising the step of determining whether the
data should remain stored in said COMA cache of said one-sub-system.

9. The method of claim 8 wherein said determining step includes the steps of:

incrementing a COMA.sub.-- hit counter each time data from a page cannot be
found in a hybrid cache of a requesting sub-system of said sub-systems but is found
in a COMA cache of the requesting sub-system;

incrementing a COMA.sub.-- miss counter each time data from the said page
cannot be found in either the hybrid cache or the COMA cache of the requesting sub-
system; and

comparing the content of the COMA.sub.— hit counter against the content of
the COMA.sub.-- miss counter to determine if the ratio of the COMA.sub.-- hit counter
exceeds the COMA.sub.-- miss counter by a threshold.
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33. 20. A conput er program product including a corrputBJ LMM‘;NTn&I" I1
havi ng conput er -readabl e code enbodi ed therein confiqurfed to cause a
conputer systemto sel ect between a non-uniform nenorly-lar2 ki 6€Jt 2808 ( NUVR)
node and a cache-only-nenory-architecture (COVA) nodg, {t he conmputer $ygtem
having a plurality of sub-systens coupled to each otHer by a system
i nt erconnect, each said sub-systemincludBfg a proce r.a hybrid

NUMA COVA cache, a ache and irectory, the conputer-readabl e code
compr i 51 ng: - cBlle | MaRaRd PhACSEe gl s computet SVoRE TG 2 ATl L st
det er m ne whedydgimsd abapled @l ¢hch othiérobg bs?stamhmreauda%a@m\&i&%%%y%nﬁ aid
one sub-system and code instructions configured to cause said one

sub- syst em t dneleding aiPreceRRe: AdwLHG poRERECTEHBEMEN-Rrshitaciureicaghaionlyrmentanii
cache of sai - : 0 I | | a
Comput or - ueab] EHRChe (UAMECOME cacht, S SO cabie? 316 3 REACE) Bt et
configured tdndudisgthe stepgnft er systemto sel ect between a

non- uni f or m mmryde?érﬁﬁiﬁ@%ﬂ&tﬁer(b\yﬁé JBAS A'S Rbrid NUMA/COMA cache of a

cache-onl y-menory-arc ecture
requesting sub-system of said sub-systems; and

if said data is stored in said NUMA/COMA hybrid cache of said requesting sub-

system, then:
retrieving said data from said hybrid NUMA/COMA cache; else;
determining if said data has been stored in a COMA mode in a COMA cache of

said requesting sub-system.

11.  The method of claim 10 wherein if it is determined that said data is not stored
in either the hybrid NUMA/COMA cache or the COMA cache of said requesting sub-
system, then a read request is sent to a home sub-system of said sub-systems.

12. The method of claim 11 wherein if it is determined that said data is stored in
said home sub-systemn, then the method further includes the step of retrieving said

data from said home sub-system.

13. The method of claim 12 wherein if it is determined that said data was not
stored in said home sub-system, then the method further comprises the steps of
refrieving said data from a owner sub-system of said sub-systems.

14. A method of accessing data in a computer system having a plurality of sub-
systems coupled to each other by a system interconnect, each sub-system including a
processor, a hybrid non-uniform-memory-architecture/cache-only-memory-
architecture (NUMA/COMA) cache, a COMA cache and a directory, said method
including the step of:

determining if data has been stored in either a COMA mode or a NUMA mode

by a requesting sub-system of said sub-systems.
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(COVA) mode, the computer systemhaving a plurality ofﬂm m’msg,'lﬁﬁrled
to each other by a systeminterconnect, each said sulJ-gystem i ncl udipgja
ptocessor, a hybrid NUVA/ COVA cache, a COVA cache ang d? e @Cqar 2000t he
conmput er -readabl e code conprising: code instructionsfcqnfigured to cpuge a
requesting sub-system of said sub-systens_to deternine whether dara— s
stored in a hybrid NUMN COVA cache of saidlrequestind-sub-system code

i nstructions nfigured. to c se ues st em retri
nstruct i ons Ront Lo Sdutd QMM IR her S SR FRMANEM SR Adte g o
configured t gnélades ted b r@ﬂu@ﬁpam@ s ok oon s4id dRite 'withna COMPRirshgéabr

has been stored in a node COVA cache of said requesting
sub- system Mmemory addresses and a NUMA range of memory addresses.

Q)

16.  The method of claim 15 wherein said COMA range is a local physical address
(LPA) range associated with said requesting sub-system and said NUMA range is a
global address (GA) range.

17.  The method of claim 16 wherein if said determining step determines that the
address of the data is a LPA associated with said requesting sub-system, then the
method further includes the step of determining if the data is stored in either the hybrid
NUMA/COMA cache or the COMA cache of the requesting sub-system.

18.  The method of claim 17 wherein if said data cannot be found in either the
hybrid NUMA/COMA cache or the COMA cache of said requesting sub-system, then
the method further inciudes the steps of:

translating the LPA of said data associated with said requesting sub-system
into a GA;

forwarding a read request with the GA to a home sub-system of said sub-
systems;

translating the GA into an LPA of said home sub-system;

determining whether data was stored in either a hybrid NUMA/COMA cache or
a COMA cache of said home sub-system; and

if said data was stored in said home sub-system, retrieving said data from said

home sub-system.

19.  The method of claim 18 wherein if said home sub-system determines that said
data is not stored in said home system, then the method further comprises the steps

of:

forwarding the read request with the GA to an owner sub-system of said sub-
systems;

translating the GA into an LPA of said owner sub-system;

determining whether data was stored in either a hybrid NUMA/COMA cache or
a COMA cache of said owner sub-system; and
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if said data was stored in said owner sub-system, retrieving said data from said

owner sub-system.

20. A computer program product including a computer-usable medium having
computer-readable code embodied therein configured to cause a computer system to
select between a non-uniform—merﬁory-architecture (NUMA) 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 cache and a directory,
the computer-readable code comprising:

code instructions configured to cause one said sub-system to determine
whether data should be stored in a hybrid NUMA/COMA cache 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 a COMA cache of said one sub-system.

21. A computer program product including a computer-usable medium having
computer-readable code embodied therein configured to cause a computer system 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 coupled to each other by a system interconnect, each said sub-system
including a processor, a hybrid NUMA/COMA cache, a COMA cache and a directory,
the computer-readable code comprising:

code instructions configured to cause a requesting sub-system of said sub-
systems to determine whether data is stored in a hybrid NUMA/COMA cache of said
requesting sub-system;

code instructions configured to cause said requesting sub-system to retrieve
said data from said hybrid NUMA/COMA cache; and

code instructions configured to cause said requesting sub-system to determine
if said data has been stored in a COMA mode in a COMA cache of said requesting

sub-system.
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