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SYSTEMS AND METHODS FOR IMPLEMENTING COHERENT MEMORY IN A

MULTIPROCESSOR SYSTEM

RELATED APPLICATIONS
[0001] The present application is related to, and claims priority from U.S.
Frovisional Fatent Application No. 82/250,653, filed November 4, 2015, entitled
“ENERGY SAVING TECHNIQUES FOR CACHE MEMORY SYSTEMS,” to Erk
Hagersten et al., and to U.S. Provisional Patent Application No. 62/258 682, filed
NOVEMBER 23, 2015, entitied "DIRECT-2-MASTER ({D2M): A UNIFIED METHOD
FOR TRACKING, EVICTING AND KEEPING DATA COHERENT,” to Erik Hagersten

et al., the disclosures of both of which are incorporated herein by reference.

TECHNICAL FIELD
[0002] Embodiments of the subject matter disclosed herein generally relateto
methods and systems for accessing dala in computer memeory devices and, more

particulary, to mechanisms and techniques for implementing a coherent cache

hiararchy.
BACKGROUND
[6003] Today's processors are often equipped with caches thal can siore

copies of the data and instructions stored in some high-capacity memaory. A popular
example today of such high-capacity memory s dynamic random access memory
(DRAM). Herein, the term "memory” will be used to collectively refer to all existing

and future memory implementations. Cache memories, or “caches” for short, are
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fypically built from much smaller and much faster memory than other memory
implementations and can subsequently only hold copies of a fraction of the dala
stored in main memories or secondary storage devices at any given time. Today,
caches are often implemented using SRAM and large caches can be implemented
using DRAM. The caches described herein can he implemented using any existing
and future memory technology.

[0004] Often, the memory system of a computer system includes a range of
caches, with largerand slower caches {(here referred o as higher-level caches) close
{o the main memory and smaller and faster caches (here referred o as lower-level
caches) closer o the processor. This configuration is typically referred to as a cache
hierarchy, memory hierarchy or memory system. Each level in the cache hierarchy
is referred 1o as a cache level. Figure 1 depicts a compuder systemn, where each
CPU 101 is assigned its own firstlevel private cache 102 {L1 cache). A private
cache is a cache where space for a data unit can only be in response o an activity of
a CPU local fo the cache {or a CPU in the same node as the cache, where the cache
is private to that node). In this example, the second-level cache 103 is shared by all
the CPUs 101 and may contain data and instructions that are accessed by all of the
CPUs 101, Cache 103 is a global cache, since space for a data unit can be made in
response o activities of any CPU 101. Furthermore, cache 103 is a shared cache,
since sach data unit can only exist in one shared copy {(while each private cache can
have its own replicated copy). Memory 105 also stores instructions and data that are
accessed by all CPUs 101, The (main) memory 105 is typically accessed using a
physical address, or PA for shord, while the addresses generated by a CPU 101 are
typically virtual addresses. Computer systems with several CPUs and several private
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caches, such as the system shown in Figure 1, need efficient mechanisms for finding
a reguasted data unit in one of the caches as well as for keeping the mudtiple copies
of a datum stored in different nodes coherent.

{0008] Such computer systems will also typically include one or more
secondary storage devices in addition o main memory and cache memory. These
secondary storage devices can include one or more of hard drives, optical drives,
flash drives or the like, which are collectively represenied here by disk 104. The disk
or secondary storage 104 may store several orders of magnitude more data than the
memory 105, but is not directly accessible using a physical address. if a CPU 101
wants 1o access data stored on the disk 104, a virtual memory system (not shown in
Figure 1) moves a chunk of data, typically referred to as a page, from the disk 104 {o
the memory 105 and creates a translation from virtual addresses corresponding {0
that page to physical addresses. A special kind of translation cache {not shown in
Figure 13, typically called 3 “translation look-aside buffer” or TLB for short, caches
the translation mappings from virtual pages to physical pages. The virtual memory
system can be viewed as 8 caching system, which stores a portion of the data
focated in the disk 104 in the memory 105,

[0008] Figure 2 shows a more detailed view of the cache organization from
Figure 1, where the CPU 204 is shown to contain several cache-like structures, such
as the Instruction TLB (ITLE, 201) and Data TLB (DTLDB, 2058), and a CPU core
202. The level 1 cache 102 is shown as including an instruction cache 200 and a
data cache 208, interposed between the CPU 204 and the level 2 {and potentially
higher level} caches 207. Figure 2 also shows a high-capacily memory 208

connected to the cache hierarchy.
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[0007]) When a CPU 204 requests data that is present in the cache, referred to
as a cache hit, that request can be senviced much faster than an access 16 data that
is not present in the cache, referred to as a cache miss. Typically, an application
running on the CPU 204 that experiences fewer cache misses will execute more
quickly and consume less energy than if the same application which suffers from
maore cache misses, assuming that the two versions of the application otherwise
have similar properties. Therefore, considerable effort has been invested in
tachnigques for avoiding cache misses, and also to design implementations that can
make cache hits and cache misses efficient with respect to both their access latency
and the snergy that these memory transactions consums.

[0008] In order to understand how to develop solutions to this cache hitfmiss
problem, some understanding of cache organization and terminology will be useful.
Typically, data are installed info caches in fixed chunks that are larger than the word
size of a processor, known as cachelines. Common cacheline sizes today are, for
example, 32, 64 and 128 bytes, but as will be appreciated by those skilled in the art
both larger and smaller cacheline sizes exist for vanous cache implementations.
The cacheline size may also be variable for some cache implementations.

[0009] A common way to organize the data placement in memory 208 isin a
manner that each data word is statically mapped to reside in one specific cacheline,
Each cache typically has an index function that identifies a portion of the cache
where each cacheline can reside, known as a sel. The set may contain space o
hold one or more cachelines at the same time.  The number of cachelines which the
set can hold is referred to as its associativity. Often, the associalivity for all of the
sets in & cache is the same. Such caches are often referred o as set-associative
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gaches, The associativity may also vary between the sets. Each of the spaces in a
set that can hold a cacheling is referred 1o as a way.

[0010] In order o determine the identity of each cacheline stored in each set,
cachelines in a cache each have some identifier associated with them. OQne
common example of such an identifier is an address tag. When looking for a specific
cacheling in a cache, its address may be used {0 determine the set of the cache
where it may reside. The address tags of the cachelines of the corresponding set
are compared 1o a tag portion of the address usad to identify a cacheline {sse, 8.q.,
TAG and ATAG depicted in Figure 3 and described below} to determine i the
desired cacheline resides in the cache, and if so, in which way it resides, te., in
which of the gpaces in g set that ¢an hold a cacheline it resides,

[0011] Often, each cache has buillin strategies to delermine which cacheline
to keep in the set and which cacheline o evict (also referred 10 as replace) 1o make
space for a new cacheline being brought into the set, referred to as its replacement
policy. The replaced cacheling is known as a viclim or a replaced cacheling. Popular
replacement policies used in conjunction with cache memories include, but are not
fimited to, leastvecently used (LRU), pseudo-LRU and random replacement policies.

[0012] So-called inclusive cache hierarchies require that a copy of a block of
data (for example a cacheline) present in one cache level, for example a block of
data in the L1 cache, also exists in the hgher cache levels {here, higher refers to
cache levels with higher numbers than 1), for sxample in the L2 and L3 cache.
Exclusive cache hierarchies only have one copy of the block of data (for example a
cacheline) existing in the entire cache hierarchy, while non-inclusive hierarchies can
have a mixture of both strategies. In exclusive and non-inclusive cache hierarchies,
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it is cornmon that a cacheline is installed in the next higher cache level upon eviction
from a given cache level

[0013] With this background on caches and cachelines in mind, this
discussion now proceeds to #lustrate one conventional technique for identifying
specific cache locations within a cache hierarchy like that shown in Figures 1 and 2.
Figure 3 shows an example of the omganization of a computer system node
containing a CPU 301, a DTLB 303, an L1 CACHE 307 and an L2 CACHE 311. The
CPU 301 generates a memory reguest containing a virtual address 302 (VADDR),
which is used to perform an associative tookup in the DTLE 303, The virtual address
302 is in this example divided into three pars: P-OFFSET (page offset, for example
consisting of the low-level bits), TAG and INDEX. The INDEX portion of the virtual
address 302 s used to identify the sel within the DTLEB 303 where the address
translation may be stored.

[0014] The illustrated DTLB 303 used in this example has a two-way
associgtive organization, showing two entries of the identiified set. Each enbry
consists of an address tag (ATAG) 304, and physical page frame (PPF) 305. The
TAG portion of the virtual address 302 is compared with the ATAGs 304 of gach
entry of the identified set. The logic 318 determines ¥ there is match for any of the
entries, and, if so, controls the MUX 306 to select the corresponding PPF 305, A
physical address PADDR 318 is composed by concatenating the PRPF 305 selecled
by MUX 308 with the P-OFFSET portion of the virfual address 302, Alternatively, if
neither of the enfries of the identified set match the TAG portion of the virual
addrasg 302, then g TLE fill operation is performed and the needed fransiation entry

is brought into the DTLB 303.
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[0015] The PADDR 318 is used to perform a lookup in the L1 CACHE 307.
More specifically, an INDEX portion of the PADDR 316 is used 1o identify the set
where the cacheline containing the requested data may be stored. (it should be
noted that this L1 INDEX may contain different bits than the DTLB INDEX). The
depicted L1 CACHE 307 has a 2-way associative organization with two entries in the
jidentified set. Each entry consists of an address tag (ATAG) 308, and data 308 of
the corresponding cacheline. A TAG portion of the PADDR 316 is compared with
the ATAGSs of each entry of the identified set. The logic 319 determines # there is
match for any of the entries, and conirols the MUX 310 to select the corresponding
data. If neither of the entries matches {depicted by L1 MISS 317} a lockup in the L2
CACHE 311 is needed. While the division of PADDR 316 into INDEX and TAG
portions for the L2 CACHE lockup may differ from the division done for the L1
CACHE lookup, the remaining steps for the L2 CACHE lookup are typically similar to
those performed for the lookup in the L1 CACHE. i a miss in the L2 CACHE is
determined, new lookups in higher-level caches or accesses to memary may be
needed. It can be noted that if the INDEX portion of PADDR 316 used by the L1
cache is entirely composed by P_OFFSET bils, the access 1o the L1 cache 307 can
be started before the PPF information coming from the MLIX 306 is available. This is
often referred to as g virtually indexed, physically tagged cache (VIPT).

6818} i would be gppreciated by someone skilled in the art that several
‘nodes”, each with a memory hierarchy simitar fo the one depicted in Figure 3, ¢an
be connected together 1o form a coherent multiprocessor system. Anocther example
of a muitiprocessor is shown in Figure 1, where each CPU has its own private L1
cache. This further complicates the task of locating where a requested data resides
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since it is no longer sufficient 1o always search for the data in the next higher cache
fevel. Mechanisms for searching caches of the other nodes as well as for keeping
the muitiple copies of a datum stored in different nodes coherent are needed.

[0017] To summarize the discussion associated with Figure 3, it will be
appreciated by those skilled in the art that contemporary implementations of a cache
hierarchy may require many associative lookups 1o be performed in TLBs as well as
at different cache levels before the location of a requested cacheline can be
determined. Furtthermore, each translation eniry and cached cacheline nesds 1o be
accompanied by an address tag and a plurality of these tags need to be compared
with a portion of an address at each of these levels. QOverall, this implementation
comes at an enormous cost in terms of the dynamic energy used for sach
associative lookup. Ut also requires subslantial overhead in stalic energy and
memory capacily to store the extra tag information that is needed to perform the
comparisons. Furthermore, multiprocessors containing several CPUs or several
nodas, sach with their own private cache hierarchies require addifionat costly ssarch
mechanisms for locating data residing in the privale caches as well as the need for
costly coherence activities to keep replicated copies of the same date in the private
cache coherent.

{0018] Accordingly, § would be desirable {o provide systems and methods that
avoid the afore-described problems and drawbacks associated with cache fookups

for data.
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SUMMARY

SYSTEMS AND METHODS FOR IMPLEMENTING COHERENT MEMORY BASED
ON LOCALITY INFORMATION

[00198] Accarding to an embodiment, dala units are stored in privale caches in
nodes of a mudtiprocessor system, gach node condaining at least ong processor
{CPU), at least one cache privale to the node and at least one cache location buffer
{CLB) private to the node. in each CLEB location information values are stored, each
location information value indicating a location associated with a respective data unit,
wherein each location information value siored in a given CLB indicates the location
to be either a lbcation within the private cache disposed in the same hode as the
given CLB, 1o be a location in one of the other nodes, or to be a location in a main
memory. Coherence of values of the dala unils is maintained using a cache
ooherence protocal. The location informatlion values stored in the CLBs are updated
by the cache coherence profocol in accordance with movements of thelr respective
data units.

[0020] According o an embodiment, a system for implementing the above-
described method is contemplated and described below.

SYSTEMS AND METHODS FOR IMPLEMENTING COHERENT MEMORY
PROMOTING GOBAL CACHES NEARBY

[0021] According to an embodiment, a method stores data units in private
caches in nodes of a mulliprocessor system and in global caches and a memory,
wherein each node contains at least one procassor {CPU), at least one cache private
to the node, Coherency of values of the data units stored in the private and globat
caches are maintained using a cache coherence protocol which performs lookups in
a direciory storing locality information for the data units. The location information
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fdentifies a locaton where the data unit resides as being one of. a node, g global
cachs of memory.

[0022] According to an embodiment, a system for implementing the above-
described method is contemplated and described below.

SYSTEMS AND METHODS FOR IMPLEMENTING COHERENT MEMORY
THROUGH BLOCKING CONERENCE

[0023] According to an embodiment, data units are stored in private caches in
nodes of a mulliprocessor system and in global caches and a memory, wherein each
node contains al least ane processor (CPU), at least one cache private to the node.
The nodes are connected via 8 network. The coherence of values of data units
stored in the caches is maintained by a distributed cache coherence protocol which
sends coherence messages on the network. Some coherence messages are
blocked from being sent on the network. A coherence message which is sent
activates the blocking function to block other coherence messagss if the other
coherence messages are for the same addraess region as the coherence message.

{0024} According to an embodiment, a system for implementing the above-

described method is contemplated and described below.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0025] The accompanying drawings, which are incorporated in and constitule
a part of the specification, illustrate one or more embodiments and, together with the

description, explain these embodiments. in the drawings:

{0026} Figure 1 is a block diagram of a mulfl-processor system;
[ooz7 Figure 2 is a block diagram of & uni-processor system cache hierarchy;
[o028] Figure 3 illustrates a conventional implementation of a two-level cache

higrarchy consisting of set-associative caches and a set-associative data translation
look-aside buffer;

[0029] Figure 4 is a block diagram illustrating an embeodiment including a two-
level cache hierarchy and a two-level CLB hierarchy, where the first level is virfually
aeeessed and the second level is physically accessed;

[0030] Figure 5 iz a block diagram illustrating an embodiment including two
CPUs connected to a two-level cache hierarchy and a two-level CLB hierarchy; and
[0031] Figure 8 is @ block diagram iliustraling a generalized tag-less cache
hierarchy with a single monolithic last level cache accarding to an embodiment;
[6032) Figure 7 is a block diagram illustrating a generalized tag-less cache
hierarchy with many slices of last level cache according to an embodiment;

{0033} Figure 8 is a flowchart flustrating a method embodiment; and

[0034] Figures & ~ 13 depict sequences of local and global activities that
together implement an infegrated coherence protocol for data ccherence and CLEB
coherence according to an embodiment; and

[6035] Figures 14 ~ 15 are flowcharts illustrating method embodiments.
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DETAILED DESCRIPTION

{o0as] The following description of the embodiments refers 1o the accompanying
drawings. The same reference numbers in different drawings identify the same or
similar elemenis.  The following detailed description does not limil the invention.
instead, the scope of the invention is defined by the appended claims. Some of the
following embodiments are discussed, for simplicty, with regasd to the terminology and
structure of particular cache hierarchies and methods for performing lookups in such
hierarchies. Howewer, the embodiments 1o De discussed next are not imited {o these
configurations, but may be exiended to other arrangements as discussed later.

{0037 Reference throughout the specification to “one embodiment” or "an
embodiment” means that a patticular fealure, structure or characternistic described in
comnection with an embodiment is included in at least one embodiment of the subject
mafter disclosed. Thus, the appearance of the phrases “in one embodiment” or “in an
embodiment” in various places throughout the specification is not necessarily referring
{o the same embodiment. Further, the particular features, structures or characteristics
may be combined i any suitable manner in ons or more emboedimeants.

[0038] In the following description numerous details provide a thorough
undersianding of the embodiments. These details include functional blocks and an
exemplary cache location table CLB for implementing an efficient altemative fo
tradiional cache tagging schemes.  in addifion, while the CLB scheme of the
embodiments is descdbed with reference to specific caches and computsr
architectures, the embodimenis are applicable fo a wide range of memory and system
architectures. In other ingtances, well-known circuits and siructures are not describad
in detail so as not o cbscurs the embodiments unnecessarily.
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{0039} According to varous embodimenis described herein, methods and
systems provide for, among other things, cache handling schemes (CHS) which
explicitty store location information (L), The Ll is leveraged for efficiently accessing a
multi-way cache of a computer system having 2 main memory and one of more
processors. The CHS fracks the contents of the so-called cache hierarchy, but duse fo
the nature of some features described herein the topology of the memory system do
not necessarily need {o be a hierarchy. The tracking is performed by a cache location
buffer (CLB} or some hierarchy of CLBs. The caches include a plurality of cachs lines
divided into a number of segments corresponding to the number of ways.

{00461 in accordance with the embodiments, instead of discarding useful
location information, which is known every time a cache line is moved between the
levels in the higrarchy and belween the nodes, the location information is stored {e.4..
updated) in the CHS and utilized for later cache access. The CLB is organized in an
associative way. Accordingly, each CLB entry includes an address tag fleld and a
plurality of Lis associated with the address tag field, although other fechniques for
storing the location infamation are possible according to other embodiments.
Subsequently, the information stored in the CLB can be used to quickly access the
jocation of the requested data without the need for additional associative lookups.
More precisely, the CLB provides location information LI from which the right cache
identity, as well as the right location within the cache, can be determined without the
need o access any address tags of the cache. LI may also identify a remote node as
the location for the associated data. Thus, using techniques it accordance with these

embodiments, requested data can be found more quickly in the cache hierarchy, and in
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a manher which consumes less energy. The technigues described also enable more
flexible and less hisrarchical cache topologies 1o be efficiently implemented.

[0041] For a cache hierarchy consisting of sef-associative cache with the same
associativity, the number of bits in each Li is dependent on the number of ways, the
number of different caches and the number of nodes covered by the CLB. Some LI
values can be reserved o store certain patterns with certain hard-coded meanings.
For example, one L1 value can be reserved for a memory pattern, implying that the data
s not in the part of the memory hierarchy covered by CHS, In one implementation, the
number of L1 bil{s} is equal to the log base 2 of the number of way(s) plus the number
of caches covered by the CLB plus onefi.e., log2{way+levels+1)), assuming that the
number of nodes is smaller than the number of caches identified times the number of
ways. if the number of ways of the different cache levels varies, or if caches other than
sef-associative caches are used, those skilled in the art will appreciate that other L
representations are possible.

[0042] Access of the cache via the CLB by the CHS can, for example, be
generally performed as bllows according o an embodiment.  Upon receiving an
address of a target cache line, the CLB attempts {o match an address field of one of the
cache location entries (CLE) which it has stored therein with a TAG portien of the
address. If there is a match, a Ll of the CLB eniry is retrieved using a Li-offset portion
of the address. The CHS indexes directly inlo a single cache ine of the cache using
the L1 value, and an index part of an address. Thus, the cache does not need 1o store
any address {ag information.

{0043} Thus, in accordance with the embodiments, systems such as those
fllustrated in Figure 1 and Figure 2. can also include a cache handiing scheme (CHS)

14



WO 2017/077502 PCT/IB2016/056655

as descnbed herein. That scheme includes a cache location buffer (CLB), or a
hierarchy of CLBs, that keep track of the location of data unils stored in a cache
hierarchy. Whenever a data unit is moved in the cache hierarchy, i#ts new location is
recorded in the CLB.

[0044] The CLB according to such embodiments may be implemented as an
associgtive organization, storing a plurality of cache focation entries {CLE). Each CLE
contains an address {ag, used for the associative lookup, and some payioad, for
gxample a cache location fable (CLT), storing a plurality of Iocation information (L1},
Actually, the CLB itseif can be viewed as a cache storing location information.

{0045] To dlustrate these, and other features, of varous embodiments, such
embodiments will now be described with respedt 1o Figures 4 ~ 15, For clanty, those
skilled int the art will appreciate that these Figures #lustrate logical implementations of
the embodiments rather than actual physical implementations. Those skilled in the art
wilt thus understand that these diagrams show logical representations of
implemerdations and that physical implementations may differ substantially in their
implementation details.

[0046] In one embodiment, the data unils being fracked corespond o
cachetines and the cache that stores those data unils is organized in a set-associative
manner.

{0847 in one embadiment, the location information (LD corresponding t© &
requested cacheline of a matching CTE can indicate in which cache the requested
cacheline resides. This will cause embodiments 1o perform a direct cache lookup at the
appropriate cache. For example, in the gystem (which may be a node in a
multiprocessor system) shown in Figure 4, the localion information can distinguish
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between L1 CACHE and L2 CACHE. It may also be able {o distinguish between other
caches present in the rest of the mudtiprocessor system, not shown in this Figure.
Figure 4 shows a tag-less node, that may be connected fo other nodes in a
multiprocessor system, with a two-level cache higrarchy of set-associative caches and
a CPU (which may contain one or many iraditional caches, here depicled LD}, where
CPU 401 generates addresses (ADDR) 402, Figure 4 also shows a twodevel CLB
hierarchy of set-associative CLBs, where CLB1 410 and CLB2 420 are indexed with
ADDR. Each entry in CLB1 consists of at least an address tag {AT) 411, a cachse
location table (CLT) 412. #t may store additional information, such as region information
(RI} 413. The CLT stores jocation information (L1 for the cachelines of a
corresponding region {also referred fo as a mucropage). Figure 4 shows four LI per
region as an example. Empirical studies by the inventors shown that 8 fo 16 LI per
region {i.e., 8§ to 18 data units (cachelines) per region) to be cost-effective and efficient.
The location information encodes the location where the corresponding cacheline can
be found within a multiprocessor system. The location information may, for example,
contain the identity of a cache where the dala unit can be found. The location
information may ailso contain a location within that cache where the data unit can be
found. Alfematively, the location information may contain the identity of a node where
the data unit can found or contain some symbol that provides information about its
location, for example the symbol "MEM” indicates that the data unit can be found in
memory. in one embodiment, the symbol “don’t know” indicates that the location of the
corresponding data unit is not recorded in the CLT corresponding {o the region.

{0048} MUX 418 selects the CLT with an AT 411 matching a TAG portion of the
ADDR 402 and a MUX 415 selects the LI 414 coresponding to the requested
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cacheling based on the LIFOFFSET portion of ADDR 402, If the cache identity stored in
the selected Li corresponds 1o the L2 cache 440, an address 417 for accessing the
requested data unit in L2 CACHE 440 is formed using an INDEX portion of the addrass
402 and a portion of the location information 414. In the example of a set-associative
1.2 CACHE 440, that portion contains information corresponding to the associative way
where the requested data unit is stored. i the cache identity stored in the selected L)
corresponds to the L1 cache 430, an address 418 for accessing the requested data
unit in L1 CAUHE 430 is formed in a similar way.

{00491 Figure 4 shows an embodiment where each entry in the L1 cache 430
and L2 cache 440 fo have a backwards pointer (BP), 432 and 442 respectively,
associated with its cacheline. (DATA), 431 and 441 respechvely. In this example, the
BP pointers point {o thelr respective assaciated CTE in CLB2 420. Each CTE in CLB2
420 contains an address tag (AT) 421, a CLT 422 and a CLB1 Pointer {C1P) 423. f
the CLBZ entry has a corresponding CLT residing the CLB1 410, #ts C1P will point to
that entry. In that case CLB1 410 will contain the up-to-date information for this region.
in that case, the CLE in CLB1 is said o be the active CLB entry, while the CLB entfry
for the region in CLB2 420 contains a passive entry. In one embodiment, CLB2 420 is
required to contain a passive enfry for a region if GLB1 410 contains an active entry for
the region.

{0050} In one embodiment, when no maiching CTE can be found in CLB1 418,
a corresponding CTE is looked for in CLBZ 420 and copiad to CLB1, while an old enfry
in CLB1 copied to CLB2 420, this is referred 1o as spilt and filt or simply spillfilt (SPILL
and FILL in Figure 4). A spill is also for example performed when a traditional inclusive
cache evicts a data unit to the next leve! to make space for 2 new data unit, which may
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be brought in () from the next cache level. A similar spill/fill activity will be performed
between the different CLB levels, where CLB entries are moved between the CLB
fevels, since the CLB levels forms an inclusive hierarchy. In one embodiment, a
directory DIR is at the root of the CLB hierarchy and spill/fill with the highest level CLBs.
[0051] it is possible o intiate access t© the requested dala unit in parallel with
the spillffil activity.

[0082]) In one embodiment, the contents of the CLBs of a multidevel CLB
implementation are Kept consistent with the locations of the data units of the multi-levs!
cache system they manage. A data unit that is moved in the cache hierarchy, including
but not limited o movements caused by requests for the dats unit from the CPL,
avictions of the data unit, prefeiching aclivities and coherence activities, cause an
updaie 10 s comesponding location information in one or many of the CiBs. For
example, in Figure 4, evicting a data unit 441 from cache 440 can involve the steps of
following #s associated BF 442 pointer to find its corresponding CTE (which in this
example is in the CLBZ 420} and updating its corresponding location information to
poirt t0 the data unit's new location {8.g., storing the MEM symbol). And, if the C1P
pointer of the comresponding CLB2's CLE is valid, following the C1P to find its
corresponding CTE in the CLB1T 410 and updating its location information associated
with the cacheline. In one embodiment, the entry in the CLB2 is not updated if there is
a valid C1P pointer. In one embodimernt, only active CLTs are updated.

[0053] As will be appreciated from the foregoing, using tag-less cache systems
according to these embodiments, L.e., cache systems where the data unit stored in a
caches does not have an address tag associated with it, will result in a number of
different types of ransactions which will occur when various cachelines ocated in
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different siorage devices are requested by a CPU 401, The node depicled in Figure 4
may be a subsystem (or node) of a larger mulliprocessor system comprised from
several such cache nodes. Keeping the data of the caches in the many nodes coherent
requires a cache coherence protocol, for example implementing either snooping or
directory-hased coherence. The coherence protocol will send coherence reguests {o
the depicted node in Figure 4 (EXTERNAL REQUESTS). These requests will typically
first turn to CLB2 420, which may determine that this cache system does not have the
requested cacheling {CLB2Z miss or a CLBZ hit to an entry with an inactive C1P and the
focation information of the requested cacheline holding the value memaory pattemn). If
50, no further action is needed with respect to the data caches L1 and L2 (known as
coherence fittering), but the corresponding LI in the active CLT may nevertheless need
o be updated to track a new location associgted with the dafa unit. Othenvise, the
CLB2 lookup may provide the requested location information (CLB2 hit and the location
information of the requested cachsaline holding storing the location of the cachsline), or
#t may determine that CLB1 410 stores the associated location information {CLB2 hit
and a valid C1P).  in the latter case, a lookup in CLB1T 410 is needed to determine
either the location of the requasted cacheline or that the cacheline doss not reside in
this cache sub-system. (The corresponding focation information in CLB1 contains a
memory pattern). Depending on the nature of the coherence request, for example an
invalidation request, a read request, or an exclusive read request, the coherence
protocol will perform some operations on the requested data unit and possibly change
its state. The corresponding L1 in the active CLT may also need o be updated {o frack

a new location associated with the data unit.
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[0054] Even though the node shown in Figure 4 consists of two cache levels,
someons skilled in the art would understand that nodes can be assembled using other
number of levels and may contain more than one CPU. Furthermore, the number of
cache levels and the number of CLB levels in a node do not need {o be identical.
[0058] The embodiments can also be applied on systems with several CPUs
sharing a cache managed by the CLBs. For example, Figure § shows a system built
from two CPU nodes (580 and 580), each within their own one-level cache hierarchy
with one CLB1 (503 and 513) and a private cache L1 CACHE (504 and 514) according
to an embodimen!. The sysiem also coniains a global shared L2 CACHE 523
{sometimes referred 0 as a lastlevel cache LLC), which is shared between the two
CPUs 501, 511.

[00566] Adookup in a CLB1 {513 or 503) selects a single LI based on an address
generated by their respective CPUs (501, 511), for example using technigues similar to
CLB1 410. As indicated by the three arrow initiated by the two shown CLT entries in
CLB1A 503 and CLB1B 513, the sslected LI may identify the location {o be either in the
corresponding L1 cache (504 and 514 regpectively), in the L2 cache 523 or in the other
node {showed by 570 and 571 respectively). In this example, CLB1A 503 identified its
accessed data fo be 505 in the shared 1.2 523, while CLB1A 503 identified its accessed
dafa fo be 505 in its L1 514 {show by the solid arrows).

{0057 Figure 8 shows a generglized picture of g {agless mulliprocessor
memory system. This example consists of N nodes, ranging from Node-1 601 to Node-
N 688. Each node has X levels of CLBs and Y levels of private caches, e, caches
private to the node. The nodes are connected i{ogether with each other through a
network on chip (NoC) 650 circuit. NoC 650 also connects the nodes to the directory
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{DIR) 860, the glohal last level cache {(LLG) 870 and memory 880. DIR 860 is
organized similarly to CLBs and has entries that consist of at least an address {ag (AT)
661 and a cache location table (CLT) 662, An entry may also contain additional
information, such as region information (R} 663, which i described i more detail
below. The highest level CLBs in the nodes (CLB-X 830, 683) spilifill to/from DIR. DIR
also plays a central role in the coherence profocol that keep the contents of the caches
and the CLBs coherent and consistent.

{0088} The CLBs and DIR can be viewsd o form one inclusive “tache
hierarchy”, caching metadata with information sbaut the content of the data cache
hierarchy. The data hierarchy, containing L-1s through L-Ys and the LLC can be
viewed as a separate cache hisrarchy with no inclusion properties imposed upon it It
may for exampie by non-inclusive.

[0059] In the embodiment shown in Figurs 6, gach node has ons CPU, possibly
containing zerd, one or many traditional tag-based cachss, depicted L0-D and LO-L
Memary requests that cannot be satisfied Dy any of the traditional LG caches will
generate a lockup in the node's CLB-1 (e.g. 810) in search for a carresponding CLB
entry CLT, possibly using a scheme similar to CLB-1 410 in Figure 4. if a
corresponding entry is found in CLB-1, the location information (L) corresponding to
the reguested data unit can be located in its CLT field (6812). LI identifies g location
where the requested data unit can be found. In one embodiment L residing in the CLB
610 in Node-1 601 can identify either one of the node’s own caches (L-1 620 through
L-Y 640}, the LLC (570), the memory 830, or any of the other nodes (Node-2 650
through Node-N 698) as a location for the data unit it is tracking. In one embodiment, LI
can also identify the data unit's location within an identified cache. in one embodiment,
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the LI can indicate if a data unit resides in any of the {raditional caches LO-D or L0l of a
CPU 610 connected to the node.

[0060] If a cache location (or memory) i identified as a location where the data
can be found, the request can be salisfied by reading that cache directly without
consuiting a directory (DIR) 860. if a node is identified as the location where the
requasted data can be found, 8 reqguest is seryt 1o the CLB-X of that node and the
request satisfied similarly to the EXTERNAL REQUESTS discussed for Figure 4. Shll,
the direclory does not need {o be consulied in order 10 find the data. This is different
from most traditional directory-based coherence schemes, where the directory is
consulted and updated for accesses that go outside of a node.

[0061] Even though Figure 6 shows one CPU in each node, someone skilled in
the art would realize that 3 node may contain any number {ncluding zero) of CPUs,
GPUs, accelerators or other devices that may access memory, such as /O devices.
Furthermore, the configuration and size of CLBs and caches may differ widely between
the nodes.

{0062} in one embodiment, there is a strict hierarchical search level-by-level in
the inclusive CLB/DIR hierarchy. if the locstion information is not found at a level CLB,
a lookup is performed at the next level CLB-(i+1). If the location information cannot be
found in the nod's highest leval {CLB-X), a lookup is performed in DIR. ¥ location
information is found at 2 CLB leve! or in DIR, a read request can be sent {o the datla
location identified by its corresponding location information at that level and a new CLE
entry corresponding to the requested region is created in CLB-1. In one embodiment,
the CLB/DIR hierarchy is inclusive. This implies that if there is an CLB entry available at
level CLB-L, there has to be an enbry installed at level CLB-{L+1). The CLB entry
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closest 1o the CPU is active. In one embodiment, there may be inclusion enforced
between cache level K {as well as lower cachs, Le., higher up in Figure 6) and a cerfain
CLB level C {as well as all higher CLB levels, ie., further down in Figure) 6. As an
example, in order for data to be available in any of the caches L-1 620 through L-Y 840,
there has to be a corresponding entry in CLB-X 830, If that entry in CLB-X 830 is
evicted, all data of the corresponding region shouid be evicted from caches (-1 620
through L-Y 640. This is referred to as forced eviction. Furthermore, all CLB entries of
the same node down to CLB-1 810 also need to be evicled.

{0063] It should be noted that there is no inclusion requirement between the
cache levels within a node {e.q.. caches L-1 620 thyough L-Y 640) or between LLC 6680
and cache in a node (e.¢., caches L-1 820 through L-Y 840). For example, vahd data
corresponding 1o a specific address may exist in the L1 cache 620, hut not in neither
cache L-Y 640 nor in the LLC cache 670. This opens up for cache bypass
optimizations, where for example streaming data only need to be installed in L1
{actually, only in LO if it exists) and af no other levels. However, the corresponding CLB
entries {(which typically is 50 times smaller its corresponding data region) need {0 be
installed at all levels.

[0064] The directory (DIR) 660 contains CLB-like information: address tag {(AT)
861, Cache Location Table (CLT) and Region Information (R1). While these fields have
the same name as the fields of CLBs {e.g.. CLB-X 830), the contents of these fields
may differ from the corresponding CLB fields. In one embodiment, the R field 6563 of
DR 660 contains N so-called presence bits {PB), indicaling which nodes are tracking
the region, where N corresponds to the number of nodes in the system. f bit K in the
PB is set it implies that there is a correspanding entry in CLB-X of node K. This further
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implies that there may be cached data in any of the cache levels L1 through L-Y of
node K and also that there may be a corresponding entry in CLB-1 in node K, which
would enable the CPU in node K to access any cacheline of the corresponding region.
YWhile the description refers to an N-bit implemeniation of the PB information, someone
skiled in the art would realize thal many scalable fechniques used for direclory
implementation, including but not imited to coarse-grained, fimited pointers and linked
lists, can be used to implement a similar functionality.

{0065} The PB bits can he used to classify regions. Aregion is classified as a
private region (PR} if exactly one of the PB bits of the corresponding entry in the
directory 8660 is set. Empirical studies show that about 80% on average of all accessed
regions are PR regions across a wide selection of studied benchmarks. The region
classification PR implies that data of the region may exist only in the one node with #s
corresponding PB bit set and also guarantees that no othar node can access data from
the region at this point in time. A node 801 with its PB bit being the only set bit in DIR
may be nolified that the corresponding region is a private region (PR) and may record
the regions classification in its corresponding region information (R} in s CLB (&g iIn
CLB-1 610 through CLB-X 630). PR regions may be accessed efficiently in many
respects. For example, no global coherence is nesded for the node to gain wrile
permission for a data unit present in the node for which the node currently only has
read permission {{o upgrade the data unit from state S o state E), since only one node
may have caches copies of its data and no other node can access any of the data uniis
of the region. Also movements of data units of a PR region may be implemeanted
efficiently, since data can be moved up and down the entire cache hierarchy {e.g.,
performing an eviction from L-X to LLC or moving data from LLC fo L-1) without the
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need to mform any shruclures outside the node. The movement also needs 1o be
recorded in a CLB local to the node (810 through 630). This implies that the CLT
information of a PR region stored in the CLBs of the node (610 through 830) may differ
{e.g., he more up-to-date} than the CLT information of the region stored in DIR 860,

RE Y When a second node (e.g., 690) accesses a PR region {empirical studies
show that this is a relatively rare event), # will miss in alf its CLBs 881 through 683 and
will send a request to DIR 660 to get the appropriate location information LI needed to
access the data and also to allow for creations of its own CLE entties in CLB 881
through 893. Since this request is for a PR region, DIR 860 may not have up-to-date
information, it needs to get up-to-date location information from node 601 and make
sure that CLBs of node 601 no longer marks the region as PR, update ifs own CLT
information for the region, set the PB bit corresponding {o Node-2 680 and send
appropriate CLB information for the region o node 680, Node-2 600 can now create its
own {ocal CLB entries associated with the region. In one embodiment, node 601 has fo
complete all its ongoing direct4o-data memory requests for the region before sending
gp-to-date location information to DIR 886G,

[0067] If yet another node {e.g., Node-N 6589) accesses the region, it will also
miss in all its CLBs and will also send a request to DIR 660, which now has up-lo-date
information about the region and can reply with the appropriate information to Node-N
6§88 and also will set the PB bit of theregion for the reguesting node {i. ., node 688}
[0068} Regions with more than one PB bil set are classified as shared regions
(S8R}, This implies that more than one node have CLBs tracking the iocation
information for this region. it also implies that the nodes with corresponding PB bils set
may siore data units of the region in any of their caches {g.g., 620 through 640). A
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request from a CPU (e.g.. 810) 1o access a data unit, which cannot be satisfied locally
within the node {8.¢., by caches L-1 620 through L-Y 840}, may need o initiate a global
coherence fransaction if the region is classified as SR.

[0068] in one embodiment, a giobal coherent read transaction o an SR or PR
region (a read which cannot be satisfied from a local cache {(eyg., caches L-1 620
through L-Y 840)) can utilize the location information retrieved from is local CLBs (e.g.,
CLB-1 610 through CLB-X 630) to access the data directly without involving the DIR
680 or communicating with any nodes other than the node that may be identified by the
focation information. This s referred to herein as g direct-to-master access. Empirical
studies show that 78% of all global coherent transactions 1o SR regions are direct-to-
master read fransachon accesses. So, if 20% of the global fransactions initiated by
CPUs are to SR pages and 75% of those do not need to access DR, then 85% of the
global coherence transactions do not need o access DIR when using cache structures
and techniques according to these embodiments, whereas ali global coherent
transactions nesd o access DIR for traditional directory-based protacals.

{007} Since 3R regions have several nodes fracking the location of its dats
units, their data unit movements need to be reflected in all nodes tracking the region
(ie., those nodes having an active CLB entry for the region) and the location
information of the moved data units is updated in those nodes. in one embodiment, the
{ocation information of CLRs of different nodes tracking the data unit should be updated
in a coherent manner such that the CLBs agree about where the dafa resides {(referred
to as its the master lpcation). In one embodiment, |t is also guaranieed that a data unit
focation accessed based on location information retrieved from a CLB contains the

correct data {referred 1o as determinism).
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{0071} One common reason for such dafa unit movements is global coherent
write requests, i.e., a requesting node that currently does not have write permission o
a data unit requests write permission through a globatl coherent request, for example an
invalidation request or an exclusive read reguest. Alter the request has completed, the
data unit wil only reside in the reguesting node.

{0072] In one embodiment, gichal coherent write requests are sent by 8
requesting node {e.g., 601) to the directory 680, which locates the corresponding
directory entry, retrieves the corresponding FB bits for the region and forwands &
request to all nodes {except the requesting node) which have a corresponding PB bit
set, which nodes are referred o as the slave nodes ffor example nodes 690 and 689).
The slave nodes send ACK messages when they have made sure that any future
requests for the data unit originating in the slave nede will be directed fo the requesting
node. This can for example be achieved by changing their focation information for the
data unit in thelr CLBs o point 1o the reguesting node (601), which wilt become the new
masier node. The ACK messages can either be sent {o the DIR 660, which aggregates
them and sends an ACK to the requesting node once all ACKs have been received, or
sent divectly to the requesting node 601. Once the requesting node knows that all
ACKs have been received, it has acquired exclusive write permission for the cacheline
and completes the request. In one embodiment, a completion message is sent o the
DIR 860 upon the completion of the regusest.

[0073] Anocther common reason for data movemsnt IS evictions {(also called
replacemenis). Evictions local {¢ a node, for example eviction from L-1 620 to L-Y 640
are handled locally, tracked by s local CLB entries and are not visible ouiside the
node. However, a globatl eviction of & master data unit, for example from location 841 in
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L-Y 640 {0 a new focation 871 in LLC 670 must be reflected by all nodes fracking the
region {i.e., all nodes with CLB eniries for the region). In one embodiment, global
eviction is implemented by first copying the value of the data unit stored in its old
location {641) o the new location (671), while keeping the dala stored in the old
iocation (641} valid. Then, a global coherent eviction reguest, with information abowt
the new location (87 1), is sent from the requesting node {e.g., 801} to DIR (860}, which
forwards a request to the slave nodes {(e.g., 630 and 689). Once the slave nodes have
ypdated their corresponding location information 1o the new ocation {67 1) they send an
ACK message. Once the requesting nade knows that all ACKs have been sent, it has
acguired eviction permission for the data unit and can reclaim the old location and the
request is completed. In one embodiment, a completion message is sent to DIR 660
upon the completion of the request,

[0074] In one embodiment, a slave nodes does not send ACK messages untl
some of its outstanding requests (for example all directto-master requests) for the
requested cacheling have been completed.

[0o7s} in ong smbodiment, the directory 660 implements a bocking mechanism
that ensures that there can be at most one outstanding global request of certain types
for each data unit. Examples of such request types could be global coherent write
requests and global coherent eviction requests. The blocking for a cacheline ends after
the request has been completed, or as othenwise specified by the coherence protocol.
The blacking meachanism can be exact, for example implemented by one lock per data
unit in the directory, or could be an over-approximation, where addresses hash o a
fimited pool of locks and that the blocking of a data unit will block accesses for all other

data units hashing 1o the same lock.
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[0076] In one embodiment, the blocking is done with a region granularity,
instead of a data unit granularity, and some of the CLB/directory spilifill requests also
need fo block until thelr updates have been completed. This guarantees that no global
coherent write requests are in progress while the nodes and directory spillfill CLB
information.

{0077 Ancther useful region classification is g region with no PB bits associated
with the region being set in DIR 860. This implies that the regions data units cannot be
present in any of the node’s caches L-1 though L-Y and that none of the nodes
currently can access its data unils. This is referred to as an untracked region (UR).
Data of UR regions may still be cached in the LLC. In one smbodiment, data units of
UR regions can be evicted from LLC 670 without any global coherence requests. A
region with no corresponding entry in DIR 660 is classified as a memory region (MR).
Data units of MR regions cannot be cached in neither the nodes nor in the LLC.
Replacing a CLT entry from DIR 660 implies that alf data unites of that region should be
forcefully evicted from the LLC.

{0078} in one embaodiment the cache system of Figure 8 s a tag-less cache
system, i.e., a cache systems where a data unit stored in a cache (for example the
caches L-1 through L-Y of the nodes and the LLC) not have an address tag associated
with it. Instead, a location information with an address tag associated with it will identify
the location where the data unit is stored. The traditional caches included in Figure 6
(LO- and LO-D), may still have address {ags associated with thelr cache data unis
though.

{0079] Figure 7 differs from Figure 6 in that the LLC has been cut up into LLC
stices (LLC~1 745, LLC-2 772 and LLC-N 779) and placed on the other side of the

29



WO 2017/077502 PCT/IB2016/056655

network on chip (NoC) 750 close o the nodes. Each of the slices is configured with a
replacement counter (RC) 775, 776 and 777 respectively. These counters count the
number of cache replacements in each LLC slice. | should be noted that the
embodiment of Figure 7 places the LLC slices outside of each node {represented by
the dashed boxes). Even though each LLC slice {e.g., 771) is adjacent fo each node
and can be accessed with a very shor latency from the node’s CPU (710}, they can still
be regarded as a piece of the large global LLC. Evicting a region entry from a CLB-X
{8.¢., 730} does not necessaftly reguire the corresponding region data residing in the
LLC slice close {o the node {e.q., 771) to be forcefully evicted. Further, a node {e.g.,
701) may store location information in its CLB {e.g., 710) pointing straight to a location
in g remote LLC slice adiacent fo a remote node {8.g.. a location in 772) and may
access that data without the need for indirections through netther DIR 780 nor any of
the CLBs of that node (790).

{0080} There exist LLC implementations {oday that are reminiscent of Figure 7
(only in the sense that the LLC is physically divided into banks that are physically
placed dose to the nodes and not with respect to other slements of Figure 7).
However, solutions today {for example server chips from intel) place data units in LLC
banks according 1o their address, which results in that 25% of the accesses hitling in an
LLC bank will hit in the bank close o the node, assuming four nodes. The cache
access technique descoribed according o embodiments, e.qg., based on location
information pointers, allows full flexibility for placement of the data units and does not
depend on the address of a data unit, which potentially could increase the local portion
of the LLC hits. One pption would be to replicate all the shared data in all the LLC slices
where it is accessed. However, replicating all shared data in all LLC slices will consume
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LLC capacity. As stated before, 20% of regions are typically shared. Assuming that all
shared regions will nesd to be replicated in all nodes, a four-node system would use up
80% of its LLC capacity storing replicated LLC data. This s clearly sub-optimal,
prompting for the need for smarter LLC allocation/replication decisions.

[0081} When a data unil s first allocated {o an LLO slice, it may appear
beneficial o always put i in the LLC sfice adjacent to the CPU accessing it. However,
since the threads running in the different CPUs may have different LLC capacity
requirements, it may sometimes be beneficial {o place the data unit in a remote LLC
slice and thus "steal” some of its local LLC capacity. In one embodiment, the aliocation
decision is made based on LLC slice cache pressure. Each LLC slice has &
replacement counter (RC 775, 778, 777) registering the number of replacements taking
place in the slice. in one embodiment, these counters are monitored periodically fo
determine the cache pressure for each LLC slice, where a higher count indicates a
higher pressure. When allocating an LLC space for a data unit, space is always
allecated in the local LLC slice if its cache pressure is the lowest. If not, a configurable
fraction of its allocations will be made to the remote LLC slice that currently has the
lowest pressure, while the remaining allocations are made in the local LLC slice. In one
embodiment allocation of space in remote LLC slices will only occur under certain
circumstances, e.g., if the cache pressure of the local LLC slice is above a cerfain
threshold.

[0082] In a traditional cache topology, whers a single last-level cache is shared
by several nodes, such as L2 103 in Figure 1 or LLE §70 of Figure 6, there is typically
at most one copy of each data unit residing in the LLC {referred to as a shared cache)
while caches that are private t© a node {(aiso referred o as a private cache), such as
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the L1 caches 102 of Figure 1, may each store replicated copies of the same data unit.
The LLC slices of Figure 7 have the oplion of either storing a single copy of a data unit
in one of the LLC slices and have all nodes access using identical location information,
or sforing several so-called replicated copies of a data unit in several LLC slices.

{0083} For extample a data unit 774 may be the only LLC copy for a data unit
and both CLT 712 in CLB-1 710 and a CLT in CLB-1 791 have their associated location
information pointing to location 774, This is referred to herein as shared LLC data. After
a decision has been made {0 replicale the data, a copy of the data can be pul in
focation 773 and the associated location information in CLT 712 changed to point to
location 773. The dafa unit stored in 773 is referred to as a local LLC data unit. The
focal data stored in location 773 can only be accessed indirectly through a lockup in a
CLE local 1o Node 1 701, while the global data stored in location 774 can still be
accessed directly by, for example Node N 799, by using location information pointing to
location 774.

{0084} In one embodiment, access to a remote LLT slice by an instruction miss
{e.g., miss in an instruchon cache L0} can cause the data unit t© be replicated and
also reside in the LLC slice adjacent to the requesting CPU's node. This is motivated
by the fact that a cache miss for an instruction typically resuits in larger performance
degradation than a data miss.

[0085] irt one embodiment, access 1o a so-called “hot” data unit in a remote LLC
slice can cause the data unit 1o be replicated and also reside in the LLC slice adiacent
to the requesting CPU's node. A hot data unit is a data unit which is accessed
frequently. Mot data can for example be detecled by measuring the duration since the
data was accessed last time. This could for example be implemented by providing
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“access timestamps” associated with the data unit or associated with the location
information. Mot data could alse be detected by the cache replacement algonthm, for
example LRU or pseudo LRU algorithms, which can detect if a data unit has been
accessed recently. in one embodiment, accessed data units that are marked as the
most recently used {MRU] data unit of a set are classified as hot data units and cause
replication. The nventors’ own empirical studies show that intelligent allocation and
replication decisions, such as the ones discussed above, can make 80% on average of
the LLC accesses hitin the local LLC slice.

{D086] In one embodiment, access o a remate LLT slice can cause the data
unit o be migrated fo the LLO slice adiacent to the reguesting CPU's node. The
migration decision can be mads hased on the region’s category. For example accesses
to private regions can cause a date unit to be migrated to the LLC slice adjacent to the
requasting CPU’s node. More specifically, instruction accesses, or accesses to hot
data, may cause a migration if the accessed region is classified as a private region
{PR}.

{0087} in one embaodiment the cache system of Figure 7 s a tag-less cache
system, i.e., a cache systems where a data unit stored in a cache (for example the
caches L-1 through L-Y of the nodes and the LLC) not have an address tag associated
with it. Instead, a location information with an address tag associated with it will identify
the locatlion where the data unit is stored. The traditional caches included in Figure 7
(L0~ and LO-D), may still have address tags associated with thelr cache data unis
though.

{0088} Figure 8 flustrates a method embodiment and will be described in detad
below, along with other method esmbodiments.
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[0089] Operation of the foregoing embodiments may be better understood by
referring 1o practical memory access transactions which will ocour in multiprocessor
systems which employ such embodiments.  For example, Figures 9 through 13
describe sequences which can be used by embodiments 1o maintain ceriain coherence
and determinism between the data cache hierarchy and the CLB hierarchy depicted in
Figure & Similar sequences can also be used to keep the coherence and determinism
for the multiprocessor system depicted in Figure 7.

{00380} Figures § through 13 show numbered steps, including communication
staps between four different elements identified in Figure 8, which are represented by
blocks at the top of Figures 9-13; Specifically, these four different elements include: 1}
the requestor node {e.q., 601), which is the node where the activity is started, for
axample by a request originating inside the node that can not be satisfiad locally within
that node, 2) the DIR 860, which acts as a backing store {spill/fill} for CLB information
stored in the Nodes 1 through N and also takes part in global coherence activities o
keep dala unils coherent, 3) the master location for data units, e.g., Iocation 871 in an
LLC 870, and 4} an element collectively representing the “PB nodes” {L.e., the nodes
with a corresponding PB bit which is set in the DIR 680 and which comesponds to the
data unit being requested, other than the requesting node) also referred 1o as the slave
nodes.

{6081} The steps taken are described in these embodiments as one nuwmbered
sequence, even though someons skilled in the art would realize that some of the steps
can be performed in paraliel and that there may other possible orders between the

steps,
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[0092] Tuming to Figure 8, this Figure depicts global and local steps needed to

resolve a global coherent “Read Miss” in combination with a CLB hit in the requesting

node 6§01 according to an embodiment, i.e., a read request initiated in Node-1 601 fora
data unif not present in node 601, The master location for the data unit is in location

671 within LLC 870. This example is applicable for both PR and SR regions. The

following steps are faken:

Step ©@01)  Node 601 hils in one of its CLBs, determines from the LI that a global
read request & needed and utilizes the LI information 1o form 8 read request
{ReadReq) targeting the data unit's master location 871.

Step 802) The information provided in the ReadReq request is sufficient to find the
cache (LLC 870} and the location within it where the data unil resides (671). This
resuits in a data response ({ata) being sent back o Node-1 601,

Step 803)  Node 601 finds an appropriate local location {LL) within the node, eg., a
free location, a focation that can be made free or an otherwise avaitable location,
and changes a location information (LI} of a comesponding local CLB entry
associgted with the data unit to paint o that local location.

Step 804)  The local location s marked as having state shared (S) to indicate that

the copy is readable but not writable.

The master copy for this data uml remains the location 671, which B why no
communication is needed (or shown via signal between location 671 and “PB Nodes

690 and 689" block) with nelther DIR 680 nor the slave nodes.

[o0a3} Tuming o Figure 10, this Figure depicts global and iocal steps nesded o

resolve g global coherent "Read Miss” i combination with a CLB miss in the requesting

a0
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node according to an embodiment. This example is applicable for both SR and UR

regions (the number of PB bits set in the DIR corresponding o the requesied data unit

is not equal to 1). The following steps are taken:

Step 1001}  Node 601 cannot find a corresponding entry in its focal CLBs and forms a
Read Request CLB Miss {ReadReqCM) targeting DIR 860.

Step 1002  DIR 860 marks this region as blocked {possibly by taking a lock from a
limited hash-lock pool}.

Step 1003}  DIR 860 sels the PB bit corresponding to Node- 601 equalio 1.

Step 1004) DIR 660 determines that the master location is location 671 and sends a
read request to that location.

Step 1005}  In parallel, DIR 660 sends CLE information 1o Node 601 to allow # o
create a local CLE entry associated with the data unit.

Step 1008}  The data is sent from the master location 671 to the requesting node 601,

Step 1007}y  Node 601 finds an appropriate local location (LL) within the node and
changes the local CLB entry to point to that local location.

Step 1008)  The ocal location i marked as stale shared (S) to indicate that the copy
is readable but not writable.

Step 1009}  The requesting Node 601 sends a completion message (Cmp) fo DIR
660.

Step 10107 DIR 860 unblocks the region.

{0084} Tuming to Figure 11, this Figure depicis global and local steps needed o
resoive a globat coherent "Read Miss® in combinaion with 2 CLB miss in the requesting
node according to an embodiment. This example is applicable Tor PR regions {the

a6



WO 2017/077502 PCT/IB2016/056655

number of PB bits set in the DIR comesponding {o the requested data unit is equal to

1. The example assumes that the PB bit s only is set for Node 680, The following

steps are {aken:

Step 1101}  Node 601 cannot find a corresponding entry in its focal CLBs and forms a
read request CLB-miss {ReadReqCM) targeting DIR 860.

Step 1102)  DIR 880 marks this region as blocked.

Step 1103)  DIR 660 sets the PB bit corresponding to Node 601,

Step 1104)  DIR 660 determines that the region is PR and that it does not have up-to-
date CLB information. A CLBReg is sent to Node 690 since that CLB has is
cofresponding PB bit set in the DIR's R field 8683,

Step 1105)  The CLBs of Node 890 clear the region information (RI) indicating the
classification PR for the region.

Step 1108)  Node 690 replies with CLB information back to DIR 880, once il has
completed s outstanding direct-fo-data read requests.

Step 1107) DIR 860 forwards CLB information to the requesting Node 801 fo allow it
to create a local CLB endry associated with the data unit.

Step 1108} Node 690 determines that the master location for the regquested data is
jocation 671 and sends a read request 1o that location.

Step 1109}  Data is sent {o the requesting Node 801,

Step 1110} Node 801 finds a local location within the node (LL) and changes the
local CLB entry {o point to that focal location.

Step 1111} The local location is marked as state shared (5) to indicate that the copy
is readable but not writable.

Step 1112)  Node 601 sends a completion message (Cmp) to DIR 660
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Step 1113 DIR 8680 unblocks the region.

[0085] Tuming to Figure 12, this Figure depicts global and local steps needed to
resolve a global coherent "Write Upgrade Miss” in combination of a CLB hit in the
requesting node according to an embodiment. This example is applicable for SR
regions {the number of PB bits set in the DIR for the carresponding data und is larger
than 1). The example assumes that the PB bit is set for Node 690 and Node 698, The
foliowing steps are taken

Step 1201)  Node 801 finds a corresponding entry in #g local CLBs and determines
that it has a local copy of the data unit in state Shared (S) and forms an invalidation
request (invRegq) targeting DIR 660,

Step 1202) DIR 860 marks this region as blocked.

Step 1203} DIR 660 sets the L corresponding to the requested data unit fo point to
Node 601.

Step 1204) DIR 660 sends invalidation requests {Inv} © both slaves, with their
corresponding PB bit sef in DIR 660, .., nodes 890 and 6889,

Step 1205) Both slave nodes (630 and €99) set their Ll comesponding to the
requestad data unit to point 1o Node 601,

Step 1206} Both slave nodes (890 and 699} make sure that any local copies of the
data unit they may have can no longer be accessed {depicted by a state change to
invailid state (State =1}

Step 1207} Both slave nodes (680 and 699} send acknowledge messages o the

requesting node (801).

(53]
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Step 1208)  ARter the requesting node has received aill acknowledge messages {the
number of messages to receive may be catried by the messages themselves) the
copy of the data unit in Node 601 is marked as state exclusive (E) to indicate that
the copy is both readable and writable.

Step 1209} Node 601 sends a compiletion message {CMP) to DIR 660.

Step 1210 DIR 880 unblocks the region,

[00586] Tuming to Figure 13, this Figure depicts global and local steps needed fo

resolve a global coherent eviction request from Node 601 according to an smbodiment.

For exampie, Node 681 may store a dirty copy of the data unit in #is cache L-Y 840 that

should be evicted to location 871 in LLC 670. The example assumes that the PB bits

which correspond to the relevant data unit in DIR 660 are set for Node 690 and Node

8993, The following steps are taken,

Step 1301}  Node €01 copies the data value of the data unil 1o the new location 671
{Copybata).

Step 1302) During this step #t is detemmined thal the CopyData operation has
reached a poirt where it can be gusranteed that any ReadReq targeting this data
unit will be guaranteed to return the updated copy of the data unif. This may for
axampie be achieved through network ordering properties, by a signal generated
internally from the network, or as shown in the embodiment of Figure 13 by the
target logation 771 sending a Copied signal back to Node 801 after the CopyData
signal has been received.

Step 1303} The requestiing node 501 sends a request {0 evict the data (EvictReq) 1o
DiR 860

Step 1304) DIR 680 blocks the region.
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Step 1305)  DIR 880 marks the target location 871 as LI for the data unit.

Step 1308) DIR 660 sends a new location information {(Newll} to both slaves with
their corresponding PB bit set in DIR 660, i.e., nodes 680 and 699.

Step 1307}  Both slave nodes (890 and 589} set their LI corresponding fo the target
location 571,

Step 1308 Both slave nodes (680 and 699) send acknowledge messages o the
requesting node (601).

Step 1308)  Afer the requesting node has received all acknowledge messages it can
free up the space held by the evicted data unit {(depicted as State = {}

Step 1310} Node 601 sends completion message {(Cmp) to DIR 880,

Step 1311} DIR 660 unblocks the region,

[0097} it can he noted that DIR 660 sends Inv messages to all nodes with valid

CLB entries in step 1204 of Figure 12. This could potentially result in more inv

messages sent than for a conventional directory-based cohsrence protocols that send

inv messages only 1 nades that are known 1o have read the requested data unit. In

one embaodiment, this effect is tamed by g technique known as CLB weeding, where

some CLB entries are evicted if it is detected that the node receives unnecessary inv

messages. For example, a CLB enltry can be evicted if none of the data units of the

corresponding region resides in the node’'s caches and Inv messages are received for

the region. It has been empirically shown by the inventors that in spite of the potential

of sending more Inv msessages, the overall number of messages sent by the proposed

system in the embodiment are less than half of the number of messages sent by

conventional directory-base coherent systems.
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{0088} In one embodiment, if a region is shill detected to generate too many
coherent messages due to the PE bt representation i DIR, the region could be
converted to a special classification known as fine-grain regions (FR). FR regions {that
are expected 1o be very few) have special entries in DIR that can tracks the set of
nodes that have shared copies associated with sach cacheline, possibly using a
directory representation technique, such as fully mapped, DirN-B, DirN-NB or coarse-
grained representation. The region’'s CLB entries will be marked as FR regions and will
initially have their location entries set to the symbol “don’t know”™ (DK). This will prompt
global coherence read requests to consult DIR to find the kocation of a data unit, which
will allow DIR to track the node as having a shared copies associated with the
requested data unit. This information allows DIR 1o send Inv messages only to the
nades that have requested the cacheline.

[0099] In one embodiment, the nodes store PB bils as part of the region
information (RY) in their CLB entries {e.g., 610 through 630). This enables a node
requesting coherent write permission o send invalidation requests directly to the
siaves, rather than making an indirect access through the directory.

[00100] Cache coherence protocols of multiprocessor systems can be greatly
simpiified if a blocking mechanism, such as the mechanism described in conjunction
with DIR 680, is provided. However, there are situations where direct communication
between the nodes are preferred over indirections through the directory, for example
some embodiments where PB bits are stored as part of the region information (Rf) in
the of the nodes CLBs aflowing for invalidation messages {0 be send directly between
the nodes without the need for a directory lockup. it would be benefictal to have a
blocking mechanism decoupled from a directory. This would not just save the extra
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directory lookup latency and energy; it could potentially lead to fewer NoC transactions
sent and fewer crossings of clock domains.

[00101] In one embodiment, the network implements a blocking fundctionality that
blocks certain messages from being sent on the network. This may be implemented by
an array of locks integrated in the network, where a part of the address associated with
g message is used to sslect the lock coresponding o the message. The
corresponding lock may be acqguired {lock gets set) when a message of certain types is
sent o the network, While the lock remains acquired, other messages of cerlain types
are blocked from being sent on the network. The fock will need to be released by some
svent specified by the coherence protocol before, blocked messages associated with
the lock may be sent

joot102] A message acquiting a lock may be of broadcast type, implying that there
may be more than one node receiving the message. In one embodiment, one or more
nodes receiving the message need to take action (as specified by a coherence
protacol} 1 release the associated lock before blocked messages may be sent. In one
embodiment, the sending node gets notified when the lock gets released.

[00103] In one embodiment, a single write request initiated by a requesting node
may generate an invalidation broadcast message sent to several slave nodes, which
will cause a lock o be acquired. Each of the slave nodes invalidates their data unit and
gpplies a release mechanism to the lock. Once all slave nodes have applied their
release mechanism, the lock gets released and the requesting node gets notified and
will be granted write penmission. This should be compared with a traditional direciory-
based coherence system, where a write request inttiated in a node will involve the
following steps: a write request is sent 10 the directory; the directory locks and sends
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invalidation messages {o slaves nodes; the slave nodes invalidate data units and send

ACk messages; the requesting node detects when all Acks have been received and

getls write permission; the lock is unlocked in the directory.

[00104] The mechanisms described herein have many significant differences

compared with conventional directory-based coherent cache memaory systems built

with conventional tag-based caches. Embodiments have been described which have

one or more of the following unique properties:

1)

2}

3)

4}

Cache locations information, identifying where readable copies of a data units can
be found, are cached in so-called cached location buffers {CLBs) close fo the
CPUs.

The CLBs form a separate inclusive “CLB cache hierarchy”, with the directory DIR
at its root, storing “metadata” information about where the dala units are stored in
the separate “data cache hierarchy”. This is different from conventional caches that
store address fag “metadata” associated with each cachsline to identify its identity
and thus need o search each level for the data unit requesied. CLBs + DIR are
organized and searched in a hierarchical manner.

Data caches of the "data cache hierarchy” do not need 1o be organized and
searched in g hierarchical manner, as is common for conventional cache.

The directory tracks nodes that may have copies of cachelines of a region (or may
access the region) using "PB bits”™. This formationis used o steer some coherent
messages, for example invalidation messages (Inv). This is different from
conventional directories than frack the set of nodes that may have shared copiles

associated with each cacheline.
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5) Private regions are detecled, where only one node may access, and may have

cached copias of, the region’s data units.

These features enable several unique properties not present in conventional directory-

based coherent memory systems:

-

80% of global coherent requests do not need o take caherendce ino account
sifice # can be guaranteed that only one node may access the data and may
have cache copies of the data accessed, .9., dus fo characteristic {3} above.
Globat coherent read requests do not need 1o consult the directory, because the
locally cached location information can tell where the data is located, e.g., due to
charactenstic {1) above, and that tracks the set of nodes that may have shared
copies associated with each cacheline | e.q., dus fo characteristic {4) above

The LLC is divided into LLC slices, where the allocation of data units to LLC
stices can be done freely and do not depend on the address of the data unit |
&.g., dusg to charactenstic (1) above. LLC slices are placed close to the nodes
and smart heuristics is used to increase the likelihood that a node will access
data units in its LLC slice,

Read accesses can find a requested data unit in such a lecal LLT, e.g., due o
characteristic {1) above, (1) slice without the need fo consult the directory , e.g.,

due to characleristic {(4) above

{00108] Empirical studies performed by the inventors have shown that the

praposed techniques reduce the number of global NoC messages, the amount of dala

sert across the NoC and the total energy used all by more than 50% on average

across a wide set of applications, while cutting the average latency for L1 missses by

30% on average.
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[00108] From the foregoing embodiments, varous general fealures of the
embodiments can be noled. These features can be used fogether in some
embodiments, or in various combinations and subcombinations in other ampodiments.
For exampie, a cache location buffer (CLB) is used {o track the location of cache lines
in a muitiprocessor cache hierarchy. The cache hierarchy may indude one or many
caches of different sizes and/or access times. Each cache can store a plurality of
cache lines stored in an associative way, for example, divided into a number of sets,
each containing & number of ways. While the address identifying a cache line can be
used o identify a set within a cache where the cache line should reside, the identity of
its way location cannot be determined by its address without a search.

{00107] One task of the CLB according {o some embodiments is to efficiently find
the cache and the location within that cache level which stores a specific cache line,
the node storing that cacheline or fo efficiently determine that the cache line does not
reside in the cache hierarchy at all.  In this context, “efficiently” may refer 10 using less
energy, operating more guickly, using less slorage space, some combination thereof,
or other beneficial results.

[00108] A CLB may be implemented according o some embodiments as an
associative structure, storing a plurality of cache table entries {CTE). Each such entry
stores, for example, an address fag and location information for the group of cache
lines that are identifies by that CTE. The CLB may be implemented in a hierarchical
manner with smaller and faster CLEBs backed by larger hut slower CLBs. The different

CLB levels can be designed to be accessed using virtual or physical addresses.



WO 2017/077502 PCT/IB2016/056655

[00109] The location of a requesied cache line is determined by a loockup in the
CLB, after which the cache line can be accessed at its determined level and location
without the need for any other associative lockups. This removes the requirement o
store gdditional address tags in the cache hierarchy.

[00110] Numerous varigtions and permudations of the above embodiments are
contemplated. For exampie, in one embodiment the number of location information
bits associated with a CTE may be different for different CLB levels and the copying of
L} information between the CLB levels may be partial copying operations. I another
embodiment, the funclionality of a first-level CLB is integrated with the functionality of a
TLB or contains parts of the functionality commonty found in TLBs. In an example of
such an implementaton, a CLB entry could contain some combination of wvirtual
address tag (VAT), cache location table (CLT), access permission encodings and
physical address transiation, as well as other metadata commonly found in TLB
implementations. Moreover, even though the examples above contain up o two cache
fevels and up fo two CLB levels, those skilled in the arl will understand that the
fechniques described hersin can be generalized 1o apply o more levels of caches and
more levels of CLEB. There is no requirement that the number of cache levels and the
number of CLB levels are the same. [ will also be undersioed that the last level of CLB
may spiff and fill to & dedicated region in fraditional (main) memaory and that way act as

a CLB cachs.

[eo111] in one embodiment, the infwrmation of & CTE may contain other
metadata associated with #s assocvisted cachelines, including but not limited to,
information about their access palterns and past usage, cacheline state, profection

information nommally stored in @ TLB and the physical address porfion needed 1o
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generate a physical address. Some of this data may be stored in the region

information (R1) fields of for example 413 and 425

[00112] The embodiments can also be expressed as methods, an example of
which is provided as method 800 in the flowchart of Figure 8. Therein, at step 802,
data units are stored in private caches in nodes of 4 multiprocessor system, wharein
each node contains at least one procassor {CPU), at least one cache private to the
node and at least one cache location buffer (CLB) private to the node. At step 804, in
each CLB, location information values are sfored, each location information value
indicating a location associated with a respective data unit, wherein each location
information value sfored in a given CLB indicates the location to be sither; location
within the private cache disposed in the same node as the given CLEB, v be a location
in one of the other nodes, or to be a location in a main memory. Coherence of values
of the data units are maintained using a cache coherence protocol at step 806. The
jocation information values stored in the CLBs are updaled by the cache coherence

rotocal in accordance with movements of thair respective data units.

[00113] According to another method embodiment, itiustrated in the flowchart of
Figure 14, a method 1400 includes storing data units in private caches in nodes of a
multiprocessor system and in global caches and a mermnory, wherein each node
comtging at least one processor (GPLY, at least one cache private o the node ot step
1402 Coherency of values of the data unils stored in the private and globatl caches are
maintained, af step 1404, using a cache coherence protocol which performs lookups in

a directory storing focalty information for the data units. The localion information

a7



WO 2017/077502 PCT/IB2016/056655

identifies a location whers the data unil resides as being one of. a node, a global cache

of memory.as indicated by step 1406,

[00114] According to another method embodiment, illustrated in Figure 15, &
method 1500 includes, at step 1502, data units being stored in private caches in nodes
of a muliprocessor systam and in global caches and a memory, wherain each node
containg at teast one processor (CPU), at least one cache private {o the node, the
nodes being connected via a network. Coherence of values of data units stored in the
caches is maintained, at step 1504, by a distributed cache coherence protocol which
sends coherence messages on the network. Some coherence messages are blocked
from being sent on the network, step 1506, wherein sending a coherence message
aciivates the blocking funclion 1o biock other coherence messages i the other
coherence messages are for the same address region as the coherence message

{shown as step 1508).

[00115] The steps depicted in Figure 8, 14 and 15 can be performed in vanous
orders and some sieps can be performed in paraliel or sequentially. These method
embodiments, the system embodiments described ahove, and other embodiments may
provide various beneficial results. For example, Applicanis have performed detailed
simulgtion studies which have shown that cache implementations associated with the
smbodiments descibed herein can save substantial energy compared  with
conventional cache systems and can also result in caches with substantislly shorter
acress time.

[00116] For clarity, most descriptions herein generally describe techniques for

how a cacheling is located and returned to a requesting CPU. The descriptions do not
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describe in detall the various ways in which a requested word confained within the
gacheline is selected and returned to the CPU, which will be apparent to those skilled in
the art and would have unnecessarily obscured the invention.

[001173 For clarity, most descriptions herein describing the handiing of data of
cache hierarchies describe exclusive cache hierarchies. Those skilled in the art would
understand that the described embodiments can be exdended to also cover inclusive
memory hierarchies and non-exclusive memory hierarchies.

[00118] Although describad above in the context of ceriain exemplary computer
architectures, caching exisis in many other setlings within, as well as outside, a
computer system and the foregoing embodiments are equally applicable o such other
contexts. An example of such usages is the virtual memory system which caches data
from a slow, high-capacity storage, such as a disk or FLASH memories, info a faster
and smaller high-capacity memory that could be implemented using dynamic RAM.
Other examples of caching in a computer system include, but ars not limited {o, disk
caching, web caching and name caching. The organization and caching mechanisms
of such caches may vary from those of the caches discussed above, &.4., variances in
the size of a set, their implementation of sets and associativity, elc. Regardless of the
implementation of the caching mechanism itself, the embodiments described herein are
equally applicable for implementing the various caching schemaes.

{60119) The disclosed embodiments describe, for example, systems and
methods associated with various cache higrarchies. It should be understood that this
description is not intended {o limil the invention. On the confrary, the exemplary
embodiments are intended o cover alternatives, modifications and equivalents, which
are included in the spirit and scope of the invention. Further, in the detailed description
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of the exemplary embodimenis, numerous specific details are set forth in order to
provide a comprehensive understanding of the invention.  Howsver, one skilled in the
art would understand that various embodiments may be practiced without such specific
details.

[00120] Although the features and elements of the present ambodiments are
described in the embodiments in particular combinations, each feature or element
can be usad alone without the other features and elements of the embodiments or in
vatious combingtions with or without other features and slements disclosed herein.
The methods or flow charts provided in the present application may be implemented
in a compuler program, software, or firmware {angibly embodied in a computer-
readable storage medium for execution by a general purpose compuier of a
Processor.

[00121] This written description uses examples of the subject matter disclosed to
anable any person skilled in the art 1o practice the same, including making and using
any devices or systems and performing any incomporated methads. The patentable
scope of the subject matler is defined by the claims, and may include other examples
that occur to those skilled in the art. Such other examples are intended to be within the

scope of the claims.



WHAT IS CLAIMED IS:

1. A multiprocessor system comprising:

a plurality of nodes , at least one memory, and at least one global directory

storing location information about data units;

wherein each node contains at least one processor (CPU), at least one cache

private to the node, and at least one cache location buffer (CLB) private to the node,

wherein each CLB stores location information values, each location

information value indicating a location associated with a respective data unit,

wherein each location information value stored in a given CLB indicates the
location to be either a location within the private cache disposed in the same node as
the given CLB, to be a location in one of the other nodes or to be a location in

memory,

wherein the values of the data units are kept coherent by a cache coherence
protocol and the cache coherence protocol updates the location information values in

accordance with movements of their respective data units,

wherein the global directory is used to implement the cache coherence
protocol and wherein the nodes can spill and fill the location information to and from

the global directory.

2. The multiprocessor system of claim 1, further comprising:
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at least one global cache which does not reside in any of the nodes and
wherein the location information value can also identify a location within the at least

one global cache.

3. The multiprocessor system of claim 1, wherein the cache coherence protocol
classifies a continuous region of data units to be a private region if the data units
only have their respective location information values stored in one or more CLBs

which are private to one and the same node.

4, The multiprocessor system of claim 3, wherein the continuous region has
associated therewith information about which nodes have location information for the

data units associated with the continuous region stored in a CLB private to the node.

5. The multiprocessor system of claim 4, wherein only nodes indicated to have
location information for the data units associated with the continuous region stored in
a CLB private to the node can have copies of the associated data units stored in

their respective private caches.

6. The multiprocessor system of claim 1, wherein handling a global invalidation
request for a data unit sent from a requesting node to the global directory involves

the steps of:
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performing a lookup in the global directory to find information associated with

the data unit and its region;

invalidating copies of the data unit in nodes, excluding the requesting node,

indicated to possibly have copies in their private caches; and

updating location information in the private CLBs associated with nodes

indicated to have location information for the data unit.

7. The multiprocessor system of claim 1, wherein handling an eviction of a data

unit from a node to a new location involves the steps of:

copying the value of the data unit to the new location; and

updating the data unit’s location information in the private CLBs associated

with nodes storing location information for the data unit .

8. The multiprocessor system of claim 1, wherein the global directory
implements a blocking function that blocks certain coherence requests from being

serviced by the global directory.

9. The multiprocessor system of claim 1, wherein the private CLBs and the

global directory, all storing location information, form a separate inclusive cache
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hierarchy and wherein the local and global caches, storing the data units, form a

non-inclusive hierarchy.

10. A multiprocessor system comprising:

a plurality of nodes, more than one global cache , at least one memory, and at

least one global directory storing location information about data units;

wherein each node contains at least one processor (CPU) and at least one

cache which is private to the node,

wherein the values of the data units stored in the caches are kept coherent by

a cache coherence protocol performing lookups in the global directory,

wherein the location information identifies a location where the data unit

resides as being one of: a node, a global cache or memory,

wherein the global directory is used to implement the cache coherence
protocol and wherein the nodes can spill and fill the location information to and from

the global directory.

11.  The multiprocessor system of claim 10, where the location information
identifying a global cache, also identifies a location within that cache as a location for

the data unit.
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12.  The multiprocessor system of claim 10, further comprising:

a plurality of global caches, in each of which more than one node can
allocate space for its requested data units, wherein one or many nodes have one of
the plurality of global caches placed closer to them than other global caches and
wherein mapping a data unit placement to a global cache is done independently of

the data unit’'s address.

13.  The multiprocessor system of claim 10, further comprising replacement
counters associated with the global caches which are used to determine in which

global cache a data unit should be allocated.

14.  The multiprocessor system of claim 10, wherein the global caches can be
configured to have all nodes access one common copy of a data unit stored in one
global cache or where it can be dynamically decided to create an additional

replicated copy of a data unit in a specific global cache.

15.  The multiprocessor system of claim 10, wherein a continuous region of data
units has an address tag associated with their corresponding location information in

the global directory, and the address tag identifies the region.
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16. A method comprising:

storing data units in private caches in nodes of a multiprocessor system,
wherein each node contains at least one processor (CPU), at least one cache private
to the node and at least one cache location buffer (CLB) private to the node;

storing, in each CLB, location information values, each location information
value indicating a location associated with a respective data unit, wherein each location
information value stored in a given CLB indicates the location to be either; location
within the private cache disposed in the same node as the given CLB, to be a location
in one of the other nodes, or to be a location in a main memory;

maintaining coherence of values of the data units using a cache coherence
protocol; and

updating, by the cache coherence protocol, the location information values
stored in the CLBs in accordance with movements of their respective data units;

storing location information about the data units in at least one global
directory, wherein the global directory is used to implement the cache coherence
protocol and wherein the nodes can spill and fill the location information to and from

the global directory.

17.  The method of claim 16, further comprising:

storing data units in at least one global cache which does not reside in any of
the nodes and wherein the location information value can also identify a location

within the at least one global cache.
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18.  The method of claim 16, wherein the cache coherence protocol classifies a
continuous region of data units to be a private region if the data units only have their

respective location information values stored in one or more CLBs which are private

to one and the same node.
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