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(57) Abstract: Methods and systems for providing cache coherence in multicompute- engine systems are described herein. In one
example, a concise cache coherency directory (CDir) for providing cache coherence in the multicompute-engine systems is de-
scribed. The CDir comprises a common pattern aggregated entry for one or more cache lines from amongst a plurality of cache lines
of a shared memory. The one or more cache lines that correspond to the common pattern aggregated entry are associated with a com-
mon sharing pattern from amongst a predetermined number of sharing patterns that repeat most frequently in the region.
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CACHE CONERENCE IN MULTI-COMPUTE-ENGINE SYSTEMS
BACKGROUND

[0001]  The advent of technology has led {fo an exponential growth in
computational power of computing systems. Use of multi-processor devices
and multi-core processors, which include a number of cores or processors, in
the computing systems, has also contributed o the increase in computational
power of computing systems. Each of the cores or processors may include an
independent cache meamory. Cache coherence refers {o the integrity of data
stored in gach cache of the cores or processors.

Brier DESCRIPTION OF THE DRAWINGS
{00021 The delailed description is provided with reference to the
accompanying figures. In the figures, the left-most digii(s) of a reference
number identifies the figurs in which the reference number first appears. The
same numbers are used throughout the drawings to reference like features
and componants.
[0003] Figure 1A Hllustrates a multi-compute-engine system.
[0004] Figure 1B s a schematic representation of an entry of a cache
cohergnce directory.
[0005]  Figure 2A Hlustrates a multi-compute-angine system, according to
an example of the present subject matter.
{0006} Figure 2B ifllustrates a mulli-core processing system, according to
an example of the prasent subject matter.
[0007] Figures 3A and 3B illustrate a partial concise cache coherence
directory, according o an example of the present subject matter.
{0008] Figure 4A Hlustrates a concise cache coherence directory for cache
coherence in a multi-compuie-engine system, according 1o an example of the
present subject matter.
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[0009] Figure 4B shows a sharting pattern {able associated with a concise
gache coherence directory for cache coherence in a mulli-compute-engine
system, according to an example of the present subject matter.

[0010] Figure 4C illustrates a concise cache coherence directory for
cache coherence in a multi-compute-engine system, according to an example
of the present subject matter,

[0011] Figure 5A and 5B illustrale a multi-core processing system
implementing a concise cache coherence directory for cache coherence, in
accordance with an example of the present subject matter.

[0012] Figure & ilustrates a method of maintaining cache coherence in
muiti-compute-~-engine systems, in accordance with an example of the present
subject matter.

[0013] Figure 7 illustrates a computer readable medium storing
ingtructions  for maintaining cache coherence in multi-compute-engine
systems, according to an example of the present subject matter.

DeTaL gD DESCRIPTION

[0014] in a multi-compute-engine system, each compute engineg, such as
a corg or a processor, includes an independent cache memory. The cache
memory is a smaller, faster memory which stores copies of data from
frequently used main memory jocations. Generally, the cache memory
includes instruction and data caches, where the data cache is organized as a
higrarchy of one or more cache levals.

[0015] Considering an example of a mulli-core processing system, sach
processor may include several cores, each core having #s own cache. Thus,
mutltiple coples of the same data from a main memory may be cached
concurrently within several or all of these cores. To maintain a consistent view
of the main meamory by all the cores, all such copies may have to be
consistent. Inconsistency in cached data slored independently with these
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cores, may pose various difficulties, for example, in the multi-core processing
system.

[0016]  For example, consider a first and a second core of the multi-core
processing system to cache a copy of data (D), in their respective caches
simultansously. A cache coherence problem may arise when the first core
modifies its copy of data (D), while the second core simultanecusly uses its
copy of data (D). Once the first core modifies ifs copy of data (D), the copy of
data (D), held in the cache of the second core is no longer valid. In such a
situation, if the second core were {o read data (D) from its cache, 2 wrong
value of data (D) would be returned. Cache ccherence enables managing
such conflicts and maintaining consistency between the cache and the main
memary. Cache coherence can be achisved by ensuring that the second core
camnot use s copy of data (D) until it is made identical 1o the modified copy
of the data (D} held in the cache of the first core or altermatively, by ensuring
that the first core cannot modify its copy of data (D) until the copy of data (D)
in the second core is returned or invalidated.

[0017] in multi-compute-engine systems, cache coherence is generally
achieved through cache coherence profocols. The cache coherence profocols
maintain consistency between all the caches in the multi-compute-engine
systems. The cache coherence protocols are classified based on the
technique by which they implement cache coherence. There arg two types of
cache coherence protocols, namely, snooping based protocols and directory
based protacols.

[0018] The snooping based protocols that involve monitoring of address
lines of shared data and a broadcasting of every access that may cause a
change in the shared data to all sharers, are not scalable. As the number of
sharers, t.e., the number of compule-engines, such as Cores or processors,

continues to grow, broadcast to all sharers consumes excessive bandwidih,

(]
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[0018]  The directory based protocols, where a dirgctory is implemented as
a filter through which each core or processor asks permission to load data
from the main memory to #ts cache, provide another approach to achieve
cache coherence in the multi-compute-engine systems.

[0020] Figure 1A shows a multi-compute-engine system 100. In one
example, the multi-compute-engine system 100 may be operable on a
directory based protocol {0 achieve gache coherence. The multi-compute-
angine system 100 may be, for example, a mulli-processor system, multi-core
processor system or a chip-multi processors system. Accordingly, the multi-
compute-enging system 100 may comprise multiple processors or cores,
based on the configuration of the multi-compute-engine system 100, In an
example, the mulli-compute-engine system 100 may comprise mulliple
processors 102-1, 102-2....102-n, as shown in Figwre 1.

[0021] Each of the processors 102-1, 102-2....102-n have one or more
levels of cache 104-1, 104-2....104-n associated with them, respectively. An
interconnection network 106 allows the processors 102-1, 102-2....102-n {o
communicate with each other as well as with a main memory 108 of the mulli-
compute-engine system 100, in the mulli-compute-engine gystem 100, data
of the main memory 108 may be cached by any compute engine of the multi-
compute-engine system 100, for example, any of the processors 102-1, 102~
21020 In one example, the multi-compute-engine system 100
incorporates a cache coherence directory 110 to provide cache coherence
amongst the processors 102-1, 102-2....102-n.

[0022] The cache coherence directory 110, also referred to as directory
110, may maintain information about cache coherence on a per-block
granularity. For sase of explanation, the directory 110 may be considered to
be implemented for a page of the main memory 108 having a size, for
example, of 4KB. Further, the page may be considerad to be divided into
blocks, also referred to as cache lings. For instance, the 4KB page may be
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divided into blocks of 64 bytes. Accordingly, in the present example, the 4KB
page has 64 blocks. The directory 110 includes one entry per block of the
page, and accordingly, in the presaent example, the directory has 64 entries.
Each entry in the directory 110 comprises an identifier of the cache line to
which the entry corresponds and a list of processors that may cache the
block. Figure 1B illustrates an entry Ey of the directory 110,

[0023] As shown in Figure 1B, each entry E; in the directory 110
comprises a cache line identifier 112, state indicator 114, and a sharing
vector 116, The cache line identifier 112 is indicative of the memory address
of the cache line to which the entry £+ cotrasponds. The state indicator 114
indicates a state of the cache line. For example, the stale indicator 114 may
indicate whether a copy of the data of the cache line in a cache of any of the
processors 102-1, 102-2....102-n is modified, exclusive, shared or invalid.
Accordingly, in one example, the state indicator 114 may have a length of 2-
bits, wherein the 2-bits may indicate any of the four different states.

[0024]  The sharing vector 118 is used to indicate sharing of the cache ling
among any or all of the processors 102-1, 102-2....102-n. The number of bils
in the sharing vector 116 is equal o the number of processors 102-1, 102-
2...102-n, such that each bit in the sharing vector 116 corresponds 10 a
particular processor 1o indicate presence or absence of the cache line in the
cache of that processor. For example, a bit may be set o "1’ to indicate the
presence and o 0 o indicate the absence of the cache line with respect o
the corresponding processor.

[0025]  Again, merely for the purpose of dllustration and not limitation, in
one example, the number of processors 102-1, 102-2...102-n may be
considered to be 84, Therefore, in this example, the sharing vector 116 has a
length of 84-bits. As evidend, the size of the sharing vectors 118 increases
with the number of processors 102-1, 102-2....102-n.

Lrs
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[0026]  The size of the directory entry associated with each cache line and
in turn the size of the directory 110 itself increases linearly in proportion to the
increase in the number of processors 102-1, 102-2....102-n. Without
considering the size of the state indicator 114, the size of the directory 110 is
m*n. Here ‘'m’ is the number of entries which is equal to the number of cache
lings in a page of the memory for which the directory 110 is implemented and
‘i is the number of progessors 102-1, 102-2....102-n in the multi-compute-
angine system 100.

{00271 In general, the size of a cache coherence directory, such as the
directory 110, which increases linearly with the increase in number of
processors poses storage overhead difficulties it multi-compute-engine
systems with {arge number of compute-engines., For example, i the number
of processaors is high, it is not unlikely that the size of the storage required to
store the cache coherence directory may exceed the size of the cache used
to store the data being fracked by the cache coherence directory to provide
cache coherence. Referring to the above example, where the size of the
memory page is 4KB, numbsr of cache lines is 64 and the number of
processors 102-1, 102-2....102-n too is 64, the overhead due to the memory
consumed by the directory 110 is 12%. However, if, for the same memory
page of 4KB having 64 cache lines, the number of processors 102-1, 102-
2. 102-n increases {0, say, 1024, then the overhead becomsas 200%.

[0028] The increase in the size of the storage resulls in an increase in the
size, power consumption, and manufacturing cost of such multi-compute-
enging systems. Further, the increase in the size of the storage may also
adversely affect the performance of the multi-compute-engine systems and
add to the energy and latency overheads. Accordingly, although, the directory
based protocol provides an enhanced performance compared {o the snooping
based protocol, the directory based protocol may not be implamentable in
multi-compute-~-engine systems with high number of processors owing to the

6
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fact that the tofal memory overhead scales in a linear propottion to the
number of processors.

[0029] Msthods and systems for maintaining cache coherence in mulli-
campute~-engine systems o achigve scalability by reducing storage as well as
latency overheads are described. In accordance with the present subject
matter, a congise cache coherence directory, herein termed as CDir, may be
implemented for maintaining cache coherence in the multi-compute-engine
systams,

f0030]  In an example, to achieve reduction in storage size, the size of the
sharing vectors included in the CDir as well as the number of entries fo the
CDir is reduced. In accordance with one sxample of the present subject
matter, the CDir for a shared memory of a multi-compute-enging system, is
based on common sharing patterns that occur most frequently in regions of
the shared memory. A region may be defined as a continuous portion of
memory comprising muitiple blocks.

[0031] I an example, the implementation of a CDir may be explained in
cantext of a workioad, for example, a process or an application exacuting in
the mulli-compute-engine system that exhibits region-level sharing pattemn
and frequent sharing patterns. Region-level sharing pattern is observed
where continuous cache lines of a region have a same sharing pattem while
frequent sharing patterns are cbserved when various non-continuaus cache
lines of the regions the shared memory have a same sharing patiem.

[0032] in general, although each cache line of the shared memory may be
cached by different sharers and thus each cache line may have a distinct
sharing pattern, in case of a workload that exhibits frequent sharing patterns
and region level sharing pattern in a coarse-grained region, instead of having
a distinct sharing pattern per block, the likelihood of many blocks in a region
of the shared memory having a commaon sharing pattemn is high. Accordingly,
the number of sharing patterns occurring in a given shared memory may be
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limited to 8 small number. The sharing pattermns that are comimon for many
blocks in the region and may be referred {0 as common sharing patiem.
[0033] Some of the common sharing patterns may be repeating for a
majority of the cache lines while some may be repeated only for few of the
cache lines. In accordance with the present subject matter, a predetermined
number of most frequently repeating common sharing patltems are identified
for representation in the CDir. Sets of cache lines are formed such that each
sat of cache lines includes the cache lings thal have one of the identified
common sharing pattern. The CDir includes one aggregated entry for each
such set of cache lines. The aggregated entry for a sst of cache lines
associated with one of the identified common sharing pattern may be referred
to as a common pattern aggregated entry. The number of common pattern
aggregated entries in the Chir is equal fo the predeterminad number of most
frequently repeating common sharing patterns.

[0034] Further, the CDir also aggregates all the cache lines that have a
sharing pattern other than the identified common sharing pattemns into an
antry, referred fo as an uncommon pattern aggregated entry. Each of the
cache lines that have an uncommon sharing pattern are aggregated into the
uncommon pattern aggregated entry. An uncommon sharing patterns may be
understood as the a common sharing pattern that repeats for a lesser number
of cache lines than the identified predetermined number of common sharing
patterns or a disclinct sharing pattern, Le., a sharing patlern that does not
repeat for any of the cache lines.

[0035] Each entry of the CDir includes a pattern vector mapped to it. The
size of pattern vector is in proportion o the predetermined number common
sharing patterns that have been selected for representation in the Chir. The
paltern vector in each of the common pattem aggregated entry is set to
wentify the common sharing pattermn associated with the set of cache lines
that correspond to that entry of the CDir. Further, the pattem vector in the

8
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uncommon pattern aggregated entry is set to indicate that the aggregated
entry relates (o cache lines that have an uncommon sharing patiern, meaning
a sharing pattern other than the identified common sharing patterns.

[0036] For example, if a CDir for a sharaed memory is implemented with
the consideration that 3 common sharing patterns repeating most frequently,
the paftern vector may be a 2-bit vector, where ‘01, 10" and 11" may
represent the common sharing patiemn that repeats the highest number of
times, second highest number of times and third highest number of times,
respectively. Accordingly, the patfern vector included in an common pattern
aggregated entry may be set to etther 01, "10" or "1 {o represent the
common sharing patiern associated with the common patlern aggregated
entry. In an example, the pattern vector included in the uncommon patiern
aggregated entry may be set to 00"

[0037] i one example, the pattern vectors set in the common pattern
aggregated entries may be franslated into fullmap sharing vectors for
gxample, through pointers, transiation tables or any other transiation
schames o indicale who the sharers are. While, for all the cache lines
aggregated in the uncommon pallern aggregated entry, a percache line
based directory may be maintained.

[0038] Thus, based on the pattern vectors set in an enlry of the CDir, it
may be dstermined whether or not a per-cache line based directory should be
referenced o identify the sharers. Referning to the previous example, when a
pattern vector is set {0 '01, 110 or "11, & pointer or transiation table may be
looked-up and for a pattem vector set to 00, the per-cache ling based
directory may be referenced for obtaining the sharing information. i one
example, the per-cache line based directory may comprise the sharing
information of only those cache lings that have a sharing pattern other than
the identified common sharing patterns, or, in other words, an uncommaon

sharing pattern. Excluding cache lines having the identified cormmon sharing



WO 2015/116199 PCT/US2014/014259

patterns from the per-cache line based directory provides for significant
reduction in storage overhead. In one example, the per-cache line based
directory may be a full-map sharing vector based directory or a coarse-
graingd sharing vector based directory.

[0038] The size of the CDir is based on the number of most frequently
repeating common sharing patterns identified for representation in the CDir.
in accordance with one example of a workload that exhibits frequent sharing
pattern and region-level sharing pattem, a small number of common sharing
patterns are repeated for multiple cache lines. Accordingly, aggregating sach
set of cache lines that have a common sharing patiern into one entry of the
CDir contributes to a significant reduction in the memory overhead involved in
providing cache coherence.

[0040] Further in accordance with the present subject matter, in one
example, owing to the significantly reduced size, the CDir may be cached in a
private cache of a processor. This provides for reduction in latency overhead
involved in maintaining cache coherency for systems with growing size.
[0041] The above methods and systems are further described in
corjunction with the Figures 2A to 7. i should be noted that the description
and figures merely iltusirate the principles of the present subject matter. it will
thus be understood that various arrangements can be devised that, although
not explicitly describad or shown hearein, embody the principles of the present
subject matter and are included within its spirit and scope. Moreover, all
statements herein reciting principles, aspects, and smbodiments of the
prasent subject matter, as well a5 specific examples thereof, are intended {o
encompass squivalents thersof.

{0042] Figure 2A ilustrates a mulli-compute-engine system 200, in
accordance with an example of the present subject matter. Examples of the
multi-compute-enging system 200, also referred 1o as a system 200, may
include chip multi-processors {(CMPs), multi-core  systems, and  multi-

10
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processor systems that comprise multiple cores or processors on an
integrated circuit {iC).

[0043]  As shown in Figure 2A, the system 200 includes multiple tiles 202-
1, 202-2....202-n that may be communicatively coupled to sach other. Each
of the tiles 202-1, 202-2....202-n comprise one or more compute engine 204-
1, 204-2...204-11, such as a core or processor. The core of processor may be
implemenied as one  of more  MICroprocessors,  microcomputers,
microcontrollers, digital signal processors, central processing unils, state
machines, logic circuitries, andfor any systems that manipulate signals based
on operational instructions. Among other capabilities, the core or processor
may be configured fo fetch and execute computer-readable instructions
stored in @ memory.

[0044] in the system 200, to reduce access latency for the most frequently
requested data, two or more levels or cache representing a cache higrarchy is
implemented. The cache hierarchy generally comprises one or two levels of
gcaches that are private to each compute-engine 204-1, 204-2. 204-n and
addittonally one or more levels of shared cache. The shared cache may be
shared among the multiple compute-engines and the data in the shared
cache may be non-inclusive with respect to the data contenis of the privale
caches. Thus, in one example, the system 200 may have a shared distributed
mamaory configuration, where a lower level cache in the cache hierarchy may
be accessed by mulliple processors of the system. The system 200 may
include a cache coherence directory at the shared cache 0 maintain cache
coherence amongst the private caches.

[0045]  Accordingly, as shown, sach of the tiles 202-1, 202-2....202-n
comprise the compute engine 204-1, 204-2...204-n, with one or more levels
of private caches, referred to as private memory 208-1, 206-2...206-n and a
shared cache, referred to as the shared memory 208-1, 208-2...208-n. In an
example implementation, to maintain cache coherency in the system 200,

tl
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data of the shared memory 208-1, 208-2.. .208-n that may have been cached
in a private memory 206-1, 2068-2...208-n is tracked. In an example
implementation, the system 200, includes a concise cache coherence
directory 210-1, 210-2...210-n associated with each of the compute engine
204-1, 204-2...204-n, to track the data of the shared memory 208-1, 208-
2...208-n, together referred 10 a5 a shared distributed memory 208, for
maintaining cache coherence in the system 200. In one example
implementation, the concise cache coherence directory 210-1, 210-2.. 210-n
assoviated with each of the respeclive compute engine 204-1, 204-2...204-n,
is implemeanted in the corresponding shared cache 208-1, 208-2...208-n.
{00486] The concise cache coherence directory 210-1, 210-2.. 210-n is
explainad below inn context of an example implementation of the system 200
as a mulli-core processing system 212, The example of a mulli-core
processor is only for the ease of explanation and the same should not be
consirued as a limitation. The concise cache coherence directory 210-1, 210-
2...210-n may be implemented in any multi-compute-enging system where
muttiple cores or processors have accass to the same mamory.

{00471 Figure 2B shows a multi-core processing system 212 including
mudtiple tiles 202-1, 202-2....202-n, each having a core. An interconnecior
214 is provided to communicatively couple the tiles 202-1, 202-2...202n o
gach other. Alike, the system 200, system 212 {oo comprises a cache
hierarchy of private and shared caches. The cache hierarchy generally
comprises L1 and L2 caches that are private to each compute-engine 204-1,
204-2...204-n. In addition to the private caches, {0 increase the cache
capacily, a shared cache or an L3 cache may alsc be implemented. The L3
cache may be shared among the multiple compute-engines and the data in
the L3 cache may be non-inclusive with respect {0 the data contents of the
private L1 and L2 caches.
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[0048] Figure 2B illustrates the tile 202-nt in an exploded view to depict the
components of the tile 202-n. In an example implementation, all the liles 202~
1, 202-2....202-n of the system 212 have the same configuration and include
the same componants. In the example implementation illustrated in Figure
2B, the tile 202 includes an L1 cache 216, an L2 cache 218 and an L3
cache 220, The lile 202-n algo includes router(s) 222 to couple the tile 202-n
to the interconnector 214, The L1 cache 216 and L2 cache 218 are private
and coherent 10 a core 224 of the tile 202-n while the L3 cache 220 ig shared
across one or more cores of the system 212,

[0049] The system 212 includes a concise cache coherence directory at
the L3 cache 220 associated with each of the cores of the system 212 to
track data of the L3 cache 220 in a private cache of any of the cores of the
system 212. As shown, the core 224 includes the concise cache coherence
directory 228 at the L3 cache 220 of the tile 202-n. In an example
implementation, the concise cache coherence directory 226, abbreviated as
CDir 226, is concise and occupies substantially less storage space. In an
example, the CDir 226 of the core 224 may track the data of the L3 cache
220 to maintain cache coherence of the data of the L3 cache 220 with respedct
to a private cache of any of the cores of the system 212, including the L1
cache 216 and the L2 cache 218 of the core 224. The CDir 226 of the core
224 may be shared amongst the multiple cores of the system 212.

[0050] in one example, a cache coherence controller 228, implementing
cache coherency protocols to provide cache cohersnce amongst the various
cores of the system 212, may be associated with the tiles 202-1, 202-
2....202-n fo maintain the concise cache coherence directories associated
with @ach of the cores of the system 212, For example, the cache coherence
controfler 228 may maintain the cache coherence directories o track sharing
of data of the sharsd memory, Le., L3 cache of each of the cores of the
system 212, amengst the various cores of the system 200. in other words, the

13



WO 2015/116199 PCT/US2014/014259

cache coherence contreller 228 may maintain cache coherency in the gystem
212 based on one or more concise cache coherence directories associated
with gach of the cores of the system 212, for example, the concise cache
coherence directory 226 of the core 224,

[0051] Though the figure depicts, the CDir 226 of the tile 202-n, as
explained, in the system 212 having a shared distributed memory
configuration, each of the tile may have a CDir that may be assocciated with a
respective cores of the system 212 and may be provided at the lower lavel
cache of the respective cores. The CDir 226 is explained in details in
refarence to Figures 3A, 38, 4A, 4B, and 4C i the description below,

f0052]  In accordance with an example implementation, the CDir 228 may
be explained based on a two-fold approach, wherein, on one hand, the size of
the sharing vector is reduceas and, on the other, the number of entries to the
Chir 228 15 reduced. For the ease of explanation, the two-fold approach may
be explained, such that in a first step a partial CDir 300, as Hllustrated in
Figure 3A and Figure 3B, may be implemented.

[0053] As mentioned above, the CDir 226 pravides for reducing the size
of the sharing vector. For this purpose, a concise sharing vector 302 that
represents more than ong processor or core of the system 200 in one bit may
be incorporated in the partial CDir 300.

[0054] Figurg 3A s a schematic representation of an entry (Ey) of the
partial CDir 300 depicting the sharing paltern of a cache line {CL;) amongst a
plurality of compute engine, such as cores or processors. The entry (Eo
comprises the cache line identifier 112 and siate indicator 114. Further, as
depicted, instead of having a sharing vector that includes one bit
carrgsponding to each processor (PO, P1...Pn), which results in the size of
gach of the sharing vector being equal to the number of processors, as
depicted, the partial CDir 300 comprises a concise sharing vector 302 that
use one bit corresponding to a group of processors (GO, G1....Gk).

14
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Accordingly, if, in one example, 84 processors are grouped into 16 groups
having 4 processors each, the size of each of the concise sharing vector 302
is reduced from 64 bits to 16 bits. Thus, the grouping of the processors
reduces the size of the concise sharing vector 302 by a factor of number of
processors in a group. In one example, when a bit corresponding to a group
of processors is set to '1 in the concise sharing vector 302, it indicates the
presence of the data with at least any one of the processors in that group. In
such a case, all the processors in the group are ssarched for the data. Inong
example, the grouping of processors may be based on the behavior of the
processors. For example, processors that frequently cache a common set of
cache lines may be grouped together. For instance, adjacent or neighboring
cores on a chip may be grouped.

[00558]  Along with the reduction in size of the sharnng vectors, explained
using the partial CDir 300, the number of entries to the CDir 226 is also
reduced for further reduction storage space. Generally, 8 cache cohsrence
directory is based on a per-cache-ling representation which includes one
antry per cache ling. Accordingly, the number of entries or number of rows in
such a directory corresponds to the number of cache fines. However, it is
often observed that many workicads exhibit frequent sharing patfterns and
region-level sharing patterns in a8 coarse-grained region. Examples of such
workloads include big data workloads, such as Memcachel. In such
applications, it is observed that a small number of sharing palterns are
frequently repeated in a coarse-grained region. In accordance with one
example of the present subject matter, frequent sharing patterns and region-
level sharing patierns may be leveraged to reduce the size of the CDir 226.
{0056] in one example, the CDir 226 may implement a region level
representation instead of a per-cache-line representation. Consequently, the
CDir 226 includes a number of entries that is significantly less than the
number of cache lings. This may be further explained in reference to Figure

s
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3B illustrating the partial Chir 300 comprising multiple entrigs (EQ, E1.. Em).
The partial CDir 300 may be implemented for any shared memory page of the
system 200. For the sake of simplicity, in the example Hllustrated in Figure 3B,
the partial CDir 300 may be considered to be implemented for a shared
memory page ‘ABC' having 'm'’ cache lines {CLO, CL21....CLm) that may be
shared amongst 'K’ group of processors (GO, G1...GK). The sharing pattem
associated with each of the cache lines {(CLO, CL21...CLm} is indicated
against a cache line identifier 112 of the respective cache line by a concise
sharing vector (CSV0, CBV1...C8Vn) included in the entry corresponding o
the respective cache line (CLO, CL1...CLm)} in the pariial CDw 300,
Accordingly, in the present example, the partial CDir 300 includes 'my' entries,
wherein sach entry comprises a concise sharing vector (CSVQ,
CSV1..C8Vm) for indicating the sharing patiern of the cache line {CLO,
CL21....CLm) to which the entry corresponds.

{00571 in an example implementation, a frequent sharing pattern and a
region-level sharing pattern may be observed i the shared memory page
‘ABC. Accordingly, instead of each of cache tines (CLO, CL21...CLm) of the
shared memory page 'ABC having a distinct sharing pattern, many regions of
the shared memory page ‘ABC may be observed 1o have a common sharing
pattern, Thus, in said example, though the possibility of maximum of 'm'
distinct sharing pattermns arising exists, a small number, for example, up {o 5,
of common sharing pafterns may be observed {0 be repeated for many
blocks.

{0058] For the CDir 226 to be implemented for the shared memory page
‘ABC’, a predeterminad number of most frequently occurring commuon sharing
patterns are identified. Referring to the above example, 3 most frequently
repeating common sharing patterns out of the 5 common sharing pattemns
occurting in the shared memory page ‘ABC are wentified. In one example,
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the predetermined number may be selected for implementation of the CDir
226 based on the size of the CDir 226.

[0059] In Figure 3B, thres most frequently repeating common sharing
patterns, in other words, the common sharing pattern that repeats the highest
number of fimas, second highest number of times and third highest number of
times, are designated as a first common sharing pattern, CSP1; a second
commoen sharing pattern, CSP2; and a third common sharing pattern, CSP3.
As shown, the common sharing pattern CSP1 is repeated for the cache lines
CLEG, CLY and Clm. Similarly, a second and a third common sharing pattern
C8P2 and CSPJ are repeated for the cache lings CLZ, CL4 and Clm-1 and
cache lines CL3 and CL5, respectively. The common sharing pattern may be
repeated for many cache lines though the Figure depicts only few of those
cache lines. The cache lines CLS and CL7 have a respeciive uncommon
sharing pattern USP1 and USP2. The uncommon sharing pattemn is a sharing
pattern other than the predetermined number of commaon sharing patterns. it
may be noted that more common and uncommaon sharing patterns, apart from
the iflustrated sharing patterns, which have not besn shown in the Figure for
the gase of depiction, may exist.

[0060] in one example, the most common sharing pattermns may be
identified based on full-map sharing vectors, i.e., sharing veciors that include
one bit per processor. In an example, the most commaon sharing patterns may
be identified based on the sharing vectors of a cache coherence directory,
such as directory 110, explained previously. Accordingly, in some examples,
the common sharing patterns may be identified based on the processors,
while in other examples the identification may be based on groups of
Processors.,

[0061] Upon identification of the predetermined number of common
sharing patierns, sets of cache lines are formed. The cache lines that are
associated with one of the identified common sharing patlermns are
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aggregated inte a sel. The number of sets of cache lines so formed is equal
to the predetermined number and each set includes all the cache lines having
one of the identified commaon sharing patterns.

[0062] Refering again to Figure 3B, the cache lines CLO, CL1 and Clm
associated with the first common sharing pattern CSP1 may form the first set
of cache lines. Similardy, the cache lines CLZ, CL4 and Clm-1 and cache
lines CL3 and CLS associated with the second and third common sharing
pattern C8P2Z and CEP3, respectively, may form the gecond and third set of
cache lines. The CDir 226 includes an entry for each such set of cache lines.
Thus, unitke other approaches where cache cohearence directories include
one entry per cache line, the CDir 228 aggregates the set of cache lines
associated with an identified common sharing pattern into one entry. The CDir
226 is further discussed in details below in reference to Figures 44, 48, and
4C.

[0063] Figure 4A illustrates a concise cache coherency directory (CDir)
400 for 2 multi-compute-engine system, in accordance with one example of
the present subject matter. Though the CDir 400 may be incorporated in any
multi-compute-engine system, for the ease of explanation, the implemeniation
of the CDir 400 herein is described in context of the system 200 and in
reference {o the foregoing examples provided in relation 1o the system 200.
[0064] The CDir 400 includes CDir entries 402, Lach Chir entry 402 may
be a common pattern aggregated entry or an uncommon pattern aggregated
entry. A CDir entry 402 may be a common pattern aggregated entry when
associated with a set of cache lines associated with one of the identified
common sharing pattern. Accordingly, the number of common pattern
aggregated entries is same as the predeterminad number of commaon sharing
palterns that have been selected for representation in the CDir. Further, all

the other cache lines that have an uncommon shanng pattem are also
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aggregated into an entry, referred to as an uncommon pattern aggregated
entry, of the CDir 400.

[0065] In one example, each set of cache lines aggregated into a
common pattern aggregated entry may be compressed when stored in the
CDir 400. Accordingly, the CDir entries 402 for common pattern aggregated
gntries may comprise aggregated cache line identifiers 404 that indicate the
address of the set of cache lines, which have been aggregated in that eniry,
in an encoded form o make the CDir 400 more space efficient. In other
words, cache line identifier 112 associated with each of the one or more
cache linss relating to the common pattern aggregated entry may be
compressed in the aggregated cache ling identifiers 404. In cases where
region-level sharing pattemn is ohserved, the cache lines having a common
sharing pattern are mostly continuous and their addresses may be
comprassed in the aggregated cache line identifiers 404 of the respective
CDir entries 402.

[0066]  Further, in the CDir 400, sach CDir entry 402 includes a pattern
vactor 406. The size of the paltern vector 406 is i proportion fo the
predetermined number of common sharing patterns that have been selected
for representation in the CDir 400. The pattern vector 406 included in each of
the common pattern aggregated entry is set to identify a common sharing
patiern associated with the set of cache lines aggregated in that entry. While
ot the other hand, the pattern veclor 406 in the uncommon pattern
aggregated entry is set to indicate that each of the cache lines aggregated in
uncommon pattern aggregated entry have an uncommon sharing pattern.
[0067] Discussing in context of the example of the shared memory page
'‘ABC where three comman sharing pattern, namely the first, second and third
cormmon sharing pattern CSP1, CSP2 and CSP3 are identified as the maost
frequently repeating sharing patterns, the pattern vector 406 may have a size
of 2-bits. The bits of the pattern vector 406 may be set to 01, 10 and 11" to
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wentify the first, second and third common sharing pattern CSP1, CSPZ and
CSP3, respectively, in the common pattern aggregated entries corresponding
to the first, second and third set of cache lines. Further, the pattern vector 408
included in the uncommon pattern aggregated entry is set 10 ‘00", Referring to
the previous example, the set of cache lHnes CL6 and CL7 that have an
uncommeon sharing pattem may be represented by bits of the pattern vector
406 set to 00",

[0068] The pattern vector 4086, thus, indicates whether a cache line is
assoviated with an identified common sharing pattern or an uncommon
sharing pattern. In one example, the patiern vector 406 set in the common
pattern aggregated entries may be fransiated info full-map sharing vectors for
example, through pointers, translation tables or any other transiation
schemes to indicate who the sharers are. While, for the cache lines
aggregated in the uncommon paltern aggregated entry, a percache line
based directory may be maintained. Thus, in a Chir 400 look-up for a cache
ling, f 2 pattern vector indicates that the cache line does not have any of the
identified common sharing patterns, the per-cache line based directory may
be looked into to obtain the sharing information,

[0069] in one example, the pattern vector 4086 is translated using a
sharing pattern table 408 as shown in Figure 4B, The patlern vecior 406
included in each commaon pattern aggregated entry of the CDir 400 acts as an
index to an entry in the sharing patlem table 408. The sharing pattern {able
408 comprises sharing patterns 410 indicative of the sharing information, i.8.,
which cache line has been cached by which processor of the system 200.
[0070]  In another example, in accordance with the present subject matter,
the CDir 400 may include the sharing information as well. Figure 4C illustrates
the CDir 400 incorporating the sharing information, in accordance with one
example of the subject matter. As depicted in Figwe 4C, sach of the Chir
entries 402 for common pattern aggregated entry comprises the sharing
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pattern 410 for the cache lines aggregated in that entry. Thus, the CDir 400
incorporates the identified common sharing patterns in the respective
common pattern aggregated entrigs. Further, in one example, for the
yncommaen pattern agaregated entry, the CDir 400 may incorporate a pointer
412 that holds the address of the per-cache line based directory.

{0071} in one example, the per-cache line based directory may be a full-
map sharing vector based directory or a coarse-graingd sharing vector based
directory. Thus, bagsed on the configuration, the per-cache line based
directory may comprise full-map sharing vectors or concise sharing vectors.
As explained praviously, the fullmap sharing vectors include one-bit fo
represent each processer. The coarse-grained sharing veclors are concise
sharing vectors that represent more than one processors of a group of
processors per bit of the sharing vector.

[0072]  As evident, when used in conjunction with the CDir 400, in one
exampie, the per-cache fine based directory may comprise the sharing
information of only those cache lines that have an uncommon sharing pattem.
Excluding cache lines having the identified common sharing patterns from the
per-cache line based directory provides for significant reduction in storage
overhead. Since a majority of the cache lines may be associated with one of
the identified common sharing pattemns and may, therefore, be aggregated in
the common patterm aggregated entries in the Clir, the size of the per-cache
line based directory is substantially smaller than it would have been in a case
where the per-cache line based directory would have included sharing
information for all the cache lines.

[0073]  Although the examples of the CDir 400 described above refer to an
implementation based on a consideration of representing three most common
sharing patterns in the CDir, various other examples are possible. For
exampie, based on the region-level sharing pattern and frequent sharing
pattern exhibited by the workloads that may be executed on a system having
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multiple-compute  engines, such as  processor and  cores, various
implementations of the CDir 400 incorporating pattern vectors of different
sizes may anse. For example, a pattern vector having a size of 3-bifs may be
used to represent more than three and up to seven most frequently oceurring
common sharing patterns in a CDir 400. For example, while using the 3-bit
pattern vector in a CDir 400, five common sharing palterns may be identified
and represented in the CDir 400 by five different combinations of the hits of
the pattern vector, while one combination out of the remaining three different
combinations of the bits of the pattern vector may be used o represent the
uncommon sharing pattern.

[0074] The cache coherence controller 218 of the system 200 uses the
sharing pattern 410 to maintain cache coherence in the system 200. in one
example, the cache coherence conbroller 216 also performs exception
handling. For example, the cache coherence controller 218 may maintain the
per-cache line based directory. In cases where a pattemn vector indicates thal
a cache fine does not have any of the identified common sharing pattems, the
per-cache line based directory may be locked into to oblain the sharing
information,

[0075] Further, in accordance with the present subject matter, in an
example, the CDir 400 may be used 1o reduce latency overhead involved in
maintaining cache coherence in mulli-compute-engine systems. For ease of
explanation of latency overhead reduction, Figure BA and 5B which illustrate
a multi-core processing system 500, may be referred.

[0076] Figure SA illustrates a multi-core processing system 500, referred
to as system 500, comprising a plurality of tiles each having a core. in the
illustrated example, a tile 500-n of the system 500 implementing the CDir 400
for cache coherence, in accordance with an example of the present subject

matter, is shown.
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[0077]  As described previously, in multi-compute-engine systems, such as
the system 500 that comprise mulliple computie-engines, each of the multiple
compute-angines may have a CDir to maintain coherence between a shared
memory and a private and coherent cache in the cache hierarchy of the
muitiple compute-engines. In the illustrated example, the CDir 400 is
implemented at an 1.3 cache 502 to mainiain cache coherence for private and
coherent caches, L1 cache 504 and L2 cache 508, of a compute-engine,
such as a core 508 of the system 500. A cache coherence controller 510,
may be coupled fo the mulliple compute-engines fo maintain cache
coherence i the system 500C. The core 508 may be coupled to the cache
coherence controlier 510 through a router 512,

[0078] In one exampieg, the tile 300-n may comprise a directory manager
514 associated with the CDir 400 to reduce latency overhsad involved in
maintaining cache coherence in the gystem 500, In accordance with one
exampie of the present subject matter, the directory manager 514 may cache
the CDir 400 within one or more of the multiple compute-engines of the
system 500, In an example, the CDir 400 may be cached within the core 508.
in another example, the CDir 400 may be cached within any other core, apart
from core 508 of the system 500. The CDir 400 implemented in accordance
with the present subject matter has 3 substaentially small size and may be
cached in a core. In one example implementation, each of the cores of the
gystem 500, may include a hardware structure, referred to as a local directory
cache, such as the local directory cache 516 of the core 508. The CDir 400 of
the tile 500-n may be cached in the local directory cache of any of the tiles of
the system 500 including the local directory cache 518 of the core 508,

[0079] The CDir cached locally in a core enables reduction in latency
overhead since a large fraction of directory lookups can be satisfied locally
without accessing a CDir at the L3 cache of the core or the CDir at the L3
cache of any other core in any other tile of the system 500, For instance,
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based on the sharing pattern 410 of a cache line, if it is detected that one of
the cores of the system 500 has changed the data associated with the cache
line, the home node of the cache line, which is rasponsible for maintaining
coherence for that cache line, is determined. Determination of the home node
in such cases, is generally done in a round robin manner which involves
latency overhead. The CDir cached locally in a corg, eliminates the need for
such directory fookups.

{0080] Further, in one example, the CDir 400 may be cached in a
translation fook aside buffer (TLB) of any of the multiple compute-engines of
the system 500. As discussed, the size of the CDir 400 implemented in
accordance with the present subject matlier is significantly small allowing &t to
be cached in the TLB of a core. A CDir incorporated in the TLB of a core is
explained in reference to Figure 58 implementing a cache of a CDirm a TLB
518 of the core 508. A TLB of a computing system provides a compute-
enging with page address transiation information,

[0081]  In one example implementation, the CDir of a core may be cached
in a TLB of a remote cors of the system 500, The remote core may be any
other core of the systemn 500 other than the core to whose L3 cache the CDir
is associated with. For example, the TLB 518 of the core 508 may have a
cached version of a CDir of a remote core, i.e., any core other that the core
508. In other words the TLR 518 of the core 508 may have a cached version
of any CDir of the system 500 excluding CDir 400 of the core 508.
Accordingly, in the illustrated example, the TLB 518 includes a mapping of
page virtual addresses (VA) 520 and page physical addresses (PA) 522, {o
provide page address transiation information to the core 508, along with a
cached version of a CDir of a remote core. The cached version of the CDir of
the remote core in the TLB 518 is referred to as a TLB CDir 524.

[0082] in one example, when a TLB entry for the TLR 518 is filled, the
TLB CDir 524 may also be populated by the core 508 Likewise, the remote
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core in which the CDir 400 of the core 508 is cached, may manage the
gached CDir together with its TLB, Managing the locally cached CDir together
with the TLB of the core makes a large fraclion of the sharing paltern
available {o the cores locally thereby improving latency overheads. In one
example, the directory manager 514 may also implement techniques for
synchronizing the CDir cached in the local direclory cache 516 and the TLB
CDir 518 with the CDir 400.

[0083]  Figure 6 illustrates a mathod 600 of maintaining cache coherence
in multi-compute-engine systems, according o an example of the present
subject matter. The order in which the method 600 is described is not
intended o be construed as a limitation, and any number of the described
method blocks can be combinead in any order to implement the method 600 or
an alternative method. Additionally, individual blocks may be deleted from the
method 800 without departing from the spirit and scope of the subject matter
described herein.

[0084] Furthermore, the method 800 can be implemented by processor(s)
or computing systems in any suitable hardware, non-transitory maching
readable instructions, ar combination thereof. It may be understood that steps
of the method 600 may be executed based on instructions stored in a non-
transitory computer readable medium as will be readily understood. The non-
transitary computer readable medium may include, for example, digital data
storage media, digital memories, magnetic storage media, such as a
magnetic disks and magnetic tapes, hard drives, or optically readable digital
data storage media,

[0085]  Further, although the method 800 may be implemented in various
multi-compute-engine systems, in examples described in Figure & are
explained in context of the aforementioned multi-compute-engine system 500
for the ease of explanation.

o
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[0086] Referring to Figure 8, at block 602, for a plurality of cache lines in a
region of a shared memory, a predelermined number of most frequently
occurring common sharing patterns associated with the cache lines of the
shared memory are identified. A sharing palttern associated with each of the
plurality of cache lines in the region is indicative of information of sharing of
gach of the plurality of cache lines amongst a plurality of sharers. For
exampile, out of 10 common sharing patterns that are observed in a8 shared
memaory page, the fop 5 most common or most freguently repeating sharing
patierns may be identified.

[0087] Al block 604, one or more cache lines associated with each one of
the identified cormnon sharing pattern are aggregated info an entry in a
concise cache coherency directory (CDir). A CDir entry for a set of cache
lines may be referred {0 as a common patlern aggregated entry. Thus, a
predetermined number of common paflern aggregated entries, each
indicative of the set of cache linas that have one of the identified common
sharing pattern, are included in the CDir.

[0088] Al block 8086, a pattermn vector of the common pattern aggregated
entry in the CDir ig sel. The pattern vector may be set o identify the common
sharing pattem, from amongst the identified common sharing patterns,
associated with the set of cache lines corresponding to the common patiern
aggregated entry in the CDir.

[0089] The CDir may also include one or more uncommon patiern
aggregated entry for the cache lings that have a sharing pattern different from
the identified common sharing patterns. The pattern vector for the uncommon
pattern aggregated entry is set to indicate the cache lines aggregated in the
uncommon pattem aggregated entry have an uncommon sharing pattern.
[0090]  Thus, the CDir may convey whether a cache line is associated with
the identified common sharing pattern or an uncommon sharing pattern. In an
example, a pattern veclor included in 8 common pattern aggregated entry of
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the CDir may be transiated into full-map sharing vectors through pointers,
translation tables or any other transiation schemes 1o identify the sharers of
the cache line while a per-cache line based directory may be used {o obtain
the sharing information for the cache lines aggregated in the uncommon
pattern aggregated entry.

[0091] Figure 7 dllustrates a computer readable medium 700 storing
instructions  for maintaining cache coherence in multi-computg-engine
systems, according to an example of the present subject matter. In an
example, the computer readable medium 700 is communicatively coupled to
a multi-compute-engine system 702 through an interconnection 704.

{0082] For example, the multi-compute-engine system 702 may be a
computing device, such as a server, a laptop, a desktop, a mobile device, and
the like. The computer readable medium 700 may be, for example, an internal
mernory device or an external memory device. in an example implementation,
the interconnection 704 may be a direct communication link, such as any
memory readiwrite interface or 8 network-based interface.

{0093] Further, the computar readable medium 704 includes a CDir based
cache coherence module 706. The CDir based cache coherence module 706
may comprise computer readable instructions that, when executed, cause the
multi-compute-engine system 702 {o implement a concise cache coherence
directory, such as CDir 400 explainad previously.

[0094] In accordance with the present subject matter, computer readable
instructions that, when execuled, cause the multi-compute-enging system
702 to identify a predetermined number of most frequently repeating common
sharing patterns from amongst a plurality of sharing pattems sach associated
with cache lines of a shared memory of the mulli-compute-engine system
702. Further, a common pattern aggregated entry for a set of cache lines that
have one of the identified commaon sharing pafterns is incorporated in the
CDir and the pattern vector of the common pattern aggregated entry is set.
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The pattern vector once set may point {o the identified common sharing
pattern associated with the common pattern aggregated enifry in a sharing
patiern table.

[0095] Although implementations for methods and systems for providing
cache coherence in multi-compute-engine systems have been described in
language specific to structural features and/or methods, it is to be understood
that the appended claims are not necessarily limited to the specific features
or methods described. Rather, the spacific features and methods are
disclosed as examples of systems and methods for providing cache
coherence in multi-compute-engine systems.



WO 2015/116199 PCT/US2014/014259

What is claimed is:
1. A method of maintaining cache coherence in a8 multi-compute-engine
system, the method comprising:

identifying, in a shared memory comprising a plurality of cache lines, a
predetermined number of most frequently occurring common  sharing
patterns, wherein each of the plurality of cache lines is associated with a
sharing patlern, the sharing pattern indicative of information of sharing of
gach of the plurality of cache lines amongst a plurality of processors of the
mutti-compute-engine system;

aggregating one or more cache lines, from amongst the plurality of
cache lines, associated with a common sharing pattern from amongst the
identified common sharing patlerns, into an common pattern aggregated
antry in a concise cache coherency directory (Chir); and

setting a pattern vector of the common pattern aggregated entry to
identify the common sharing pattern, from amongst the identified commaon
sharing patterns, associated with the one or more cache lines corresponding
to the common pattern aggregated entry.

2. The method as claimed in claim 1 further comprising compressing a
cache line identifier associated with each of the one or more cache lines in
the common pattern aggregated entry.

3. The method as claimed in claim 1 further comprising referencing a
sharing pattern table based on the pattern vector set in the common pattern
aggregated entry.

4. The method as claimed in claim 1 further comprising:
aggregating one or more cache lines, from amongst the plurality of
cache lines, associated with a sharing pattern other than the identified
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comynoen sharing patterns, into an uncommon pattern aggregated entry in the
concise cache coherency directory (CDir); and
setfting a pattern vector for each of the uncommon pattern aggregated

entty 10 point 1o a per-cache line based directory.

5, The method as claimed in claim 1 wherein the size of the pattemn
vector of the common pattern aggregated entry is based on the
predetermined number of most frequently occurring common  sharing
patferns.

6. The method as claimed in claim 1, wherein the identifying comprising
grouping the plurality of processors into at least one group of procassors, and
wherein the sharing pattern is indicative of information of sharing of each of

the plurality of cache lines amongst the at least one group of processors.

7. A multi-compute-engine system comprising:
a plurality of compute-angines, each having a private memory;
a sharad memory coupled to the plurality of compute-engines; and
a concise cache coherence directory associated with a compute-
engine, from amongst the plurality of compute-engines, to track sharing of
data of the shared memory amongst the plurality of compute-engines, the
concise cache coherence directory comprising:
at least one common pattern aggregated entry, wherein each of
the at least one common pattern aggregated enfry relates to a set of
cache lines of the shared memory having a sharing pattern from
amongst a predetermined number of most frequently otourring
common sharing patterns;
at feast one uncommon pattern aggregated entry, wherain each
of the uncommon pattern aggregated entry relates to a set cache lines



WO 2015/116199 PCT/US2014/014259

of the shared memory having a sharing pattern other than the
predetermined frequent common sharing patterns; and

a pattern vector included in gach of the at least one common
paftern aggregated entry and each of the at least one uncommon
pattern aggregated entry, wherein the pattern vector is indicative of
information of sharing of the data of the shared memory amongst the
plurality of compute-engines.

8. The mult-compute-enging system as claimed in claim 7, wherein the
concise cache coherence directory comprises a sharing vector in each of the
at least one common pattern aggregated entry, and wherein the sharing
vector of a common pattern aggregated entry is the indicative of a common
sharing pattern, from amongst the predetermined frequent common sharing
patterns, associgted with the common pattern aggregated enlry.

8. The multi-compute-engine gystem as claimed in claim 7 further
comprising a sharing pattern table, wherein the pattern vector included in
each of the al least one commaon pattern aggregated entry corresponds o an
entry in the sharing paftern 1able, the sharing pattem fable comprising the
predetermined number of muost frequently occurring common  sharing
patierns.

10. The multi-compute-engine system as claimed in claim 7 further
comprising a per-cache line based directory, wherein the pattern vector
included in each of the least one uncommon paltern aggregated entry
comprises a pointer to the per-cache line based directory.

1. The multi-computs-enging system as claimed in claim 10, wherain the

per-cache line based directory comprises information of sharing of data of the
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set cache lines of the shared memory having a sharing pattern other than the
predetermined frequent common sharing patterns.

12. The multi-compute-engine system as claimed in claim 10, wherein the
per-cache line based direclory is one of a coarse-grained sharing vector

based directory and a full-map sharing vector based directory,

13. The multi-compuis-engine system ag claimed in claim 7 further
cormprising a directory manager associated with the concise cache coherence
directory, wherein the directory managsr caches the concise cache
coherence directory within a local directory cache of a compute-engine from
amongst the plurality of compute-engines.

14. The muli-compute-enging system as claimed in claim 7 further
comprising a directory manager associated with the concise cache cohsrence
directory, wherein the directory manager caches the concise cache
coherence directory within a translation look aside buffer (TLB) of a remote
compute-engine, the remote compute-engine being another compute-engine
from amongst the plurality of compute-engines, and whergin the remote
compute-engine populates entries of the TLB and the concise cache
caoherence directory cached within the TLB {ogether.

15. A non-fransitory  computer-readable medium comprising computer
readable instruciions that, when execuled, cause a multi-compute-engine
system o

identify, a predetermined number of most common sharing patterns
from amongst a plurality of sharing patterns each associated with a cache line
of a shared memory comprising a plurality of cache linas;
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incorporate one of more common pattern aggregated entries for a set
of cache lines, from amongst the plurality of cache lines in a congise cache
coherency directory, wherein the set of cache lines is associated with an
identified common sharing pattern from amongst the predetermined number
of most common sharing patterns, and wherein a common paltemn
aggregated entry is included for gach of the identified common sharing
patterns; and

set a patiern veclor in each of the one or more common patiemn
aggregated entries, the patlern vector indicative of a sharing pattern of each
of the onea or more common pattern aggregated entries.

33



WO 2015/116199 PCT/US2014/014259

1712

100 \

PROCESSOR

PROCESSOR
102-1

PROCESSOR

102-2 102:n

CACHE
104-2

INTER CONNECTION NETWORK 108

Mam MEMORY Dmiié‘g}ﬂ‘f
108 110
i i i
- M

Fig. 1A



PCT/US2014/014259

WO 2015/116199

ql ‘b4

d

<¥
et
-

iiiii d ‘g | %d LY AN
EIRALS

AR
EAR TR T
SN BHOYS

.

Y
ST HOLD3A ONIYYHS

¢lic

AN



PCT/US2014/014259

WO 2015/116199

U-g30¢
AHOWEP
CEHYHEG

SNIDNT
FLNGN0D

AHOWIW
ORHYHS

AHONIN
ZivAlEd

ARV

ANIONT |
LNNOD

e

AHOWIN
QIHYHG

AN
ALYARMA

L-p08
INIONT
FLNSN0T

|
|
|
|
|
b-90C _
|
|
|
|
|




PCT/US2014/014259

WO 2015/116199

(144
HITIOHINGD
IoNIYIHOD [ »
FHOYD) .
777 (S)H3LN0YN
e VD €7
_— s {744
g1z 51z 2800
HHIVD 27 3HDIYD LT
U202 91l

cLiv

¥ic

&




PCT/US2014/014259

WO 2015/116199

485

ve b

g i 19 4 — 103
L g vk A%
R i d |l o " o % HOLY DI EEIERRES]
VLG ST BHY
A L \_
/\L Y Y
xmu vmu ﬁmu

A%

/ 00g




PCT/US2014/014259

WO 2015/116199

E.lm Q

iy

d8n

“10

bedSN

0

£d480

10

3.

@mu

AL

.E.gm

s 3

£4
23
b3

03

rfis 00¢



WO 2015/116199

400 \

402 -

408 "\

7112

PCT/US2014/014259

AGGREGATED
CACHE LIRE D
404

TUTEITENG AT
g:}.& FTERN \J EUTOR

408

CLQ, CL} 5 CLm

01

Clz Gl Claa

10

GL:;,C&

11

Cle, CLy

00

Fig. 4A

FATTERN VEQTOR

4086

I ~ah g b b R e et i
SHARING PATTERN

410

a1

101100

10

001100

11

101111

Fig. 4B




PCT/US2014/014259

WO 2015/116199

O b1

00

£ 490

b1 L0l

“10° ¥10

00L1L00

G

FDTTINTERI0

gOLLO L

0

Y10 10 0

[i1%%

BV DRI

a0v
HOLOEA WNHELIY Y

L8

L0




PCT/US2014/014259

WO 2015/116199

VS b4

1€ {sh3Lnoy

iy
HIDVNYN

AHOLIAHI]

0oy 2049
=60 IHOVD €71

—

YIATIOHINGD

AONIYIHOD
IHOYD

3l
IHOYD)
AHOLO3MIG
WO0T

908 ¥05
aHovD 21 | FaHov 1

. J

o5
FUOD

U-00g FHL

A%E

V/ 004



PCT/US2014/014259

WO 2015/116199

g¢ o1

718 (shainoy
“““““““““““ e »1g — o )
HITIGHINGS HFOYNYIN %mﬂ wxwww e
ADNIHIHOD (€M | ANOLO3MG ,
IHOYD
| _ __ 505
Al @15 505 v05 2O
| g1L BHOVD 27T | | 3HOVO 17
““““““““““““““““““““““““““““““““““““““““““““““““ Fbi 7005 211,
/l 00%
¥Z5 z25 0% I/
HIGD 8714 Vd 39Vd | YA 20Vd ¥
SLiol



WO 2015/116199 PCT/US2014/014259

1112
600 ’\
/‘BQE

IDENTIFYING, FOR A REGION OF A SHARED MEMORY COMPRISING A PLURALITY OF GACHE
LINES, A PREDETERMINED NUMBER OF MOST FREQUENTLY OCCURRING COMMON SHARING
PATTERNS

/- &4

AGGREGATING ONE OR MORE CACHE LINES ASSOCIATED WITH A COMMON SHARING
PATTERN FROM AMONGST THE IDENTIFIED COMMON SHARING PATTERNS, INTO A COMMON
PATTERN AGGREGATED ENTRY IN A CONCISE CACHE COHERENCY DIRECTORY (CDIR)

/~ 608

SETTING A PATTERN VECTOR OF THE COMMON PATTERN AGGREGATED ENTRY 1O
IBENTIFY THE COMMON SHARING PATTERN ASSOCIATED WITH THE ONE OR MORE CACHE
LINES CORRESPONDING TO THE AGGREGATED ENTRY

Fig. 6
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