wo 2016/018421 A1 I 0N OO O 00 A

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2016/018421 A1l

4 February 2016 (04.02.2016) WIPO|PCT
(51) International Patent Classification: Harmony Rd., Mail Stop 35, Fort Collins, Colorado 80528
GO6F 12/08 (2006.01) (US).
(21) International Application Number: (81) Designated States (uniess otherwise indicated, for every
PCT/US2014/049313 kind of national protection available). AE, AG, AL, AM,
(22) International Filing Date: AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
g : BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
31 July 2014 (31.07.2014) DO, DZ, EC, FE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(25) Filing Language: English HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
. KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(26) Publication Language: English MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
(71) Applicant: HEWLETT-PACKARD DEVELOPMENT OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
COMPANY, L.P. [US/US]; 11445 Compaq Center Drive SC, SD, SE, 8G, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
W., Houston, Texas 77070 (US). gjv IR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
(72) Inventors: BOEHM, Hans; 739 Florales Drive, Palo Alto, . L
California 94306 (US). MURALIMANOHAR, Naveen; (84) D.e51gnated. States (unle.ss othef"wzse indicated, for every
1501 Page Mill Rd., Palo Alto, California 94304-1100 kind of regional protection available). ARIPO (BW, GH,
Us). GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
(74) Agents: COLLINS, David W. et al; Hewlett-Packard TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,

Company, Intellectual Property Administration, 3404 E.

EE, ES, FL, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

[Continued on next page]

(54) Title: CACHE MANAGEMENT FOR NONVOLATILE MAIN MEMORY

(57) Abstract: A coherence logic of a
first core in a multi-core processor re-

100~ ceives a request to send a cache line to a
Multi-core processor 104 second core in the multi-core processor.
In response to receiving the request, the
coherence logic determines if the cache
line is associated to a logically nonvolat-
ile virtual page mapped to a nonvolatile
&1 physical page in a nonvolatile main
memory. If so, the coherence logic
108-1 flushes the cache line from the cache to
the nonvolatile main memory and then
115-1 sends the cache line to the second core.
1162 116
114
- ' »
10 \ 112-1 113
Private last- Main
COher.enceﬁ Ieveéi ceasr?e 1102 (e 112-2 | waw | 110-n (e 112-n memory
logic (LLC) controller
Main memory 102 ':gggglﬂg
FIG. 1



WO 2016/018421 A1 |IIWAIK 00N 00T

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL SK,
SM, TR), OAPI (BF, BJ, CF, CG, CL, CM, GA, GN, GQ,
GW, KM, ML, MR, NE, SN, TD, TG).

as to applicant’s entitlement to apply for and be granted
a patent (Rule 4.17(ii))

Published:
with international search report (Art. 21(3))

Declarations under Rule 4.17:
— as to the identity of the inventor (Rule 4.17(i))



WO 2016/018421 PCT/US2014/049313

CACHE MANAGEMENT FOR NONVOLATILE MAIN MEMORY

BACKGROUND

[0001] A multi-core processor includes multiple cores each with its own private cache and a
shared main memory. Unless care is taken, a coherence problem can arise if multiple cores
have access to multiple copies of a datum in multiple caches and at least one access is a write.
The cores utilize a coherence protocol that prevents any of them from accessing a stale datum

(incoherency).

[0002] The main memory has traditionally been volatile. Hardware developments are likely
to again favor nonvolatile technologies over volatile ones, as they have in the past. A
nonvolatile main memory is an attractive alternative to the volatile main memory because it is
rugged and data persistent without power. One type of nonvolatile memory is a memristive
device that displays resistance switching. A memristive device can be set to an “ON” state
with a low resistance or reset to an “OFF” state with a high resistance. To program and read
the value of a memristive device, corresponding write and read voltages are applied to the

device.
BRIEF DESCRIPTION OF THE DRAWINGS
[0003] In the drawings:
Fig. 1 is a block diagram of a computing system in examples of the present disclosure;

Fig. 2 is a block diagram of a table lookaside buffer in examples of the present

disclosure;

Fig. 3 is a block diagram of another computing system in examples of the present

disclosure;
Fig. 4 is a block diagram of a tag array in examples of the present disclosure;

Fig. 5 is a flowchart of a method for a coherence logic of a core in the multi-core
processor of Fig. 1 or 3 to implement a write-back prior to cache migration feature in

examples of the present disclosure;

Fig. 6 is a flowchart of a method for a coherence logic of a core in the multi-core
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processor of Fig. 1 or 3 to implement a write-back prior to cache migration feature in

examples of the present disclosure; and

Fig. 7 is a block diagram of a device for implementing a cache controller of Fig. 1 or

3 in examples of the present disclosure.

[0004] Use of the same reference numbers in different figures indicates similar or identical

elements.

DETAILED DESCRIPTION

[0005] As used herein, the term “includes” means includes but not limited to, the term
“including” means including but not limited to. The terms “a” and “an” are intended to
denote at least one of a particular element. The term “based on” means based at least in part
on. The term “or” is used to refer to a nonexclusive such that “A or B” includes “A but not

B,” “B but not A,” and “A and B” unless otherwise indicated.

[0006] A computing system with a multi-core processor may use volatile processor caches
and a nonvolatile main memory. To ensure that certain data is persistent after power is
turned off intentionally or otherwise, an application may explicitly write back (flush) data
from a cache into the nonvolatile main memory. The flushing of data may be a performance
bottleneck because flushing is performed frequently to ensure data reach the nonvolatile main
memory in the correct order to maintain data consistency, and flushing any large amount of

data involves many small flushes of cache lines (also known as “cache blocks™) in the cache.

[0007] One example use case of a cache line flush operation may include a core storing data
of a newly allocated data object in its private (dedicated) cache, the core flushing the data
from the private cache to a nonvolatile main memory, and the core storing a pointer to the
data object in the processor cache in this specified order. Performing the cache line flush of
the data object before storing the pointer prevents the nonvolatile main memory from having
only the pointer but not the data object, which allows an application to see consistent data
when it restarts after a power is turned off. Other use cases may also frequently use the cache

line flush operation.

[0008] The cost of the cache line flush operation may be aggravated by a corner case where,

after a first core stores (writes) data to a cache line in its private cache and before the first
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core can flush the cache line from its private cache, a second core accesses the cache line
from the first core’s private cache and stores the cache line in its own private cache without
writing the cache line back to the nonvolatile main memory. When the first core tries to flush
the cache line, the cache line may be located at the second core’s private cache instead of the
first core’s private cache. Thus the first core communicates a cache line flush operation to
the other cores so they will look to flush the cache line from their private caches, thereby

increasing the number of cache line flushes and communication between cores.

[0009] In examples of the present disclosure, a coherence logic in a multi-core processor
includes a write-back prior to cache migration feature to address the above described corner
case. The write-back prior to cache migration feature causes the coherence logic of a core to
flush a cache line before the cache line is sent (migrated) to another core. The write-back
prior to cache migration feature prevents the above-described corner case so the core does not
issue a cache line flush operations to the other cores, thereby reducing the number of cache

line flushes and communication between the cores.

[0010] Fig. 1 is a block diagram of a computing system 100 in examples of the present
disclosure. Computing system 100 includes a main memory 102 and a multi-core processor
104. Main memory 102 includes nonvolatile pages 105. Main memory 102 may also include
volatile pages. For convenience, main memory 102 is referred to as “nonvolatile main

memory 102” to indicate it at least includes nonvolatile pages 105.

[0011] Multi-core processor 104 includes cores 106-1, 106-2 ... 106-n with private caches
108-1, 108-2 ... 108-n, respectively, coherence logics 110-1, 110-2 ... 110-n for private last
level caches (LL.Cs) 112-1, 112-2 ... 112-n, respectively, of cores 106-1, 106-2 ... 106-n,
respectively, a main memory controller 113, and an interconnect 114. Although a certain
number of cores are shown, multi-core processor 104 may include 2 or more cores. Although
two cache levels are shown, multi-core processor 104 may include more cache levels. Cores
106-1, 106-2 ...106-n may execute threads that include load, store, and flush instructions.
Private caches 108-1 to 108-n and private LL.Cs 112-1 to 112-n may be write-back caches
where a modified (dirty) cache line in a cache is written back to nonvolatile main memory
102 when the cache line is evicted because a new line is taking its place. LLCs 112-1 to 112-
n may be inclusive caches so any cache line held in a private cache is also held in the LLC of
the same core. Coherence logics 110-1 to 110-n track the coherent states of the cache lines.

Coherence logics 110-1 to 110-n include a write-back prior to cache migration feature.
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Interconnect 114 couples cores 106-1 to 106-n, coherence logics 110-1 to 110-n, and main
memory controller 113. Interconnect 114 may be a bus or a mesh, torus, linear, or ring
network. Cores 106-1, 106-2 ... 106-n may include table lookaside buffers (TLBs) 118-1,
118-2 ... 118-n, respectively, that map virtual addresses used by software (e.g., operating

system or application) to physical addresses in nonvolatile main memory 102.

[0012] Fig. 2 is a block diagram of a page table 200 in examples of the present disclosure.
Page table 200 includes page table entries 202 each having a volatility bit 204 indicating if a
virtual page is logically volatile or nonvolatile. Note that page table 200 may be partially
stored in a TLB, private cache, LLLC, or in nonvolatile main memory 102. When a virtual
page is logically nonvolatile, it is to be mapped to nonvolatile physical page 105 in
nonvolatile memory 102, and the write-back prior to cache migration operation is to be
performed for cache lines associated to that virtual page. Instead of page table 200, specific

range in the virtual addresses may be designated for nonvolatile virtual pages 105.

[0013] In examples of the present disclosure, multi-core processor 104 implements a
directory-based coherence protocol using directories 115-1, 115-2 ... 115-n. Each directory
serves a range of addresses to track which cores (owners and sharers) have cache lines in its
address range and coherence state of those cache line, such exclusive, shared, or invalid

states. An exclusive state may indicate that the cache line is dirty.

[0014] Assume core 106-1 writes to a cache line in its private cache 108-1 and directory 115-
n serves that cache line. Private cache 108-1 sends an update to directory 115-n indicating
that the cache line is dirty. Assume core 106-2 wishes to write the cache line after core 106-1
writes the cache line in its private cache 108-1 but before core 106-1 can flush the cache line
to nonvolatile main memory 102. Core 106-n learns from directory 115-n that the cache line
is dirty and located at node 106-1, and sends a request to coherence logic 110-1 for the cache
line. Implementing the write-back prior to cache migration feature in response to the request
from core 106-2, coherence logic 110-1 determines if the cache line is associated with a
nonvolatile virtual page based on a page table or its address. If so, coherence logic 110-1
writes the cache line back from private cache 108-1 to nonvolatile main memory 102 before
sending the cache line to core 106-2. The write-back prior to cache migration feature
prevents the above-described corner case so the core does not issue a cache line flush
operations to the other cores, thereby reducing the number of cache line flushes and

communication between the cores.
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[0015] Fig. 3 is a block diagram of computing system 300 in examples of the present
disclosure. Computing system 300 may be a variation of computing system 100 (Fig. 1). In
computing system 300, a multi-core processor 304 replaces the multi-core processor 104 of
computing system 100. Multi-core processor 304 is similar to multi-core processor 104 but
has coherence logics 310-1, 310-2 ... 310-n for LL.Cs 312-1, 312-2 ... 312-n, respectively, of
cores 106-1, 106-2 ... 106-n, respectively, in place of coherence logics 110-1, 110-2 ... 110-n
for LLCs 112-1, 112-2 ... 112-n.

[0016] In examples of the present disclosure, multi-core processor 304 implements a snoop
coherence protocol. In the snoop coherence protocol, each coherence logic observes requests
from the other cores over interconnect 114. A coherence logic tracks the coherence state of
each cache line with a tag array 402 as shown in Fig. 4 in examples of the present disclosure.
In some examples of the present disclosure, the coherence state may implicitly indicate if a
cache line has been written back to nonvolatile main memory 102. In other examples, an
optional write-back bit in tag array 402 explicitly indicates if a cache line has been written

back to nonvolatile main memory 102.

[0017] Assume core 106-n writes to a cache line in its private cache 108-n and core 106-2
sends a broadcast for the cache line on interconnect 114 after core 106-n writes the cache line
in its private cache 108-1 but before core 106-n can flush the cache line to nonvolatile main
memory 102. Implementing the write-back prior to cache migration feature in response to
the broadcast from core 106-2, coherence logic 310-n observes (snoops) the broadcast and
determines if the cache line is dirty and located in private cache 108-n. If so, coherence logic
310-n determines if the cache line is associated with a nonvolatile virtual page based on a
page table or its address. . If so, coherence logic 310-n writes the cache line back from
private cache 108-n to nonvolatile main memory 102 before broadcasting the cache line in

reply to core 106-2.

[0018] Fig. 5 is a flowchart of a method 500 for coherence logic 110-n in multi-core
processor 100 (Fig. 1) or coherence logic 310-n in multi-core processor 300 (Fig. 3) to
implement a write-back prior to cache migration feature in examples of the present
disclosure. Although the blocks in method 500, and any method described hereafter, are
illustrated in a sequential order, these blocks may also be performed in parallel or in a
different order than those described herein. Also, the various blocks may be combined into

fewer blocks, divided into additional blocks, or eliminated based upon the desired
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implementation. Method 500 may begin in block 502.

[0019] In block 502, coherence logic 110-n or 310-n receives a request for a cache line from
another core in multi-core processor 100 or 300, such as core 106-2. Block 502 may be

followed by block 504.

[0020] In block 504, in response to receiving the request in block 502, coherence logic 110-n

or 310-n determines if the cache line is associated with a logically nonvolatile virtual page. If
s0, block 504 may be followed by block 506. Otherwise block 504 may be followed by block
510, which ends method 500.

[0021] In block 506, coherence logic 110-n or 310-n writes the cache line back from the

private cache to nonvolatile main memory 102. Block 406 may be followed by block 508.

[0022] In block 508, coherence logic 110-n or 310-n sends the cache line t to the requesting
core 106-2. Block 508 may be followed by block 510, which ends method 500.

[0023] Fig. 6 is a flowchart of a method 600 for coherence logic 110-n in multi-core
processor 100 (Fig. 1) or coherence logic 310-n in multi-core processor 300 (Fig. 3) to
implement a write-back prior to cache migration feature in examples of the present
disclosure. Method 600 is a variation of method 500 (Fig. 5). Method 600 may begin in
block 602.

[0024] In block 602, coherence logic 110-n or 310-n receives a request for a cache line from
another core in multi-core processor 100 or 300, such as core 106-2. The request may be a
shared or exclusive request. Block 602 corresponds to block 502 (Fig. 2) of method 500.
Block 602 may be followed by block 606.

[0025] In block 606, coherence logic 110-n or 310-n determines if the cache line is
associated with a logically nonvolatile virtual page based on a page table or its address so the
cache line is to be written back to nonvolatile main memory 102 before being sent to another
core. If so, block 606 may be followed by block 608. Otherwise block 606 may be followed
by block 612. Block 606 may correspond to block 504 (Fig. 5) of method 500.

[0026] In block 608, coherence logic 110-n or 310-n determines if the cache line is clean.
When a directory-based coherence protocol is used, coherence logic 110-n determines if the

cache line is clean from the coherent state of the cache line in its directory. If a cache line is
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clean, then it has not been written back to nonvolatile main memory 102. When a snoop
coherence protocol is used, coherence logic 310-n determines if the cache line is clean based
on the coherence state or the write-back bit of the cache line in its tag array. If the cache line
is clean, block 608 may be followed by block 612. Otherwise, if the cache line is dirty and
has not been written back, block 608 may be followed by block 610.

[0027] In block 610, coherence logic 110-n or 310-n writes the cache line back from private
cache 108-1 to nonvolatile main memory 102. Block 610 corresponds to block 506 (Fig. 5)
of method 500. Block 610 may be followed by block 612.

[0028] In block 612, coherence logic 110-n or 310-n sends the cache line to the requesting
core 106-2. In some examples, coherence logic 110-n sends the cache line to core 106-2. In
other examples, coherence logic 310-n broadcasts the cache line for core 106-2. Block 612
may correspond to block 508 (Fig. 5) of method 500. Block 612 may be followed by block
614, which ends method 600.

[0029] Fig. 7 is a block diagram of a device 700 for implementing a coherence logic 110-n or
310-n of Fig. 1 or 3 in examples of the present disclosure. Instructions 702 for a write-back
prior to cache migration feature are stored in a non-transitory computer readable medium
704, such as a read-only memory. A processor or state machine 706 executes instructions
702 to provide the described features and functionalities. Processor or state machine 706

communicates with private caches and coherence logics via a network interface 708.

[0030] In examples of the present disclosure, processor or state machine 706 executes
instructions 702 on non-transitory computer readable medium 704 to, in response to a request
for a cache line from a core, determine if the cache line is associated with a logically
nonvolatile virtual page that is to be written back to nonvolatile main memory before
migrating to another core, determine if the cache line has been written back to a nonvolatile
main memory, when the cache line has not been written back, causing the cache line to be
flushed from the private cache to the nonvolatile main memory, and, after flushing the cache

line, cause the cache line to be sent to the requesting core.

[0031] Although multi-core processor 104 is shown with two levels of cache, the concepts
described hereafter may be extended to multi-core processor 104 with additional levels of
cache. Although multi-core processor 104 is shown with dedicated LL.Cs 112-1 to 112-n,

the concepts described hereafter may be extended to a shared LLC.
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[0032] Various other adaptations and combinations of features of the examples disclosed are

within the scope of the invention.
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CLAIMS
What is claimed is:

Claim 1: A method for a coherence logic of a core in a multi-core processor, comprising:
receiving a request for a cache line from another core in the multi-core processor;

in response to the request, determining if the cache line is associated to a nonvolatile
virtual page mapped to a nonvolatile physical page in a nonvolatile main memory;

and

when the cache line is associated to the nonvolatile virtual page mapped to the

nonvolatile physical page in the nonvolatile main memory:

writing the cache line back from a private cache of the core to the nonvolatile

main memory; and

after the cache line is flushed, causing the cache line to be sent to the

requesting core.

Claim 2: The method of claim 1, further comprising, before causing the cache line to be
flushed, determining the cache line is associated to the nonvolatile virtual page mapped to the
nonvolatile physical page in the nonvolatile main memory based on a page table entry or an

address of the cache line.

Claim 3: The method of claim 1, wherein receiving the request for the cache line comprises
the coherence logic receiving the request for the cache line from the other node over an

interconnect to implement a directory-based coherence protocol.

Claim 4: The method of claim 1, wherein receiving the request for the cache line comprises

snooping the request from a bus to implement a snoop coherence protocol.

Claim 5: The method of claim 1, wherein the request comprises a shared request or an

exclusive request for the cache line.
Claim 6: A multi-core processor, comprising:

a first core with a first private cache;
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a first coherence logic for a first private last level cache (ILL.C) of the first core;
a second core with a second private cache;
a second coherence logic for a second private LLLL.C of the second core;

a main memory controller for a nonvolatile main memory including nonvolatile

pages; and

an interconnect coupling the first core, the first coherence logic, the second core, the

second coherence logic, and the main memory controller,

wherein each coherence logic is configured to cause a cache line to be written back
from one private cache to the nonvolatile main memory before causing the cache line
to be sent to another core in response to a request for the cache line when the cache

line is dirty.
Claim 7: The multi-core processor of claim 6, wherein:

each coherence logic is configured to, before causing the cache line to be flushed,
determine the cache line is associated to the nonvolatile virtual page mapped to the
nonvolatile physical page in the nonvolatile main memory based on a page table entry

or an address of the cache line.
Claim 8: The multi-core processor of claim 6, wherein:
the interconnect is a bus; and

each coherence logic is configured to snoop the request from the bus to implement a

snoop coherence protocol.

Claim 9: The multi-core processor of claim 6, wherein each coherence logic is configured to

observe the request on the interconnect to implement a directory-based coherence protocol.

Claim 10: The multi-core processor of claim 6, wherein the request comprises a shared

request or an exclusive request for the cache line.

Claim 11: A non-transitory computer readable medium encoded with instructions executable

by a processor to:
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in response to a request for a cache line from a core, determine if the cache line is
associated to a nonvolatile virtual page mapped to a nonvolatile physical page in a

nonvolatile main memory; and

when the cache line is associated to the nonvolatile virtual page mapped to the

nonvolatile physical page in the nonvolatile main memory:

determine if the cache line has been written back to the nonvolatile main

memory;

when the cache line has not been written back to the nonvolatile main

memory:

cause the cache line to be written back from the private cache of the
other node to the nonvolatile main memory when the cache line has not

been written back to the nonvolatile main memory; and

after causing the cache line to be flushed, send the cache line to the

requesting core.

Claim 12: The non-transitory computer readable medium of claim 11, wherein the
instructions are further executable by the processor to, before writing the cache line back,
determining the cache line is associated to the nonvolatile virtual page mapped to the
nonvolatile physical page in the nonvolatile main memory based on a page table entry or an

address of the cache line..

Claim 13: The non-transitory computer readable medium of claim 11, wherein the
instructions are further executable by the processor to serve as a home node to receive the

request from the interconnect to implement a directory-based coherence protocol or

Claim 14: The non-transitory computer readable medium of claim 11, wherein the
instructions are further executable by the processor to snoop the request from a bus to

implement a snoop coherence protocol.

Claim 15: The non-transitory computer readable medium of claim 11, wherein the request

comprises a shared request or an exclusive request for the cache line.
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