wO 2016/160159 A1 [N I/ N0F V0 000 0O

(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 2016/160159 A1l

6 October 2016 (06.10.2016) WIPOIPCT
(51) International Patent Classification: (81) Designated States (uniess otherwise indicated, for every
GO6F 13/16 (2006.01) GO6F 12/08 (2006.01) kind of national protection available). AE, AG, AL, AM,
. o . AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,
(21) International Application Number: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
PCT/US2016/018488 DO, DZ. EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
(22) International Filing Date: HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
18 February 2016 (18.02.2016) KZ, LA, LC, LK, LR, LS, LU, LY, MA, MD, ME, MG,
. MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ, OM,
(25) Filing Language: English PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA, SC,
(26) Publication Language: English SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,
TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM, ZW.
(30) Priority Data: . L
14/671,892 27 March 2015 (27.03.2015) Us (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
(71) Applicant: INTEL CORPORATION [US/US]; 2200 GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, ST, SZ,
Mission College Boulevard, Santa Clara, California 95054 TZ, UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU,
(US). TJ, TM), European (AL, AT, BE, BG, CH, CY, CZ, DE,
(72) Tnventors: DIAMAND, Israel; Aderet 1039, 99850 Ader- DK, EE, ES, FL FR, GB, GR, HR, HU, IL, IS, IT, LT, LU,
o ; . LV, MC, MK, MT, NL, NO, PL, PT, RO, RS, SF, SI, SK,
et, M (IL). MISGAYV, Nir; Netania, M, 42040 Netania, M
g . SM, TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ,
(IL). ANANTARAMAN, Aravindh; 1550 Iron Point GW, KM, ML, MR, NE, SN, TD, TG)
Road, Apt. 2611, Folsom, California 95630 (US). i i i A '
GREENFIELD, Zvika; 16-b Ha'emek Street, 44470 Kfar Published:
Sava, M (IL). —  with international search report (Art. 21(3))
(74) Agents: MALLIE, Michael J. et al.; Blakely, Sokoloff,

Taylor & Zafman LLP, 1279 Oakmead Parkway,
Sunnyvale, California 94085 (US).

(54) Title: MEMORY CONTROLLER FOR MULTI-LEVEL SYSTEM MEMORY WITH COHERENCY UNIT

P ;
] |
Processing ﬁ gl
COrps i f
Mear Memaory
Memaory Cache 313
Controiler
116 .
100 e Far bMemory
Periphersl
Contrel Hub
(//i{_,q bodd ‘:K\
Camers Storage Device

Network interface

Multi-Level
System Memory 112

(57) Abstract: An apparatus is described that
includes a memory controller having an inter-
face to couple to a multi-level system memory.
The memory controller also includes a coher-
ency buffer and coherency services logic cir-
cuitry. The coherency buffer is to keep cache
lines for which read and/or write requests have
been received. The coherency services logic
circuitry is coupled to the interface and the co-
herency buffer. The coherency services logic
circuitry is to merge a cache line that has been
evicted from a level of the multi-level system
memory with another version of the cache line
within the coherency buffer before writing the
cache line back to a deeper level of the mul-
ti-level system memory it at least one of the
following is true: the another version of said
cache line is in a modified state; the memory
controller has a pending write request for the
cache line.
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MEMORY CONTROLLER FOR MULTI-LEVEL SYSTEM
MEMORY WITH COHERENCY UNIT

Field of Invention

The field of invention pertains generally to the computing sciences; and, more specifically, to a
memory controller for multi-level system memory with coherency unit.
Background

Computing systems typically include system memory (or main memory) that contains data and
program code of the software code that the system’s processor(s) are currently executing. A pertinent
bottleneck in many computer systems is the system memory. Here, as is understood in the art, a
computing system operates by executing program code stored in system memory. The program code
when executed reads and writes data from/to system memory. As such, system memory is heavily
utilized with many program codes and data reads as well as many data writes over the course of the
computing system’s operation. Finding ways to speed-up system memory is therefore a motivation of
computing system engineers.
List of Figures

A better understanding of the present invention can be obtained from the following detailed
description in conjunction with the following drawings, in which:

Fig. 1 shows a computing system with a multi-level system memory;

Fig. 2A shows a multi-level system memory read process;

Fig. 2B shows a multi-level system memory write process;

Fig. 2C shows a memory controller with a coherency unit;

Figs. 3A, 3B, 3C_1 and 3C_2 pertain to basic read and write request handling;

Figs. 4A, 4B, 4C and 4D pertain to handling of multiple read and write requests;

Figs. 5A, 5B, 5C and 5D pertain to handling of evictions from a higher system memory level;

Fig. 6 depict an embodiment of a design for a memory controller having a coherency unit;

Fig. 7 depicts a computing system.
Description

One of the ways to speed-up system memory is to have a memory side cache._Fig. 1 shows an
embodiment of a computing system 100 having a multi-tiered or multi-level system memory 112 that
results from the use of a memory side cache. A memory side cache (near memory cache 113) is used to
store the system memory items that are (and/or are expected to be) the items that are and/or will be more
frequently called upon by the computing system. The near memory cache 113 has lower access times
than the lower tiered system memory component (far memory 114). By storing the more frequently called
upon items in near memory, the system memory will be observed as faster because the system will often
read items that are being stored in faster near memory 113.

According to some embodiments, for example, the near memory 113 exhibits reduced access times
by having a faster clock speed than the far memory 114. Here, the near memory 113 may be a faster,

volatile system memory technology (e.g., high performance dynamic random access memory (DRAM)).
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By contrast, far memory 114 may be either a volatile memory technology implemented with a slower
clock speed (e.g., a DRAM component that receives a slower clock) or, e.g., a non-volatile memory
technology that is inherently slower than volatile/DRAM memory.

For example, the lower level 114 may be comprised of an emerging non-volatile byte addressable
random access memory technology such as, to name a few possibilities, a phase change based memory, a
ferro-electric based memory (e.g., FRAM), a magnetic based memory (e.g., MRAM), a spin transfer
torque based memory (e.g., STT-RAM), a resistor based memory (e.g., ReRAM) or a “Memristor” based
memory. Such emerging non-volatile random access memories technologies typically have some
combination of the following: 1) higher storage densities than DRAM (e.g., by being constructed in three-
dimensional (3D) circuit structures (e.g., a crosspoint 3D circuit structure); 2) lower power consumption
densities than DRAM (e.g., because they do not need refreshing); and/or 3) access latency that is slower
than DRAM yet still faster than traditional non-volatile memory technologies such as FLASH. The later
characteristic in particular permits an emerging non-volatile memory technology to be used in a main
system memory role rather than a traditional storage role (which is the traditional architectural location of
non-volatile storage).

Regardless of whether far memory 214 is composed of a volatile or non-volatile memory
technology, in various embodiments far memory 214 acts as a true system memory in that it supports
finer grained data accesses (e.g., cache lines) rather than larger blocked based accesses associated with
traditional, deeper non-volatile storage (e.g., solid state drive (SSD), hard disk drive (HDD)), and/or,
otherwise acts as an (e.g., byte) addressable memory that the program code being executed by
processor(s) of the CPU operate out of.

Because near memory 113 acts as a cache, near memory 113 may not have its own individual
addressing space. Rather, only far memory 114 includes the individually addressable memory space of
the computing system’s main memory. In various embodiments near memory 113 truly acts as a cache
for far memory 114 rather than acting a last level CPU cache. Generally, a CPU level cache is able to
keep cache lines across the entirety of system memory addressing space that is made available to the
processing cores 117 that are integrated on a same semiconductor chip as the memory controller 116.

For example, in various embodiments, system memory is implemented with dual in-line memory
module (DIMM) cards where a single DIMM card has both DRAM and (e.g., emerging) non-volatile
memory chips and the DRAM chips effectively act as an on board cache for the non-volatile memory
chips. Ideally, the more frequently accessed cache lines of any particular DIMM card will be found on
that DIMM card’s DRAM chips rather than its non-volatile memory chips. Given that multiple DIMM
cards are typically plugged into a working computing system and each DIMM card is only given a section
of the system memory addresses made available to the processing cores 117 of the semiconductor chip
that the DIMM cards are coupled to, the DRAM chips are acting as a cache for the non-volatile memory
that they share a DIMM card with rather than a last level CPU cache.
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In other configurations DIMM cards having only DRAM chips may be plugged into a same system
memory channel (e.g., a DDR channel) with DIMM cards having only non-volatile system memory chips.
Ideally, the more frequently used cache lines of the channel will be found in the DRAM DIMM cards
rather than the non-volatile memory DIMM cards. Thus, again, because there are typically multiple
memory channels coupled to a same semiconductor chip having multiple processing cores, the DRAM
chips are acting as a cache for the non-volatile memory chips that they share a same channel with rather
than as a last level CPU cache. Although the above example referred to packaging solutions that
included DIMM cards, it is pertinent to note that this is just one example and other embodiments may use
other packaging solutions (e.g., stacked chip technology, one or more DRAM and phase change
memories integrated on a same semiconductor die or at least within a same package as the processing
core(s), etc.).

Figs. 2A and 2B show some basic processes of a multi-tiered system memory where the near memory
acts as a cache for the far memory. Fig. 2A shows a system memory read process. Fig. 2B shows a
System memory write process.

Referring to the system memory read process of Fig. 2A, upon receipt of a system memory read
request from a requestor (which is typically a thread of program code executing on a processing core), a
lookup 201 into near memory is first performed. Here, the lookup 201 into near memory essentially
corresponds to a lookup into cache. If the lookup 201 into near memory is a hit (the requested cache line
is found in near memory), the cache line is forwarded to the requestor 202. By contrast, if the requested
cache line is not found in near memory, a read into far memory is performed to fetch the requested cache
line 203. The retrieved cache line is forwarded to the requestor and put into near memory 204.

Here, the placement into near memory of the cache line read from far memory corresponds to
placement into cache of a cache line that has most recently been accessed. The placement of the cache
line into near memory cache may also correspond to eviction of another cache line from the cache into far
memory. That is, the newly accessed cache line may effectively “bump out” another cache line that was
in near memory. As just one example, in an embodiment near memory is implemented as a direct
mapped cache having multiple “slots” where any cache line supported by the near memory cache can be
stored in only one of the slots. In this case, the initial lookup into cache 201 was performed by reading
the cache line from the slot that the requested cache line mapped to. Since the cache line read from near
memory was not the requested cache line (cache miss), the cache line read from near memory now needs
to be put into far memory 2035 so that the requested cache line can consume its slot in near memory.

In various embodiments, the cache line being evicted from near memory only needs to be put into
far memory if it has a modified state (M). Here, a modified state means the cache line has the most recent
data for the cache line. If a cache line having an M state were to be dropped, data consistency problems
would result because the most up to date information for the cache line would be lost. Thus, in various
embodiments, a cache line that is evicted from near memory is only written back to far memory if it has

an M state. Other cache line states (e.g., Exclusive (E), Shared (S) or Invalid (I)) effectively mean there
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exists a duplicate copy of the cache line in far memory and can therefore be dropped without a data
consistency penalty.

Generally, anytime new information is written to a cache line the cache line will assume the M
state. Here, the writing of the new information means that the duplicate copy in far memory is “stale” and
can no longer be used as its replacement should it be deleted. As such, rather than delete an evicted cache
line in the M state it is written back to far memory so that the latest information for the cache line is
preserved. In various embodiments a cache line is marked as being in the M state if a reserved “dirty bit”
for the cache line is set. Thus, if a cache line that is evicted from near memory has its dirty bit set, the
cache line is written back to far memory (the set dirty bit signifying that the cache line has an M state).

Fig. 2B shows a system memory write process. A write request and corresponding cache line
having new information to be written into the cache line is received from a requestor. A lookup is then
made into near memory for the cache line 211. If there is a cache hit, the new information that was
appended with the request is written into the cache line and the resultant is written back into near memory
212 (f the request is for only a partial write only the portions of the cache line specified in the write
request are written). If the matching cache line that was found in near memory was not already in the M
state the writing of the new information into the cache line will cause the cache line to be placed into the
M state (e.g., by setting its dirty bit).

If the cache line is not found in near memory (cache miss), the requested cache line is fetched from
far memory 213, written over with the new information associated with the write request and then written
into near memory 214. Alternatively, a duplicate copy may also be written into far memory so that the
copy written into near memory does not have an M state. If no such copy is written into far memory the
version written into near memory will have the M state. The same handling of any cache line evicted
from near memory as a consequence of writing the newly modified cache line into near memory also
transpires 215 (write back of evicted cache line into far memory if it has an M state). Note that in various
embodiments the write request granularity may be smaller than the caching granularity. For example, the
write may only target one addressable data item in the cache line while the cache line effectively is a
grouping of more than one individually addressable data item.

Fig. 2A depicts the eviction of an M cache line from near memory and its write-back into far
memory as a consequence of read request cache miss. Fig. 2B depicts the eviction of an M cache line
from near memory and its write-back into far memory as a consequence of a write request cache miss. It
is pertinent to point out that other activities may trigger the eviction of an M cache line from near memory
and its write-back into far memory. Examples include back ground software and hardware processes that
“flush” whole sections or the entirety of a near memory cache. Another example is where near memory is
“sectored” such that cache lines are grouped. As such, an eviction event for one cache line in the group
triggers the eviction of all cache lines in the group.

Data hazards can arise in a multi-level system memory as described above. For example,

competing requests for a same cache line may be concurrently received (e.g., from different threads)
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and/or a request for a cache line may be received in a same approximate time frame at which the cache
line is transitioning between near memory and far memory. Fig. 2C shows a memory controller 216 for a
multi-tiered system memory and includes a coherency unit 218 for resolving such competing requests
without blocking. In the case of blocking, a first process involving a cache line (e.g., transferal between
near and far memories) is fully handled and completed before the handling of a second related process
involving the same cache line (e.g., a read or write request for the cache lines) is permitted to begin. By
contrast, as described in more detail below, the coherency unit 218 merges internal operations affecting a
same cache line when possible to better improve the overall performance of the system memory from the
perspective of the requestors.

Figs. 3A through 3C_1 & 2 show some basic structural features and methodologies of the
coherency unit 218 of Fig. 2C. As observed in Fig. 3A the coherency unit includes an internal bufter
structure 301 (e.g., register space or internal dedicated static random access memory (SRAM)) to
internally hold multiple cache lines. The buffer structure 301 permits the memory controller to internally
hold and modify various cache lines in view of one or more concurrent processes targeting a particular
cache line. Additionally, coherency services logic circuitry 302 controls access to near and far memory.

As will be described in more detail further below, the coherency services unit 302 not only controls
the transferal of cache lines between near and far memory (including cache hit/miss status regarding reads
into near memory) but is also made aware of incoming memory access requests from requestors (which,
e.g., may be queued in an incoming request queue (not shown)). By being made aware of both incoming
requests for cache lines and any transferals of cache lines between memory levels, the coherency services
unit serves as a centralized location to merge concurrent processes directed to a same cache line.

Fig. 3A shows a first basic operation in which a read or write for a particular cache line is received
by the memory controller. The coherency services unit 302 oversees a lookup into the internal buffer 301
for the cache line associated with a newly received request by looking for a match between the addresses
303 of the cache lines that are in the buffer 301 and the address of the cache line that the newly received
request pertains to.

In the particular situation of Fig. 3A, the sought for cache line does not exist in the internal bufter
301. As such, as observed in Fig. 3B, a memory read consistent with the methodology of Fig. 2A is
performed to load the cache line into the internal buffer 301. The cache line version that is resident in
the internal buffer is referred to as a “coherence entry” within the buffer 301. As observed in Fig. 3C_1,
if the original request from the requestor was a memory read request, the request is serviced by providing
the contents of the coherence entry from the buffer 301 into the read request response. By contrast, as
observed in Fig. 3C_2, if the original request from the requestor was a memory write request, the new
information to be written that is included in the request is written over the coherence entry within the
internal buffer 301. Writes may be written to a whole cache line or only a portion of a cache line. In the
case of a partial write, only a subset of the cache line’s contents is written over (e.g., one byte of a 64 byte

cache line).
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Before discussing additional, more complex processes of Figs. 4A through 4D, it is pertinent to
point out that the size of the internal buffer 301 is limited. Therefore as newly requested cache lines are
written to the buffer 301 other cache lines that have been resident in the buffer 301 for some time may be
evicted out. A cache line that is evicted from the internal buffer 301 follows the nominal write process of
Fig. 2B. The rate at which cache lines are evicted from the internal buffer 301 depends on the size of the
internal buffer 301 and the rate at which new requests are being generated by the requestors across an
address space that is larger than the size of the internal buffer. Which cache lines are selected for eviction
from the internal buffer 301 depends on the specific eviction policy that is designed in or configured into
the coherency services unit 302. According to one embodiment, an entry in the buffer is automatically
evicted if there are no pending requests for its corresponding cache line and all previous requests for the
cache line have been completely satisfied.

Each of Figs. 4a through Fig. 4D start from a situation in which the cache line that the incoming
requests pertain to already exists in the internal buffer (if it did not, it would be called in as described in
Figs. 3a and 3b). As observed in Fig. 4A, once a cache line is resident in the internal buffer, any
subsequent read requests for that cache line are serviced by returning the cache line contents from the
coherence entry, rather than by performing a read from system memory.

Fig. 4B shows a more detailed embodiment of a practical implementation of the internal buffer’s
contents. Here, it is entirely possible that the memory controller may have some queuing and/or delay
generating and/or sending responses to the requestors. As such, incoming read requests are entered in the
internal buffer 301 as separate individual entries along with the coherence entry. Each such entry has a
pointer back to the coherence entry. Read requests are serviced by response engine logic circuitry (not
shown) that is coupled to and scrolls through the entries of the internal buffer 301 for entries that pertain
to a read request.

With each such read request entry the response engine extracts the coherency entry’s cache line
information to formulate a read response for forwarding to a requestor. Each read request entry holds
information that is pertinent to its specific read request such as who the requestor is (e.g., a specific thread
and/or processing core). The response engine also refers to this information in order to form a complete
response. In one embodiment, a coherence entry’s cache line cannot be evicted from the internal buffer if
it currently has existing read request entries within the internal buffer (as they represent as yet un-serviced
read requests) unless and until the existing read requests are serviced.

Fig. 4C shows that in the case of multiple write requests, the new information of each request is
written over the coherence entry in the internal buffer. Depending on implementation, in the case of
multiple write requests, new information may be written into the coherence entry in the order that it was
received (a first write request’s information is written before a second write request’s information is
written) or the corpus of new information may be merged together and written over the coherence entry in

a single write operation. In the case of partial writes (a write request is only writing to a smaller section
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of the overall cache line) merger is straightforward when the areas to be written to by the multiple write
requests do not overlap.

Fig. 4D shows that in the case of a mixture of incoming write and read requests for a same cache
line, the coherency services unit may move the write requests ahead of the read requests relative to the
order in which they were received. That is, for example, as seen in Fig. 4D, even though both reads were
received by the memory controller before the three writes, the three writes are written into the coherence
entry before the two reads are serviced.

Some systems may not permit writes to be moved ahead of reads as described above in Fig. 4D.
Here, e.g., a computing system may include configuration space that dictates whether or not writes are
permitted to be moved ahead of reads (where both target a same cache line) dynamically in the hardware
of the system. Alternatively or in combination, in some systems, the handling of multiple concurrent
threads by the system or the design of the processor(s) may result in potentially incorrect data if writes are
permitted to be moved ahead of reads. In systems that do not permit writes to be moved ahead of reads a
new coherent entry may be allocated for any write that comes after a read. Subsequent reads after
multiple write entries have been entered need to review the entire write history within the buffer to
understand what the content of the most version of the cache line is. Eviction of the cache line from the
buffer will necessarily evict all of the entries in the buffer for the cache line.

As observed in Figs. 4C and 4D, the coherence entry also includes information that indicates
whether it has been written to since it was entered into the internal buffer. That is, an M state status is
tracked for each coherence entry in the internal buffer. Here, after a cache line is called up from system
memory and entered into the internal buffer it is not in the M state. However, upon the first instance of
the cache line being written to while it is in the internal buffer it is transitioned into the M state.

Figs. 5A through 5D show further additional processes in which a cache line that is in transit
between near memory and far memory happens to match a coherence entry within the internal buffer.
That is, the two cache lines have the same address. For example, consider a situation in which a cache
line has been evicted from the internal buffer. As discussed earlier, the write process of Fig. 2B will
subsequently be performed in order to write the cache line that has been evicted from the internal buffer
into system memory. From Fig. 2B, the first sequence of the procedure is to perform a lookup 211 into
near memory for the cache line. In the case of a hit there is no issue as the cache line that is evicted from
the internal buffer will be written over the cache line that was found in near memory 212.

However in the case of a cache miss, the writing of the cache line that was evicted from the internal
buffer into near memory may cause the eviction of another cache line from near memory that now needs
to be written back into far memory 215. Figs. SA through 5C pertain to the situation in which the cache
line that has been evicted from near memory happens to match a coherence entry cache line that is
resident in the internal buffer.

In this case, referring to Fig. 5A, if the coherence entry in the internal buffer is not in the M state,

there is no merger of the coherence entry’s contents with the cache line that is being evicted from near
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memory. As such, the cache line that is evicted from near memory is written back to far memory if it is
in the M state. If it is not in the M state there is no write back to far memory.

Referring to Fig. 5B, if the coherence entry in the internal buffer is in the M state it is merged with
the cache line that is being evicted from near memory and the resultant is written back into far memory
(the merger may be accomplished with circuitry that combines the data of the two cache lines with newer
data being written over older data). Note that if a subsequent write request is to arrive for the cache line
that is handled in the buffer, the coherency unit will recognize that the most recent data for the cache line
is within the buffer which will require the cache line to be written back into system memory should the
cache line be de-allocated/evicted from the buffer.

Fig. 5C shows the situation of Fig. 5B but where one or more write requests have been received
commensurate/concurrently with the eviction of the cache line from near memory (e.g., the requests may
be resident in an incoming request queue of the memory controller). Here, the newly received write
requests are merged into the coherence entry and the resultant is merged into the cache line that is being
evicted from near memory. The total resultant is then written back to far memory.

Fig. 5D shows that the processes of Figs. 5B or 5C can also arise in the case where a cache line
read from far memory is being newly entered into the internal buffer. Here, recall from Fig. 3A that in
the case where a new read or write request is received for a cache line that is not resident in the internal
buffer, the cache line is fetched from system memory before the request can be serviced. If the cache line
is found in near memory no eviction of a cache line from near memory transpires and so the inclusion of
the cache line into the internal buffer is straight forward.

However in the case where the cache line being retrieved is not found in near memory but instead
has to be fetched from far memory, recall that according to the process of Fig. 2A the same cache line
may then be inserted into near memory 204. The insertion of the cache line into near memory may cause
an eviction of another cache line from near memory in which case any of the processes of Figs. 5B or 5C
may transpire.

For any of the processes of Figs. SA through 5D, any incoming read requests that target the
coherence entry may read directly from the coherence entry. As discussed with respect to Fig. 4D,
generally, any concurrent write requests should precede the read requests in terms of the order of their
execution.

Fig. 6 provides an embodiment of a hardware implementation of the coherency unit of Fig. 2c. As
observed in Fig. 6, the coherency services unit 602 includes a number of state machines and other logic
circuitry designed to implement the processes described above with respect to Figs. 3 through 5.

Notably, the coherency services unit 602 includes a Modified Exclusive Shared Invalid (MEST)
state machine 603 that is able to track the formal MESI state of each coherency cache line in the internal
buffer 601. To a larger extent, handling of the M state has already been discussed in the sense that
anytime a fresh cache line is called up from system memory, any write activity to the coherency version

that resides in the internal buffer will cause the cache line to transition to the M state. Additionally, other
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requests may arrive that causes other types of MESI state transitions. For example, an explicit request
may be received to invalidate the cache line in which case the cache line will transition to the Invalid (T)
state, or, multiple read requests may arrive from two different requestors which will transition the cache
line to the Shared (S) state consistent with MESI protocol semantics. Additionally, in various
embodiments, when a coherency cache line is evicted from the internal buffer 601 it is only written back
to system memory if it is currently in the M state. Further still, whenever a process is to take place in
which a cache line in the M state that will be written in near memory will also be backed up with a
duplicate entry in far memory, the cache line version that is written in near memory may be written as not
being in the M state (e.g., by being written in the E state). Likewise, if no such backup is to occur the
cache line may be written into near memory as being within the M state.

The coherency services unit 602 also includes a request ordering state machine 605. The request
ordering state machine is responsible for implementing the order in which incoming requests are serviced
(e.g., moving writes ahead of reads). Here, note that the coherency services unit 602 is coupled to a
request queue 603 where received requests are buffered before actually being serviced. The request
ordering state machine may snoop the contents of the queue 603 to rearrange the order between requests
as they were received by the memory controller vs. the order they are actually serviced.

The coherency services unit 602 also includes a read response state machine 606. As discussed
above with respect to Fig. 4B, in an embodiment, reads are serviced by polling the read entries of the
internal buffer 601 and servicing them. Here, the read entries include information germane to their
particular read request (e.g., the identity of the requestor) and refer back to the coherence entry for the
actual current version of the cache line. The read response state machine 606 effectively performs these
actions and formulates formal responses from the contents of the entries.

The coherency services unit 602 also includes an eviction state machine 607. The eviction state
machine 607 determines which coherence entries within the internal buffer are to be pushed out to system
memory in response to, e.g., new requests being received at the memory controller that overwhelm the
size of the internal buffer. The eviction state machine 607 may communicate with the read response state
machine 606 to ensure that a coherence entry having dependent read entries within the internal buffer 601
is not evicted before the dependent read requests are serviced.

The coherency services unit 602 also includes a lookup state machine to perform reads from near
memory and/or far memory and writes to near memory and/or far memory in conjunction with
discovering matching coherency entries in the internal buffer in order to effectively implement any of the
processes discussed above with respect to Figs. 5A through 5D.

Although not depicted in Fig. 6, in various embodiments, a tag array may be included in the overall
design to track which cache line(s) is/are in near memory for the address that a particular read or write
operation pertain to. For example, in the case of a direct mapped cache, there is only one cache “slot” for
a predetermined set of addresses. For an incoming request having a particular address, the tag array holds

information indicating which one of the addresses within the set is currently occupying the slot. In
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further embodiments the tag array also identifies what state the cached cache line is in (e.g., M or
otherwise). Thus, in various embodiments, the tag array is the primary structure that is referred to during
a near memory cache look-up. The tag array may be kept, e.g., in near memory (in which case a lookup
into near memory requires a read to near memory), or on the host side of the system (e.g., within the
memory controller coupled to the coherency services unit 602.

Fig. 7 shows a depiction of an exemplary computing system 700 such as a personal computing
system (e.g., desktop or laptop) or a mobile or handheld computing system such as a tablet device or
smartphone. As observed in Fig. 7, the basic computing system may include a central processing unit 701
(which may include, e.g., a plurality of general purpose processing cores and a main memory controller
disposed on an applications processor or multi-core processor), system memory 702, a display 703 (e.g.,
touchscreen, flat-panel), a local wired point-to-point link (e.g., USB) interface 04, various network I/O
functions 705 (such as an Ethernet interface and/or cellular modem subsystem), a wireless local area
network (e.g., Wi-Fi) interface 706, a wireless point-to-point link (e.g., Bluetooth) interface 707 and a
Global Positioning System interface 708, various sensors 709_1 through 709_N (e.g., one or more of a
gyroscope, an accelerometer, a magnetometer, a temperature sensor, a pressure sensor, a humidity sensor,
etc.), a camera 710, a battery 711, a power management control unit 712, a speaker and microphone 713
and an audio coder/decoder 714.

An applications processor or multi-core processor 750 may include one or more general purpose
processing cores 715 within its CPU 701, one or more graphical processing units 716, a memory
management function 717 (e.g., a memory controller) and an I/O control function 718. The general
purpose processing cores 715 typically execute the operating system and application software of the
computing system. The graphics processing units 716 typically execute graphics intensive functions to,
e.g., generate graphics information that is presented on the display 703. The memory control function
717 interfaces with the system memory 702. The system memory 702 may be a multi-level system
memory such as the multi-level system memory 212c¢ observed in Fig. 2C. During operation, data and/or
instructions are typically transferred between deeper non-volatile (e.g.,“disk”) storage 720 and system
memory 702. The power management control unit 712 generally controls the power consumption of the
system 700.

Each of the touchscreen display 703, the communication interfaces 704 — 707, the GPS interface
708, the sensors 709, the camera 710, and the speaker/microphone codec 713, 714 all can be viewed as
various forms of I/O (input and/or output) relative to the overall computing system including, where
appropriate, an integrated peripheral device as well (e.g., the camera 710). Depending on
implementation, various ones of these I/0 components may be integrated on the applications
processor/multi-core processor 750 or may be located off the die or outside the package of the
applications processor/multi-core processor 750.

Embodiments of the invention may include various processes as set forth above. The processes

may be embodied in machine-executable instructions. The instructions can be used to cause a general-
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purpose or special-purpose processor to perform certain processes. Alternatively, these processes may be
performed by specific hardware components that contain hardwired logic for performing the processes, or
by any combination of programmed computer components and custom hardware components.

Elements of the present invention may also be provided as a machine-readable medium for storing
the machine-executable instructions. The machine-readable medium may include, but is not limited to,
floppy diskettes, optical disks, CD-ROMs, and magneto-optical disks, FLASH memory, ROMs, RAMs,
EPROMs, EEPROMSs, magnetic or optical cards, propagation media or other type of media/machine-
readable medium suitable for storing electronic instructions. For example, the present invention may be
downloaded as a computer program which may be transferred from a remote computer (e.g., a server) to a
requesting computer (e.g., a client) by way of data signals embodied in a carrier wave or other
propagation medium via a communication link (e.g., a modem or network connection).

In the foregoing specification, the invention has been described with reference to specific
exemplary embodiments thereof. It will, however, be evident that various modifications and changes may
be made thereto without departing from the broader spirit and scope of the invention as set forth in the
appended claims. The specification and drawings are, accordingly, to be regarded in an illustrative rather

than a restrictive sense.

11



10

15

20

25

30

35

WO 2016/160159 PCT/US2016/018488

Claims
1. A method, comprising:

performing the following with a memory controller coupled to a multi-level system memory:

receiving a read request for a cache line;

referring to a coherency buffer within said memory controller for said cache line;

issuing a read request to a level of said multi-level system memory in response to said cache line
not being found in said coherency buffer;

populating said coherency buffer with said cache line and servicing said request by providing said
cache line.
2. The method of claim 1 further comprising:

receiving a second read request for said cache line;

referring to said coherency buffer for said cache line and finding said cache line in said coherency
buffer;

servicing said response by providing said cache line from said coherency buffer.
3. The method of claim 2 further comprising creating a new entry in said coherency buffer for said
second read request that refers to an entry in said coherency buffer that contains said cache line.
4. The method of claim 1 further comprising:

receiving a write request for said cache line;

referring to said coherency buffer for said cache line and finding said cache line in said coherency
buffer;

writing over said cache line within said coherency buffer to service said write request and
indicating within said cache line buffer that said cache line has been modified.
5. The method of claim 4 wherein said write request seeks to write over only a portion of said cache
line’s data.
6. The method of claim 4 wherein upon a second cache line having a same address as said cache line
being evicted from a memory side cache implemented with a level of said multi-level system memory,
performing the following:

referring to said coherency buffer to recognize that said cache line has been modified; and,

merging said cache line and said second cache line and writing a resultant cache line into a deeper
level of said multi-level system memory.
7. The method of claim 4 wherein upon a second cache line having a same address as said cache line
being evicted from a memory side cache implemented with a level of said multi-level system memory,
performing the following:

referring to said coherency buffer to recognize there are one or more pending write requests for
said cache line; and,

merging said one or more pending writes requests, said cache line and said second cache line and

writing a resultant cache line into a deeper level of said multi-level system memory.
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8. The method of claim 7 wherein said eviction of said second cache line was caused by a read request
for another, different cache line being inserted into said level of said multi-level system after a read of
said another, different cache line from said deeper level of said multi-level system memory.
9. An apparatus, comprising:

a memory controller having an interface to couple to a multi-level system memory, said memory
controller also including:

a coherency buffer to keep cache lines for which read and/or write requests have been received,;

coherency services logic circuitry coupled to said interface and said coherency buffer, said
coherency services logic circuitry to merge a cache line that has been evicted from a level of said multi-
level system memory with another version of said cache line within said coherency buffer before writing
said cache line back to a deeper level of said multi-level system memory if at least one of the following is
true:

said another version of said cache line is in a modified state;

said memory controller has a pending write request for said cache line.

10. The apparatus of claim 9 wherein said memory controller includes logic circuitry to:

perform a read from the level in response to a read or write request;

service said read or write request if said read returned a targeted cache line of said read or write
request;

perform a respective read/write from/to said deeper level if said read from said level did not
return said targeted cache line.
11. The apparatus of claim 9 wherein said memory controller includes logic circuitry to place a cache
line read from said deeper level into said level.
12. The apparatus of claim 9 wherein said coherency services logic circuitry includes logic circuitry to
evict a cache line from said coherency buffer.
13. The apparatus of claim 9 wherein said coherency services logic circuitry is to add entries in said
coherency buffer for each new read request that targets a cache line in said coherency buffer, wherein said
entries refer to said cache line in said coherency buffer.
14. The apparatus of claim 9 wherein said coherency services logic circuitry includes logic circuitry to
move pending writes to a cache line ahead of pending reads from the same cache line.
15. A computing system, comprising:

a plurality of processing cores;

a memory controller coupled to said plurality of processing cores, said memory controller having
an interface that is coupled to a multi-level system memory, said memory controller also including:

a coherency buffer to keep cache lines for which read and/or write requests have been received,;

coherency services logic circuitry coupled to said interface and said coherency buffer, said
coherency services logic circuitry to merge a cache line that has been evicted from a level of said multi-

level system memory with another version of said cache line within said coherency buffer before writing

13



5

10

15

WO 2016/160159 PCT/US2016/018488

said cache line back to a deeper level of said multi-level system memory if at least one of the following is
true:
said another version of said cache line is in a modified state;
said memory controller has a pending write request for said cache line.
16. The computing system of claim 15 wherein said memory controller includes logic circuitry to:
perform a read from the level in response to a read or write request;
service said read or write request if said read returned a targeted cache line of said read or write
request;
perform a respective read/write from/to said deeper level if said read from said level did not
return said targeted cache line.
17. The computing system of claim 15 wherein said memory controller includes logic circuitry to place a
cache line read from said deeper level into said level.
18. The computing system of claim 15 wherein said coherency services logic circuitry includes logic
circuitry to evict a cache line from said coherency buffer.
19. The computing system of claim 15 wherein said coherency services logic circuitry is to add entries in
said coherency buffer for each new read request that targets a cache line in said coherency buffer, wherein
said entries refer to said cache line in said coherency buffer.
20. The computing system of claim 19 wherein said coherency services logic circuitry includes logic

circuitry to move pending writes to a cache line ahead of pending reads from the same cache line.
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