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AMULTI-LEVEL NON-VOLATILE CACHE WITH SELECTIVE STORE

Cross Reference to Related Application

The present application claims priority to U.S. Patent Application No. 14/998,070, filed
December 24, 2015, and titled “A MULTI-LEVEL NON-VOLATILE CACHE WITH
SELECTIVE STORE,” the entire disclosure of which is hereby incorporated by reference and
for all purposes.

Technical Field

The present disclosure relates to the field of electronic memory and, in particular, to a
multi-level non-volatile cache with selective store that may increase effective cache storage
capacity in the multi-level non-volatile cache.

Background

The background description provided herein 1s for the purpose of generally presenting the
context of the disclosure. Unless otherwise indicated herein, the materials described in this
section are not prior art to the claims in this application and are not admitted to be prior art by
inclusion in this section,

A fast access memory (for example, cache)} is often used to store selected data of a
storage volume to allow the selected data to be accessed more quickly than data from a memory
{storage device} having a slower access time {(e.g, hard disk drive (HDD)). Some systems
include a multi-level cache with multiple tiers of cache wedia. Data stored in the fast access

memory is replicated in the slow access memory/storage device.

Brief Description of the Drawings
Embodiments will be readily understood by the following detailed description in
conjunction with the accompanying drawings. To facilitate this description, like reference
numerals designate like structural elements. Embodiments are illustrated by way of example, and
not by way of lirottation, 1o the Figures of the accompanying drawings.
Figure 1 is a block diagram of a computing system including a multi-level cache of the
present disclosure, in accordance with various embodiments.
Figure 2 is a flow chart tllustrating a read process to be performed by a multi-level cache,

in accordance with various embodiments.
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Figure 3 is a flow chart illustrating a write process to be performed by a multi-level
cache, in accordance with various embodiments.

Figure 4 illustrates an example computing device suitable for practicing various aspects
of the disclosure, in accordance with various embodiments.

Figure 5 illustrates an example storage medium with instructions configured to enable an
apparatus to practice various aspects of the present disclosure, in accordance with various
embodiments.

Detailed Description

In the following detailed description, reference s made to the accompanying drawings
which form a part hereof wherein like numerals designate like parts throughout, and in which is
shown by way of illustration embodiments that may be practiced. It is to be understood that other
embodiments may be utilized and structural or logical changes may be made without departing
from the scope of the present disclosure. Therefore, the following detailed description is not to
be taken in a limiting sense, and the scope of embodiments is defined by the appended claims
and their equivalents.

Various operations may be described as multiple discrete actions or operations in turn, in
a manner that is most helpful in understanding the claimed subject matter. However, the order of
description should not be construed as to imply that these operations are necessarily order
dependent. In particular, these operations may not be performed in the order of presentation.
Operations described may be perforred in a different order than the described embodiment.
Various additional operations may be performed and/or described operations may be omitted in
additional embodiments.

For the purposes of the present disclosure, the phrase “A and/or B” means (A), (B), or (A
and B). For the purposes of the present disclosure, the phrase “A, B, and/or C” means (A}, (B),
(C), (Aand B), (Aand C), (B and C), or (A, B and C).

The description may use the phrases “in an embodiment,” or “in embodiments,” which
may each refer to one or wore of the same or different embodiments. Furthermore, the terms

>

“comprising,” “including,” “having” and the like, as used with respect to embodiments of the
present disclosure, are synonymous.
As used herein, the term “logic” and “circuitry” may refer to, be part of, or include an

Application Specific Integrated Circuit (ASIC), an electronic circuit, a processor (shared,
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dedicated, or group) and/or memory (shared, dedicated, or group) that execute one or more
software or firmware programs, a combinational logic circuit, and/or other suitable components
that provide the described functionality. The term “module” may refer to software, firmware
and/or circuttry that is/are configured to perform or cause the performance of one or more
operations consistent with the present disclosure. Software may be embodied as a software
package, code, instructions, instruction sets and/or data recorded on non-transitory computer
readable storage mediums. Firmware may be embodied as code, instructions or instruction sets
and/or data that are hard-coded {e.g., nonvolatile) in memory devices. “Circuitry”, as used in any
embodiment herein, may comprise, for example, singly or in any combination, hardwired
circuitry, programmable circuitry such as computer processors comprising one oOr more
individual instruction processing cores, state machine circuitry, software and/or firmware that
stores instructions executed by programmable circuitry. The modules may collectively or
individually be embodied as circuitry that forms a part of a computing device. As used herein,
the term “processor” may be a processor core.

In embodiments, apparatuses, methods and storage media associated with a multi-level
cache are described. A first storage level may receive an input/output (I/0) request (e.g., read
request or write request) from a second storage level of the multi-level cache, wherein the /O
request 18 associated with a data. The first storage level may further receive an indicator to
indicate whether the data is stored or will be stored in the second storage level. The first storage
fevel may determine whether to store the data in the first storage level based on the wndicator.

Referring now to Figure I, a computing system 100 having a multi-level cache 102
incorporated with the selective store technology of the present disclosure, in accordance with
various embodiments, is illustrated. The computing system 100 may further include a processor
104 and a storage 106 coupled to the multi-level cache 102, The multi-level cache 102 may
include a storage level 108 and a second storage level 110 coupled 10 one another. The storage
fevel 108 may include a controller 112 and a memory 114, and the storage level 110 may include
a controller 116 and a memory 118 The multi-level cache 102 may also be referred to as a
multi-layer cache. For the purpose of this application, the two terms may be considered as
synonyrmous. Further, the storage level 108 may be referred to as an upper storage level or
higher storage level, and the storage level 110 may be referred to as a lower storage level. In

embodiments, the controller 112 and the controller 116 are incorporated with complementary
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fogic to practice selective store to potentially increase the effective capacity of the multi-level
cache 102, to be more fully described below.

In various embodiments, the memory 114, memory 118, and storage 106 may be non-
volatile memory. In some embodiments, the roemory 114 of the storage level 108 may be a
different memory techunology than the memory 118 of the storage level 110. For example, in
some embodiments, the memory 114 may be a faster, but more expensive, memory technology
than the memory 118, Additionally, the storage 108 may include a different memory technology
than the memory 114 and/or memory 118, In one non-limiting embodiment, the memory 114
may be byte addressable three-dimensional (3D} cross-point memory and the memory 118 may
be a Solid State Drive (85D} that includes NAND flash memory or 3D cross-point memory. In
some embodiments, the storage 106 may imclude a hard disk drive (HDD). In some
embodiments, the memory 114, memory 118, and/or storage 108 may include Multi Level Cell
(MLC) NAND flash memory, ferroelectric random-access memory (FeTRAM), nanowire-based
non-volatile memory, three-dimensional (3D} cross-point memory such as phase change memory
(PCM), memory that incorporates mermristor technology, Magnetoresistive random-access
memory (MRAM), Spin Transfer Torgue (STT)}MRAM, single level cell (S8LC) Flash memory
and/or other electrically erasable programmable read only memory (EEPROM) type devices.

In various embodiments, the multi-level cache 102, including the storage level 108 and
storage level 110 may be included in a same computing device as the processor 104 and
controlled by a same operating system. In some embodiments, one or more of the storage levels
108 and/or 110 of the multi-level cache 102 may be included on a same integrated circuit (IC)
and/or IC package as the processor 104, Additionally, or alternatively, one or more of the
storage levels 108 and/or 110 may be disposed on a separate 1C or IC package from the
processor 104, In various embodiments, the storage 106 may include storage in the same
computing device as the processor and multi-level cache 102, Additionally, or alternatively, the
storage 106 may include a network-attached storage {e.g., cloud storage) that is accessible via a
network interface.

In various embodiments, the multi-level cache 102 may serve as a cache for the storage
106 to cache a storage volume data associated with the storage 106. For example, the multi-level
cache 102 may store some of the data stored by the storage 106 to enable the processor 104 to

access the data more quickly than would be possible from the storage 106, In some
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embodiments, data stored by the multi-level cache 102 may be replicated by the storage 106.

In various embodirents, with the storage fevel 108 being the higher storage level of the
multi-level cache 102 and the storage level 110 being the lower storage level, during a read
operation to retrieve data for the processor 104, the data may first be requested from the storage
fevel 108, If the data 1s not available from storage level 108, the data may be requested from the
storage level 110, If the data is not available from any of the storage levels of the multi-level
cache 102, then the data may be requested from the storage 106, In some embodiments, the
multi-level cache 102 may include one or more additional storage levels at a storage level above
the storage level 108, below the storage level 110, and/or between the storage levels 108 and
110. A higher storage level may be considered to be at a higher level than a lower storage level
if data is first requested to be read from the higher storage level and, if the data is not available in
the higher storage level, the data is then requested to be read from the lower storage level
Accordingly, the higher storage level may generally store data with higher priority than data
stored in the lower storage level.

For a write operation, data may be written to storage level 108, storage level 110, and/or
storage 106 according to a cache policy of the multi-level cache 102, The cache policy may
determine whether to store the data in storage level 108 and/or storage level 110 using one or
more rules based on one or more parameters, such as a priority level of the data. In some
embodiments, one or more parameters associated with the data (e g, metadata such as the
priority level of the data) may be included in differentiated storage services (DSS) information
that is passed from the processor 104 to the multi-level cache 102 and/or between storage levels
of the multi-level cache 102 {(e.g, between the storage level 108 and the storage level 110}, The
DSS information may be included in and/or otherwise associated with an O request (e.g., a read
request or a write request) that is received by the multi-level cache 102 from the processor 104.

In various embodiments, the controller 112 of storage level 108 may pass an indicator to
the controlier 116 of storage level 110 to indicate whether data associated with an VO request
{e.g., a read operation or a write operation} 1s stored or will be stored by the storage level 108 (or
a storage level above the storage level 108 if one is present). If the indicator indicates that the
data is stored or will be stored by the storage level 108 {(e.g., in the memory 114), the storage
fevel 110 may not store the data in the memory 118 and/or may evict the data from the memory

118 if the data is already stored in the memory 118, Accordingly, the storage level 110 may not
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replicate data that is stored by the storage level 108, thereby allowing the multi-level cache 102
to effectively store more data than in a multi-level cache in which data is replicated across
storage levels.

In some embodiments, the indicator may be included in the DSS information that is
passed from the storage level 108 fo the storage level 110. The indicator may alternatively or
additionally be passed in a sideband channel between the storage level 108 and storage level 110,
The sideband channel may be used for the controller 112 of storage ievel 108 (e.g., 3D cross-
point memory) to communicate with the controller 116 of storage level 110 (e.g., SSD). In some
embodiments, the indicator may be a bit having a first value (e.g., logic 1) to indicate that the
data is stored or will be stored in a higher storage level {e. g, storage level 108) than the storage
fevel receiving the indicator {e.g., storage level 110), or a second value {e.g., logic 0} to indicate
that the data is not stored and will not be stored in a higher storage level than the storage level
recetving the indicator.

In various embodiments, the I/O request sent from the processor 104 to the storage level
108 may include the indicator with the second value. The controller 112 may determine whether
to store the data associated with the /O reguest {(e.g., based on the cache policy). If the VO
request is passed from the storage level 108 to the storage level 110 and the controlier 112
determines that the data is stored or will be stored in the storage level 108, then the controller
112 passes the indicator to the storage level 110 with the first value. If the VO request is passed
from the storage level 108 to the storage level 110 and the controlier 112 determines that the data
is not stored and will not be stored in the storage level 108, then the controller 112 passes the
indicator to the storage level 110 with the second value.

Figure 2 illustrates a read process 200 (“process 2007} that may be performed by a
storage level (e.g., the storage level 108 and/or 110} of a multi-level cache (e.g, multi-level
cache 102} in accordance with various embodiments. In some embodiments, one or more
operations of the process 200 may be performed by the controller of the cache (e.g., controlier
112 and/or 116). Although the process 200 is described with reference to a multi-level cache
that includes 2 storage levels, it will be apparent that the process 200 may be extended to
embodiments in which the multi-level cache includes more than 2 storage levels.

At 202 of the process 200, the storage level 108/110 may receive a read request and an

indicator DS Sicqcne associated with a data. The read request may be received from the processor
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104 via a memory bus (e.g., in the case of the storage level 108) or from the controller 112 of the
storage level 108 (in the case of the storage level 110). In some embodiments, the indicator
DSSipcache may be included in the read request {e.g., in DSS information associated with the
data). The read request may additionally or alternatively indicate a logical block addressing
{1 BA)} range associated with the data. The indicator DSSiucacne may tndicate to a lower storage
fevel {e.g, the storage level 110) whether the data will be stored in a higher storage level {such
as storage level 108, after the data is read by the storage level 110, a lower storage level, or the
storage device 106 in accordance with the process 200). For example, the indicator DSSicacne
recetved by the lower storage level 110 may have a bit with a value of logic 1 to indicate to the
storage level 110 that the data will be stored by the higher storage level 108 or a value of logic 0
to indicate that the data will not be stored by the higher storage tevel 108,

In various embodiments, the processor 104 may include the indicator DSSipcacke 101 the
read request that the processor 104 sends to the multi-level cache 102 via the memory bus. The
indicator may have an initial value of logic 0 when sent from the processor 104. The higher
storage level 108 may determine the value of the indicator DSSi.cache 10 be passed to the lower
storage level 110 based on whether the data will be stored in the higher storage level 10§, as
further discussed herein.

At 204 of the process 200, the storage level 108/110 may determine whether the data 1s
stored in the storage level 108/110. If the data is stored in the storage level 108/110, the storage
fevel 108/110 may, at 206 of the process 200, read the data from the storage level 108/110 {e.g,,
retrieve the data trom the memory 114/118 and return the data to the processor 104 {optionally
via storage level 108, in the case of storage level 110). In some embodiments, the storage level
108/110 may update one or more parameters associated with the data, such as age and/or least
recently used (LRU) information.

In addition to performing the read operation at 206, a lower storage level, such as the
lower storage level 110, may determine, at 208 of the process 200, whether the indicator DSS,.
cache DAS a value of logic T or logic 0. If the indicator BSSincache has a value of logic 1 (indicating
that an upper storage level has stored or will store the data), then the lower storage level 110
may, at 210 of the process 200, evict the data from the memory 118 of the lower storage level
116, 1If the indicator DSSincacne bas a value of logic O (indicating that an upper storage level will

not store the data), then the lower storage level 110 may, at 212 of the process 200, maintain the
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data in the memory 118.

In some embodiments, the upper storage level (e g, storage level 108) may perform the
operations at 208, 210, and/or 212 of process 200. However, as discussed above, the value of the
indicator DSSi.cacne that 1s received by the upper storage level 108 from the processor 104 will
typically be defaulted to logic 0. Accordingly, the upper storage level 108 will typically perform
operation 212 and may or may not perform the determination at 208,

If, at 204 of the process 200, the storage level 108/110 determines that the data is not
stored in the storage level 108/110, then, at 214 of the process 200, the storage level 108/110
may determine whether the indicator DSSicacne has a value of logic 1 (indicating that an upper
storage level will store the data) or logic 0 (indicating that an upper storage level will not store
the data). In embodiments, in the case of the upper storage level 108, the indicator DSSincache
may always have a value of logic 0 as discussed above. In some embodiments, the storage level
108/110 may, at 216, pass a read request to the lower storage level (e g, to second storage level
110 from storage level 108) and/or storage device 106 with BSSicaone 5et to a logic 1 to indicate
that the storage level 108 or 110 will store the data. At 218 of the process 200, the storage level
108/110 may return the data and may not insert the data into the memory 114/118 of the storage
level 108/110.

If the indicator DSSin.cache has a value of logic O (indicating that an upper storage level
will not store the data), then the storage level 108/110 may, at 220 of the process 200, determine
whether the cache policy requires that the data be stored in the storage level 108/110. If the
cache policy indicates that the data should be stored in the storage level 108/110, the controller
112/116 may, at 222 of the process 200, pass a read request to the lower storage level (e.g | to
second storage level 110 from storage level 108) and/or storage device 106 with DSScacne s€t to
a logic 1 to indicate that the storage level 108/110 will store the data. At 224 of the process 200,
the storage level 108/110 may return the data received from the lower storage level and insert the
data into the memory 114/118 of the storage level 108/110.

If the cache policy iundicates that the data should not be stored in the storage level
108/110, the storage level 108/110 may, at 226 of the process 200, pass a read request to the
fower storage level {e.g., to second storage level 110 from storage level 108) and/or storage
device 106 with D8Scacne Set to a logic O to indicate that the data will not be stored in the

storage level 108 or 110, At 228 of the process 200, the storage level 108/110 may return the
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data received from the lower storage level and may not insert the data into the memory 114/118
of the storage level 108/110.

Various operations of the process 200 are described as multiple discrete operations, in a
manner that is most helpful in understanding the claimed subject matter. However, the order of
description should not be construed as to imply that these operations are necessarnily order
dependent. It will be appreciated that the sequence of operations associated with the process 200
may vary and/or include other actions 1n accordance with the present disclosure. For example,
some operations may be performed at the same time.

Figure 3 illustrates a write process 300 (“process 3007) that may be performed by a
storage level of a multi-fevel cache (e.g, the storage level 108 and/or storage level 110 of multi-
fevel cache 102) 1n accordance with various embodiments. In some embodiments, one or more
operations of the process 300 may be performed by the controller of the storage level (e.g,
controller 112 and/or 116). Although the process 300 is described with reference to a multi-level
cache that includes 2 storage levels, it will be apparent that the process 300 may be extended to
embodiments in which the multi-level cache includes more than 2 storage levels.

At 302 of the process 300, the storage level 108/110 may receive a write request and an
indicator DSSjcaene associated with a data.  The write request may be received from the
processor 102 (e g., in the case of upper storage level 108) or from an upper storage level (e g,
the upper storage level 108 in the case of lower storage level 110}, In some embodiments, the
indicator DSSin-cacke may be included in the write request (e.g., in DSS information associated
with the data). The write request may additionally or alternatively include the data and/or an
indicator of an LBA range associated with the data. The indicator DSSiu.cacne may indicate to a
lower storage level (e.g., storage level 110} whether the data is stored 1n a higher storage level
{e.g., storage level 108} For example, the indicator DSSj.caone may be a bit with a value of logic
I to indicate that the data is stored by the higher storage level 108 or a value of 0 to indicate that
the data 1s not stored by the higher storage level 108

In various embodiments, the processor 104 may send the mdicator DSSipcache to the
higher storage level 108 {e.g., in the write request) with a value of logic 0, and the higher storage
fevel 108 may determine the value of the indicator DSSy.cacne 10 be passed to the lower storage
level 110 based on whether the data is to be stored in the higher storage level 108, as further

discussed herein
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At 304 of the process 300, the storage level 108/110 may determine whether the data
{e.g., an older version of the data that is to be overwritten by the write operation) is stored in the
storage level 108/110. If the data is stored in the storage level 108/110, the storage level 108/110
may determine, at 306 of the process 300, whether the indicator DSSi,.cache has a value of logic 1
or fogic 0. If the indicator BSSicace bas a value of logic 1, then the storage level 108/110 may,
at 308 of the process 300, evict the old data from the memory 114/118 of the storage level
108/110. In some embodiments, the old data may be evicted by overwriting the data with new
data. The storage level 108/110 may, at 309 of the process 300, pass the write request to the
lower level {e.g, a lower storage level of the roulti-level cache or the storage 106) if write-
through is enabled. The write request may include the indicator DSSipcache.

If the indicator DSSip.cacne has a value of logic 0, then the storage level 108/110 may, at
310 of the process 300, update the data in the memory 114/118. In some embodiments, the
storage level 108/110 may, at 312 of the process 300, set the indicator DSSicaene to logic 1 to
indicate to a lower storage level 110 that the data s stored in the upper storage level 108 or to
indicate to the storage 106 that the data is stored in one of the upper storage level 108 or lower
storage level 110. The storage level 108/110 may, at 313 of the process 300, pass the write
request to the lower level (e.g., a lower storage level of the multi-level cache or the storage 106}
if write-through is enabled. The write request may include the indicator DSSincache.

As discussed above, the value of the indicator DSSi.cacne that is received by the upper
storage level 108 from the processor 104 will typically be defaulted to logic 0. Accordingly, the
upper storage level 108 will perform operations 310 and 312 and may or may not perform the
determination at 306,

If, at 304 of the process 300, the storage level 108/110 determines that the data is not
stored in the storage level 108/110, then, at 314 of the process 300, the storage level 108/110
may determine whether the indicator DSSicacte has a value of fogic 1 or logic 0. If the indicator
DS Sincacke has a value of logic 1, then the storage level 108/110 may, at 316 of the process 300,
determine not to store the data in the storage level 108/110 The storage level 108/110 may, at
317 of the process 300, pass the write request to the lower level (e.g., a lower storage level of the
multi-level cache or the storage 106) if write-through is enabled. The write request may include
the indicator DSSincache.

If the indicator DSSipcacre has a value of logic 0, then the storage level 108/110 may, at

10
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318 of the process 300, determine whether the cache policy requires that the data be stored 1n the
storage tevel 108/110. If the cache policy indicates that the data should be stored in the storage
level 108/110, the controller 112/116 may, at 320 of the process 300, insert the data into the
memory 114/118. In some embodiments, the storage level 108/110 may set the indicator DSS;,.
cache 10 fogic 1 to indicate to a lower storage level 110 that the data is stored in the upper storage
fevel 108 or to indicate to the storage 106 that the data is stored in one of the upper storage level
108 or lower storage level 110, The storage level 108/110 may, at 321 of the process 300, pass
the write request to the lower level (e.g, a lower storage level of the multi-level cache or the
storage 100) 1f write-through is enabled. The write request may include the indicator DS Sincache.

In some embodiments, for an eviction without overwrite, the lower storage level 110 may
set the indicator DSSincache t0 a logic O for the write request that 15 passed to the storage device
106.

If the cache policy indicates that the data should not be stored in the storage level
108/110, the storage level 108/110 may, at 322 of the process 300, determine not to store the data
in the storage level 108/110. In some embodiments, the storage level 108 may set the value of
the indicator DSSi.cacne that is passed to the lower storage level 110 to a logic 0 to indicate that
the data is not stored in storage level 108 and/or the storage level 110 may set the value of the
indicator DSSi.qene that is passed to the storage 106 to a logic 0 to indicate that the data i3 not
stored in the storage level 110 or the storage level 108, The storage level 108/110 may, at 323 of
the process 300, pass the write request to the lower level (e.g., a lower storage level of the multi-
level cache or the storage 106) if write-through is enabled. The write request may include the
indicator DSSip-cache-

Various operations of the process 300 are described as multiple discrete operations, in a
manner that is most helpful in understanding the claimed subject matter. However, the order of
description should not be construed as to imply that these operations are necessarily order
dependent. It will be appreciated that the sequence of operations associated with the process 300
may vary and/or include other actions in accordance with the present disclosure. For example,
some operations may be performed at the same time.

Referring now to Figure 4, an example computing device 400 suitable to practice the
present disclosure as earlier described with reference to Figures 1-3 is illustrated in accordance

with various embodiments. As shown, computing device 400 may include one or more
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processors or processor cores 402, and system memory 404, In some embodiments, the one or
more processors or processor cores 402 may include the processor 104 of Figure 1. For the
purpose of this application, including the claims, the term “processor” refers to a physical
processor, and the terms “processor” and “processor cores” may be considered synonymous,
unless the context clearly requires otherwise. The one or more processors 402 may nclude a
central processing unit {CPU) and/or a graphics processing unit (GPU).

Additionally, computing device 400 may include one or more mass storage devices 406
(such as diskette, hard drive, 88D, compact disc read only memory (CD-ROM) and so forth),
input/output devices 408 (such as display, keyboard, cursor control, remote control, gaming
controlier, image capture device, and so forth), and communication interfaces 410 (such as
network interface cards, modems, infrared receivers, radio receivers {e.g., Bluetooth), and so
forth}. The mass storage devices 406 may include the storage 106 of Figure 1, in some
embodiments. The elements may be coupled to each other via system bus 412, which may
represent one or more buses. In the case of multiple buses, they may be bridged by one or more
bus bridges (not shown}.

ln various embodiments, the computing device 400 may further include a multi-level
cache 414 that includes a storage level 416 and a storage level 418. The multi-level cache 414
may correspond to the multi-level cache 102 of Figure 1 and/or the multi-level cache described
with respect to Figure 2 and/or Figure 3. The storage level 416 may correspond to the storage
fevel 108 of Figure 1, and/or the storage level 418 may correspond to the storage level 110 of
Figure 1. The multi-level cache 414 may be coupled between the one or more processors 402
and the mass storage 406 to cache a data volume associated with the mass storage 406, In some
embodiments, storage level 410 and/or storage level 418 of the multi-level cache 414 may be
included within an integrated circuit (IC) and/or IC package that includes memory 404, processor
402, and/or mass storage 406,

The communication interfaces 410 may include one or more communications chips that
may enable wired and/or wireless cormmunications for the transfer of data to and from the
computing device 400. The term “wireless” and its derivatives may be used to describe circuits,
devices, systems, methods, technigues, communications channels, etc, that may communicate
data through the use of modulated electromagnetic radiation through a non-solid medium. The

term does not imply that the associated devices do not contain any wires, although in some
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embodiments they might not. The communication interfaces 410 may implement any of a
number of wireless standards or protocols, including but not himited to IEEE 702.20, Long Term
Evolution (LTE}), LTE Advanced (LTE-A), General Packet Radio Service (GPRS), Evolution
Data Optimized (Ev-DO), Evolved High Speed Packet Access (HSPA+), Evolved High Speed
Downlink Packet Access (HSDPA+), Evolved High Speed Uplink Packet Access (HSUPA+),
Global System for Mobile Communications {(GSM), Enhanced Data rates for GSM Evolution
(EDGE), Code Division Multiple Access (CDMA), Time Division Multiple Access (TDMA),
Digital Enhanced Cordless Telecommunications (DECT), Worldwide Interoperability for
Microwave Access (WiMAX), Bluetooth, derivatives thereof, as well as any other wireless
protocols that are designated as 3G, 4G, 5G, and beyond. The communication interfaces 410
may include a plurality of comrounication chips. For instance, a first communication chip may
be dedicated to shorter range wireless communications such as Wi-Fi and Bluetooth, and a
second communication chip may be dedicated to longer range wireless communications such as
GPS, EDGE, GPRS, CDMA, WiMAX, LTE, Ev-DO, and others. In various embodiments, the
communication interfaces 410 may be configured to communicate using one or more wireless
communication methods and topologies such as IEEE 802.11x (WiFi), Bluetooth, IEEE
802.15.4, wireless mesh networking, wireless personal/local/metropolitan area network
technologies, or wireless cellular communication using a radio access network that may include
a Global System for Mobile Communication (GSM), General Packet Radio Service (GPRS),
Universal Mobile Telecommunications System (UMTS), High Speed Packet Access (HSPA),
Evolved HSPA (E-HSPA), Long-Term Evolution (L TE) network, GSM Enhanced Data rates for
GSM  Evolution (EDGE) Radio Access Network {(GERAN), Universal Terrestrial Radio
Access Network (UTRAN), Evolved UTRAN (E-UTRAN), IEEE 80222, IEEE 802 .11af, IEEE
802.1%tac, LoRa™ or SigFox.

ln various embodiments, system memory 404 and mass storage devices 406 may be
employed to store a working copy and a permanent copy of the programming instructions
implementing an operating systemn and one or wore applications, collectively denoted as
computational logic 422,  Similarly, multi-level cache 414 may include programming
instructions implementing the operations associated with the multi-level cache, eg., the read
process 200 and/or write process 300, collectively denoted as computational logic 424, The

system memory 404 and mass storage devices 406 may also be employed to store the data or
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focal resources in various embodiments. The varicus programming instructions may be
implemented by assembler instructions supported by processor(s) 402 or high-level languages,
such as, for example, C, that can be compiled into such instructions.

The permanent copy of the programming instructions may be placed into mass storage
devices 406 and/or multi-level cache 414 in the factory, or in the field, through, for example, a
distribution medium (not shown), such as a compact disc (CD), or through communication
interface 410 (from a distribution server {not shown}). That is, one or more distribution media
having an implementation of the agent program may be employed to distribute the agent and
program various computing devices.

The number, capability and/or capacity of the elements 402, 404, 406, 408, 410, 412,
414, 416, 418, 422, and/or 424 may vary, depending on whether computing device 400 is a
stationary computing device, such as a server, high performance computing node, set-top box or
desktop computer, a mobile computing device such as a tablet computing device, laptop
computer or smartphone, or an embedded computing device. Their constitutions are otherwise
known, and accordingly will not be further described. In varnious embodiments, different
elements or a subset of the elements shown in Fig. 4 may be used. For example, some devices
may not include the graphics processor 405, may use a unified memory that serves as both
memory and storage, or may include one or more multi-level caches 414 within other
components such as the processor 402, the memory 404, or the mass storage 406.

Fig. 5 illustrates an example of at least one non-transitory computer-readable storage
medium 502 having instructions configured to practice all or selected ones of the operations
associated with the multi-level cache 102, read process 300, write process 400, and/or multi-level
cache 414 described herein, in accordance with various embodiments. As illustrated, at least one
computer-readable storage medium 502 may include a number of programming instructions 504.
The storage medium 502 may represent a broad range of persistent storage medium known in the
art, including but not limited to flash memory, dynamic random access memory, static random
access memory, an optical disk, a magnetic disk, etc. Programming iustructions 504 may be
configured to enable a device, e.g., computing device 400 {(in particular, multi-level cache 414),
computing system 100, or multi-level cache 102, in response to execution of the programming
instructions S04, to perform, e.g., but not limited to, various operations described for computing

systern 100 or multi-level cache 102, or operations shown in the process 200 or process 300. In
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alternate embodiments, programming instructions 504 may be disposed on multiple computer-
readable storage media 502, In alternate embodiments, storage medium 502 may be transitory,
e.g., signals encoded with programming instructions 504,

Referring back to Figure 4, for an embodiment, at least one of processors 402 may be
packaged together with memory having computational logic 424 configured to practice aspects
described for computing system 100, multi-level cache 102, or operations shown in the process
200 or process 300. For an embodiment, at least one of processors 402 may be packaged together
with memory having computational logic 424 configured to practice aspects described for
computing system 100 or multi-level cache 102, or operations shown in the process 200 or
process 300, to form a System in Package (SiP). For an embodiment, at least one of processors
402 may be integrated on the same die with memory having computational logic 424 configured
to practice aspects described for computing system 100 or multi-level cache 102, and/or
operations shown in the process 200 or process 300 For an embodiment, at least one of
processors 402 may be packaged together with memory having computational logic 924
configured to practice aspects of computing system 100 or multi-level cache 102, and/or
operations shown in the process 200 or process 300 to form a System on Chip (So(). For at least
one embodiment, the SoC may be utilized in, e.g., but not limited to, a mobile computing device
such as a wearable device and/or a smartphoune.

Machine-readable media (including non-transitory machine-readable media, such as
machine-readable storage media), methods, systems and devices for performing the above-
described techniques are illustrative examples of embodiments disclosed herein. Additionally,
other devices in the above-described interactions may be configured to perform various disclosed
techniques.

Some non-linuting Examples of various embodiments are provided below.

Example 1 is an apparatus for multi-level caching, the apparatus comprising: a first
storage level to form a multi-level cache for a storage device, wherein the multi-level cache
includes the first storage level and a second storage level, with the second storage level being a
higher level than the first storage level. The first storage level of Example 1 includes: a memory;
and a controlier coupled to the memory. The controller i3 to. receive an wput/output (VO)
request associated with a data; recetve an indicator from the second storage level to indicate

whether the data is stored or will be stored in the second storage level; and determine whether to

oy
¥4



N

10

20

30

WO 2017/112150 PCT/US2016/062360

store the data in the memory based on the indicator.

Example 2 is the apparatus of Example 1, wherein the controller is to receive the
indicator in the I/0 request associated with the data.

Exarople 3 1s the apparatus of Example 1, wherein the indicator 1s received as part of
differentiated storage services (DSS) information that further indicates a priority of the data.

Example 4 1s the apparatus of Example 1, further comprising the second storage level
coupled to the first storage level.

Exarmple 5 is the apparatus of Example 1, wherein the /O request is a write request, and
the indicator indicates whether the data 18 stored in the second storage level.

Example 6 is the apparatus of Example 1, wherein the VO request is a read request, and
the indicator indicates whether the data will be stored in the second storage level.

Example 7 is the apparatus of Example 1, wherein the data is stored in the memory, and
wherein the controller is further to evict the data from the memory if the indicator indicates that
the data is stored or will be stored in the second storage level

Example 8 is the apparatus of any one of Examples | to 7, wherein the memory of the
first storage level 1s of a different memory technology than a memory of the second storage
fevel.

Exarnple 9 s the apparatus of Exaruple 8, wherein the merory of the first storage level 13
a NAND solid state memory and the memory of the second storage level is a cross-point
memory.

Example 10 is the apparatus of any one of Examples | to 7, wherein the multi-level cache
further includes one or more additional storage levels including a third storage level disposed at a
third level that is lower than the first level, wherein the second storage level is to pass the
indicator to the third storage level and set a value of the indicator based on whether the data is
stored or will be stored in the first storage level or the second storage level.

Example 11 is one or more non-transitory computer-readable media having instructions,
stored thereon, that, when executed, cause a first storage level to: receive, from a second storage
fevel, an input/output (VO) request associated with a data; receive an indicator bit from the
second storage level to indicate whether the data is stored or will be stored in the second storage
level, and determine whether to store the data in the first storage level based on a value of the

indicator hit.
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Example 12 1s the one or more media of Example 11, wherein the indicator bit is
included 1o the VO request.

Example 13 is the one or more media of Example 11, wherein the indicator bit is recetved
as part of differentiated storage services (B3SS) information that further indicates a priority of the
data.

Example 14 1s the one or more media of Example 11, wherein the VO request 1s a write
request.

Example 15 is the one or more media of Example 11, wherein the /O request is a read
request.

Example 16 is the one or more media of Example 11, wherein the instructions, when
executed, further cause the first storage level to: determine whether the data 15 stored in the first
storage level; and evict the data from the first storage level based on a determination that the data
is stored in the first storage level and if the indicator bit indicates that the data 1s stored or will be
stored in the second storage level.

Example 17 is the one or more media of any one of Examples 11 to 16, wherein a
memory of the first storage level is of a different memory technology than a memory of the
second storage level.

Exarople 18 is a system with multi-level caching capability, the system comprising: a
processor;, a storage device coupled to the processor; and a multi-level cache coupled to the
processor and the storage device. The multi-level cache of Example 18 includes: an upper
storage level; and a lower storage level coupled to the upper storage level, wherein the lower
storage level is to: recetve an input/output (I/0) request associated with a data, wherein the /O
request includes an indicator from the upper storage level to indicate whether the data is stored or
will be stored in the upper storage level; and determine whether to store the data in the lower
storage level based on the indicator.

Example 19 is the system of Example 18, wherein the indicator is received as part of
differentiated storage services {(BSS) information that further indicates a prionity of the data.

Example 20 is the system of Example 18, wherein the /O request is a write request, and
wherein the indicator is to indicate whether the data 1s stored in the upper storage level,

Example 21 is the system of Example 18, wherein the I/O request is a read request, and

wherein the indicator is to indicate whether the data will be stored in the upper storage level.
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Example 22 is the system of Example 18, wherein the upper storage level, lower storage
fevel, and storage device use different memory technologies.

Example 23 is the system of Example 18, wherein the storage device includes a network-
attached storage.

Example 24 is the system of any one of Examples 18 to 23, wherein the system is a
server.

Example 25 is the system of any one of Examples 18 to 23, wherein the system is a
personal computer, laptop computer, tablet computer, or mobile computing device.

Exarople 26 ts a caching method comprising: receiving, by a first storage level of a multi-
fevel cache from a second storage level of the multi-level cache, an input/output (I/0) request
associated with a data;, receiving, by the first storage level, an indicator bit from the second
storage level to indicate whether the data is stored or will be stored in the second storage level;
and determinung, by the first storage level, whether to store the data in the first storage level
based on a value of the indicator bit.

Example 27 is the method of Example 26, wherein the indicator bit is included in the VO
request.

Example 28 is the method of Example 26, wherein the indicator bit s received as part of
differentiated storage services {(DSS) information that further indicates a priority of the data.

Example 29 is the method of Example 26, wherein the VO request is a write request.

Example 30 15 the method of Example 26, wherein the /O request s a read request.

Example 31 is the method of Example 26, tfurther comprising: determining whether the
data is stored in the first storage level; and evicting the data from the first storage level based on
a determination that the data is stored in the first storage level and if the indicator bit indicates
that the data is stored or will be stored in the second storage level.

Example 32 is the method of any one of Examples 26 to 31, wherein a memory of the
first storage level 1s of a different memory technology than a memory of the second storage
level.

Example 33 is a cache apparatus comprising: a first storage level of a multi-level cache,
the tirst storage level comprising: means to receive, from a second storage level of the multi-
level cache, an input/output (I/0} request associated with a data; means to receive an indicator bit

from the second storage level to indicate whether the data 1s stored or will be stored in the second
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storage level, and means to determine whether to store the data in the first storage level based on
a value of the indicator bit.

Example 34 is the apparatus of Example 33, wherein the indicator bit is included in the
/O request.

Example 35 is the apparatus of Example 33, wherein the indicator bit is received as part
of differentiated storage services (DSS) information that further indicates a priority of the data.

Example 36 is the apparatus of Example 33, wherein the V0 request is a write request.

Exarmple 37 is the apparatus of Example 33, wherein the /O request is a read request.

Exarople 38 is the apparatus of Example 33, wherein the first storage level further
comprises: means to determine whether the data is stored in the first storage level; and means to
evict the data from the first storage level based on a determination that the data is stored in the
first storage level and if the indicator bit indicates that the data is stored or will be stored in the
second storage level.

Example 39 is the apparatus of any one of Examples 33 to 38, wherein a memory of the
first storage level is of a different memory technology than a memory of the second storage
fevel.

Although certain embodiments have been illustrated and described herein for purposes of
description, a wide variety of alternate and/or equivalent embodiments or implementations
calculated to achieve the same purposes may be substituted for the embodiments shown and
described without departing from the scope of the present disclosure. This application is intended
to cover any adaptations or variations of the embodiments discussed herein. Therefore, it is
manifestly intended that embodiments described herein be limited only by the claims.

Where the disclosure recites “a” or “a first” element or the equivalent thereof, such
disclosure includes one or more such elements, neither requiring nor excluding two or more such
elements.

Further, ordinal indicators (e.g., first, second or third) for identified elements are used to
distinguish between the elements, and do not indicate or imply a required or limited number of
such elements, nor do they indicate a particular position or order of such elements unless

otherwise specifically stated.
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Claims
What is claimed is:
1. An apparatus for multi-level caching comprising:

a first storage level to form a multi-level cache with a second storage level for a storage

5 device, wherein the second storage level is at a higher level than the first storage level, and
wherein the first storage level includes:
a memory; and
a controller coupled to the memory, the controller to:
receive an input/output (I/0) request associated with a data;

10 receive an indicator from the second storage level to indicate whether the data is stored or
will be stored in the second storage level or a storage level higher than the second storage level;
and

determine whether to store the data in the memory based on the indicator.

15 2. The apparatus of claim 1, wherein the controller is to receive the indicator in the
170 request associated with the data.

3. The apparatus of claim 1, wherein the indicator s received as part of
differentiated storage services (DSS) information that further indicates a priority of the data.

20

4 The apparatus of claim 1, further comprising the second storage level coupled to

the first storage level.

5. The apparatus of claim 1, wherein the VO request 1s a write request, and the

25 indicator indicates whether the data is stored in the second storage level.

6. The apparatus of claim 1, wherein the VO request is a read request, and the

indicator indicates whether the data will be stored in the second storage level.

30 7. The apparatus of claim 1, wherein the data is stored in the memory, and wherein

the controller is further to evict the data from the memory 1f the indicator indicates that the data
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is stored or will be stored in the second storage level or the storage level higher than the second

storage level.

8. The apparatus of any one of claims 1 to 7, wherein the memory of the first storage

fevel is of a different memory technology than a memory of the second storage level.

9. The apparatus of claim &, wherein the memory of the first storage level s a

NAND solid state memory and the memory of the second storage level is a cross-point memory.

10.  The apparatus of any one of claims 1 to 7, wherein the multi-level cache further
includes one or more additional storage levels including a third storage tevel disposed at a third
level that is lower than the first level, wherein the second storage level is to pass the indicator to
the third storage level and set a value of the indicator based on whether the data 1s stored or will
be stored in the first storage level, the second storage level, or the storage level higher than the

second storage level

11 One or more non-transitory computer-readable media having instructions, stored
thereon, that, when executed, cause a first storage level of a multi-level cache to:

receive, from a second storage level of the multi-level cache, an input/output (I/0}
request associated with a data;

receive an indicator bit from the second storage level to indicate whether the data is
stored or will be stored in the second storage level or a storage level higher than the second
storage level, and

determine whether to store the data in the first storage level based on a value of the

indicator bit.

12. The one or more media of claim 11, wherein the indicator bit 1s included in the
1/0 request.
13, The one or more media of claim 11, wherein the indicator bit is recetved as part of

differentiated storage services (DSS) information that further indicates a priority of the data.
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4. The one or more media of claim 11, wherein the /O request 18 a write request.
15. The one or more media of claim 11, wherein the I/O request s a read request.
io. The one or more media of claim 11, wherein the instructions, when executed,

further cause the first storage level to:

determine whether the data is stored in the first storage level; and

evict the data from the first storage level based on a determination that the data is stored
in the first storage level and if the indicator bit indicates that the data is stored or will be stored in

the second storage level or the storage level higher than the second storage level

17.  The one or more media of any one of claims 11 to 16, wherein a memory of the
first storage level is of a different memory technology than a memory of the second storage

fevel.

18. A system with multi-level caching capability comprising:

a Processor;

a storage device coupled to the processor; and

a multi-level cache coupled to the processor and the storage device, wherein the multi-
level cache includes:

an upper storage level; and

a lower storage level cache coupled to the upper storage level, wherein the lower storage
fevel is to:

receive an input/output (1/0) request associated with a data, wherein the VO request
includes an indicator from the upper storage level to indicate whether the data is stored or will be
stored in the upper storage level or another storage level higher than the upper storage level; and

determine whether to store the data in the lower storage level based on the indicator.

19.  The system of claim 18, wherein the indicator s received as part of differentiated

storage services (DSS) information that further indicates a priority of the data.
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20.  The system of claim 18, wherein the VO request is a write request, and wherein
the indicator is to indicate whether the data is stored in the upper storage level or the storage

level higher than the upper storage level.

21 The system of claim 18, wherein the VO request 1s a read request, and wherein the
indicator is to indicate whether the data will be stored in the upper storage level or the storage
tevel higher than the upper storage level.

22 The system of claim 18, wherein the upper storage level, lower storage level, and

storage device use different memory technologies.

23, The system of claim 18, wherein the storage device includes a network-attached
storage.

24.  The system of any one of claims 18 to 23, wherein the system is a server.

25 The system of any one of claims 18 to 23, wherein the system 15 a personal

computer, laptop computer, tablet computer, or mobile computing device.
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