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MANAGING HIGH PERFORMANCE
STORAGE SYSTEMS WITH HYBRID
STORAGE TECHNOLOGIES

BACKGROUND

Technical Field

[0001] The present invention relates generally to storage
systems and, in particular, to managing high performance
storage systems with hybrid storage technologies.

Description of the Related Art

[0002] Flash storage systems are usually designed to oper-
ate in a generic storage environment. This leads to sub-
optimality in cost/performance and flash lifetime which
indirectly leads to increased cost of operation and availabil-
ity. Other types of solid state memories suffer from similar
problems.

SUMMARY

[0003] According to an aspect of the present principles,
there is provided a method for managing a solid state storage
system with hybrid storage technologies. The method
includes monitoring one or more storage request streams to
identify operating mode characteristics therein from among
a set of possible operating mode characteristics. The set of
possible operating mode characteristics correspond to a set
of available operating modes of the hybrid storage technolo-
gies. The method further includes identifying a current
operating mode from among the set of available operating
modes responsive to the identified operating mode charac-
teristics. The method also includes predicting a likely future
operating mode responsive to variations in workload
requirements to generate at least one future operating mode
prediction. The method additionally includes controlling at
least one of data placement, wear leveling, and garbage
collection, responsive to the at least one future operating
mode prediction.

[0004] According to another aspect of the present prin-
ciples, there is provided a computer readable storage
medium including a computer readable program for man-
aging a solid state storage system with hybrid storage
technologies. The computer readable program when
executed on a computer causes the computer to perform
steps of a method. The method includes monitoring one or
more storage request streams to identify operating mode
characteristics therein from among a set of possible operat-
ing mode characteristics. The set of possible operating mode
characteristics correspond to a set of available operating
modes of the hybrid storage technologies. The method
further includes identifying a current operating mode from
among the set of available operating modes responsive to the
identified operating mode characteristics. The method also
includes predicting a likely future operating mode respon-
sive to variations in workload requirements to generate at
least one future operating mode prediction. The method
additionally includes controlling at least one of data place-
ment, wear leveling, and garbage collection, responsive to
the at least one future operating mode prediction.

[0005] According to yet another aspect of the present
principles, there is provided a solid state storage system with
hybrid storage technologies. The storage system includes a
monitor for monitoring one or more storage request streams
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to identify operating mode characteristics therein from
among a set of possible operating mode characteristics, and
identifying a current operating mode from among the set of
available operating modes responsive to the identified oper-
ating mode characteristics. The set of possible operating
mode characteristics correspond to a set of available oper-
ating modes of the hybrid storage technologies. The storage
system further includes a predictor for predicting a likely
future operating mode responsive to variations in workload
requirements to generate at least one future operating mode
prediction. The storage system also includes a controller for
controlling at least one of data placement, wear leveling, and
garbage collection, responsive to the at least one future
operating mode prediction.

[0006] These and other features and advantages will
become apparent from the following detailed description of
illustrative embodiments thereof, which is to be read in
connection with the accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

[0007] The disclosure will provide details in the following
description of preferred embodiments with reference to the
following figures wherein:

[0008] FIG. 1 shows an exemplary hybrid single-level
cell/multi-level cell (SLC/MLC) checkpoint/file storage sys-
tem 100, in accordance with an embodiment of the present
principles; and

[0009] FIG. 2 shows an exemplary method 200 for man-
aging a high performance storage system with hybrid stor-
age technologies, in accordance with an embodiment of the
present principles.

DETAILED DESCRIPTION

[0010] The present principles are directed to managing
high performance storage systems with hybrid storage tech-
nologies. In an embodiment, a unified storage system is
provided for check-pointing and file storage, by intelligently
combining different non-volatile memory technologies.
[0011] In an embodiment, the present principles advanta-
geously exploit predictable phases in a storage operation that
allows for an optimized usage of a flash storage layer. In
further detail, in an embodiment, we isolate a number of
modes of operation (e.g., write intensive, read intensive,
mixed, light storage use, etc.) and utilize a monitor on the
storage request stream to identify the characteristics of each
mode and which mode is currently running. A predictive
algorithm is used to predict the variation in the workload
requirements with a relatively short time window (seconds)
s0 as to be able to prepare the storage device to react with
high performance when the mode of operation changes.
[0012] The knowledge of the mode of operation and its
immediate future changes are then used to drive data place-
ment (such as, for example, including possible duplication
of data to improve read performance), garbage collection
(such as, for example, proactive garbage collection to pre-
pare the system for an imminent change to a write intensive
mode of operation), and wear leveling (such as, for example,
if a stream of short lived data is going to be written, data can
be placed into a worn out region that meets but does not
exceed the retention needs of the data stream itself).
[0013] In an embodiment, we exploit hybrid single-level
cell/multi-level cell (SLC/MLC) flash storage pools and
optimize data placement, garbage collection and wear lev-
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eling. In an embodiment, the SLC/MLC flash storage pools
are combined into a Non-Uniform Flash Access (NUFA)
storage system. This allows for the exploitation of the
advantages of the technologies while avoiding the disadvan-
tages thereof, since different non-volatile memory technolo-
gies offer trade-offs in write bandwidth/endurance and
capacity (as well as in other metrics including, but not
limited to, read bandwidth). To that end, we note that ML.C
flash requires a high capacity, while SLC flash requires a
high write bandwidth and a high write endurance.

[0014] It is to be appreciated that while one or more
embodiments of the present principles are described with
respect to a hybrid SLC/MLC configuration, the present
principles are not limited to the same and, thus, other hybrid
configurations can also be used in accordance with the
teachings of the present principles, while maintaining the
spirit of the present principles. For example, in an embodi-
ment, SLC can be used in two different ways (e.g., wear
focused and wear delayed). These and other variations of
hybrid are readily contemplated by one of ordinary skill in
the art given the teachings of the present principles provided
herein, while maintaining the spirit of the present principles.
[0015] Moreover, it is to be appreciated that the present
principles can be applied to any type of solid state storage
system including, but not limited to, a flash storage system,
a phase change memory (PCM), and so forth. Thus, while or
more embodiments of the present principles are described
with respect to flash memories, the present principles are not
solely limited to the same, as is readily appreciated by one
of ordinary skill in the art given the teachings of the present
principles provided herein, while maintaining the spirit of
the present principles.

[0016] As noted above, in an embodiment of the present
principles, check-pointing storage and file-system storage
are combined in a unified storage system. However, check-
pointing storage and file-system storage have very different
requirements on physical attributes. For example, check-
pointing is write-intensive. Check-pointing requires a high
write bandwidth, a high write endurance, and a relatively
low capacity. On the other hand, file-system storage is
capacity-intensive. For example, file-system storage
requires a high capacity and a relatively low write band-
widtl/endurance.

[0017] As an example application to which the present
principles can be applied, we describe the following directed
to high performance computing (HPC). Exascale check-
pointing storage requires gigabytes per second of write
bandwidth, and hundreds of GBs capacity per second.
Exascale file-system storage may require an order of mag-
nitude more capacity, and an order of magnitude less write
bandwidth. An embodiment of the present principles can
advantageously combine exascale check-pointing storage
and exascale file-system storage in an unified storage system
to exploit the advantages of both types of storage systems
while avoiding the disadvantages of the same.

[0018] FIG. 1 shows an exemplary hybrid single-level
cell/multi-level cell (SLC/MLC) checkpoint/file storage sys-
tem 100, in accordance with an embodiment of the present
principles. In an embodiment, the system 100 is used in a
high performance computing (HPC) application. The system
100 includes a Non-Uniform Flash Access (NUFA) flash
controller 110, a monitor 111, a predictor 112, multiple buses
121, 122, and 123, single-level cells (SLCs) 130, and
multi-level cells (MLCs) 140.
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[0019] Each of the buses 121, 122, and 123 is connected
to both SL.Cs 130 and MLCs 140. In particular, each of the
buses 121, 122, and 123 is connected to a respective 1
through J SL.Cs 130 and a respective 1 through K MLCs 140.
Thus, each of the buses 121, 122, and 123 is connected to
different memory technologies (i.e., SLC versus MLC).
Each of the SL.Cs 130 has S gigabytes of memory capacity.
Each of the ML.Cs 140 has M gigabytes of memory capacity.
[0020] The MLCs 140 are configured to perform both
checkpoint storage and file-system storage, as indicated by
the legend in FIG. 1 showing the hatch patterns pertaining
to each of these types of storage.

[0021] The flexible configuration of system 100 allows for
different modes of operation, thus exploiting the different
characteristics and cost tradeoffs of the different technolo-
gies.

[0022] A monitor 111 monitors the controller 110 to detect
the current operating mode being used and switches the
controller characteristics to follow the best model for that
operating mode from among a limited set of operating
modes.

[0023] The predictor 112 predicts at least one likely future
operating mode responsive to variations in workload
requirements to generate at least one future operating mode
prediction.

[0024] The controller 110 controls at least one of data
placement, wear leveling, and garbage collection, respon-
sive to the at least one future operating mode prediction.

[0025] The operation of the elements of system 100 is
further described herein below with respect to the method
200 of FIG. 2. In the embodiment of FIG. 1, the monitor 111
and the predictor 112 are shown as being incorporated in the
controller 110. However, in other embodiments, the monitor
111 and/or the predictor 112 can be a separate entity with
respect to the controller 110. These and other variations of
system 100 are readily determined by one of ordinary skill
in the art given the teachings of the present principles
provided herein, while maintaining the spirit of the present
principles.

[0026] FIG. 2 shows an exemplary method 200 for man-
aging a high performance storage system with hybrid stor-
age technologies, in accordance with an embodiment of the
present principles.

[0027] At step 210, monitor one or more storage request
streams to identify operating mode characteristics therein
from among a set of possible operating mode characteristics.
In an embodiment, the monitoring can utilize inference
algorithms known in the art to predict the evolution of the
operating mode. These algorithms can include, but are not
limited to, machine learning techniques, Bayesian predic-
tion, Markov chain modeling, and so forth. Those skilled in
the art will recognize that these techniques can be extended
to any available technology suitable to state-evolution esti-
mation.

[0028] Further regarding step 210, the set of possible
operating mode characteristics correspond to a set of avail-
able operating modes of the hybrid storage technologies.
The operating mode characteristics can include, but are not
limited to: a number of reads over a given time period; a
number of writes over a given time period; sequential write
streams in the presence or in the absence of additional
concurrent reads and writes; the presence of isolated reads
(i.e., limited number of outstanding reads); the presence of
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a deep queue of reads (many outstanding reads, additional
reads scheduled upon delivery of read completions from the
flash), and so forth.

[0029] At step 220, identify a current operating mode from
among the set of available operating modes responsive to the
identified operating mode characteristics.

[0030] At step 230, predict at least one likely future
operating mode responsive to variations in workload
requirements to generate at least one future operating mode
prediction. The workload variations can include, but are not
limited to, a time evolution of the current mode of operation.
The workload variations can be detected based on variations
in operating mode characteristics.

[0031] At step 240, control at least one of data placement,
wear leveling, and garbage collection, responsive to the at
least one future operating mode prediction. In an embodi-
ment, a selected combination can be controlled responsive to
the at least one future operating mode prediction.

[0032] The present invention may be a system, a method,
and/or a computer program product. The computer program
product may include a computer readable storage medium
(or media) having computer readable program instructions
thereon for causing a processor to carry out aspects of the
present invention.

[0033] The computer readable storage medium can be a
tangible device that can retain and store instructions for use
by an instruction execution device. The computer readable
storage medium may be, for example, but is not limited to,
an electronic storage device, a magnetic storage device, an
optical storage device, an electromagnetic storage device, a
semiconductor storage device, or any suitable combination
of the foregoing. A non-exhaustive list of more specific
examples of the computer readable storage medium includes
the following: a portable computer diskette, a hard disk, a
random access memory (RAM), a read-only memory
(ROM), an erasable programmable read-only memory
(EPROM or Flash memory), a static random access memory
(SRAM), a portable compact disc read-only memory (CD-
ROM), a digital versatile disk (DVD), a memory stick, a
floppy disk, a mechanically encoded device such as punch-
cards or raised structures in a groove having instructions
recorded thereon, and any suitable combination of the fore-
going. A computer readable storage medium, as used herein,
is not to be construed as being transitory signals per se, such
as radio waves or other freely propagating electromagnetic
waves, electromagnetic waves propagating through a wave-
guide or other transmission media (e.g., light pulses passing
through a fiber-optic cable), or electrical signals transmitted
through a wire.

[0034] Computer readable program instructions described
herein can be downloaded to respective computing/process-
ing devices from a computer readable storage medium or to
an external computer or external storage device via a net-
work, for example, the Internet, a local area network, a wide
area network and/or a wireless network. The network may
comprise copper transmission cables, optical transmission
fibers, wireless transmission, routers, firewalls, switches,
gateway computers and/or edge servers. A network adapter
card or network interface in each computing/processing
device receives computer readable program instructions
from the network and forwards the computer readable
program instructions for storage in a computer readable
storage medium within the respective computing/processing
device.
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[0035] Computer readable program instructions for carry-
ing out operations of the present invention may be assembler
instructions, instruction-set-architecture (ISA) instructions,
machine instructions, machine dependent instructions,
microcode, firmware instructions, state-setting data, or
either source code or object code written in any combination
of one or more programming languages, including an object
oriented programming language such as Java, Smalltalk,
C++ or the like, and conventional procedural programming
languages, such as the “C” programming language or similar
programming languages. The computer readable program
instructions may execute entirely on the user’s computer,
partly on the user’s computer, as a stand-alone software
package, partly on the user’s computer and partly on a
remote computer or entirely on the remote computer or
server. In the latter scenario, the remote computer may be
connected to the user’s computer through any type of
network, including a local area network (LAN) or a wide
area network (WAN), or the connection may be made to an
external computer (for example, through the Internet using
an Internet Service Provider). In some embodiments, elec-
tronic circuitry including, for example, programmable logic
circuitry, field-programmable gate arrays (FPGA), or pro-
grammable logic arrays (PLA) may execute the computer
readable program instructions by utilizing state information
of'the computer readable program instructions to personalize
the electronic circuitry, in order to perform aspects of the
present invention.

[0036] Aspects of the present invention are described
herein with reference to flowchart illustrations and/or block
diagrams of methods, apparatus (systems), and computer
program products according to embodiments of the inven-
tion. It will be understood that each block of the flowchart
illustrations and/or block diagrams, and combinations of
blocks in the flowchart illustrations and/or block diagrams,
can be implemented by computer readable program instruc-
tions.

[0037] These computer readable program instructions may
be provided to a processor of a general purpose computer,
special purpose computer, or other programmable data pro-
cessing apparatus to produce a machine, such that the
instructions, which execute via the processor of the com-
puter or other programmable data processing apparatus,
create means for implementing the functions/acts specified
in the flowchart and/or block diagram block or blocks. These
computer readable program instructions may also be stored
in a computer readable storage medium that can direct a
computer, a programmable data processing apparatus, and/
or other devices to function in a particular manner, such that
the computer readable storage medium having instructions
stored therein comprises an article of manufacture including
instructions which implement aspects of the function/act
specified in the flowchart and/or block diagram block or
blocks.

[0038] The computer readable program instructions may
also be loaded onto a computer, other programmable data
processing apparatus, or other device to cause a series of
operational steps to be performed on the computer, other
programmable apparatus or other device to produce a com-
puter implemented process, such that the instructions which
execute on the computer, other programmable apparatus, or
other device implement the functions/acts specified in the
flowchart and/or block diagram block or blocks.
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[0039] The flowchart and block diagrams in the Figures
illustrate the architecture, functionality, and operation of
possible implementations of systems, methods, and com-
puter program products according to various embodiments
of the present invention. In this regard, each block in the
flowchart or block diagrams may represent a module, seg-
ment, or portion of instructions, which comprises one or
more executable instructions for implementing the specified
logical function(s). In some alternative implementations, the
functions noted in the block may occur out of the order noted
in the figures. For example, two blocks shown in succession
may, in fact, be executed substantially concurrently, or the
blocks may sometimes be executed in the reverse order,
depending upon the functionality involved. It will also be
noted that each block of the block diagrams and/or flowchart
illustration, and combinations of blocks in the block dia-
grams and/or flowchart illustration, can be implemented by
special purpose hardware-based systems that perform the
specified functions or acts or carry out combinations of
special purpose hardware and computer instructions.

[0040] Reference in the specification to “one embodi-
ment” or “an embodiment” of the present principles, as well
as other variations thereof, means that a particular feature,
structure, characteristic, and so forth described in connection
with the embodiment is included in at least one embodiment
of'the present principles. Thus, the appearances of the phrase
“in one embodiment” or “in an embodiment”, as well any
other variations, appearing in various places throughout the
specification are not necessarily all referring to the same
embodiment.

[0041] It is to be appreciated that the use of any of the
following “/”, “and/or”, and “at least one of”, for example,
in the cases of “A/B”, “A and/or B” and “at least one of A
and B”, is intended to encompass the selection of the first
listed option (A) only, or the selection of the second listed
option (B) only, or the selection of both options (A and B).
As a further example, in the cases of “A, B, and/or C” and
“at least one of A, B, and C”, such phrasing is intended to
encompass the selection of the first listed option (A) only, or
the selection of the second listed option (B) only, or the
selection of the third listed option (C) only, or the selection
of the first and the second listed options (A and B) only, or
the selection of the first and third listed options (A and C)
only, or the selection of the second and third listed options
(B and C) only, or the selection of all three options (A and
B and C). This may be extended, as readily apparent by one
of ordinary skill in this and related arts, for as many items
listed.

[0042] Having described preferred embodiments of a sys-
tem and method (which are intended to be illustrative and
not limiting), it is noted that modifications and variations can
be made by persons skilled in the art in light of the above
teachings. It is therefore to be understood that changes may
be made in the particular embodiments disclosed which are
within the scope of the invention as outlined by the
appended claims. Having thus described aspects of the
invention, with the details and particularity required by the
patent laws, what is claimed and desired protected by Letters
Patent is set forth in the appended claims.

What is claimed is:

1. A method for managing a solid state storage system
with hybrid storage technologies including check-pointing
storage and file-system storage, comprising:

Feb. 16, 2023

monitoring one or more storage request streams to iden-
tify operating mode characteristics therein from among
a set of possible operating mode characteristics, the set
of possible operating mode characteristics correspond-
ing to a set of available operating modes of the hybrid
storage technologies, the check-pointing storage hav-
ing a lower capacity and being more write-intensive in
comparison to the file-system storage, which has a
higher capacity and is less write-intensive;

identifying a current operating mode from among the set
of available operating modes responsive to the identi-
fied operating mode characteristics;

predicting a future operating mode responsive to varia-
tions in workload requirements to generate at least one
future operating mode prediction; and

controlling at least one of data placement, wear leveling,
garbage collection, and read performance of the storage
system, responsive to the at least one future operating
mode prediction.

2. The method of claim 1, wherein said controlling step
comprises improving read performance by placing duplicate
data in the storage system.

3. The method of claim 1, wherein said controlling step
comprises preparing the system for an imminent change to
a write intensive operating mode by performing proactive
garbage collection.

4. The method of claim 1, wherein said controlling step
comprises placing data from a data stream corresponding to
at least one of the storage request streams in a worn out
region of the storage system that meets without exceeding
retention needs of the data stream, when a time period that
the data is to be written is below a threshold time period.

5. The method of claim 1, wherein the hybrid storage
technologies comprise single-level cell technology and
multi-level cell technology.

6. The method of claim 1, wherein the hybrid storage
technologies comprise a same storage technology used in at
least two different ways.

7. The method of claim 6, wherein the hybrid storage
technologies comprise single-level cell technology config-
ured to be wear focused and the single-level cell technology
configured to be wear delayed.

8. The method of claim 1, wherein the storage system is
one of a flash storage system and a phase change memory
(PCM).

9. A computer readable storage medium comprising a
computer readable program for managing a solid state
storage system with hybrid storage technologies, wherein
the computer readable program when executed on a com-
puter causes the computer to perform the steps of:

monitoring one or more storage request streams to iden-
tify operating mode characteristics therein from among
a set of possible operating mode characteristics, the set
of possible operating mode characteristics correspond-
ing to a set of available operating modes of the hybrid
storage technologies, the check-pointing storage hav-
ing a lower capacity and being more write-intensive in
comparison to the file-system storage, which has a
higher capacity and is less write-intensive;

identifying a current operating mode from among the set
of available operating modes responsive to the identi-
fied operating mode characteristics;
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predicting a future operating mode responsive to varia-
tions in workload requirements to generate at least one
future operating mode prediction; and

controlling at least one of data placement, wear leveling,

garbage collection, and read performance of the storage
system, responsive to the at least one future operating
mode prediction.

10. The computer readable storage medium of claim 9,
wherein said controlling step comprises improving read
performance by placing duplicate data in the storage system.

11. The computer readable storage medium of claim 9,
wherein said controlling step comprises preparing the sys-
tem for an imminent change to a write intensive operating
mode by performing proactive garbage collection.

12. The computer readable storage medium of claim 9,
wherein said controlling step comprises placing data from a
data stream corresponding to at least one of the storage
request streams in a worn out region of the storage system
that meets without exceeding retention needs of the data
stream, when a time period that the data is to be written is
below a threshold time period.

13. The computer readable storage medium of claim 9,
wherein the hybrid storage technologies comprise single-
level cell technology and multi-level cell technology.

14. The computer readable storage medium of claim 9,
wherein the hybrid storage technologies comprise a same
storage technology used in at least two different ways.

15. The computer readable storage medium of claim 14,
wherein the hybrid storage technologies comprise single-
level cell technology configured to be wear focused and the
single-level cell technology configured to be wear delayed.

16. The computer readable storage medium of claim 9,
wherein the storage system is one of a flash storage system
and a phase change memory (PCM).
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17. A solid state storage system with hybrid storage
technologies, comprising:

a monitor for monitoring one or more storage request
streams to identify operating mode characteristics
therein from among a set of possible operating mode
characteristics, the set of possible operating mode char-
acteristics corresponding to a set of available operating
modes of the hybrid storage technologies, the check-
pointing storage having a lower capacity and being
more write-intensive in comparison to the file-system
storage, which has a higher capacity and is less write-
intensive;

a predictor for predicting a future operating mode respon-
sive to variations in workload requirements to generate
at least one future operating mode prediction; and

a controller for controlling at least one of data placement,
wear leveling, garbage collection, and read perfor-
mance of the storage system, responsive to the at least
one future operating mode prediction.

18. The system of claim 17, wherein said controller
improves read performance by placing duplicate data in the
storage system.

19. The system of claim 17, wherein said controller
prepares the system for an imminent change to a write
intensive operating mode by performing proactive garbage
collection.

20. The system of claim 17, wherein said controller places
data from a data stream corresponding to at least one of the
storage request streams in a worn out region of the storage
system that meets without exceeding retention needs of the
data stream, when a time period that the data is to be written
is below a threshold time period.
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