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COOPERATIVE FLASH MANAGEMENT OF 
STORAGE DEVICE SUBDIVISIONS 

This disclosure is a continuation of U.S. patent applica­
tion Ser. No. 16/832,793, filed on Mar. 27, 2020 on behalf 5 

of first-named inventor Andrey V. Kuzmin, which is a 
continuation of U.S. patent application Ser. No. 14/848,273, 
filed on Sep. 8, 2015, also on behalf of first-named inventor 
Andrey V. Kuzmin (now U.S. Pat. No. 10,642,505); in tum, 
U.S. patent application Ser. No. 14/848,273 is a continuation 10 

in-part of U.S. patent application Ser. No. 14/047,193, filed 
on Oct. 7, 2013 (now U.S. Pat. No. 9,229,854), which in tum 
is a continuation in-part of U.S. patent application Ser. No. 
13/767,723, filed Feb. 14, 2013 (now U.S. Pat. No. 9,652, 
376), which in tum claims priority to U.S. Provisional Patent 15 

Application No. 61/757,464, filed on Jan. 28, 2013. U.S. 
patent application Ser. No. 14/848,273 also claims priority 
to U.S. Provisional Patent Application No. 62/063,357, filed 
on Oct. 13, 2014, and to U.S. Provisional Patent Application 
No. 62/048,162, filed on Sep. 9, 2014. Each of the afore- 20 

mentioned patent applications is hereby relied upon for 
priority and is incorporated herein by reference. 

This disclosure relates to storage systems and, more 
specifically, to the architecture of storage systems that utilize 
nonvolatile memory storage media. Still more particularly, 25 

the present disclosure relates to data placement and migra­
tion techniques that facilitate more efficient integration and 
utilization of nonvolatile memory, especially flash-based 
storage, in heterogeneous storage systems. 

2 
larly, what is needed are techniques for more efficiently 
managing memory in a heterogeneous memory system. The 
present invention addresses these needs and provides fur­
ther, related advantages. 

BRIEF DESCRIPTION OF THE FIGURES 

FIG. lA is an illustrative diagram of a system having a 
memory controller 203, a host 205 and a memory 207. 

FIG. lB illustrates a block diagram of a storage server 
having multiple solid state drives (SSDs) and hard disk 
drives (HDDs). 

FIG. 2A is a flow chart that shows one method of 
managing data placement based on individual metrics 
tracked for respective data ("per-data metrics") and based on 
life cycle-based degradation metrics tracked for at least 
some memory locations. 

FIG. 2B is a flow chart showing one method of managing 
data based on per-data metrics and device wear. 

FIG. 2C is a flow chart that shows one method of data 
migration that can, for example, be optionally used for the 
systems depicted in FIG. lA and FIG. lB. 

FIG. 3A is an illustrative diagram showing a table of one 
form of per-data metrics optionally tracked by the host. 

FIG. 3B is an illustrative diagram showing one form of 
per-data metrics and per-memory location wear for at least 
one tier of memory; these items are optionally tracked by the 
host and/or by one or more memory controllers and can be 
in addition to or in lieu of use of the table referenced by FIG. 

30 3A. 
BACKGROUND 

Storage systems, from embedded to datacenter, utilize 
storage media to store user data written to the system and to 
retrieve that data on a user's request. Storage systems can be 35 

homogeneous, built from the uniform storage media with the 
same access and/or endurance characteristics, or heteroge­
neous, comprising multiple media types as distinguished by 
their latency, throughput, endurance or other performance 
factors. Media of the same type in such a system are 40 

organized in tiers, with each tier characterized by its under­
lying media type-specific features. The different media char­
acteristics in heterogeneous systems can provide advantages 
that are leveraged during system operation. For example, in 
personal computer systems, dynamic random access 45 

memory ("DRAM") provides very quick access but does not 
retain data once power is removed, whereas a hard disk drive 
("HDD") provides relatively slow access compared to 
DRAM but retains data once power is removed; many 
systems will therefore use DRAM as "active memory" to 50 

provide for quick data retrieval and storage of frequently 
used data while the computer is in active use, while data 
which is less frequently used (and all data to be retained 
when such systems are shut down) is committed to the HDD. 
However, because of different access latencies and manage- 55 

ment requirements can affect pipelining, which is directly 
tied to speed of operation in many systems, it is typically 
desired to place data intelligently (i.e., to deliberately select 
an appropriate "tier" for storing data in a heterogeneous 
system); for example, data that is mostly read and is not 60 

frequently overwritten such as audio files can be placed in 
relatively slow access memory (such as a HDD or other 
nonvolatile memory) while data that is frequently overwrit-

FIG. 4A is an illustrative diagram showing data migration 
methods that can be used for a memory system. 

FIG. 4B is an illustrative diagram showing data migration 
methods that can be used for a memory system. 

FIG. 4C is a flow chart showing data migration methods 
that can be used for a memory system. 

FIG. SA is a block diagram of a memory controller. 
FIG. SB is a block diagram of another memory controller. 
FIG. 6A is a block diagram of a memory controller. 
FIG. 6B is a block diagram of another memory controller. 
FIG. 7 is a flow diagram that illustrates tasks in a 

cooperative memory management scheme. 
FIG. 8 is a flow diagram that illustrates host tasks in a 

cooperative memory management scheme. 
FIG. 9 a diagram showing examples of information that 

can be kept by a memory controller for each of plural 
physical subdivisions of memory or for data stored in a 
particular location, e.g., as per-data metrics. 

FIG. 10 shows a process associated with wear-aware 
writes. 

The subject matter defined by the enumerated claims may 
be better understood by referring to the following detailed 
description, which should be read in conjunction with the 
accompanying drawings. This description of one or more 
particular embodiments, set out below to enable one to build 
and use various implementations of the technology set forth 
by the claims, is not intended to limit the enumerated claims, 
but to exemplify their application to certain methods and 
devices. The description set out below exemplifies methods 
supporting data migration in a memory system, using met­
rics individually tracked for data and wear metrics individu-
ally tracked for at least some nonvolatile memory locations; 
such techniques can be practiced in one embodiment by a 
host, in another embodiment by a memory controller (e.g., ten can be placed in DRAM or other fast access volatile 

memory. 
What is needed are techniques for more efficiently man­

aging operation of nonvolatile memory. Still more particu-

65 within a single drive), and in a third embodiment by a host 
cooperating with one or more memory controllers. This 
disclosure also provides improved designs for a memory 
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controller, host, a memory system, a subsystem (such as a 
drive, e.g., a solid state drive or "SSD"), and numerous data 
management and migration methods. The disclosed tech­
niques can also be implemented in software or instructions 

4 
according to the tracked wear data. Note that the hot/cold or 
age information for evicted data can be generated on the fly 
( e.g., as data is evicted from memory, with a flag for 

for fabricating an integrated circuit ( e.g., a circuit design file 5 

or field programmable gate array or "FPGA" configuration) 

example being added to the evicted data and used to distin­
guish it from non-previously cached data). In an alternate 
embodiment, such an informational metric can optionally be 

or in the form of data arranged dependent on wear in 
non-transitory memory. While the specific examples are 
presented, particularly in the context of flash memory, the 
principles described herein may also be applied to other 10 

methods, devices and systems as well. 

continuously tracked and stored with the data as metadata 
( e.g., age since last write of the data or an associated logical 
or physical address, permitting an inference of how likely 
the data is to be overwritten); other measures can also be 
used. 

DETAILED DESCRIPTION 

I. Introduction. 
This disclosure provides techniques for data storage and/ 

or migration based on metrics generated or tracked for 
respective data ("per-data metrics") and based on memory 
degradation. In one embodiment, a memory system includes 
memory having at least one tier of non-volatile ("NV") 
memory; this tier can be comprised of one or more NAND 
flash memory integrated circuits ("I Cs"), but the invention is 
not so-limited. The system or one of its components gener­
ates information that identifies hot/cold status, age, or 
another metric characterizing respective data, and it also 
tracks life cycle wear or degradation for at least one tier of 
NV memory; the system ( or a host or a memory controller 
or both) uses both these persistence metrics and/or wear in 
managing a memory operation. 

In one specific implementation of this first embodiment, 
a memory system includes a tier of volatile memory ( e.g., 
DRAM) and a tier of NV memory ( e.g., a tier ofNAND flash 
memory). Each tier includes one or more integrated circuits 
("ICs") or memory dies, and an associated memory control­
ler. Each tier is operated to write and read data items until 
a trigger indicates that a tier should be examined to release 
some memory space for new data storage, or to perform 
other management operations. In a specific embodiment, if 
a minimum free space is to be preserved, a memory con­
troller, the host or both executes a routine where data is 
identified in the memory that violates a hot/cold, persistence 
or age criterion for that memory, or alternatively, that the 
host, memory controller or both, deems more suitable to a 
different location within the same tier of memory or a 
different memory tier; the identified data is then moved ( and 
can be written into a different tier, as appropriate). Two 
introductory examples will be provided for this specific 
embodiment. 

First, it should be assumed that volatile memory is oper­
ated with a minimum of reserved or free space. The pertinent 
memory controller, e.g., a DRAM memory controller, stores 
data and services read requests as commanded by a host. At 
some point in time, the DRAM memory controller deter­
mines that it no longer has a sufficient "free space" reserve, 
or alternatively, that it needs to evict at least some data to 
make room for new data. Either it or the host then executes 
an eviction protocol that: (1) determines that the DRAM is 
preferentially reserved for "hot" or "young" data; (2a) 
identifies the coldest/oldest data in the DRAM, and/or (2b) 
identifies all data that is colder or older than a threshold; and 
(3) evicts the identified data from the DRAM, thereby 
adding to the reserve of available memory space in DRAM. 
Note that this process can be repeated as a loop, as appro­
priate, until sufficient space is free. Evicted data is sent to 
other memory, in this case, the NV memory tier. As new data 
is sent to the NV memory tier, it can be written into the least 
available worn location in NV memory tier, determined 

As a second example, it should be assumed that it is 
desired to maintain a reserve of free, available ( e.g., already 
erased) memory space in NV memory. The pertinent 

15 memory controller, e.g., a NAND flash memory controller, 
programs data and services read requests as commanded by 
a host. At some point in time, the NAND flash memory 
controller determines that it no longer has a sufficient reserve 
of free physical pages available on hand to assign to new 

20 write requests. Either it or the host then executes a protocol 
to make additional space available. In one embodiment, this 
process can be performed by a garbage collection process 
that consolidates data by matching tracked metrics of 
respective data, e.g., such that data having a similar age or 

25 hot/cold status can be grouped together. In a second embodi­
ment, hot/cold data can be used to move the identified data 
to another memory IC or device within the same tier, i.e., to 
balance traffic; for example, in a multi-die flash embodi­
ment, per data age or hot/cold metrics can be used to stripe 

30 such information across plural ICs or devices, so as to 
minimize the likelihood than any one IC or device experi­
ences a transaction bottleneck relative to others. [Note that 
this embodiment is optionally practiced without tracked 
wear metrics.] In a third embodiment, a host and/or memory 

35 controller can evict data from a NV memory tier to another 
tier: for example, relative to a NAND flash implementation, 
the memory controller and/or host can either (a) identify the 
hottest/youngest data in the NAND flash memory using the 
per-data tracked metric and/or identify all data that is hotter 

40 or younger than a threshold, and evict this data to other 
memory, or (b) identify the coldest/oldest data in the NAND 
flash memory using the per-data tracked metric and/or 
identify all data that is colder or older than a threshold, and 
evict this data to other memory. For example, young or hot 

45 data can be moved to DRAM, or conversely, old or cold data 
can be written to a HDD. Once again, note that hot/cold 
status and/or age of evicted data can optionally be generated 
on-the-fly (e.g., by a NAND flash memory controller) or it 
can also be a tracked parameter (e.g., age-since-write, or 

50 another metric), depending on embodiment. 
Note that these two models can be optionally employed 

together; that is, a memory system is not limited to having 
only volatile memory and NV memory tiers, and for 
example can have many other tiers of memory. Thus, it is 

55 possible to send "cold" data "downward" from DRAM and 
"upward" from flash, and it is also possible to employ 
similar process for other tiers, e.g., hard disk drives 
("HDDs"), shingle drives, solid state drives ("SSDs"), resis­
tive random access memory (RRAM), and nearly any other 

60 forms of storage, volatile or NV, local, direct-attached or 
remote; as these various examples illustrate, there can be 
more than one tier of volatile memory and more than one tier 
of NV memory. Also, various additional schemes can be 
used to manage data in such a system; for example, the 

65 volatile memory can also be used for caching data read from 
one or more other tiers; any time data is read from the NV 
memory tier, it can be stored in volatile memory (e.g., 
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DRAM), and a pointer used to identify corresponding data 
in another tier. If the data is updated while multiple such 
copies exist, such an update can optionally be used to: (a) 
immediately release the instance of data still retained in NV 
memory; and/or (b) update per-data metrics for one or both 5 

copies of the data, e.g., by updating metadata stored for the 
pertinent memory location. Note also again in some embodi­
ments that both the host and one or more memory controllers 

tracked hot/cold or age information to memory location 
wear data and matching respective data to the most suitable 
location. These implementations are intended to be non-
limiting examples of the data migration techniques dis­
cussed herein, and other examples will readily occur to those 
skilled in the art. 

This disclosure will also discuss optional architectures for 
a cooperative memory controller, and host and/or memory 
controller optional processes that facilitate some the 
memory management techniques introduced above. For 
example, a memory controller architecture is presented 

can track various metrics; for example, in one embodiment 
below, the host tracks hot/cold information at the file level, 10 

each memory controller tracks both hot/cold information ( or 
another per-data parameter) for each data item stored in 
managed memory, and each NV memory controller tracks 
wear data for each managed host-accessible storage loca-

below which tracks metadata for each storage location 
managed by that memory controller. In one embodiment, 
such metadata includes status information for each physical 

tion. 
In a second specific implementation, techniques for man­

aging memory are implemented as a form of garbage 
collection or wear leveling for at least one tier of NV 
memory. For such an embodiment, a host and/or one or more 
memory controllers use tracked hot/cold information (or 
other per-data tracked metrics) to match the data to a storage 
location. For example, such techniques can be implemented 
in connection with garbage collection or independently as a 
form of wear leveling. It should be assumed that for some 
reason it is desired to relocate first data to a location in NV 
memory where that data has tracked hot/cold information ( or 
another tracked parameter specific to the data), and where 
the first data in size represents a subset of a minimal size 
erasable unit of the NV memory tier (e.g., an "EU," meaning 
that size of unit given the type of NV memory that must be 
erased together). This relocation might be triggered because 
of a garbage collection operation, a wear leveling operation, 
or because of some other system event, condition or main­
tenance. For a garbage collection process, to store the data 
as efficiently as possible, the host and/or a memory control­
ler identifies other second data having a similar hot/cold 
characteristic or age, and it stores the first data and the 
second data together. The host and/or a memory controller 
optionally select a destination write location for both data 
dependent on tracked wear information. As an example, if 
the consolidated data is "hot" or "young" as determined 
from the tracked age metrics, then the data can optionally be 
stored in a memory location having very low wear relative 
to other memory as determined from the tracked wear data 
(e.g., within the given tier or alternatively, in another 
memory tier, such as in DRAM); this technique then pre­
sumably equalizes wear across the memory tier, because this 
location will presumably be recycled "more often" than 
other locations which store colder data, thus permitting low 
wear memory locations to "catch up" over time, with wear 
across the device ultimately being balanced. Conversely, if 
the relocated data is "cold" or "old" as determined from the 
tracked per-data metrics, then the data can optionally be 
stored in relatively high wear memory, as determined from 
the tracked wear data (e.g., the data can be written to 
available NAND flash memory with the highest wear); once 
again, this levelizes wear over time across the memory 
device. Naturally, once again, these techniques can be 
extended to multiple tiers of memory. 

As these examples illustrate, various embodiments can be 
implemented within a single tier of memory or across 
multiple tiers. 

In yet other embodiments, a host and/or a memory con­
troller can perform data eviction or targeted writes to 
memory according to tracked data hot/cold or age informa­
tion and memory location wear data, or it can swap data 
between tiers of memory, for example, by comparing 

15 memory location managed by that controller which is acces­
sible for storing host data, regardless of whether currently 
valid (i.e., unreleased data) is stored in the pertinent memory 
location or not. For example, an exemplary NAND flash 
memory controller can store for every erase unit ("EU") of 

20 memory cells managed by that memory controller and for 
each physical page of memory cells corresponding to each 
erase unit: (a) hot/cold state of any data or logical page 
address associated with data stored there ( or a similar metric 
such as an indication of age), (b) page release status, ( c) 

25 wear information such as an erase count, (d) physical-to­
logical ("P2L") reverse address lookup information, and ( e) 
other types of metadata. Note this structure is not required 
for all embodiments, e.g., in one embodiment, the memory 
controller can just store wear information for managed 

30 memory. In another variation, the memory controller and/or 
the host stores per-data metrics, tracked according to either 
logical address or physical address. In still another embodi­
ment, the host can track all wear or degradation information 
for one or more tiers of memory. Advantageously, in one 

35 embodiment, a NAND flash memory controller stores both 
sets of information, indexed by physical address, and also 
serves the host with status information that permits the host 
to address memory with limited logical-to-physical ("L2P") 
translation required by the memory controller itself. This 

40 cooperative memory controller design should be considered 
optional relative to the data management and data migration 
techniques discussed above. In one system level embodi­
ment, there can be a memory controller dedicated to each of 
multiple memory tiers (e.g., a DRAM tier, a flash tier, a 

45 HDD tier and so forth); the memory controller for each tier 
can optionally store its own management table of per-data 
information indexed by logical or physical address, and the 
memory controller for each tier can optionally store its own 
management table of tracked wear data ( e.g., indexed 

50 according physical address). Other embodiments are also 
possible. 

Note that many types of different per-data metrics can be 
tracked in various embodiments, and that this information 
can be tracked at different levels of granularity and at 

55 different locations. First, in one embodiment, a time stamp 
or other number is applied that represents one form of an 
age-since-write value (i.e., a value correlated to a measure of 
time since the specific data was last changed or was first 
written to memory if never changed). In a second embodi-

60 ment, the data can be represent hot/cold information, for 
example, optionally as little as a single bit representing 
whether or not a new write command is for data that has just 
been evicted or is being relocation from elsewhere in 
memory (e.g., as opposed newly arriving external data). In 

65 yet another embodiment, information can be inferred from 
heuristics, for example, based on a "like" indication or a 
rating given to a file by a user ( e.g., to an audio file); if a user 
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ranks a particular MP3 file poorly, it can be inferred that the 
user is unlikely to play that music frequently, or conversely, 
will be more likely to overwrite that data in the future. Other 
factors such as bit error rate and temperature over time can 
also be used as a measure of age; for example, a bit error rate 5 

associated with a logical or physical page or erase unit can 
be tracked and used to presume age, such that a logical page 
address with a high bit error rate is deemed "old" and such 
that a logical page address with a low bit error rate is deemed 
"young;" similarly, a high temperature over time character- 10 

istic can be used to deem data at a logical page address "old" 
and a low temperature over time characteristic can be used 
to deem data at a logical page address "young." Many 
examples are possible. Generally speaking, this type of 
information represents variable utility of specific stored data 15 

(or data that is to be stored). The host, a memory controller 
or both use this information to infer that specific data is 
likely to be overwritten or used than other data, and the 
information is applied to the specific data in question 
dependent on some type of tracked or measured usage of the 20 

specific data ( e.g., as contrasted with file type, for example). 
Also, many of the techniques described herein can be 

employed in an apparatus, a method, an integrated circuit, a 
system on-chip, a memory device, a memory controller, a 
host processor, as a circuit description (i.e., that contains 25 

data structures defining fabrication parameters for a proces-
sor, integrated circuit, device, or components of any of these 
things), as instructions stored on machine-readable media 
(e.g., software intended for execution on one or more 
general purpose machines), as data stored in non-transitory 30 

memory, or as combinations of these things. In the case of 
software or other instructional logic, the instructions are 
typically written or designed in a mamier that has certain 
structure (architectural features) such that, when they are 
ultimately executed, they cause the one or more general 35 

purpose machines or hardware to behave as special purpose 
machines, having structure configured by the instructions to 
necessarily perform certain described tasks. "Non-transitory 
machine-readable media" means any tangible (i.e., physical) 
storage medium, irrespective of how data on that medium is 40 

stored, including without limitation, random access memory, 
hard disk memory, optical memory, a floppy disk or CD, 
server storage, volatile memory and other tangible mecha­
nisms where instructions may subsequently be retrieved by 
a machine. The machine-readable media can be in stand- 45 

alone form (e.g., a program disk) or embodied as part of a 
larger mechanism, for example, a laptop computer, portable 
or mobile device, server, data center, "blade" device, sub­
system, electronics "card," storage device, network, or other 

8 
cores, processors, devices or circuits described herein, i.e., 
the result of creating a design can be stored in non-transitory 
machine-readable media for temporary or permanent use, 
either on the same machine or for use on one or more other 
machines; for example, a circuit description or software can 
be generated using a first machine, and then stored for 
transfer to a printer or manufacturing device, e.g., for 
download via the internet ( or another network) or for manual 
transport ( e.g., via a transport media such as a DVD) for use 
on another machine. Throughout this disclosure, various 
processes will be described, any of which can generally be 
implemented as instructional logic (instructions stored on 
non-transitory machine-readable media), as hardware logic, 
or as a combination of these things. 

FIG. lA illustrates a first embodiment of a system, 
generally designated by reference numeral 101. The system 
can optionally be a homogeneous memory system, that is 
having a single tier of memory 107, or a heterogeneous 
system, that is, having more than one tier of memory, such 
as exemplified by NV memory 107 as a first tier and volatile 
memory 115 as a second, optional tier. A host 103 refers to 
one or more machines, circuits or devices from which 
memory access requests originate, for example, to store data 
(write), to retrieve data (read) and so forth. The host typi­
cally comprises at least one operating system and applica­
tion software run on one or more computers, for example, 
portable devices, laptops, desktops, embedded machines, 
servers, clusters of machines, networks, or other sources of 
memory requests. Such requests are directed to a memory 
controller 105, which is charged with the management of 
memory 107 and the performance of tasks delegated by one 
or more host machines. For example, NAND flash memory 
is typically written using a series of "program-verify" (or 
"PV") cycles; the memory controller performs many spe­
cialized management tasks relating to maintaining such 
memory, tasks sometimes transparent to the host. For 
example, a flash memory controller typically stores a page 
of data to be written to memory through the use of individual 
programming cycles ( e.g., each using sets of voltage pulses) 
in an attempt to cause a page of memory cells (e.g., 128 k 
memory cells) to adopt respective values corresponding to 
the data to be stored; such an operation can take time and is 
typically delegated by the host. For example, after a first 
programming part of each PV cycle, the memory controller 
105 reads results out of the just-written page of memory 
cells and compares this (e.g., exclusive-ORs this data) with 
the original write data, such that data stored in a write buffer 
represents only additional values which need be changed 
relative to prior progranmiing. After this "verify" part of the 
operation, as necessary, the memory controller uses one or 
more ensuing PV cycles ( often using a slightly higher 
voltage) until all memory cells for the page in question adopt 
the proper value and there remains no additional data to be 
written. In the case of this example, the host 103 might send 

set of one or more other forms of devices. The instructions 50 

can be implemented in different formats, for example, as 
metadata that when called is effective to invoke a certain 
action, as Java code or scripting, as code written in a specific 
programming language ( e.g., as C++ code), as a processor­
specific instruction set, or in some other form; the instruc­
tions can also be executed by the same processor or different 
processors, depending on embodiment. For example, in one 
implementation, instructions on non-transitory machine­
readable media can be executed by a single computer and, 

55 a write command with write data to the memory controller 
105, via one or more links 108, and the memory controller 
105 would (transparent to the host) manage the operations 
necessary to achieve proper programming in the memory 
107, via link 109 which connects the memory controller 105 

in other cases as noted, can be stored and/or executed on a 
distributed basis, e.g., using one or more servers, web 
clients, or application-specific devices. Each function men­
tioned in the disclosure or FIGS. can be implemented as part 
of a combined program or as a standalone module, either 
stored together on a single media expression ( e.g., single 
floppy disk) or on multiple, separate storage devices. The 
same is also true for a circuit description for fabricating 

60 with the memory 107. Note that the memory controller 105 
is typically housed in its own integrated circuit ("IC"), but 
this need not be the case for all embodiments. For example, 
in one embodiment, the memory controller 105 is embodied 
as a distributed set of circuits ( e.g., as an application-specific 

65 hardware design), or via a field programmable gate array 
("FPGA"). In another embodiment, the functions of the 
memory controller can be merged with functions of the host 
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have dedicated memory controllers for each, so that opera­
tions in one memory tier are unaffected by the performance 
of maintenance operations in the other). Many combinations 
are possible. Optionally, therefore, each memory controller 

(e.g., these circuits can be copackaged, as indicated by the 
presence of a dashed-line box around both elements), for 
example, mounted together on a common board or in a 
common package or die. In yet another embodiment, these 
circuits can be collocated with memory ( e.g., on the same 
board or card, as a system on a chip, or in some other 
manner), or one or more of them can be remote relative to 
the memory, for example, communicating across a local or 
wide area network ("LAN" or "WAN," respectively). The 
Internet is an example of a WAN. In yet another embodi­
ment, the memory controller 105 can be collocated with 
memory 107 in much the same manner, for example, com­
municating with a local or remote host 103. 

5 can be used to manage a dedicated type or types of memory 
( e.g., a flash memory controller advantageously performs 
flash management tasks such as wear leveling and garbage 
collection for flash memory, while a DRAM memory con­
troller performs DRAM management tasks such as refresh), 

As noted earlier, in one embodiment, the host 103, the 
memory controller 105, or both, use per-data metrics 111 
tracked for respective data stored in memory 107 and wear 
data 113 for each NV memory location accessible to store 
host data for at least one tier of NV memory. Note in this 
regard that the memory includes at least some NV memory 

10 but this need not be the case for all embodiments. That is, 
one memory controller (such as memory controller 105) can 
optionally be configured to collectively manage multiple 
types of memory, multiple integrated circuits, multiple dies 
or in some other combination. As indicated by arrows 116 

15 and 117, and associated routing ellipses 118 and 119, tracked 
metrics (such as per-data metrics for respective data and 
wear data for NV memory) can be provided to, and used by 
one or more host machines, one or more memory control­
lers, or any combination of these things, depending on 

but it can optionally include more than one type of NV 
memory and it can optionally include other types of 
memory, such dynamic random access memory ("DRAM"). 
Volatile memory is memory that requires application of 
power in order to preserve stored data; for example, DRAM 

20 embodiment; for example, many of the data and memory 
management techniques can be embodied in a marmer where 
they are exclusively practiced by a host. Alternatively, the 
same techniques can in some embodiments be exclusively 
practiced by one or more memory controllers. Finally, in 

is a type of inexpensive, very fast, reliable memory in which 
data is stored in the form of a charge on a capacitor for each 
memory cell. Because this charge leaks over time, data must 
periodically be read out of a particular memory location and 
rewritten to that location in order to maintain the integrity of 

25 some embodiments, the host and one or more memory 
controllers are structured in a marmer such that they coop­
erate, exchanging information in a marmer so as to effi­
ciently manage data and/or memory. Embodiments corre­
sponding to each of these variations will be further described 

30 below. the stored data values; if power is lost, the data is typically 
lost as well. There are also many types of volatile memory 
other than DRAM. There are also many forms of NV 
memory; for example, some common forms of NV memory 
include without limitation flash memory, silicon-oxide-ni­
tride-oxide-silicon (SONOS) memory, magnetic memory of 35 

various types (including hard disk drives), magnetic random 
access memory (MRAM), phase change random access 
memory (PCRAM), resistive random access memory 
(RRAM), shingle drive memory, nanowire memory, optical 
storage (such as compact disks, digital video disks or 40 

"DVDs," Bluray disks, and other forms), and other types of 
memory. For embodiments which continuously track per­
data metrics for respective data as well as wear for NV 
memory, such embodiments typically track hot/cold and/or 
persistence metrics for all data managed by the host or the 45 

memory controller ( depending on embodiment), irrespective 
of memory type in which the data is stored, and such 
embodiments typically track wear data for at least one type 
of NV memory (such as flash memory, RRAM, a hard disk 
drive or HDD, and so forth); note that this can be applied to 50 

a system with only one memory type (e.g., all metrics 
tracked for data stored in flash) or for complex memory 
types (e.g., for heterogeneous memory systems comprising 
two or more tiers of memory, such as one or more types of 
volatile memory and/or NV memory). The per-data metrics 55 

and wear data can be stored in any desired manner, for 
example, as a multi-entried table, as a set of diverse, stored 
values in disparate buffers or memory locations, on-board 
one or more host machines, on-board one or more memory 
controllers, or in memory itself. As this discussion implies, 60 

there can be more than one memory controller (and associ­
ated memory) per host. For example, in one embodiment, 
there can optionally be a second memory controller 114 with 
its own managed memory 115; this structure can be advan­
tageous in some circumstances where very different main- 65 

tenance operations are to be performed for different types of 
memory (e.g., a system having both DRAM and flash might 

FIG. 1B illustrates an embodiment of a memory system 
151. This system is seen to be a heterogeneous memory 
system having multiple storage drives. In this example, a 
storage server receives requests for data or to store data and, 
optionally, requests for processing that data from one or 
more clients 155. These clients 155 each have respective 
applications 156 which generate the respective data-related 
needs. The clients can each be desktop or laptop computers, 
smart phones, pads or other devices, or other types of digital 
systems. Each client 155 sends requests to the storage server 
and receives responses via a wide area network, e.g., a local 
area network (LAN) or a wide area network (WAN) such as 
the Internet. The storage server, in turn, manages plural 
drives, each of which can be an SSD (e.g., a flash based 
drive), a HDD or another type of drive; in such an example, 
the storage server 153 (acting on behalf of the clients) 
represents the host 153, as indicated in the FIG.; it is also 
possible that the clients can act as hosts as well, e.g., via 
direct memory access if supported. As seen in FIG. 1B, each 
drive also has its own dedicated memory controller, either 
bundled together as a single assembly 159, or as separate 
devices; for example, assembly 159 is seen to include a SSD 
controller 161 and a SSD 163. To simplify FIG. 1B, a 
dashed-line box to discuss this relationship is shown only for 
assembly 159. The SSD controller 161 can be a NAND flash 
memory controller and the SSD 163 can have one or more 
NAND flash memory devices. FIG. 1B also shows optional 
presence of other dedicate assemblies, 165, 167 and 169, in 
this case seen to include a DRAM drive or card, an HDD and 
another unspecified type of memory, respectively. The col­
lection of memory is seamlessly managed as a storage 
aggregate 171, with the storage server managing scheduling 
for all drives so as to avoid collisions with storage-server­
directed reads and writes, as described earlier. In this regard, 
the storage aggregate and the host 153 are bundled together 
to form the storage server, but this is not required for all 
embodiments. The storage server has a storage operating 
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system that implements a file system to organize the stored 
data as a hierarchical structure of logical data containers 
(e.g., volumes, logical units, directories and/or files) on 
electronic and/or magnetic storage media. It will be under­
stood by those skilled in the art that this description may 5 

apply to any type of special-purpose computer (e.g., file 
server or storage serving appliance) or general-purpose 
computer embodied as, or having, a storage server or portion 
thereof. The teachings of this description can be adapted to 
a variety of architectures including, but not limited to, a 10 

network-attached storage (NAS), storage area network 
(SAN), a disk assembly directly-attached to a client or host 
computer, or memory within a device ( e.g., within a laptop 

12 
present and if supported. The storage server can combine 
metadata from multiple drives and can allocate if desired 
new writes to a single drive only (and to a specific location 
within a single drive) if needed to better distribute wear or 
otherwise improve performance. As note earlier, in one 
embodiment, the host can preferentially store relatively hot 
data (e.g., young or frequently rewritten data) in one drive 
( or in a part of a drive) and can store relatively cold data 
(e.g., old or infrequently rewritten data) in a different drive 
( or a different portion of the same drive) in order to better 
distribute wear. In a second embodiment, the host can stripe 
hot and cold data (or other data based on individually­
tracked metrics) across dies, devices or drives in order to 
improve performance. For example, if the depicted other or portable device), and FIG. 1B should be viewed as a 

proxy for such implementations. 15 drive 169 were a second SSD having flash memory, the host 
could allocate (within both flash drives, managed as a single 
tier) an equal distribution of hot and cold data destined for 
the flash tier in each drive; the same can also be performed 

The depicted storage server includes a host processor 173, 
which uses various buffers 175 under the auspices of the host 
software 177 to schedule and manage memory operations, 
including both memory transactions and memory mainte­
nance operations. The host maintains a local L2P translation 20 

table so as to access files which can be fragmented in 
multiple memory locations and potentially multiple drives. 
The storage server also optionally employs policy-based 
space allocation, supporting data- and media-characteristic­
aware data placement across the entire storage aggregate 25 

171. The storage server communicates with the clients 155 
via a network adapter 181 and with the storage aggregate 
171 via a storage adapter 183 ( although it is also possible to 
have all communications performed via network adapter or 
otherwise remotely over a network such as a WAN or LAN). 30 

In some implementations, the client(s) can issue packets 
including file-based access protocols such as the Common 
Internet File System (CIFS) protocol or Network File Sys­
tem (NFS) protocol over TCP/IP when accessing informa­
tion in the form of files. In other implementations, the 35 

client(s) can issue packets including block-based access 
protocols such as the Small Computer Systems Interface 
(SCSI) protocol encapsulated over TCP (iSCSI) and SCSI 
encapsulated over FC (FCP) when accessing information in 
the form of LUN s or blocks. Also in some implementations, 40 

the storage adapter includes input/output (IO) interface 
circuitry that couples to SSDs (169 and 165) and HDD (167) 
over an IO interconnect arrangement, such as a conventional 
high-performance Fibre Channel serial link topology. 

within any given drive, e.g., SSD 163 might consist of 
multiple NAND flash chips, and the SSD controller 161 
could perform this same striping entirely between integrated 
circuits within SSD 163). 

Reflecting on the structures presented by FIGS. lA-1B, 
FIG. lA shows an embodiment where techniques described 
herein can be applied to a host, a memory controller, 
memory or any combination of these in a homogeneous or 
heterogeneous system; FIG. 1B shows an embodiment 
where techniques can be applied to in a host, a memory 
controller, memory or any combination of these in a het­
erogeneous memory system having multiple storage drives. 

FIG. 2A shows a flowchart 201 relating to some of the 
principles introduced above. In this embodiment, in order to 
track metrics (203) for respective data in memory, a host or 
memory controller stores or otherwise generates a value for 
specific data at the time that it stores or accesses data. In one 
embodiment, this metric represents age or a relative hot/cold 
or age value of the stored or accessed data. Many different 
types of metrics can be tracked or generated, depending on 
implementation. For example, in one embodiment, as noted 
earlier, a time stamp can be generated and stored for a 
particular unit of data or for a data file each time one or more 
values of that data is changed (e.g., per numeral 207); the 
older the time stamp, the older (and presumably less fre­
quently overwritten) the data. Other units of measure (be­
sides a time stamp) can also be used, for example a count, 
a month, a year, or some other arbitrary number or measure 
where varying values represent data age, data access fre­
quency, expected data or rewrite write frequency, perceived 
importance of the data to system operation, or some other 
metric. Tracked age information that is set or reset upon 
writing of data is referred to herein as "age-since write" and 
represents one form of hot/cold data (i.e., where hot versus 
cold data in such an embodiment represents hot versus cold 
write frequency). For example, the value for this metric can 

In one implementation, the storage server is configured to 45 

access NAND flash memory, such as in drive 163 using 
physical block addressing, and to account for NAND flash 
memory-based device wear-out, and to execute garbage 
collection with associated valid data migration to manage 
NAND flash P/E asymmetry and other NAND flash man- 50 

agement functions; this will be discussed further below, in 
connection with FIGS. 5A-10. The drive has a controller 
159, as mentioned, which tracks metadata for every host­
accessible memory write location, regardless of whether 
currently active or stale data is stored at the corresponding 
memory location or not. In one embodiment, the stored 
metadata includes wear information as referenced earlier. 
This is to say, assemblies 159 advantageously has a coop­
erative memory controller that stores state information and 
other metadata and makes this information available to the 
host upon request ( e.g., via command interchange) or auto­
matically upon certain predetermined conditions. The stor-

55 in one embodiment be reset when data is changed (i.e., as to 
its values) and, in another embodiment, it does not have to 
be reset when data is changed ( e.g., it can be defined as a 
time since corresponding data was originally written to 
memory, irrespective of value change). It is also possible to 

age server can manage wear distribution across multiple 
drives to help lessen wear to any one area of memory; for 
example, in the context of the wear-aware writes, the storage 
server can collect wear metrics for all flash memory man­
aged as well as for other types of nonvolatile memory, if 

60 generate and/or track multiple metrics; for example, an 
embodiment will be discussed below where both data age 
and a data read frequency ( expected or actual) are used to 
position data. As indicated in the FIG. by numeral 211, in 
one embodiment ( e.g., discussed below, the information can 

65 be as little as one bit, e.g., for a hot versus cold relative state, 
and this information can be dynamically generated). It is still 
further possible to use statistical parameters or heuristics, 
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per numeral 209. Note FIG. 2A indicates (205) that, in one 
optional embodiment, such metrics are tracked and stored in 
a management table for memory; such a table can be used to 
track data at a variety of different levels, for example, it is 
theoretically possible to track such a metric per-byte, 
although in a typical memory system, this small of a 
granularity would impose excessive overhead, and it will 
generally be more advantageous to track such a parameter 
by file, by logical or physical address of a chunk of data ( or 
memory cells), or at another level of granularity. In one 
embodiment, such a metric is tracked at a granularity level 
equivalent to each writeable unit for NAND flash memory; 
thus, in such an embodiment, an age metric might be 
maintained for every "64 k" page of memory cells even if 
the memory system in question included DRAM in which 
data could be stored individually as smaller units of data. 
Such metrics can also be optionally stored at multiple data 
unit granularities for different memory tiers within a com­
mon system, e.g., for each physical page of flash memory 
and for each sector of a HDD. Note that if granularity level 
encompasses multiple sets of unrelated data (e.g., consoli­
dated through garbage collection), that the value of the 
desired metric can be computed in a number of different 
ways. In one implementation, age-since-write adopted for 
consolidated data in a physical storage unit can be the set as 
the youngest age amongst the combined data. In another 
setting, a weighted average or an oldest age can be used. 
Clearly, many alternatives and permutations are possible. 

Thus, reflecting on the foregoing discussion, metrics can 
be generated for each item of data stored in a particular 
storage system or subsystem (215). In one embodiment, a 
value can be generated on the fly (e.g., at time of eviction 
from memory and used for an ensuing write operation) and 
in another embodiment, a value can be generated, stored, 
and updated over time, retained as metadata corresponding 
to read/write data stored at a respective location in memory. 
Such metrics can be generated and/or tracked at the file level 
(e.g., in connection with a file name), or for a given size of 
data, for example, every logical page of data or for a 
"chunk" of arbitrary size. Such age metrics can also be 
generated and/or tracked per writeable physical storage unit 
(213), e.g., with an age metric for example retained per 
physical page ofNAND flash storage regardless of whether 
currently valid data is stored there or not. If an age metric is 
tracked per-storage unit, techniques can be employed to 
identify a single age for unrelated data from different sources 
consolidated together at such a location, for example, based 

14 
example, bit error rate can be tracked per erase unit of 
nonvolatile memory and used to infer wear, e.g., with a unit 
that experiences high bit error rate being deemed "worn" 
and a unit that experiences low bit error rate being deemed 

5 relatively "virgin." Other factors such as temperature over 
time can also be tracked and used in a similar manner, e.g., 
with units subjected to a relatively high temperature over 
time being deemed "worn" and units subjected to a rela­
tively low temperature over time being deemed "virgin." 

10 Any combination of these or other factors can also be used 
as measures of wear. Note that, in one embodiment, wear 
data can be maintained for more than one memory tier (e.g., 
for each of multiple tiers of NV memory or for all memory 
in a purely solid state system). Again, many variations are 

15 possible. 
As indicated by numeral 223, the host and/or one or more 

memory controllers then match data to specific memory 
locations ( e.g., to a wear within or bands of memory in a 
memory tier or across tiers) using the generated metric for 

20 the specific data and using tracked wear metrics. This 
process has a number of variations. First, as alluded to 
earlier, these metrics can be applied for new write data ( or 
for data evicted from cache) to deem evicted data relatively 
"hot" or "young" and, so, write the data to a specific NV 

25 memory location having low wear. In a second example, 
introduced above, a similar process can also be used to evict 
data, for example, from a NV tier ( e.g., from a flash memory 
tier) for relocation into a HDD or other tier. In yet another 
example, these metrics can be used to perform wear leveling 

30 or to consolidate data during garbage collection within a 
single memory tier. Other memory management methods are 
also possible, for example, one embodiment categorizes age 
of data and/or memory wear characteristics into "bands" or 
"bins," as referenced, e.g., a flash memory tier can be 

35 arbitrarily segmented into four categories separated by 
respective wear ranges ( e.g., as established by comparison of 
wear counts for those locations with respective thresholds); 
data corresponding to a particular age category can then be 
matched to a wear category and stored in "any" memory 

40 location associated with the matching category band. Note 
that this example does not imply that the bands need to be 
of equal size or that a greater number of bands carmot be 
used. It is also possible to exactly match age to specific 
memory location wear of course, for example, by placing the 

45 oldest data (least frequently overwritten data) in the most 
worn memory location, and so forth. Other algorithms can 
also be used. 

on a weighted average, or adopting the oldest or youngest 
age, whichever is desired for the particular embodiment. As 
represented by numeral 205, whichever level metrics are 50 

tracked at, the metrics can optionally be stored in a man­
agement table (e.g., indexed by chunk, file, physical subdi­
vision or other unit). 

As indicated by numeral 224, data can be stored or 
remapped at certain trigger milestones or events. For 
example, one or more thresholds can be established and 
current conditions compared to such one or more thresholds 
to detect a condition; if such a condition is detected, action 
can be taken. At such time, both per-data metrics and wear 
data for nonvolatile memory can be employed to match the 
data to a location in memory. As examples: 

In order to match per-data metrics to an appropriate 
memory destination, the host and/or one or more memory 55 

controllers also track wear for at least one tier of NV 
memory. Thus, per numeral 217, as writes or erases occur for 
that tier of memory, the host and/or a memory controller 
updates stored and tracked wear data to signify that wear has 
increased with the latest write or erase operation. Per 60 

numeral 219, this wear data can be in the form of a count, 
e.g., a write count or an erase count; once again, this 
information can be stored in a management table. It is also 
possible to use other wear parameters per numeral 221 (i.e., 
other parameters that are associated with the lifecycle of the 65 

particular memory location and, thus, the reliability with 
which that particular memory location can retain data). For 

(a) A host or memory controller identifies specific data 
that is mismatched to a current memory location, given 
its wear characteristics, i.e., the specific particular data 
is not suited for the current memory location; such data 
can be evicted and moved to a different memory 
location (in the same tier of memory or a different tier 
of memory, whether managed by the same memory 
controller or a different memory controller); note that 
identification of mismatch can be triggered for different 
reasons, including an eviction protocol or the need to 
obtain free space in memory, for example, cache 
memory; 
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(b) A host or memory controller for other reasons com­
pares data from two different tiers of memory (i.e., 
where the data might ostensibly be already properly 
matched to storage location according to defined 
thresholds, see (a), above), but determines based on a 5 

comparison of the per-data metrics that a better solution 
would be to swap the data in question across bands or 
tiers of memory; to cite a simplified example, a first tier 
of memory might have wear tier matched to data 
having a value of a metric (e.g., age, hot cold status, 10 

etc.) less than a first threshold, and a second tier of 
memory might have wear best matched to data where 
the value of the metric greater than a second threshold 
( e.g., where each data could properly be stored in either 
location); in such a case, a host or memory controller 15 

could decide to swap otherwise suitable data to better 
align age the per-data metrics with wear traits for one 
or more memory locations; 

( c) A host or memory controller identifies the need for a 
garbage collection operation and determines it needs to 20 

consequently consolidate unrelated data from diverse 
locations to a new location within NV memory; for 
example, in the case of flash memory, a hypothetical 
situation could exist where all pages in an EU other 
than a single page have been released, and where the 25 

EU in question is therefore eligible for erase provided 
the valid page is relocated; in such a case, a memory 
controller or host examines a tracked metric for this 
valid page ("first data") and then "finds" additional 
(second) data in memory with a similar characteristic, 30 

and it consolidates this data into a new EU destination 

16 
controllers managing different memories; for example, a 
first memory controller can determine that it has data that is 
excessively old or young ( or otherwise is expected to have 
different persistence) and can send a notification of this fact 
to the host, which then reads the data in question out of such 
memory and writes this data to memory managed by a 
second memory controller. Such an operation can be initi­
ated by host query ( e.g., the host examines the need for data 
migration) or by a memory controller signal ( e.g., one of the 
memory controllers detects an event such as a specific wear 
differential, and requests host intervention). Whether per-
formed as part of a general system maintenance event or 
initiated by another condition, such triggers are generally 
encompassed by the milestones/events box 224 in FIG. 2A. 

As denoted by numeral 225, these techniques can also be 
practiced in connection with a new memory write (i.e., for 
new data or for data being relocated from elsewhere); a host 
or memory controller examines a per-data metric that 
accompanies a data write command or it generates and adds 
a value for such a metric dynamically ( e.g., it adds a "hot" 
value for data evicted from DRAM/cache under the pre-
sumption that such data has been updated more recently than 
data stored in NV memory, and is therefore presumed to be 
"hot" relative to data already stored in NV memory). Using 
such information, the data is targeted to a specific memory 
location dependent on age and wear of the specific memory 
location, e.g., less worn memory. In an alternate embodi­
ment, if a metric indicates that the data is older than a 
threshold or is expected to be especially persistent, a write 
of that data can be directed by a host to relatively worn 
memory ( e.g., NV memory or a specific tier of NV memory); 
as this reference implies, if there are many bands of wear 
ranges within a single tier of NV memory or multiple tiers 
of NV memory, data can be directed to each of these 

having wear matched to the characteristic in question; 
when this operation is complete, a form of wear lev­
eling will have been at least partially performed (by 
consolidating like data in a first operation, and then 
moving that data in a later section operation) as part of 
the garbage collection operation, thereby leading to 
more efficient memory utilization; and 

35 dependent on the per-data metric used by the specific 
implementation. 

( d) A host or a memory controller identifies the need for 
a wear leveling operation in NV memory; such an event 
for example could be triggered by wear to one location 

Finally, per numeral 227, these techniques can be prac­
ticed on another, intermittent basis, for example, with every 
passage of a period ( e.g., a day, week, each power up), or at 

40 the same time as another system maintenance operation 
( e.g., the host or a memory controller examines per-data 
metrics for a set of data in connection with a defragmenta­
tion, erase, wear leveling or garbage collection operation 

in the NV memory that is significantly larger than 
another location in the NV memory (e.g., where dis­
parity is greater than a threshold); the host identifies 
tracked metrics with respect to multiple sets of data, for 45 

example, an age-since-write ( or some other measure of 
expected rewrite frequency or data persistence); the 
host relocates more resilient data to more worn memory 
locations and data expected to be of limited resilience 

affecting the same memory IC or memory tier). 
FIG. 2B shows a flow chart 241 relating to another 

embodiment of a method of operation. An event 243 occurs, 
identifying a need for a data migration operation; such a 
need can be identified by either a host or a memory con­
troller depending on embodiment. Per numeral 245, the host 

(or to be overwritten more frequently) to less worn 
memory locations; note that in such an example, the 
host or memory controller typically need only process 
the extremes, i.e., very worn or unworn memory loca­
tions (relative to other memory locations) and very old 

50 or memory controller as appropriate selects source data that 
is to be relocated and any pertinent destination address 
ranges. A command to move data is then generated; note that 
such command can in fact be a series of commands. For 

or young data relative to other data stored in NV 55 

example, in one embodiment, a host commands a memory 
controller to transfer read data to the host, the host then 
writes this retrieved data by command to a memory con-memory. 

These use models are non-limiting examples only. 
Note that these various techniques, depending on embodi­

ment, can be practiced for memory managed by a single 
memory controller (e.g., by a flash memory controller man­
aging single flash memory chip or IC), with management of 
migration processes being employed by either the host or the 
memory controller or both. For example, a single memory 
controller can perform wear leveling and, in so doing, assign 
data with low (young) age to less worn memory ( or it can 
assign data with high or old age to more worn memory). 
These techniques can also be practiced across memory 

troller using an address selected by the host, and the host 
then commands the erase of released space; the write can be 
issued to the same or a different memory controller, and the 

60 address specified for the write (and the erase) can be a 
logical address or a physical address depending on embodi­
ment (i.e., even for NV memory such as flash memory using 
the "cooperative" schemes discussed earlier). In another 
embodiment, these commands can be performed entirely 

65 within a single memory controller ( or practiced by cooper­
ating memory controllers, i.e., multiple controllers, without 
host intervention). Per numeral 247, a decision then occurs 
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as to whether the condition necessitating migration has been 
satisfied; for example, if the trigger was a garbage collection 
operation needed to ensure at least X free pages of memory 
(i.e., assignable for new, ensuing writes), then this decision 
would determine whether sufficient memory had been 5 

released and, if not, the process would loop and continue. If 
the condition is resolved, then the process terminates (251). 

(e.g., for flash memory) will be further discussed below. 
Note that in connection with such a system, host commands, 
even those addressed to flash memory ( or other NV 
memory) can directly specify physical address. 

Per numeral 275, the host optionally compares age met-
rics from data from two tiers; as an example, the host can for 
a given tier identify the oldest data or most persistent data 
present in that tier, and then for the immediately ensuing tier 
(representing memory more susceptive to wear), can iden-

FIG. 2B presents an embodiment where multiple different 
sets of metrics are used to manage migration operations. 
First, numeral 253 refers to "host hot/cold data" as an 
example of a per-data metric tracked by the host. For 
example, in one embodiment, the host can track information 
on a per-file basis for data stored in memory representing 
expected data persistence; this information can be inferred 
using a heuristics approach as introduced earlier. Second, 
numeral 255 refers to data tracked by a NV memory 
controller; as indicated by the FIG., in this example, the 
memory controller stores information including a list of 
most-worn physical addresses, a list of least-worn physical 
addresses, a list of "hottest" data addresses and a list of 
"coldest" addresses (the latter two tracked by either physical 
or logical address, depending on embodiment). While in 
some embodiments, hot/cold data refers to write frequency 
( or expected data persistence), in a contemplated variation 
represented by this FIG., the hot/cold indication represents 
read frequency. For example, it was earlier referenced that at 
a system ( or at a drive level), a memory controller managing 
multiple memory devices advantageously stripes data 
according to read frequency across each memory device to 
balance command traffic; FIG. 2B indicates that this can be 
done also using read frequency information stored by a 
memory controller (NV or otherwise), through the use of 
locally-maintained metadata and memory controller logic 
that permits the ranking of data according to read frequency. 
At the memory controller level in the depicted embodiment, 
this function is secondary to wear leveling, i.e., data is 
migrated within a single memory device if possible, and is 
migrated to a different memory device only if relative read 
frequencies indicate that one memory device or IC experi­
ences disproportionately high or low traffic. These same 
techniques can optionally be used by a host as a factor in 
balancing traffic amongst multiple memory controllers or 
tiers. 

FIG. 2C provides a flow chart 261 showing another 
embodiment of a data migration method. More specifically, 
as denoted by process box 263, the data is moved upward or 
downward within memory, i.e., within a tier or across tiers 
(e.g., to match data to a specific wear characteristics, or to 
evict data from a location based on a specific wear charac­
teristics). "Upward" versus "downward" in this context 
refers to a hot/cold or persistence characteristic of respective 
data, age, or a similar metric. The migration can be based on 

10 tify the youngest data in that tier, swapping the two as 
necessary. This task can be repeated until data age is 
well-matched to memory wear characteristics; hysteresis 
can also be applied, e.g., because memory swapping will 
also increase potentially increase wear of lifecycle-sensitive 

15 memory, the host can optionally limit swapping across tiers 
to situations where mismatch is significant (e.g., as deter­
mined by comparing age metric differences or wear differ­
ences to one or more thresholds). 

Numeral 277 indicates processes performed for NV 
20 memory, tier n. First, data can be separated into an arbitrary 

number of bands or categories, for example, according to 
relative age, hot/cold status, expected persistence or other 
per-data metrics (279); again, this can consist of a multi-bit 
field or a single bit field (e.g., "hot" versus "cold"). If 

25 memory consists only of flash memory or other NV memory, 
typically there will be at least two such categories (relatively 
new data and relatively old or persistent data). Per numeral 
281, the host or memory controller then retrieves wear data 
for storage blocks used for the data in question or corre-

30 sponding to a possible or expected destination. The host or 
memory controller then optionally matches this metric for 
specific data to wear (283) and (as appropriate) determines 
if any data is stored in the wrong location (285), i.e., not 
matching a category or band. If data is deemed to be in the 

35 wrong location, a migration operation (287) can then be 
initiated, either by a memory controller or by a host com­
mand to one or more memory controllers as has previously 
been described. Note that as indicated by process 284, this 
determination can be performed as part of a data consoli-

40 dation (e.g., a garbage collection) operation. For example, a 
host can read data from one memory, erase any freed 
memory location as appropriate, and can write the retrieved 
read data (e.g., with additional, like-age data) into a new 
memory location; it is also possible for a host to issue a 

45 delegated migration operation, in which a first memory 
controller performs all actions directly, on a delegated basis 
(including data identification and/or space assignment), or in 
a manner in which it sends data directly to a second memory 
controller for writing to memory. As indicated by optional 

50 block 289, the host can take other, related actions such as 
continuing or otherwise performing general wear leveling if 
wear variance within a particular tier still exceeds a thresh­
old. a tracked wear characteristic, e.g., either degradation of a 

source of data to be migrated or degradation of a possible 
destination location. For example, one implementation 55 

could hypothetically search for data to be moved to a 
specific location in under-occupied NV memory. Such 
action can be taken upon detecting a trigger condition 271 
(e.g., such as upon receiving an alert from a memory 
controller or in connection with a memory maintenance 60 

operation in some tier of memory). In such an embodiment, 

It was earlier mentioned that in one embodiment, a host 
can store tracked values for respective data, for example, 
age, hot/cold status, expected persistence, or some other 
metric. FIG. 3A shows an exemplary host table 301 used to 
store metrics by file. As seen in this FIG., the host maintains 
a virtual address table which it uses to find addresses in 
memory. The host performs this task by translating a virtual 
address, for example, specified by an operating system or 
software application, into a logical address, which it then 
uses to access a particular memory tier or device. Note that 
each entry, such as virtual address 1 (e.g., "VA-1") can relate 

the host optionally performs all logical-to-physical ("L2P") 
address translation (265); as noted earlier, this activity is 
facilitated by optional use of at least one cooperative 
memory controller (267), which can provide status infor- 65 

mation to a host and other metadata with at most limited 
address translation overhead. Such a memory controller 

to any file component, for example, the beginning of a file, 
or a part of a file, such as an index of file components, 
organizational information, header information, compres-
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sion information, operands or other parameters, or any other 
desired file element. A single file (from a software applica­
tion standpoint) might thus have several constituent ele­
ments, stored in contiguous or disparate address space. The 
host table 301 permits the host to locate the place where any 5 

given element is stored, and so to access the pertinent 
storage drive or other storage location. In this example, for 
any given virtual address table entry, the host is seen to store 
at least one metric ("metric" in the FIG.), which for example 
can be any of the values introduced earlier. For example, in 10 

connection with FIG. 3A, it can be assumed that the host 
utilizes a software application to estimate expected persis­
tence of each file element. Many different factors can be 
looked at to determine this information, including the afore­
mentioned example of a user rating for data in question, or 15 

last file access, or the frequency with which a related 
program (e.g., a music player) is called. There are a wide 
variety of different circumstances and other heuristics that 
can be examined for the purpose of analyzing expected 
utility of the file, component, parameter or other operand; 20 

many possibilities will occur to those skilled in the art, 
dependent on desired application. 

As noted earlier in connection with FIG. 2B, in one 
embodiment, such host-generated information can be used 
together with other metrics tracked by the host or one or 25 

more memory controllers. FIG. 3B is used to give an 
example format for the tracking of these latter metrics; note 
that these latter metrics are optionally used without the table 
exemplified by FIG. 3A. 

More specifically, FIG. 3B shows an embodiment 321 that 30 

manages data and/or memory according to the principles 
introduced above. This system is seen to reference a host and 
one or more memory controllers, collectively designated by 
box 323, one or more tables 325 that track per-data metrics 
representing a large pool of data (i.e., data that can be stored 35 

in different memory locations) and one or more tables 327 
that tracks per-location wear for at least one tier of NV 
memory. FIG. 3B shows a table for each tier of memory 
(e.g., volatile, NV, etc.), but note again that this implemen­
tation is optional, i.e., embodiment disclosed herein include 40 

use models where data management is performed for a 
single memory tier tracked for wear irrespective of the 
presence of one or more other memory tiers. Note also that 
as used herein, a "table" can include situations where data is 
stored as an integral block of indexed entries, as well as 45 

where data is stored in respective buffers or dissimilar 
locations, as long as respective parameters can be accessed 
by the host or a memory controller ( as appropriate). The left 
side of FIG. 3B (i.e., box 325) represents that, in one 
embodiment, per-data metrics are tracked for all data stored 50 

in memory irrespective of tier. In connection with data 
migration techniques presented by this disclosure, there is at 
least one tier of NV memory and all other tiers (such volatile 
memory are optional), i.e., i tables represents i possible 
different tiers of NV memory, and j represents j possible tiers 55 

of volatile memory, where i+k is ;;el and i is ;;el. Although 
these tables are depicted as separate ( e.g., maintained by a 
host for each tier of memory or by a respective memory 
controller), they can be combined into one large table (e.g., 
maintained by the host) and any given table can represent 60 

multiple different tiers of memory. These options are all 
represented by box 325. The right side of FIG. 3B (i.e., box 
327) represents the general case where wear is tracked for 
each of j different tiers of NV memory, but again, tracking 
of wear for any tier more than one is optional; because there 65 

are i tiers of NV memory, there can be up to i tables 
maintained by a memory controller respective to each tier. 

20 
Again, these tables can be combined into one large table 
(e.g., maintained by the host), and they can even be com­
bined with the tables in box 325; for example, FIG. 3B also 
denotes a case where a host maintains one large table that for 
every host-accessible physical address stores metadata 
including age/persistence/hot-cold/or other metadata for 
valid data stored in a corresponding physical address loca­
tion, and wear data for the corresponding physical address 
location irrespective of whether any valid data is stored 
there. 

Note that the box 327 indicates that a "count" can be 
stored for each erase unit ("EU") of memory. In fact, wear 
can be tracked with other forms of metric than an erase 
count; any suitable metric can be tracked and used, as long 
as it represents a relative measure of lifecycle wear, degra­
dation, expected lifetime, durability or a similar character­
istic for the particular form of memory. Also, as noted, in a 
typical implementation, wear data tracked for a tier is 
tracked for each physical unit of memory that is available for 
storage of host data (i.e., each host accessible location) 
regardless of whether valid data is currently stored in such 
unit or not, i.e., an erased unit of NV memory for which wear 
is tracked typically will have a wear count ( or other wear 
metric) associated with it; as referenced by numeral 259, 
per-data metrics can also optionally be tracked by physical 
address locations, e.g., with per-data metrics being retained 
for valid memory pages (i.e., in-use) as well as for stale data 
( corresponding to released pages in NV memory such as 
flash memory, where such stale data and associated metrics 
have not yet been overwritten). 

In the embodiment represented by FIG. 3B, box 323 
denotes that the tables referenced by boxes 325/327 can be 
made available to, and be used by, the host, a memory 
controller, a set of memory controllers, or any combination 
of the foregoing. For example, in one embodiment, such 
tables are tracked exclusively by the host. In a second 
embodiment, age tables are tracked by the host while wear 
is tracked by a memory controller that manages a specific 
NV memory tier, with wear data for specific memory 
locations made available to the host (i.e., upon host query for 
status of a particular memory location or when a prearranged 
condition is satisfied in connection with a memory com­
mand), or with addresses being presented to the host (e.g., 
where the host queries for memory locations matching a 
specific wear condition or when a prearranged condition is 
satisfied). In another embodiment, each memory controller 
tracks a per-data metric for all valid data stored in locations 
managed by that controller, and at least one memory con­
troller managing a NV memory tier stores wear per host­
accessible storage location for that tier. Per-data metrics can 
(again) be optionally stored and indexed by either logical 
address or physical address, depending on embodiment, as 
indicated. For example, in one embodiment, the host 
accesses memory by logical address, with certain memory 
controllers performing address translation (for example, as 
is common for flash memory controllers), and per-data 
metrics are tracked by either the host or the memory 
controller in connection with the logical address. In another 
embodiment, however, per-data metrics are tracked by 
physical address by either the host or memory controller, 
i.e., with per-data metrics kept as metadata associated with 
a physical unit of memory cells, and thus being linked to 
whatever data is currently stored in that location ( or which 
was most recently stored in that location). One embodiment, 
disclosed below and by one or more of the aforementioned 
patent applications incorporated by reference, provides for a 
cooperative memory controller that performs either no 
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address translation or limited (i.e., block address) transla­
tion, and provides host visibility into memory state as a 
function of physical address. In such an embodiment, the 
host can address data to NV memory ( e.g., to flash memory) 
using physical address, with at best, erase block level 
reassignment ( assuming the memory controller performs 
bad block management); either the host or the pertinent 
memory controller can track per-data metrics using the 
imputed or actual physical address. A cooperative memory 
controller architecture, especially useful for such an imple­
mentation, will be discussed further below in association 
with FIGS. 5A-10. 

FIGS. 4A-4C are used to introduce yet additional embodi­
ments of data migration techniques. In connection with these 
FIGS., it should be assumed that there is a host, one or more 
memory controllers, and at least one tier of volatile memory 
( e.g., DRAM) and at least one tier of NV memory ( e.g., flash 
memory), with other tiers optionally being present. More 
specifically, FIGS. 4A-4C help exemplify one possible 
embodiment where (a) a third, HDD tier is also present, and 
(b) the DRAM tier is used at least in part as an active cache 
memory, with writes being performed to the flash memory 
tier (the SSD) or the HDD only when data must be evicted. 
That is to say, the host retrieves data from SSD/HDD 
memory to service data requests from a client and as it 
retrieves that data, it stores the data for short term use in 
fulfilling other client requests. The "client" in this context 
can be a resident software application or operating system, 
or in an attached storage context ( or the context of a server, 
data center or other type of system) it represents a request 
from a remote system. As more and more requests are 
serviced by the host, and more and more data is pulled into 
DRAM, the host runs out of DRAM space, and thus must 
write less-needed data back to a SSD or HDD. FIGS. 4A-4C 
presents a series of illustrative methods that can be applied 
to manage data flow in such a system. 

FIG. 4Agenerally shows a tier eviction process, discussed 
in the context of a memory system 401 having a tier for 
DRAM (403), a cooperative SSD (405), and a HDD (407). 
Generally, a host will try to maintain a set of free buffers or 
memory space in each tier, and there are multiple methods 
with which to maintain this space. FIG. 4A shows an 
example where available space less than a set threshold will 
trigger an eviction from a tier or space reclamation process 
within a device. 

Given this architecture, when a new write request 409 is 
sent to a memory controller for the DRAM tier ( 403), it will 
be written into a suitably sized memory space (a) within a 
free area of the DRAM tier. Available space is monitored by 
the host or memory controller which detects that the set 
threshold requirement has now been violated. An ensuing 
eviction process is then invoked ( e.g., by the host or a 
memory controller, depending on embodiment) to locate the 
coldest item of data to evict to the cooperative SSD (405). 
The coldest data to be evicted in the DRAM tier is located 
in memory space (b ); however, this data will be, on a relative 
basis, the hottest piece of data once written into the Coop­
erative SSD (i.e., via flow 411). [Note that in this case, the 
"per-data" metric can simply be, as alluded to earlier, a 
single bit of information indicating that the write arriving at 
the cooperative SSD (i.e., via flow 411) is cache-evicted; in 
other embodiments, this per-data metric can be tracked and 
stored, as indicated elsewhere, for example, by the host or 

22 
performed by the memory controller, depending on embodi­
ment). This can be identified as memory space (c), for 
example, by the SSD memory controller as indicated by flow 
arrow 413. Alternately, the host can select free portions of 

5 already allocated EU s to consolidate the new hot data with 
existing data having a similar, tracked, per-data metric; this 
data flow is represented by numeral 415. [Note that such 
consolidation can optionally be performed just dependent on 
per-age metrics, e.g., the like-aged or like read frequency 

10 data may then later be re-matched to an EU having selected 
wear characteristics at a later time, via other processes.] 

In the depicted system, the same or similar techniques can 
be used to evict data from the cooperative SSD. For 
example, if a set threshold of free space for the cooperative 

15 SSD is violated, the cooperative SSD can alert the host, 
which then selects the coldest data from the cooperative 
SSD (e.g., from memory space (d)) to evict from the SSD 
and to write into HDD. Note that different eviction processes 
can be performed depending on embodiment; for example, 

20 instead of evicting the "coldest" data from the SSD, the host 
can select data where access latency is least important or 
where read frequency is lowest. Other variations are also 
possible. 

FIG. 4B shows several exemplary processes associated 
25 with tier migration or single tier management, i.e., in flow 

diagram 451. 
When a client ( 453) requests of a data item from memory 

space (w), the host may determine that data is stored on the 
cooperative SSD (403), and read it into DRAM (405) at 

30 memory space (x), (per flow 455). This data will ultimately 
be provided to the client by process 457. At the time the data 
is written into DRAM, the data is "hot" from the standpoint 
of read frequency, but of course, the data may still be 
persistent and suitable for storage in the SSD. However, 

35 since the data in question is at least temporarily held DRAM, 
this "second copy" provides an opportunity for the host 
and/or the cooperative SSD to perform optional manage­
ment affecting memory space (w), since this will not affect 
coincident reads or writes which can be serviced using 

40 memory space (x) as an operand. 
A number of different processes can be performed. 
For example, in one embodiment, the host (or SSD 

controller) can use this redundancy to perform migration or 
space consolidation operations affecting the redundant data. 

45 That is, based upon data from the cooperative SSD, the host 
can migrate data from memory space (w) to consolidate it 
with other data of like activity (hot/cold), e.g., in a partially 
available EU corresponding to memory space (y) or can 
move the data off to a memory space (z) selected from 

50 available (free) memory space in the SSD, matching that 
data with a unallocated EU of appropriate wear; these 
operations can also be combined. The tracked wear and 
per-data metrics, e.g., stored by the cooperative SSD con­
troller as referenced by flows 459, 461 and 463 can be used 

55 for these processes. Note that, as with other processes 
discussed here, the host can also migrate metadata as appro­
priate for relocated data, for example, by swapping metadata 
pointers (e.g., the only the references are moved, not the 
metadata), or by moving table entries, such that per-data 

60 metrics follow the associated data; in one embodiment, this 
is performed using a copy operation that leaves old per-data 
metrics in place (which is thus rewritten when new data and 
associated metadata are committed to the particular page/EU 

the DRAM controller, via a management table, as discussed 
earlier.] The host then can select or designate to the memory 65 

controller for the cooperative SSD a least worn unit for 
writing of data ( or alternatively, this can be transparently 

location). 
As noted earlier, in some embodiments, as referenced 

earlier, wear leveling can be performed, with hold/cold ( or 
old/young, or persistent/temporary) data being re-matched 
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to other memory locations. While not necessarily associated 
with a host read of data, such operation is also exemplified 
with reference to FIG. 4B. For example, the cooperative 
SSD can identify that data at memory space (w) would be 
better consolidated in memory space (y) with existing data, 5 

or re-matched to a new, available EU, at memory space (z). 
This determination could be based on supplied wear data for 
any of memory spaces (w), (y) or (z), or all of them. The 
cooperative controller in one embodiment can perform this 
process for each of multiple data items, by comparing 10 

per-data metrics and source and/or would-be destination 
wear data with thresholds or with similar metrics for other 
data, and shuffling data storage locations. In one embodi­
ment, the cooperative controller identifies "bands" of stor­

24 
arriving host write requests or another condition arises), or 
to service host queries for status information about any 
particular host-accessible memory location. This is to say, as 
will be shown below, in one embodiment, a cooperative 
memory controller includes various logic elements (e.g., 
circuitry or hardware logic, and/or instructional logic) that 
permit the memory controller to operate in various different 
modes and service host queries for various types of infor­
mation. Such a memory controller can be operated in a 
synchronous mode (i.e., it services host queries on demand) 
or an asynchronous mode (i.e., the host programs a state 
where the memory controller alerts the host only when a 
condition programmed into the memory controller by the 
host is reached). The information responsively provided to 

15 the host can be the stored metadata or status information age locations according to wear, as indicated, such that 
different data can be moved to any of a number of available 
storage locations (already partially occupied or completely 
free) depending on whether per-data metrics match a par­
ticular wear "band." It might be determined for example, 
that data form memory space (w) can be consolidated into 20 

memory space (y) with other data having similar per-data 
metrics, while memory space (z) is reserved for other data 
having different per-data metrics. Many variations are 
clearly possible. 

itself, or the result of processing or filtering performed by 
the memory controller based on that information ( e.g., a list 
of addresses or a single address meeting a host-specified 
condition). Note that the information provided responsive to 
host query differs from stored write data, i.e., it represents 
status of the memory cells themselves (irrespective of any 

FIG. 4C presents a flow diagram 471 associated with 25 

some of the processes just referenced. As depicted, when 
data is evicted from cache, or when the SSD is to be 
processed for space reclamation ( or e.g., to perform wear 
leveling), the host reads the data in question along with 
associated per data metrics (and generates this information 30 

on the fly, as appropriate to the embodiment, per numeral 
475). The host determines possible destinations for the 
retrieved data, and considers wear data from the cooperative 
controller, per numeral 477. The host then selects a desti­
nation, writes data to the selected destination, and updates 35 

stored metadata, as appropriate (per numeral 479). Finally, 

specific bit values stored in the host-accessible memory 
location) or information regarding tracked metrics for the 
data stored in the location (e.g., such as hot-cold status, also 
irrespective of the particular stored data bit values). Once in 
receipt of the information stored by or tracked by the 
cooperative memory controller, the host then can electively 
take or schedule action in dependence on that data (e.g., such 
as commanding migration operations, as introduced earlier). 

The stored information maintained by such a memory 
controller can include one or more fields of metadata rep­
resenting each erase unit (EU) or physical page of a flash 
memory. Examples of data that a memory controller could 
provide to the host responsive to this data include (i) extent 
to which a set of constituent pages of a particular EU have 
been released, (ii) a list of unerased EU s in order of amount 

the host issues an erase command (481) and terminates the 
process ( 483). 

The above-mentioned embodiments are intended to be 
illustrative rather than limiting, and not doubt other use 40 

models and applications will readily occur to those skilled in 

of stale space ( e.g., candidates for space consolidation), (iii) 
data representing frequency of individual page or EU usage, 
and (iv) the metadata referenced earlier; naturally, these 
examples are non-limiting. Note that a host within this 
context can be any integrated circuit or other apparatus ( e.g., 

the art. 
The description below introduces specific techniques for 

cooperative interaction between a NV memory controller 
and host. Note that in a heterogeneous system, these tech­
niques can be employed by a single memory controller ( e.g., 
to interact with the host in a marmer that streamlines host 
interaction with other memory controllers or tiers of 
memory). These techniques represent one, optional memory 
controller design, and are not required to implement the data 
management or migration techniques referred to above. 
Generally speaking, a cooperative memory controller for 
NV memory stores information specific to each of plural 
subdivisions of memory, and makes data based on that 
stored information accessible to the host to assist with host 
management of memory, as needed. The host can use this 
supplied information to manage operations with memory, so 
that memory controller functions can be selectively com­
manded by the host in a marmer that does not collide with 
host data read or write requests. 

For example, a cooperative memory controller can store 
a table with information or metadata for each host-accessible 
logical unit or physical unit sparming the entire memory 
managed by that controller. This metadata ( exemplified 
below with reference to FIG. 9) can be used to send alerts 
to the host (for example, when the memory controller has 
run out of previously-erased space to assign to newly 

such as virtual or actual machine) that transmits a request to 
the memory controller for some type of processing or 
response. In one embodiment, the memory controller has 

45 interface logic that permits a host to request any of these 
pieces of information by issuing respective commands. To 
provide an example of an action a host could take based on 
this exemplary information, in one embodiment, a host 
armed with this information can issue an erase command 

50 directly addressed to a specific EU of memory (i.e., where 
the erase command specifies not a logical location that will 
be translated by the memory controller into a true location, 
but rather directly specifies the physical memory unit to be 
erased). Similar examples exist for data migration, garbage 

55 collection, space reclamation, wear leveling and other 
memory management functions. 

Note also that that this infrastructure can be employed to 
substantially eliminate the need for a flash memory control­
ler to implement a flash translation layer (FTL). That is, a 

60 flash memory controller can maintain per-subdivision data, 
which is accessible to the host ( e.g., retrievable by, or against 
which the host can issue function calls or queried). The host 
uses this information to issue new write commands that are 
targeted to specific physical locations in flash memory, thus 

65 substantially avoiding the need for translation at a memory 
controller, and reducing the likelihood of uneven wear. In 
addition, the host receives alerts, and issues queries as 
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necessary, to ensure that it is generally apprised of events 
that signify the presence of excessive wear, excessively cold 
data, excessive "released" space and low available memory 
space and so forth. This information is then advantageously 
used in host-dictated scheduling of maintenance operations 5 

in flash memory, such that those operations do not interfere 
with writes and reads needed by the host. To provide one 
optional implementation illustration, in a storage aggregate 
having multiple storage drives, maintenance operations can 

26 
directly addresses specific storage units in memory. In this 
manner, a memory controller (e.g., a flash memory control­
ler) does not need to perform local address translation that 
might add latency in responding to host commands. 

While the described cooperative structure is exemplified 
here with respect to a flash memory controller ( e.g., the SSD 
controller 161 from FIG. 1B), these techniques can generally 
be extended to other memory controllers for respective 
memory tiers as appropriate; for example, a similar control-

be scheduled by the host for a first drive (and delegated to 
a memory controller for that drive) while the host is occu­
pied with transactions directed to a second drive, i.e., the 
maintenance for one drive is "stacked" behind operations in 
another. 

10 !er structure (e.g., with support for program-erase asymme­
try) can be applied for a shingle-drive storage format, or 
other form of NV storage tier. It is even possible to apply 
some of these teachings to some of the volatile memory 
forms discussed earlier. 

Note that as stated, this infrastructure can "substantially" 15 

eliminate the need for an FTL on a flash memory controller; 
in one embodiment, a memory controller attempts to write 
data, detects a failed write attempt (for example, using a 
maximum number of "PV cycles" introduced previously), 
and transparently redirects the write to a new memory 20 

location. In such an optional implementation, the coopera­
tive memory controller "moves" the entire EU at issue, 
preserving page distinctions, to a new EU, and marks the 
block in question as bad; in the metadata storage areas for 
the bad block in question, the cooperative controller stores 25 

redirect information identifying the new unit. Thus, when a 
host read request comes in for data that was moved, the 
cooperative memory controller need only identify the new 
EU where the data is located and perform a limited redirect 
(i.e., at the same page or other address offset). As wear 30 

leveling is performed over time, or as other status updates 
occur, the host is informed of the failed block identity, and 
thus bad blocks are effectively ignored by the system, with 
garbage collection, defragmentation, wear leveling and 
other processes effectively leaving bad blocks behind in 35 

favor of migration to physical address used for all purposes. 
Employed in the context of flash memory, these tech­

niques can help reduce flash control bandwidth competition 
with host-initiated reads and writes and can help minimize 
write amplification. These techniques, in turn, can help 40 

substantially eliminate the need for an FTL as convention­
ally used, which leads to further efficiencies. By redefining 
host and/or controller responsibilities, host-controller man­
agement features duplication and associated disadvantages 
can also be avoided, leading to a simpler and less expensive 45 

memory controller design. 
For example, these techniques facilitate better pipelining 

As noted above, a cooperative memory controller can 
tracked many different kinds of metadata per host-accessible 
storage location; without limitation, this information can 
optionally include one or more of: 

whether the respective subdivision has been marked as 
bad; 

whether a memory operation is currently in progress in 
the respective subdivision; 

number of erase operations performed on the respective 
subdivision; 

a period since data was last programmed within the 
respective subdivision; 

number of reads to memory within the respective subdi­
vision since last erase; 

a logical address for data stored in the respective subdi­
vision; 

a number of pages released within the respective subdi­
vision; 

a number of pages used within the respective subdivision; 
information representing page usage for all pages within 

the respective subdivision; 
whether the respective subdivision has been programmed 

out of order relative to others of the plural subdivisions; 
or 

whether the respective subdivision has been assigned to 
defect management. 

Other types of information can also be stored by a 
memory controller, for example, data age, hot/cold status, 
information regarding data persistence, or other forms of 
metadata. 

In one contemplated implementation, i.e., for a SSD drive 
having NAND flash memory as referenced, each subdivision 
is an EU or page ofNAND flash memory, and a NAND flash 
memory controller can provide a map to the host indicating 
relative information (e.g., page utilization) for all subdivi-

of commands in flash memory systems. In an implementa­
tion where there is no FTL table that must be loaded into a 
flash memory controller, and no associated search tree, flash 
memory is capable of servicing host read requests more 
quickly. The reduction of write amplification and controller­
initiated erase, wear leveling and garbage collection opera­
tions reduces unintended competition with host-initiated 
commands, i.e., the host is far less likely to find flash 
memory "busy" when it seeks to have a command filled, 
because the host is vested with scheduling of the potentially 
competing functions. In tum, the better pipelining permits a 
host to more easily interact with a storage aggregate having 
one or more discrete flash drives, optionally including other 
types of storage drives (i.e., mixed or non-homogeneous 
memory). 

50 sions of the specific drive or a storage volume spanning 
multiple drives. Alternatively, the flash memory controller 
can provide filtered or derived information based on such a 
map to the host, for example, a listing ofEUs best suited for 
space consolidation based on some threshold applied by the 

The described cooperative infrastructure also facilitates a 
condition where the host performs all (or at least a substan­
tial part of) logical to physical (L2P) address translation. The 
host stores a L2P translation table; when the host has a need 
to issue a command to memory, it performs translation and 

55 flash memory controller. Such a threshold can be defined as 
a default and/or can be dynamically programmed by the host 
( e.g., by asynchronous command). 

FIG. SA illustrates a first embodiment of a storage system 
501 having such a memory controller 503, a host 505 and 

60 memory 507. In the illustrated embodiment, the memory 
controller is structured to cooperate with the host 505 in the 
control of the memory 507. The memory controller 503 has 
at least one first interface 509 to exchange commands and 
data with the host. Although two such interfaces and corre-

65 sponding transmission paths are seen in FIG. SA, these 
interfaces may be combined ( e.g., with communications 
occurring via a packet-based transmission scheme). The 
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commands generally relate to operations in memory such as 
read and write operations, although commands can also be 
directed to the memory controller 503 to assist in memory 
functions. In one embodiment, the commands and signaling 
protocol are compatible with one or more standards, for 5 

example, with Non-Volatile Memory Express (NVMe) or 

system or a storage system adapted for connection with 
another digital system (e.g., via a USB, PCie, SATA, Eth­
ernet or other standard signaling protocol). Finally, as rep-
resented by reference numeral 527, cooperative manage­
ment functions can be embodied as instructions stored on 
non-transitory machine readable media, for example, for use 
in controlling a host processor, memory controller or other 
circuit. That is, software or firmware can be used to control 
actions of a host, memory controller or other circuits. 

FIG. 5B shows a solid-state drive (SSD) having a memory 
controller 550 and NAND flash memory comprising one or 
more NAND flash memory devices 557. The flash memory 
controller 550 includes storage to store information for each 
subdivision of memory as referenced above, as well as logic 
that services host commands relating to that information. 
The logic is partially in the form of an embedded processor 
552, which receives commands from the host and fulfills 
those commands under the auspices of firmware. This logic 
and firmware will be further exemplified below, but for 

the Small Computer System Interface (SCSI) (in the case of 
commands) and Peripheral Component Interconnect 
Express (PCie) or Serial-Attached SCSI/Serial ATA (SAS/ 
SATA) (in the case of signaling formats). The memory 507 10 

generally has an array of memory cells and array control 
circuitry that may support one or more planes or banks 
depending on design. The memory core in tum has one or 
more subdivisions of memory cells for which subdivision­
specific usage data will be tracked by the memory controller 15 

503. In embodiments where the memory is flash memory 
and the memory controller a flash memory controller, each 
subdivision can include one or more erase blocks or units 
(EU s ), with each EU having a minimum number of memory 
cells that must be erased at once. 20 purposes of FIG. 5B, it is noted that this logic relies on 

internal memory 553 including volatile storage (e.g., 
DRAM, or another very low-latency storage technology, for 
example, using a double-data rate or "DDR" signaling 
scheme) and nonvolatile storage ( e.g., internal flash memory 

The memory controller tracks subdivision-specific-usage 
data using internal storage 511. In one embodiment, this 
storage can be volatile memory such as synchronous random 
access memory (SRAM); in another embodiment, this stor­
age can be non-volatile memory, for example an internal 
flash array. As denoted by reference numeral 513, the storage 
retains information for each subdivision of the memory 
governed by the memory controller, in this case, for a 
physical subdivision of the memory 507. In embodiments 
where the memory 507 is a NAND flash memory, the 
storage retains information for each EU or physical page of 
the flash memory (e.g., EUs 1-n as indicated by reference 
numeral 513). Note that for flash memory, each EU can also 
correspond to multiple pages, as indicated by numeral 515 
(e.g., pages 1-j). For example, depending on manufacturer 
and design, there can be 128-256 pages per EU, with each 
EU corresponding to a substrate well, and each page corre­
sponding to an independently controlled wordline for 
memory cells tied to that substrate well. The memory 
controller also has logic 517 that is operable to send to a host 
either some or all of the "raw" information retained in the 
storage 511, or derived or processed information based that 
storage 511. This logic for example can include circuitry 
within the memory controller that is adapted to respond to 
host commands seeking specific data; alternatively, this 
logic can also include circuitry that applies pertinent filters 
or comparisons and that notifies the host when a tracked 
metric meets an assigned threshold. This information or an 
alert representing a particular condition can be transmitted to 
the host via the at least one first interface 509, via a 
dedicated connection or via a backplane connection. 

25 for the firmware). The memory, and associated firmware and 
data, are accessed via a dedicated interface 554. Once again, 
in one embodiment, the flash memory controller interacts 
with a host using exchanges of commands and data that are 
compatible with one or more well-known communication 

30 standards, such as NVMe or SCSI. Each of these standards 
provide for commands to be sent from an initiator (such as 
the host) to a target (such as a storage device). Signaling 
formats used by these commands structures can follow any 
desired signaling standard, for example, a version Peripheral 

35 Computer Interconnect Express (PCIE), serial ATA (SATA) 
or another signaling standard. The interaction can take the 
form of commands for memory transactions (e.g., read and 
write transactions), configuration commands to the memory 
controller (e.g., asynchronous commands), query commands 

40 ( e.g., commands for synchronous or asynchronous returns of 
information based on memory controller processing 
requested by the host), and alerts and returns of various 
operating codes and other information from the memory 
controller. Generally speaking, a "synchronous command" 

45 as used herein will refer to a command to the memory 
controller which initiates a function in the memory control­
ler that returns a result as soon as processing is completed. 
A synchronous command is analogous to a query. An 
"asynchronous command" as used herein will refer to a 

50 command that requests a return only once another condition 
is satisfied. Such a return of information can be triggered 
immediately ( e.g., if the condition is already satisfied) or in 
the future ( e.g., the memory controller alerts the host imme­
diately and without solicitation when a condition specified 

Several configurations are also represented by the 
embodiment of FIG. SA. First, as represented by numeral 
521, the memory controller 503 can be designed as a 
standalone integrated circuit with the host 505 and the 
memory implemented as one or more discrete integrated 
circuits (e.g., the host in the form of a host processor). 
Second, as represented by dashed-line box 523, the memory 
controller 503 can instead be co-packaged or otherwise 
combined with the memory 507 as a storage subsystem. For 60 

example, dashed-line box 523 can represent a discrete 
solid-state drive (SSD) where the memory controller is 
implemented as an IC and where the memory is embodied 

55 by the host is later satisfied). An asynchronous command can 
be thought of as the host setting an operating mode or 
condition in the memory controller, e.g., setting a mode 
calling to trigger an immediate alert if and as previously 
released space exceeds a host-specified level. 

To perform input/output (IO) operations, controller firm-
ware interacts with a low-level flash memory interface 555 
to translate high-level IO commands into flash memory 
operations. In this embodiment, the flash memory consists of 
one or more NAND storage devices ( e.g., integrated circuits) as one or multiple NAND flash devices. It is also possible ( as 

represented by dotted-line box 525) to combined the 
memory controller 503, the host 505 and the memory 507 as 
a single system, for example, a network-attached storage 

65 557, each coupled to the flash memory interface 555 via a 
multidrop channel. Each device 557 includes a multiplex 
interface 558 that connects to one or more co-packaged dies 
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559. Each die can have one or more planes 560, each with 
independent control and data registers 561, so that each die 
is capable of performing multiple IO commands simultane­
ously ( e.g., an operation for each plane). These registers and 
respective planes can be delegated commands ( e.g., pro­
gramming commands) by the memory controller, or alter­
natively, the memory controller can use a fractional pro­
gramming scheme. Following SCSI protocol tradition, a 
logical unit (LUN) is used to refer to the smallest device unit 
addressable by IO operations. 

30 
it should be assumed that the host interface has a high speed 
serdes interface, such that communications with the host 
occur over one or more differential signaling paths, for 
example, compliant with a PCie, SATA or other signaling 

5 scheme. Note that one or more flash devices can be copack­
aged with the memory controller, and thus the flash interface 
607 does not necessarily have to use the same signaling 
scheme as the host interface, e.g., communications can be 
via wide-bus single-ended communications, using command 

10 and data busses. 
As mentioned, the controller can serve detailed informa­

tion to the host for each subdivision of memory, and the host 
can also issue query requests to the memory controller, 
designed to assist the host with management of the band­
width-consuming functions referenced above. Advanta- 15 

geously, to avoid delays associated with memory-controller­
resident address translation, the host sends IO requests to the 
memory controller that directly specify physical address. 
Note that for a NVMe compatible embodiment, the predi­
cate of direct physical addressing can be supported simply 20 

by configuring the memory controller to manage the host­
specified address as a physical address, or otherwise with 
limited memory-controller-side address translation. The per­
formance of commands ( e.g., management of multiple pro­
gram-verify cycles, or "P/V" cycles, of one write command) 25 

is then managed by the memory controller which alerts the 
host upon command completion. The meaning of the physi-

The host interface 605 separates controller commands 
from any received packets (as necessary), and routes these 
commands over a command bus 608 internal to the flash 
memory controller. Generally speaking, commands will 
relate to memory operations ( e.g., reading or writing of data) 
or to queries for data and memory management functions. 
To this effect, separate logic blocks within the memory 
controller are dedicated to each of these functions. 

A memory operations logic block 613 manages operations 
involving the memory device. For example, as is well­
known, NAND flash memory typically utilizes incremental 
programming-that is, array control circuitry for the flash 
memory device uses a minimum programming voltage, and 
results of progranmiing are checked against contents of a 
write data register to determine whether those results are 
correct. This is performed using a "program-verify" (P/V) 
cycle having separate "program" and "verify" phases as 
referenced earlier. During validation, a progranmied page is 
typically sensed and an exclusive-or function is performed 
with contents of the write data register; for any bits that 
remain set, programming has not been effective, so the 

cal address in this context depends on flash memory geom­
etry but, in this embodiment, includes multiple fields. These 
fields can identify for example the number of a communi- 30 

cation chamiel within the flash memory interface 555, the 
number of a device 557 connected to that chamiel, the 
number of a die 509 within that device 557, the number of 

programming voltage is raised and the process repeated in a 
second PN cycle. This process typically continues until 
proper progranmiing has been achieved or some limit has 
been reached, the latter case resulting in a write error. The 
memory operations logic block 613 performs control over 

a plane 561 located on the die 559, the location of a block 
within the die 509, and the location of a page within the 35 

block. Thus, physical address in this embodiment includes a 
quadruple of chamiel, device, die and logic unit number 
(LUN). 

these various phases of programming using buffers 615. 
Since a memory device can include multiple planes (as 
discussed above), the memory command processing logic It was earlier mentioned that, in one embodiment, a host 

and/or memory controller can track read frequency to bal­
ance traffic between different memory devices or ICs. FIG. 
5B represents such an embodiment, i.e., each NAND IC 557 
can be balanced for traffic, with hot and cold read frequen­
cies striped across all devices 557; such balancing can also 
or instead be applied by the memory controller across dies 
559 for any given device 557 or across all devices. Infor­
mation about a supported number of planes 560 for any 
given memory die can also be taken into account by the host 
and/or pertinent memory controller in scheduling data 
migration, i.e., typically all planes corresponding to an EU 
must be erased together and will have similar wear. 

FIG. 6A helps illustrate layout of another cooperative 
memory controller embodiment, with an emphasis on com­
mand processing. In particular, a flash memory controller 
can be implemented as a single integrated circuit 601. As 
before, a host interface 605 is used to exchange commands 
and data with a host, and a flash interface 607 is used to issue 
commands to and exchange data with one or more flash 
memory devices (not shown in FIG. 6A). Note that in this 
embodiment, a single path is illustrated as coupling the 
memory controller with the host, for packetized exchange of 
both commands and data; that is, the host interface can 
include logic that extracts commands and data from request 
packets, and can also packetize read data, alerts, metadata 
and other communications to the host. Other implementa­
tions are also possible, for example, using separated com­
mand and data busses. In the scheme depicted in FIG. 6A, 

40 block 615 optionally uses multiple buffers, for example, 
with one dedicated to each plane or with buffers assigned on 
a rotating basis for individual commands received from the 
host. The memory command processing logic block also 
manages any functions of reporting write error and conse-

45 quent remapping of data, as well as updating L2P mapping 
information in metadata storage 611 (for embodiments that 
perform such mapping). Note that this information can be 
part of a much larger class of metadata indexed by EU as 
discussed above (see, e.g., FIG. 6 and the accompanying 

50 discussion below for examples on types of information that 
can be tracked using this storage). 

Commands relating to the return of query information 
( e.g., synchronous commands) or the setting of an operating 
mode (e.g., asynchronous commands) are sent to query/ 

55 management logic block 617. Generally speaking, the host 
can request (a) return of raw information for the entire 
memory space managed by the memory controller, or for 
specific address ranges or EU ranges, or (b) processing or 
filtering of that data by the memory controller. For example, 

60 as referenced previously, the memory controller can be 
provided with logic operable to receive and interpret host 
commands for lists of blocks, e.g., the "top ten" candidates 
for garbage collection, ranked in order of page (under) 
utilization. Since the purpose of such an operation is to 

65 identify EU s for erasure, a memory controller receiving such 
a command interrogates the metadata storage to (a) identify 
EU s that are at least partially in use, (b) identify the extent 

Samsung Ex. 1001, Page 28 of 36



US 11,740,801 Bl 
31 32 

is run as an open process in the die (623) or a coprocessor 
dedicated to the query/management functions. Alternatively, 
many processors can be provided, each assigned queries/ 
asynchronous processes as they are invoked. As implied 

of page utilization for each such EU, and ( c) order a set of 
EUs that are candidates for erasure in the order of greatest 
number of released pages. The query/management logic 
block 617 uses internal registers 619 to manage functions 
like this and, when the requested processing is complete, the 
query/management logic block sends a reply message to the 
host with the requested information. Note that the host 
interface 605 includes buffers that receive this data, and 
queue the data for transmission to the host (e.g., as a reply 
packet that may be distinguished from read data). The 
mentioned example is only one type of query that can be 
processed by the host, i.e., there are many types of requests 
and queries that can be processed by a memory controller, 

5 earlier, a specific asynchronous process can be associated 
with a mode set by the host; for example, in one mode 
defined by the host, the memory controller can automatically 
alert the host any time it identifies a space reclamation 
(garbage collection) candidate, based on default or host-

10 identified parameters-in a second mode, this function is 
turned "off." Note that in the future, newer versions of 
standards such as NVMe can be structured so as to inher­
ently support generic commands calls consistent with the 

for example, queries related to wear metrics and/or persis­
tence, age, hot-cold, or other types of information. For 15 

example, as referenced previously in connection with FIG. 
2B, a cooperative memory controller can track hot/cold data 
and can identify associated logical or physical addresses, 
and can sort and provide prioritized lists to a host ( e.g., top 
ten "hottest" logical address pages in terms of read fre- 20 

quency, or top ten least or more worn EU s or physical pages 
in terms of wear); such a memory controller can even 
identify wear for memory locations corresponding to data 
having a specified logical address, and directly sort physical 
location wear indexed by logical address of data. A skilled 25 

designer can implement any type of management processing 
desired. This request is an example of a synchronous query, 
because data is on-hand for the memory controller, and 
because the memory controller returns requested data as 
soon as its query processing is complete. In a simplified 30 

case, the host can request return of raw metadata ( e.g., all 
data or data of a specific type for a specified address). For 
asynchronous queries or functions, the host typically pro­
vides a parameter (such as a mode setting and/or a host­
selected threshold of some type) and the memory controller 35 

then operates a continuous or intermittent process to check 
for the specified condition; when the condition occurs, the 
memory controller immediately alerts the host, typically 
providing information that triggered the alert (such as EU 
and/or page identity and metadata for the EU pertinent to the 40 

function being tracked). That is, if the condition does not 
occur, there is no responsive alert sent to the host, and the 
condition is monitored for occurrence at any time in the 
indeterminate future. As should also be apparent, sophisti­
cated queries can be run that involve multiple metadata 45 

parameters. For example, a host might request an alert any 
time a partially written EU simultaneously reaches a specific 
page utilization threshold (e.g., less than 50% utilization) 
and has a time since last data access greater than a second 
threshold. Many examples of asynchronous processes are 50 

possible and will no doubt occur to the skilled memory 
architect. Once again, any suitable thresholds or modes are 
stored in registers 619. 

A media icon 621 is depicted to indicate the use of 
software or firmware by the memory controller. The memory 55 

operations and query/management logic blocks 613 and 617 
and registers 619 are all depicted within a dashed-line box 
623 denoting that, in one implementation, these elements 
can optionally reside on a single die ( e.g., a single processor 
or coprocessor); in such an embodiment, the media icon 621 60 

typically denotes the use of firmware, for example, stored in 
memory within the single die in question. In this regard, 
such firmware can be designed to respond to vendor-specific 
NVMe extensions to implement specific query/management 
functions. For example, any desired asynchronous query can 65 

be implemented as a function call supported by firmware; 
when the asynchronous command in question is triggered, it 

operations discussed above. 
The metadata storage 611 is indicated as separate from 

dashed-line box 626, reflecting that the metadata storage 
optionally can exist independent of the processing logic, 
e.g., on a separate die. That is, in one embodiment, the 
metadata storage consists of nonvolatile memory, such that 
it is persistent in through power cycling. In another embodi­
ment, the metadata storage can exist in SRAM ( e.g., internal 
to optional die 323), with data switched to nonvolatile 
memory and loaded back again in response to power 
cycling. In still another embodiment, as denoted by optional 
connection block 625, the metadata storage can be read 
directly by the host, i.e., via a form of commands for direct 
memory access. In such an embodiment, the host simply 
reads a special memory location which it knows will contain 
metadata for a specific EU or EU range, or for the flash 
memory as a whole. 

Once again, while illustrated in the context of a flash 
memory controller, cooperative functions and supporting 
logic and infrastructure can also be applied to other memory 
controller designs, particularly for NV memory types. 

FIG. 6B shows a block diagram of another cooperative 
memory controller 651; more particularly, FIG. 6B is used 
to show how logic functions can be implemented using 
hardware and firmware logic 653. This logic 653 supports a 
number of optional processing features. In one embodiment, 
this memory controller uses this logic to perform many 
traditional flash controller functions ( e.g., management of an 
FTL and associated search trees). This is to say, while one 
advantage of the memory controller 651 is the substantial 
reduction or omission of an FTL layer, this is not required 
for all embodiments as noted earlier. In another embodi­
ment, the memory controller implements comprehensive 
cooperative functions that help reduce the need for complex 
FTL processes, as referenced above. 

For the embodiment of FIG. 6B, logic 653 is seen to have 
a number of basic function blocks, including interface logic 
655 to interact with the host using packetized commands and 
responses, logic 657 used for local metadata management, 
command processing logic 659 used for query processing 
and other management functions, and IO scheduling logic 
661 used to manage memory transactions ( e.g., program and 
erase operations). As noted, even in an embodiment where 
it is desired to substantially reduce the FTL layer, a memory 
controller can still optionally implement some address trans­
lation, for example, for defect remapping as well as other 
functions. The metadata management logic 657 maintains 
locally-stored information in the form of metadata 663, as 
mentioned, for each unit of memory of the memory device. 
Non-limiting examples of information that can be tracked 
are once again discussed below in connection with FIG. 6. 
This information can include L2P or P2L mappings for each 
memory unit; that is, as discussed below, even for an 
embodiment where the host uses direct physical addressing, 
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a scheme of shared address assignment responsibility can be 
implemented, with the memory controller assigning physical 
addresses based on an initial logical address specified by the 
host, with the memory controller reporting back assigned 
physical address( es) to the host, for the host to build a L2P 
table for future reads to the data. This shared addressing 
scheme can also optionally be employed for certain other 
delegated functions, e.g., valid data relocation, unit erase, 
garbage collection, defect management and other functions. 
Note that this is not required for all embodiments, i.e., as 
will be detailed below, a host can also support these func­
tions and dictate physical addresses for new writes. In many 
embodiments described below, an adaptable memory con­
troller architecture will be described, providing implemen­
tation flexibility in assigning specific tasks to either host or 
memory controller. To these ends, the metadata management 
logic can include structure to assign physical address and 
generate updates to stored metadata 663 and to report back 
to the host an index of physical locations assigned the 
newly-written file for situations where address assignment is 
to be performed by the memory controller. 

To provide another example of use of a limited address 
translation scheme notwithstanding address directed by the 
host, as previously introduced, a memory controller can be 
configured to identify write error and to transparently remap 
the subject data over to reserved memory space. Because 
such reassignment might affect only a very small portion of 
data written to memory, the memory controller can advan­
tageously keep track of this reassignment using the metadata 
663. Future reads specifying the remapped EU are inter­
cepted by the memory controller logic using locally-stored 
metadata 663 and redirected to the proper physical location 
in memory for defective blocks. In this manner, the memory 
controller is freed from having to implement extensive 
search trees to find physical locations based on supplied 
logical addresses, i.e., the memory controller need only track 
defective memory reassignments, which ultimately become 
stale as the memory controller progresses through erase 
operations, garbage collection and updates of data (the latter 
being directly written to new pages or EUs). Note that such 
addressing can be made even simpler if memory controller 
simply allocates remapped space to a reserved EU using a 
like page assignment. 

34 
(669, 671, 673 and 675, respectively), each of which can be 
configured/tailored to a specific level of interaction with the 
host pertinent to the specific implementation. Depending on 
the desired level of interaction, the memory controller 651 

5 helps avoid the need for remote storage and retrieval oflarge 
address translation tables and the use of complex search 
trees, e.g., address translation can be performed using a 
greatly simplified address translation table or omitted in the 
memory controller entirely. In addition, the configured level 

10 of cooperation can advantageously permit a host to directly 
assume scheduling of many flash management functions that 
might interfere with (i.e., compete with) host-directed 
writes, such as garbage collection, data relocation, wear 
leveling and so forth. That is to say, an architecture will be 

15 described below that permits a memory controller to serve 
sophisticated information to the host to assist with this 
scheduling. This, combined with less FTL overhead, pro­
vides for faster, more consistent flash response, and facili­
tates multiple drive storage aggregates based on solid state 

20 (flash) drives (SSDs) as well as mixed or heterogeneous 
systems that combine SSDs with other memory types. 

Note that this is an example only, e.g., the architecture 
described herein can optionally also support a traditional 
FTL design, or memory controller management of complex 

25 functions. 
To assist with host scheduling of flash management tasks, 

the memory controller can have firmware or hardware logic 
( or both) dedicated to specific types of host commands and 
host queries. In the embodiment of FIG. 6B, this structure is 

30 illustrated as optionally including structure to assist with 
wear leveling (WL), garbage collection (GC), defect man­
agement (DM) and integrity management (IM) functions, 
but other functions or logic can also or instead be used. To 
support these functions, the memory controller uses com-

35 mand processing logic 659 to manage space allocation and 
space reclamation, and otherwise to service host calls for the 
return of management data. For example, this command 
processing logic can facilitate direct physical addressing by 
identifying for the host available (i.e., available, erased) 

40 address space, candidates for erase (released space), candi­
dates for data relocation and garbage collection ( e.g., based 
on low page utilization), assistance with cold data location 
(e.g., wear leveling), or more general functions. 

The command processing logic 659 receives commands 
from the host directed to general configuration of memory 45 

operations and for queries. Generally speaking, this logic 
manages and updates the metadata 663 and runs queries on 

For both embodiments that use wear-aware writes as well 
as those that do not, the memory controller can include wear 
leveling logic 669. That is, to account for a limited number 
of flash memory P/E cycles (typically on the order of tens to 
hundreds of thousands of cycles for NAND flash), the logic 
on board the memory controller can be designed to track 

the metadata, returning information to the host as appropri-
ate via the host interface logic 655. The returns to the host 
can be immediate returns to synchronous commands and 50 

immediate or later responses ( or alerts) to asynchronous 
commands. Exemplifying some command options, the com­
mand logic can (a) serve information up to the host drawn 
from metadata 663 for use in wear aware writes, and (b) 
assist with wear leveling (WL), garbage collection (GC), 55 

defect management (DM) and integrity management (IM) 
functions in memory. Note that in network storage applica­
tions with multiple drives, this further enables certain novel 
host capabilities, as will be described in the section dealing 
with an exemplary storage system further below. Note also 60 

that in some embodiments the host can also directly access 
raw metadata, e.g., as a form of direct memory access. 

An exemplary memory controller can assume varying 
levels of host support in a manner that can be customized to 
any specific memory system design. That is, memory con- 65 

trailer 651 optionally possesses dedicated logic infrastruc­
ture to perform WL, GC, DM and IM specific functions 

wear as part of metadata 663 and to provide this information 
to the host. If over time, certain units of memory are 
determined to represent disproportionately high or low wear 
relative to overall memory, wear leveling can then be 
performed. Note that for embodiments where wear-aware 
writes are used, wear leveling can be highly localized, i.e., 
performed as a data relocation option simply to redistribute 
cold data. The memory controller 651 can generate alerts 
when predetermined wear thresholds are reached, and can 
otherwise perform low level queries relating to wear level­
ing. In support of the techniques presented by this disclo­
sure, the wear accounting logic 677 can keep a changing-list 
of EU s, ranked in order of coldest data, least wear, greatest 
wear or in another manner. In one embodiment, this logic 
can be prompted via an explicit host command to synchro­
nously compile such a list or to asynchronously notify the 
host of EU identity any time a wear metric ( e.g., EU erase 
count) exceeds a programmably-defined value. Then, when 
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and as wear leveling is scheduled by the host, the host issues 
a command to the memory controller to relocate cold data 
and erase the old space ( e.g., using relocation logic 679), 
thereby redistributing that space into a pool of available 
space used for active writes (and potentially more fre- 5 

quently-cycled data). Note that in an embodiment where the 
host directly addresses physical space and performs wear­
aware address assignment, distribution of wear can be 
inherently minimized as part of the write process. However, 
disproportionate wear can still occur for data that is held for 10 

a long time and which is therefore deemed "cold;" that is, 
cold data can keep EUs out of circulation while other EUs 
are more frequently recycled. The memory controller archi­
tecture presented by this disclosure supports memory con­
troller cooperation with wear management through the use 15 

of "limited" data relocation and wear leveling processes 
( e.g., directed only to specific address ranges within flash) as 
well as (if pertinent to the implementation), the scheduling 
and management of more extensive wear leveling, e.g., for 
entire flash devices or across multiple flash devices or 20 

drives. 
As alluded to earlier, a copy-on-write process can result in 

retaining old pages in flash memory that are stale. This is 
because a given EU can have other pages that are still in use, 
and the old page location typically cannot be reused until the 25 

entire associated EU is recycled. Over time, substantial 
portions of flash memory can be locked up simply because 
a small fraction of space in many respective EUs is still in 
use. This situation can occur whether the host or the memory 
controller performs address translation. To address this, the 30 

memory controller of FIG. 6B therefore uses garbage col­
lection logic 671 to assist with functions of periodically 
consolidating data. That is, the garbage collection logic can 
track information pertinent to whether an EU is mostly stale 

36 
mand performed in cooperation with the release accounting 
logic 681. In more detailed embodiments, the release 
accounting logic can be designed to perform low level 
inquiries, for example, to return a list of EUs where page 
utilization falls below a specific threshold (e.g., 50%). Such 
a list can be further prioritized, for example, in terms of EU 
wear, persistence, age or hot-cold status of any remaining 
valid data, and so forth. Such a prioritization or other sorting 
or indexing function can also be managed as an asynchro­
nous task, e.g., the host can request that the memory 
controller alert the host if at any time an EU that has been 
written-to ( or that has just had a page released) experiences 
less than a threshold level of page utilization; in this regard, 
the release accounting logic 681 tracks explicit page release 
with each command information update, and can perform 
any processing necessary to alert the host in response to any 
asynchronous queries. The release accounting logic 681 also 
has circuitry and/or firmware that performs other forms of 
processing, for example, optionally providing a list of "the 
10 best" candidates for garbage collection in the desired 
order. In another embodiment, some or all of the data 
relocation functions can be managed by the memory con­
troller, for example, with relocation logic 683 being del­
egated specific tasks by the host (such as the identification 
ofEUs to the host for relocation of data, or relocation of data 
in response to a host-specified "available" target memory 
address within the same tier, selected according to wear). 
Once relocation has been performed, with respective L2P 
mappings updated and associated physical pages are 
released, the full EU which has just been fully released is 
reclaimable. In one embodiment, this is performed by the 
host, which issues an explicit EraseB!ock command for an 
address-specified EU-logic 655 processes this command 
and, once the command is completed, returns the freed EU 
to a pool of available EUs for future data allocation. 

Write and erase errors discovered by the flash memory 
controller are handled by defect management flash manage­
ment logic 673. Pages found defective due to write error are 
remapped by defect remapping logic 685, with write opera­
tion retried transparent to the host. The original page in error 
is marked defective or "bad" and added to a bad block list 
or map to avoid further use of associated physical pages. 
Unit relocation logic 687 performs background relocation of 
data that experienced write error to minimize possibility of 
further write errors. Unit erase errors are handled by the 
defect management logic as well, with defective EUs also 
reflected on a bad block list kept by the flash memory 
controller. As indicated, in such a scheme, the entire EU can 
optionally be moved, preserving relative page layout and 
simplifying translation issues. 

While flash memory typically provides strong error detec­
tion and correction (EDC), the memory controller may also 
provide onboard data integrity management logic 675. Data 
scrubbing logic 689 is responsible for background data 

or is still efficiently being used and can process host queries 35 

relating to this information. One form of this tracked infor­
mation is page utilization information, e.g., where the 
memory controller stores information indicating whether 
each page in a given EU is available ( erased but not yet 
written), has valid data (cannot be written to without an 40 

erase), or is released (a page with stale data that cannot be 
rewritten until it is first erased). Garbage collection involves 
accounting for released pages, for example, using release 
accounting logic 681 to track the mentioned page utilization 
information for each page (or other logical unit) for each 45 

EU; EUs with relatively few used pages can have those 
pages consolidated with pages from other EUs having 
similarly low page utilization, with the then-concentrated 
valid date being rewritten to a new destination. In an 
embodiment where the memory controller tracks this infor- 50 

mation, the memory controller can compute an extent of 
page utilization (e.g., 10% valid data) and can provide this 
information to a host with EU identity to permit the host to 
decide which EUs should have data consolidated and 
moved. The host can then schedule any resultant operation 
in a manner that does not compete for needed read data 
elsewhere in the subject memory. Note that "page utiliza­
tion" as used herein generally refers to the extent to which 
pages of a given EU are valid (in use) or are stale or not in 
use. For example, if most pages in a given EU were stale or 60 

unused and only a few pages of the EU had valid data, the 
extent of page utilization in the given EU would be low. 
Conversely, if most pages in an EU were in active use, the 
extent of page utilization for the given EU would be high. 

55 integrity checks based on EDC or additional data integrity 
metadata. Suspect blocks with transient errors identified are 
relocated by suspect relocation logic 691 using mechanisms 
similar to wear leveling and garbage-collection relocation 

In an embodiment where the host cooperates with the 
garbage collection task, the host can query the memory 
controller using a command, with processing of the com-

processes described above. 
As operations are performed in memory, whether as part 

of a management operation (such as data relocation) or in 
servicing a write or read command, IO scheduling logic 661 
detects completion of the command. Pertinent information is 
added by metadata management logic 657 to the stored 

65 metadata 663 for the pertinent EU, and the host is then 
signaled with any completion codes as necessary. For 
example, if a data relocation operation has been performed, 
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extension or a vendor specific NVMe administrative com­
mand. At step 704, host software checks the value returned 
at step 703 against a specified threshold to determine exis­
tence of a condition requiring intervention. On a negative 

the metadata 663 can be updated with new information for 
both source and target blocks of memory ( e.g., new page 
release information, L2P and P2L mapping, wear informa­
tion and so forth), and the host can be signaled with new 
physical addresses for relocated valid data. 

Note that, depending on embodiment, the flash memory 
controller can support one or more of the functions or units 

5 determination, the process ends or otherwise loops to step 
703 after a suitable delay. On a positive determination, host 
software proceeds to take management action (step 705). 
Once management action completes, the process either of logic described above, i.e., a memory controller can 

include subsets of the described logic to assist in the 
performance of specific tasks. For example, one hypothetical 10 

memory controller could omit the data relocation logic 683 

concludes or is looped back to step 702. 
As an example of management action, a host can initiate 

data migration followed by an explicit erase operation that 
specifies an EU physical address in the given memory tier. 
Because such an operation is host-initiated, it does not 
collide with a host-issued read or write request to that tier, 

if the host was to perform this function. Also, other logic 
functions can also be supported or provided for beyond 
those discussed. As mentioned, the embodiment of FIG. 6B 
presents a single memory controller architecture adaptable 
to multiple, different implementations, but this is not 
required for all embodiments. 

Clearly, many examples exist for the layout of a coop­
erative memory controller. In various embodiments, these 
layouts can support different cooperative functions. 

15 thereby improving system performance. In a multiple drive 
system, the host can hide an explicit erase (and garbage 
collection and other functions) behind a read or write request 
to another system drive. For example, in a configuration 
where multiple drives are coupled to a host through (e.g., 

20 through a multidrop connection, a bridge or other routing 
scheme), commands from the host can be interleaved such 
that as read and write operations are performed in one drive, 
garbage collection and unit erase tasks are performed in 
another. In a system which has multiple SSDs, this parallel 

FIGS. 7-10 will be used to provide additional detail on 
how such exemplary, cooperative structures can be used to 
assist with some of the data migration processes referenced 
earlier. For example, as noted, the memory controller can be 
designed to alert a host when its managed memory tier 
exceeds a specific management threshold, for example, that 
calls for garbage collection ( e.g., insufficient free, erased 
space is on hand, or memory utilization falls below a 
threshold) or wear leveling ( e.g., wear is disparate). When 
configured to execute in the cooperative flash management 30 

mode for any one or more of the areas mentioned above, a 
cooperative memory controller provides methods and 
mechanisms for a host (e.g., host software) to define and 
detect the management condition, to query metadata in 
connection with that condition, and to electively take 35 

responsive action. 
FIG. 7 illustrates a process of the host-controller interac­

tion in management condition detection. The process starts 
at step 701. At step 702, either of the host or the memory 
controller determines a need to assess the management 
condition, for example, as a function of running a routine or 
based on some type of trigger. For example, in one embodi­
ment, the host can initiate a process such as periodic wear 
leveling ( either via explicit command or as a result of setting 
an asynchronous process in the memory controller). The 
memory controller can also be set for a default operation, 
e.g., automatically alerting the host or providing data unso­
licitedly to the host any time all pages have been released for 
a given EU; such a process can be triggered by the memory 
controller, which notifies the host of a need for intervention 
or simply (unsolicitedly) provides pertinent information to 

25 processing ability can lead to further performance benefits. 
Note that this type of parallel processing can also be 
performed where drives are connected point-to-point with a 
host. 

FIG. 8 shows a method for host software to query 
metadata pertaining to pending management tasks; the host 
software can then determine the existence of a condition and 
optionally execute the decision it deems appropriate. The 
process starts at step 801. At step 802, host software-either 
in response to the management condition being detected 
with one of the methods described above or at will­
requests the controller for metadata. For example, the 
requested information can be in the form of a map that 
verbatim passes tracked metadata to the host, for example, 
by providing per-data metrics (i.e., for valid data stored in an 

40 EU or page) or wear data back to the host; other information 
such as page utilization and page release status can also be 
reported if desired. At step 803, for each metadata range 
returned, host software performs any processing appropriate 
on returned metadata including, for example, initiating a 

45 data migration operation. At step 804, if management action 
is to be performed in response to the management condition 
being detected, host software either evaluates a current 
metric based on actions performed or queries the controller 
for a value. Based on the value obtained, at step 805 the host 

50 software checks if the condition still holds and if more 
metadata needs to be requested. On a positive determination, 
the process loops to step 802 where additional metadata is 
requested. If the determination is negative, the process 

the host. Such a notification can also be the result of an 
asynchronous process or mode selectively set by the host, as 
mentioned above. Many other examples also exist. In one 
such example, a particular implementation may call for 55 

specifically alerting the host "automatically" any time a page 
release is determined to be the last page release for an EU 
(e.g., the EU is completely released) or when insufficient 
available (assignable) free space remains; in different imple­
mentation, this information might always be tracked by the 
host ( or not tracked at all). Irrespective of how the process 

concludes (step 806). 
As mentioned, the cooperative memory controller of this 

disclosure can track many different types of information 
representing subdivision-specific-usage. This tracking infor­
mation can be in the form of metadata 900 that represents 
one or more parameters, illustrated in FIG. 9. A first tracked 

60 parameter represents unit state 905; in the case of an EU, this 
field can be used to store data indicated whether the EU is 

is initiated, at step 703, the memory controller provides data 
to the host based on tracked, subdivision-specific ( e.g., 
EU-specific) information associated with a particular param­
eter or metric. In one embodiment, each exchange between 65 

memory controller and host can be performed in a manner 
compliant with NVMe, for example, using a vendor-specific 

bad. Alternatively, this field can also be used to denote 
whether the EU contains valid host data, or is otherwise 
available for allocation to the host or to the controller. Status 
910 can be used to track any active controller operation. A 
wear field 915 keeps track of wear information for the 
pertinent storage unit ( e.g., for the EU) for example, by 
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storing the number of erase operations performed upon that 
particular unit ( e.g., EU) to date. An age field 920 keeps 
track of how long it has been since data was written to the 
erase unit. Time in this context can be represented in many 
different equivalent manners, for example, based on a time 5 

stamp or any other desired numerical value or other metric. 
Read count 925 identifies how many reads have been 
performed for data stored in the unit ( e.g. EU) since the last 
erasure, or alternatively stores other hot/cold information, 
e.g., for a logical page of data stored in a particular physical 10 

page. In one embodiment, time since last read can be 
computed from the erase or another metric, e.g., with those 
memory controller or host calculating time relative to other 
EUs or metrics, tracked either by the memory controller or 
the host. Address 930 keeps track of a logical address 15 

associated with the erase unit. Release Count 935 identifies 
number of pages within the particular unit (e.g., EU) that 
have been released. The bitmap field 940 lists or otherwise 
identifies pages within the erase unit that are free (i.e., 
available for writes), valid (with actively-used data), or 20 

released. Depending on embodiment, this type of data can be 
maintained in a variety of ways; for example, more than one 
field can be used to track each of these parameters, or release 
status can be inferred from valid data status, or vice versa. 
Other alternatives are also possible. The bitmap field can 25 

also be used to indicate whether the pages in the particular 

40 
As discussed above, the host can issue commands to the 

memory controller requesting a listing of space according to 
desired criteria, for example, as referenced in FIG. 2B. That 
is, while in one embodiment, the host can track these things, 
in another embodiment, the memory controller can be del­
egated certain prioritization functions and the host can at any 
time simply request an update or listing of specific space or 
conditions by explicit command to the memory controller. 
The host can rely on this information for a period of time 
( e.g., until its list of available space grows low) and the host 
can then schedule garbage collection, wear leveling, erase 
operations and data migration operations at a time conve­
nient to the host. 

FIG. 10 shows a general method 1001 used to illustrate 
this interaction. Note that invocation of the method can be 
triggered by the need for an application or an operating 
system to write data to memory, per numeral 1005, e.g., a 
cache eviction as referenced earlier. The host is responsible 
for having a list on-hand with available free space for 
memory tiers that will receive write data; this list can be 
periodically updated by the host by query to the memory 
controller, e.g., after an erase operation is performed. Note 
that a steps associated with such a query are illustrated in 
phantom-line boxes in FIG. 10, i.e., are designated by 
function blocks 1007, 1009 and 1013. That is, optionally in 
connection with an erase operation, the host requests the 
memory controller to identify all free space, sorted or 
prioritized in order of least wear; this listing is determined 
by reference to the memory controller's metadata repository 

EU were written out-of-order. The remapped flag field 945 
indicates whether the EU has been allocated to defect 
management. Field 950 can also be used to store other 
parameter, as desired, whether tracked per-data (e.g., per 
page of logical data stored in the corresponding memory 
location) or per physical memory location (page or EU). As 
noted earlier, in another embodiment, the above metadata 
could instead be tracked on the basis of logical unit with a 
mapping to the physical erase unit. 

30 1011. In a system having multiple SSDs, the host can 
maintain a dedicated table for each SSD or, alternatively, it 
can instead build a table spanning memory space for mul­
tiple SSDs using sorted information from each SSD. "Avail­
able space" or "free space" in this context refers to space that 

35 has previously been erased in flash memory but has not yet 
been written to, meaning it is available for immediate 
programming (i.e., writes). Per numeral 1015, the host then 
chooses a write address for data based on the list. Note that 

FIG. 9 should be understood as providing non-limiting 
examples only, that is, not all of the listed data must be 
maintained by a memory controller, and each identified field 
should be viewed as optional. Similarly, there are also many 
other types of data, beyond those specifically illustrated in 40 

FIG. 9, which can be used. 
Generally speaking, cooperative management tasks can 

be grouped according to three primary categories: Defect 
Management, Wear Leveling Management, and Garbage 
Collection Management. The cooperative memory control- 45 

!er-host interaction described in this section provides a 
unique ways of handling these management functions in a 
way that can be customized to the specific implementation, 
that is, to assist with the data migration methods introduced 
earlier. That is, a single memory controller design can 50 

support a number of configurable options ( or modes) for 
allocating responsibility for tasks. Prior to discussing these 
options, however, it would first be helpful to revisit some of 
the capabilities provided by the structure described above. 
Once again, in one embodiment, information can be tracked 55 

by the memory controller and made accessible to the host in 
a manner that helps reduce reliance on a memory controller 
to maintain detailed address translation tables. That is, for 
purposes of the discussion below, it should be assumed as a 
default that (1) the host maintains a reasonably-accurate 60 

understanding of physical location of data in flash memory 
and is thus capable of directly addressing data to the specific 
physical locations in memory at which the data will be 
stored, and (2) many of the operations which might tradi­
tionally compete with host read/write requests will instead 65 

be managed by the host, i.e., such that tasks are schedule so 
that there is no competition. 

other priority schemes besides those listed above can also be 
used; as a non-limiting example, space can also be assigned 
for writes based on wear-to date, as referenced earlier. Such 
a list can also be prioritized by other criteria, tracked or 
otherwise. After selecting a suitable destination address, the 
host then issues a write command to the memory controller 
specifying a desired physical address within flash memory, 
per numeral 1017. As indicated by function block 1019, the 
memory controller then manages the write process and, once 
successful, returns a code to the host confirming a successful 
write. The memory controller also updates the metadata 
repository (1011) stored for each pertinent EU (e.g., to 
indicate that the assigned space is now taken, and to update 
any other tracked parameters regarding the data or use of the 
particular memory space). As reinforced by function block 
1021, the host then updates its own translation tables (1023) 
as appropriate, i.e., with little to no L2P translation per­
formed by the memory controller. In one embodiment to be 
discussed below, in which a memory controller is to perform 
its own defect management, the memory controller can 
remap data and mark the intended physical address as "bad" 
without immediately reporting this information to the host­
advantageously, L2P translation is restricted to few, notable 
situations such as this. For a NVMe compatible implemen­
tation, these processes can once again be implemented with 
a vendor specific command. For example, the host can issue 
a command requesting LUN ranges and the amount of space 
that the host software is considering to allocate. Upon 
successful completion, the command returns a list of erase 
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unit size logical block address ranges, prioritized by wear, 
and described by (LUN, offset) pair or single offset value (if 
the LUN was specified in the host request). A returned 
command status code can further specify whether the 
requested amount of space was available, whether the 5 

request was satisfied or whether further calls are required. 
The host then directs its writes as appropriate, directly 
specifying addresses for pertinent memory operations. 

Note that writes targeted in the manner indicated above 
will inherently tend to level wear in flash memory, thereby 10 

reducing the need for wear leveling relative to some con­
ventional schemes. As further noted below, even with such 
a scheme, asymmetric wear is possible and, therefore, cold 
data detection and consequent data relocation is advanta­
geously performed even where wear-aware programming is 15 

performed, i.e., to perform "limited" wear leveling as 
described above. Also note that because the host has or is 
provided with direct physical addresses of free space, there 
is no need ( or greatly reduced need) for L2P address 
translation at the memory controller. 20 

42 
integrated circuit fabrication can use such encoded data to 
fabricate integrated circuits comprising one or more of the 
circuits described herein. Some or all of the functions 
described above can also be embodied as instructions stored 
on machine-readable media, including software code or 
firmware that, when executed, cause a machine ( e.g. a 
microprocessor or device having a microprocessor) to per­
form the described functions. Generally speaking, any such 
instructions can be alternatively implemented as hardware 
logic, or a combination of hardware and software logic, 
depending on implementation. 

The foregoing description and in the accompanying draw-
ings, specific terminology and drawing symbols have been 
set forth to provide a thorough understanding of the dis­
closed embodiments. In some instances, the terminology and 
symbols may imply specific details that are not required to 
practice those embodiments. The terms "exemplary" and 
"embodiment" are used to express an example, not a pref­
erence or requirement. 

Various modifications and changes may be made to the 
embodiments presented herein without departing from the 
broader spirit and scope of the disclosure. For example, in 
some embodiments, "hot/cold" values have been given as 
examples of per-data tracked metrics. This term can have 

The description presented above provides examples of 
storage system architectures, data migration methods and 
various related memory management techniques. As indi­
cated, these techniques can optionally be employed with any 
one or more of these components. Further, in the system 
context, certain functions have been exemplified as being 
performed by a memory controller or host, but may be 
performed by the other depending on implementation, or by 
plural memory controllers. While certain tiers of memory 
(e.g., SSDs, DRAM, HDDs, etc.) have been described as 
generally having their own, dedicated controllers, it is 
possible to have multiple types of memory managed by a 
single controller, i.e., with a drive or memory itself consti­
tuting a hybrid. Further, while some embodiments have been 
described having two tiers of memory, but it is possible to 
have a single tier of memory ( e.g., all NAND-flash), or three 
or more tiers of memory, as appropriate to the particular 
method and application. Some embodiments may omit one 

25 multiple meanings depending on embodiment. In one 
embodiment, the hot/cold nature of data refers to expected 
write frequency or data persistence, e.g., whether data is 
expected to be persistent ( and therefore can be written to a 
worn memory location under the presumption that this 

30 location will not be released for a while, permitting less 
worn memory locations to "catch up" in terms of wear). 
Data age, referred to for some embodiments, refers to much 
the same concept, e.g., an age-since-write can be tracked ( or 
a similar metric) permitting an inference that data is 

or more of these in favor of other memory types, for 
example, the HDDs can be omitted, or a different type of 
storage media can be used. 

35 expected to be persistent (and therefore can be written to a 
worn memory location under the presumption that this 
location will not be released for a while, permitting less 
worn memory locations to "catch up" in terms of wear). As 
noted earlier, many other metrics or values can be tracked or 

40 generated for respective data, e.g., as noted, some embodi­
ment track read frequency as a measure of hot/cold data 
usage, for purposes of levelizing traffic to parallel elements 
within a tier of memory. These are not the only types of 

It should be noted that the subject matter disclosed herein 
can be expressed ( or represented), as data and/or instructions 
embodied in various computer-readable storage media, 
meaning physical non-transitory media such as computer 45 

memory, storage disks and the like. In this context, the 
described subject matter can take the form of instructions or 
data for fabricating an integrated circuit ( or integrated 
circuits) that, when built and operated, possesses the circuits 
and structures, and performs the techniques described 
herein. An output of a process for designing an integrated 
circuit, or a portion of an integrated circuit, comprising one 

metrics that can be generated or tracked for respective data. 
Features or aspects of any of the embodiments may be 

applied, at least where practicable, in combination with any 
other of the embodiments or in place of counterpart features 
or aspects thereof. Accordingly, the features of the various 
embodiments are not intended to be exclusive relative to one 

50 another, and the specification and drawings are to be 
regarded in an illustrative rather than a restrictive sense. 

or more of the circuits described herein may be such a 
computer-readable medium such as, for example, a magnetic 
tape or an optical or magnetic disk, or other non-volatile 55 

physical storage. The computer-readable medium may be 
encoded with data structures or other information describing 
circuitry that may be physically instantiated as an integrated 
circuit or portion of an integrated circuit. Although various 
formats may be used for such encoding, these data structures 60 

are commonly written in Caltech Intermediate Format (CIF), 
Calma GDS II Stream Format (GDSII), or Electronic Design 
Interchange Format (EDIF). Those of skill in the art of 
integrated circuit design can develop such data structures 
from schematic diagrams of the type detailed above and the 65 

corresponding descriptions and encode the data structures on 
computer readable medium. Those of skill in the art of 

We claim: 
1. A storage device comprising: 
NAND flash memory; and 
a memory controller having logic to cause the memory 

controller to 
map non-overlapping ranges of logical addresses to 

respective subdivisions of physical storage in the 
NAND flash memory, each of the respective subdi­
visions comprising erase blocks that must each be 
physically erased as a unit, 

receive write requests, accompanying addresses and 
accompanying data from a host and, with respect to 
each one of the write requests, 
identify a specific one of the respective subdivisions 

dependent on which one of the non-overlapping 
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ranges encompasses the address accompanying 
the one of the write requests, 

program the data accompanying with the one of the 
write requests into a next available storage loca­
tion within the specific one of the respective 5 

subdivisions, and 
in association with the programming of the data 

accompanying the one of the write requests, 
update information, for the specific one of the 
respective subdivisions, representing an extent to 10 

which the erase blocks of the specific one of the 
respective subdivisions are full, 

store a value representing a size of the NAND flash 
memory that is to be physically erased in fulfilling a 15 
maintenance request issued by the host, 

provide to the host, responsive to a query received from 
the host, the information, as updated, and the stored 
value, 

update metadata for the specific one of the respective 20 

subdivisions, wherein the metadata represents a 
characteristic of the data in the specific one of the 
respective subdivisions, 

with respect to the metadata, as updated, 
perform a comparison based on the metadata to 25 

detect a condition, and 
store information, responsive to detection of the 

condition, wherein the information is accessible to 
the host and indicates that the condition was 
detected; 

wherein each said logic comprises at least one of circuitry 
or instructions stored on physical storage media that, 
when executed, are to control operation of circuitry. 

2. The storage device of claim 1 wherein: 
the metadata comprises information representing an age­

since-write of data stored in the specific one of the 
respective subdivisions; and 

the memory controller also comprises logic to, responsive 

30 

35 

to the identification of the condition, control copying of 40 

data associated with an age-since-write greater than a 
threshold to a new physical storage location in the 
NAND flash memory. 

3. The storage device of claim 2 wherein 
the maintenance request is an erase request; 
the logic is to further cause the memory controller to 

receive a copy request from the host, the copy request 
directed to the specific one of the respective subdivi-
sions; 

45 

the copy request is to cause the memory controller to 50 

control the copying in a marmer responsive to the copy 
request; 

the erase request is to cause the memory controller to 
erase a source location of the data being copied; and 

the copy request and the erase request are respective 55 

requests which are received by the memory controller 
at different times. 

4. The storage device of claim 1 wherein: 

44 
5. The storage device of claim 4 wherein the at least one 

address comprises a physical address that corresponds to the 
specific one of the subdivisions. 

6. The storage device of claim 4 wherein the at least one 
address comprises a logical address corresponding to the one 
of the non-overlapping ranges which has been mapped to the 
specific one of the subdivisions. 

7. The storage device of claim 1 wherein: 
the metadata comprises storage location release informa­

tion that represents an extent to which physical memory 
is in a progranmied state and no longer holds valid data; 
and 

the condition corresponds to a determination by logic of 
the memory controller that at least one subspace in the 
NAND flash memory corresponding to the specific one 
of the respective subdivisions is in a progranmied state 
and no longer stores any valid data. 

8. The storage device of claim 1 wherein: 
the metadata comprises storage location release informa­

tion that represents an extent to which physical memory 
is in a progranmied state and no longer holds valid data; 
and 

the condition corresponds to a determination by logic of 
the memory controller that one of the non-overlapping 
ranges mapped to the specific one of the respective 
subdivisions corresponds to physical memory that is in 
a programmed state and no longer stores any valid data. 

9. The storage device of claim 1 wherein: 
the metadata is a function of data error in the data being 

characterized; and 
the condition corresponds to a determination by logic of 

the memory controller that data should be moved to a 
new physical location in the NAND flash memory. 

10. The storage device of claim 1 wherein: 
the metadata represents a data read frequency associated 

with the data being characterized; and 
the condition corresponds to a determination by logic of 

the memory controller that data should be moved to a 
new physical location in the NAND flash memory. 

11. The storage device of claim 1 wherein: 
the metadata represents a data rewrite frequency of the 

data being characterized; and 
the condition corresponds to a determination by the 

memory controller that data should be moved to a new 
physical location in the NAND flash memory. 

12. The storage device of claim 1 wherein: 
the metadata comprises information representing an age­

since-write of data stored in the specific one of the 
respective subdivisions; and 

the memory controller also comprises logic to, responsive 
to the identification of the condition, copy data asso­
ciated with the specific one of the respective subdivi­
sions to a new physical storage location in the NAND 
flash memory. 

13. The storage device of claim 1 wherein the logic 
comprises at least one processor and instructions stored on 
at least one physical storage medium, wherein said instruc­
tions when executed, are to control operations of the at least the memory controller further comprises logic to receive 

a query from the host; 60 one processor. 
the comparison is between the metadata and a threshold; 

and 
the information that indicates that the condition was 

detected is sent to the host responsive to the query and 
is to provide to the host with at least one address 
associated with the specific one of the respective sub­
divisions. 

14. The storage device of claim 1 wherein the storage 
device further comprises circuitry to detect a failure condi­
tion of one of the erase blocks in the specific one of the 
respective subdivisions and to transmit information to the 

65 host that identifies that a storage location in the specific one 
of the respective subdivisions has experienced the failure 
condition. 
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15. The storage device of claim 1 wherein: 
the storage device comprises circuitry to detect a failure 

condition of one of the erase blocks of the flash 
memory; and 

the logic is to cause the memory controller to, for one of 5 

the write requests which is addressed to a given one of 
the respective subdivisions corresponding to the one of 
the erase blocks for which a failure condition has been 
detected, transmit to the host a notification of a write 
failure and logical address information identifying the 10 

given one of the respective subdivisions corresponding 
to the one of the erase blocks for which the failure 
condition has been detected. 

16. The storage device of claim 1 wherein: 
for each of the write requests, the logic is to cause the 

memory controller to generate an address offset that 
designates a storage location within an addressed one 
of the respective subdivisions; and 

15 

the logic is to further cause the memory controller to 
transmit the address offset to the host. 

20 

17. The storage device of claim 1 wherein: 
the logic is to cause the memory controller to, in connec­

tion with each one of the write requests, identify a 
physical write destination for the associated data iden-

' 25 
tify an address value corresponding to the physical 
write destination, and transmit the corresponding 
address value to the host; 

the storage device is also to receive read requests from the 
host; 

the logic is to cause the memory controller to service the 
read requests also by transferring associated data 
between the host and the NAND flash memory; 

30 

each read request is accompanied by a logical read 
address, each logical read address having a first non- 35 
exhaustive address portion which is to select one of the 
respective subdivisions according to a value of the first 
nonexhaustive portion, each logical read address hav-
ing a second nonexhaustive address portion which is to 
select a storage location associated with the selected 
one of the respective subdivisions; and 

the logical read address for each read request which seeks 
retrieval of the data accompanying each one of the 
write requests is dependent on the corresponding 
address value which was transmitted to the host. 

18. The storage device of claim 1 wherein the specific one 

40 

45 

of the respective subdivisions corresponds to an integer 
number of erase blocks for which a failure condition has not 
been detected, and wherein the logic is to cause the memory 
controller to, for the address accompanying the one of the 50 
write requests, generate an address offset which corresponds 
to a location within a sequential range of locations that 
corresponds to the integer number of erase blocks. 

19. The storage device of claim 1 wherein the logic is 
further to cause the memory controller to: 

store information identifying a number of NAND flash 
memory structures; 

transmit to the host the information identifying the num­
ber of NAND flash memory structures; and 

receive, from the host, data access requests which are 
dependent, for the specific one of the respective sub-

55 

46 
divisions, on the information transmitted to the host 
identifying the number of NAND flash memory struc­
tures. 

20. The storage device of claim 19 wherein the logic is to 
cause the memory controller to fulfill the data access 
requests by issuing commands to the flash memory for 
which a quantum of flash memory selected by the com­
mands is dependent on the information transmitted to the 
host identifying the number of flash memory structures. 

21. The storage device of claim 1 wherein: 
the NA~D flash memory comprises physical planes, 

wherem the specific one of the respective subdivisions 
comprises erase blocks that are in respective ones of the 
physical planes; and 

the logic is further to cause the memory controller to 
identify a need for maintenance for the specific one of 

the respective subdivisions dependent on the respec­
tive metadata, and an associated logical address, and 

transmit the associated logical address to the host, 
wherein an erase request from the host is dependent 
on the associated logical address which was trans­
mitted to the host, and 

responsive to the erase request, control erasure of two 
or more of the erase blocks corresponding to the 
specific one of the respective subdivisions, including 
erase blocks in each of at least two different ones of 
the physical planes. 

22. The storage device of claim 1 wherein: 
the NAND flash memory comprises physical planes, 

wherein the specific one of the respective subdivisions 
comprises erase blocks that are in respective ones of the 
physical planes; and 

the logic is to cause the memory controller to, in response 
to the one of the write requests, control writing of the 
data into the erase blocks that are in the respective ones 
of the physical planes using a common address offset 
for each of the respective ones of the physical planes. 

23. The storage device of claim 1 wherein the logic is 
further to cause the memory controller to: 

in connection with physical erasure of the one or more 
erase blocks, detect a defect in a given erase block of 
the one or more erase blocks being erased and, respon­
sive to detecting the defect, to remap each logical 
address which corresponds to the given erase block to 
a different erase block in the nonvolatile memory; and 

direct ones of the write requests from the host, for which 
the accompanying address designates a logical address 
which has been remapped responsive to detection of the 
defect, to a storage location associated with the differ­
ent erase block. 

24. The storage device of claim 1 wherein the logic is 
further to cause the memory controller to receive an erase 
request from the host which is directed to the specific one of 
the respective subdivisions, responsively control the physi­
cal erasure of the one or more of the erase blocks in the 
specific one of the respective subdivisions and, in associa­
tion with the physical erasure, modify the information 
representing the extent to which the one or more of the erase 
blocks of the specific one of the respective subdivisions are 
full. 

* * * * * 
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