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(57) Abstract: Apparatuses and methods for adaptive control of memory are disclosed. One example apparatus includes a processing
unit configured to run an operating system, and a memory coupled to the processing unit. The memory configured to communicate
with the processing unit via a memory bus. The example apparatus may turther include an adaptive memory controller configured to
receive monitored statistical data from the memory and from the processing unit. The adaptive memory controller is configured to
manage the memory based on the monitored statistical data.
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APPARATUSES AND METHODS FOR ADAPTIVE CONTROL OF
MEMORY

CROSS REFERENCE TO RELATED APPLICATION(S)

{801} This application claims priortty to US. Provisional Applieation No.
61/799,731, filed March 15, 2013 and U.S. Non-Provisional Applicabon No.
13/911,797 filed June 6, 2013 which applications are meorporated herein by reference,

in its entirety, for any purpose.

JTECHNICAL FIELD

{802} Embodiments of the disclosure relate generally to memorv, and more
particilarly, in one or more of the Hlustrated embodiments, o control of memory using

an adaptive memory controller.

BACKGROUND OF THE DISCLOSURE

003} Emerging memory architectures are designed to handle a range of different
request sizes and may mclude memories with different characteristics. For example,
there have been several proposals for memery composed of dynamic random-access
memory (DRAM) and phase-change memaory (PCM) or multiple types of DRAM chips
{e.g. double data rate (DDR}, low power DDR (LPDDR), reduced-latency DRAM
{RLDRAM)). Furthermore, some computer systems may support non-uniform memory
access (NUMA), where information 1s placed according to the performance of available
memory. Memories can also have their characteristics altered dynamically, even when
composed of the same types of memories e.g. NAND flash memory. For example,
multi-channel memories and  dynamic DRAM  frequency switching  alter the
characteristics of the memory. Non~volatile memory characteristics can also be highly
non-untform, where certain NAND flash pages are faster to read or write than others,
with latencies changing as they wear out, or with different fevels of mulii-level-cells

{MLC) within or between different flash memories.

004} Other examples of dynamic memory re-configuration include dynamic

placement of information in 8 computer system on memories with different fixed or
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configurable characteristics. For example, requests from highly serial or write-
dominated algorithms can be directed towards high-latency volatile memories, while
requests from paraliel algorithms can be served from lower latency or non-volatile
memories. In other examples, requests from highly serial or write-dominated algonithms
may also be directed towards low-latency memories, while requests from paraliel
algorithims may be served from higher-Iatency. Selection a memory allocation of
information related to an algorithm based on characteristics of the algorithm may enable

an effective cost-performance-energy trade-off in the memory system design.

{005} Conventional proposals for conwel and coordination of these disparate
adaptive mechanisms is to incorporate memory management as part of standard
operating system software, with access to a hmited set of accessible hacdware
performance counters to guide memory configuration decisions. With the move towards
abstracted memory and hardware, which offloads memory control to the memory itself,
standardized software interfaces will be insufficient. In panticular, abstracted memories
are capable of exploiting memory variations and self-tuning to maximize performance,
while current software is unaware of these capabilities. The memory control system
benefits from knowledge of host processor state, but there exists no mechanism to feed

the memory control logic with appropriate statistics.

SUMMARY

{006} Examples of apparatuses are provided.  An example apparatus may melude a
processing unit configured to run an operating system, and a memory coupled to the
processing unit. The memory may be confligured 10 communicate with the processing
urit via a memory bus, The example apparatus may further include an adaptive memory
controller configured to receive monitored statistical data from the memory and from
the processing unit. The adaptive memory controller may be configured to manage the

memory based on the monitored statistical data.

1007} An example apparatus may mclude a processing unit configured to ran an
operating system, and a memory coupled to the processing unit, the memory configured

o communicate with the processing unit via a memory bus. The example apparatus may
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further include a memory translation angt (MTU) configured to manage information
migration stored at the memory. The MTU may be further configured to support an
intermediate depth map of the memory during the migration of the information stored at
the memory from a first depth map to a second depth map by maintaining mapping

tables,

008} An eoxample apparatus may include a memory configured to  store
miormation, and a processing wmit configured to run an operating system. The
processing unit may be configured t© manage wformation depth mapping of the
memory. Responsive to a request to migrate mformation stored at memory of the
memory from a first information depth map to a second information depth map, the
processing unit may be configured to migrate the information stored at the memory of
memary to an intermediate information depth map. The fist information depth map
may have a first information depth, and the second information depth map and the

intermediate information depth map may each have a second information depth.

{009 An example apparatus naay  includea memory  configured to store
miormation. The memory of the memory may be configured with two or more
mformation depth maps. The example apparatus may further include 8 memory
transiaton wut (MTU) configured to support an intermediate depth map of the memory
dring the migration of the information stored at the memory from a first information
depth map of the two or more information depth maps to a second information depth
map of the two or more information depth by mamtaining mapping tables. The MTU
may be further configured to provide 8 mapped address associated with a reguested

address of a memory secess request 1o the memory based on the mapping tables.

016 Example methods are discloses herein.  An example method may include
retrieving Information i memory responsive 1o Mmemory access requests received from a
processing unit, and managing a configuration of the memory at a memory management
processor (MMP) runaing a memory management {MMH}) hypervisor operating system

based on monitored statistical data associated with the memory and the processing unit.

LURE An example method may mclude recerving, at a processing anit of a

computing system, a request to move from a first information depth map to a second



WO 2014/149538 PCT/US2014/019396

mformation depth map for a portion of a memory of the computing svstem. The first
information depth map may have a first information depth and the second mformation
depth map may have a second information depth. The Example wethod may further
wclude determining whether the computing system has sufficient resources to perform
the move from the first information depth map to the second information depth map
responsive to the request, and providing commmands from the processing unit to the
memory to perform migration from the first information depth map to an intermediate
miormation depth map for the portion of the memory based on a determination that the
computing system bhas insufficient resources to perform the move from the first
mformation depth map to the second information depth map. The intermediate

mformation depth map may have the second mformation depth.

{012} An example method may include receiving, at a memory translation unit, a
menmory access request, the memory access request including a requested address. The
method may further include determining a mapping state of a region of a memory
associated with the requested address, and providing a mapped address to the memory.
The mapped address may be selected from one of the reguested address or a translated
requested address based on the state of the region of the memory associated with the

requested address.

BRIEF DESCRIPTION OF THE DRAWINGS

013} Fig. 1 s a block diagram of an apparatas including an adaplive memory

controlier according to an embodiment of the disclosure.

j014] Fig. 2 a block diagram of an apparatus including an adaptive memory

o

controlier according to an embodiment of the disclosure.

{015] Fig. 3 a block diagram of an hardware/software stack incloding a memory

management hvpervisor according to an embodiment of the disclosure.

016} Figs. 4-0 are exemplary block diagrams of an intermediate information depth

mapping according to an embodiment of the disclosure.
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L Fig. 7 13 a block dagram of a memory translation unit according o an
embodiment of the disclosure.
{018} Fig. 8 1s a block diagram of a region/sub-regions allpcation of a memory

according to an embodiment of the disclosure.

jo19 Fig. 9 15 an exemplary block diagram of intermediaie information depth map

access according to an embodintent of the disclosure,

DETAILED DESCRIPTION

026 Certamn details are set forth below to provide a sufficient anderstanding of
embodiments of the disclosure. However, it will be clear 1o one skilled in the art that
embodiments of the disclosure may be practiced without these particular detaus.
Meoreover, the particular embodiments of apparatuses and methods described herein are
provided by way of example and should not be used to limit the scope of the disclosure
to these particular emabodiments. In other instances, well-known cireuits, control signals,
timing protocols, and software operations have not been shown mn detail 1o order to

avoid unnecessarily obscuring the disclosurs.

1021} Fig. | ilustrates an apparatus inchaling an adaptive memory controlier
according to an embodiment of the disclosure. The apparatus 100 may mclude a central
processing unit 110 coupled to a memory 120 and an adaptive memory controller 130,
The central processing unit 110 may be coupled to the memory 120 via a memory bus.
The central processing unit 110 may include multiple host processing units. In some
embodiments, the multiple host processing units may be on a single chip. In other
embodiments, the central processing vnit 110 may be spread across multiple chips and
conmnuicate via a network. Each processing wait of the central processing unit 110 may
have an associated cache. In some embodiments, the caches of the central processing
unit 110 may be cache coherent, {e.g., all caches are consistent with each other). The
mentory 120 may be configured to store and provide information {e.g., daa and
mstructions) responsive to requests received from the central processing unit 110 andior
the adaptive memory controller 130, The memory 120 may mclude a non-volatile

memory 122 andéor a volatile memory 124, In some embodiments, the non-volatile
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memory 122 and/or the volatile memory 124 are mulu-chanuel memwones. The non-
volatile memory 122 may mclude flash memory (2g, NAND and/or NOR}, POM,
and/or other non-volatile memories. The volatile memory 124 may include DRAM,

SRAM, and/or other volatile memories.

j022 The adaptive memory controtler 130 may be configured to monitor and
manage the memory 120 based on monitored statistical data {e.p., counters, tming,
processing tendencies) of the central processing wut 110 and the memory 120. For
example, the adaptive memory controller 130 mav be configred to dynamically map
and migrate memory blocks at the memory 120 andfor reconfigure setiings associated
with the memory 120 based on the monitored statistical data. The monitored statistical
data of the memory 120 may include depth map setting of information stored at the
memary 120, information mapping of and between the non-volatile memory 122 and the
volatile memory 124, frequency of accesses of the non-volatile memory 122 andfor the
volatile memory 124, or any combination thereof The monitored statistical data of the
central processing wmit 110 may include types of memory accesses, frequency of
memaory accesses, idle fime of processing units of the central processing unit 114, or any

conthination thereof,

1023} In operation, the apparatus 100 mav be configured to vun an operating
syster (OS). The operating system may be run on one or more processing uniis of the
central processing wnit 10, with information {e.g.. data and instructions) stored at the
memory 120, In some embodiments, the operating system may be at least partially
executed at a processing unit of the adaptive memory controller 130, The central
processing unit 110 may be configured fo provide memory access requests to the
memory 120 over the memory bus during operation. The memory 120 may process
HICMOTY access requests to store andfor retrieve miformation based on the memory
access requests. The central processing vnit 110 andfor the adaptive memory controlier
130 may be configured to monttor statistical data associated with the central processing
unit 110 andfor the memory 120, Based on the monitored statistical data, the adaptive
memory controlier 130 may be configured to manage configuration of the information

stored 1w the memory 120, as well as manage configuration settings of the memory 120,
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For example, the adaptive memory controller 130 may be configured 1o map and
migrate memory blocks of the memory 120, As will be described further with reference
to Fig. 2, the operating system may provide memory management threads (MMT) that
monitor the statistical data associated with the central processing umit 110 and the
memory 120, The adaptive memory controller 130 managing the configuration of the
memory 120 may improve efficiency of the apparatus 100, For example, the adaptive
memory controfler 130 may map storage of information at the memory 120 in a way
that reduces retrieval latency for a softwave application running on the apparatus 100
that is requesting the information. In another embodiment, the adaptive memory
controlier 130 may map storage of information ai the memory 120 in a way that reduces
power consumption during retrieval for a software application running on the apparatus

100 that 1s requesting the information.

ja24] Fig. 2 illustrates an apparatus 200 mcloding an adaptive memory controlier
according to an embodiment of the disclosure. The apparatus 200 may include a central
processing unit 210 coupled to a memory 220 and an adaptive memory controller 230
The adaptive memory controller 230 may be configured to manage configuration of the
memory 220 and to manage and migrate information stored at the memory 220 based on
mounttored statistical data of the central processing unit 210 and the memory 220. The
adaptive memory controller 230 coufigured to manage and migrate information stoved at
the memory 220 based on montored statistical data may serve to umprove efficiency
{e.g., power and latency) of the apparatus 200 by managing information depth and
tocation based on traffic between the central processing vnit 210 {and/or the adaptive
memory controiler 230} and the memory 220. The central processing unit 210, the
memory 220, and the adaptive memory controller 230 may correspond to the central
processing unit 110, the memory 120, and the adaptive memory controller 130,

respectively, of Fig. 1.

[025] The central processing wait 210 may be configured to conwnunicate with the
memory 220 via a memory bus. The central processmg wmt 210 may inchude host
processing units 212, 214, 216, and 218 that are interconnected. Each of the host

processing anis 212, 214, 216, and 218 may include an associated cache. The host
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processing umits 212, 214, 216, and 218 may reside on a single chip or may reside on
multiple chips or computer systems. {n some embodiments, the host processing units
212,214, 216, and 218 may be cache coherent {e.g., all caches are consistent with each
other), which is maintained via a common bus, In other embodiments, the host
processing units 212, 214, 216, and 218 may be interconnected by an alternative type of
network (e.g. a network-on-chip (NoC}} on the smgle chip or across multiple chips or

computer systems.

j026] The memory 220 may be configured o store and provide formation (e.g.,
data and instructions} based on requests recetved from the central processing unit 210
andfor the adaptive memory controller 230, The memory 220 may inclode a8 memory
controller 226 configured to communicate with the host processing units 212, 214, 216,
and 218 of the central processing wnit 210 via a memory bus. For example, the memory
220 may mclade a memory controller 226 configured to recerve information from
andfor provide information to the host processing units 212, 214, 216, and 218 of the
central processing unit 210 via a memory bus. The memory 220 may hurther inchude a
non~volatife memory 222 andfor a volatile memory 224, The nos-volatile memory 222
and/or the volatile memory 224 may be configured to store the information received
from andfor provided 1o the host processing wnits 212, 214, 216, and 218 based on
commands received from the memory controfler 226. The volatile memory 224 may
include DRAM, SRAM, and/or other volatile wemories, The volatile memory 224 may
be flash memory (e.g., NAND andfor NOR), PCM, andfor other non-velatile memoties,
In some embodiments, the memory mway have additional memory controllers. For
example, the non-volatile memory 222 and the volatile memory may have separate
memory controlters. Additionally, in some embodiments, each type of memory have a
separate memory controller. For example, DRAM and SRAM mayv have separate
memory controllers andfor NAND flash, NOR flash, andfor PCM may have separate
memory controllers. In the mterest of clanty in describing the apparatus 200, the
memory controller 226 may refer to one or more memory controllers of the memory

220
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{027 In some embodiments, the von-volatile memory 222 andior the wvolatile
memory 224 may include a multi-channel configuration for accessing information. In a
muli-channel configuration, a single block of information can either be deep (written as
a long sequence across few channels) or shallow {written as a short sequence across
many channels). Shallow configurations may trade off higher power consumption for
fower latency per transaction, while deep configurations may trade off higher latency for

higher concurrency and lower power consumption per transaction.

1028] The adaptive memory controller 230 mayv be configured t© monitor and
manage the memeory 220 based on statistical data (e.g., counters, timing, configurations,
processing tendencies) of the central processing unit 210 and the memory 220. The
adaptive memory controller 230 may include & memory management processor MMP
260, a performance monitoring wit PMU 250, and a memory transfation not MTU 240.
The PMU 250 mav be configured to monitor the statistical data. The performance
monitoring unit PMU 250 may include a PMU interface 254, The PMU 250 may be
configured to communicate with the memory controller 226, the MMP 260, and/or one
or more of the host processmg units 212, 214, 216, and 218 to monitor the statistical
data via the PMU mterface 254, In some embodiments, the PMU interface 254 15
configured to communicate with the MMP 260 and the host processing units 212, 214,
216, and 218 via the common bus, etc.  Further the PMU interface 234 may be
configured 1o communicate with the memory controller 226 of the memory 220 via at
feast one of the memory bus or 3 divect connection o the memaory controller 226, The
PN 250 may be configured to monitor the statistical data received from the memory
controlier 226, the MMP 260, and/or one or more of the host processing units 212, 214,

216, and 218

1029 The MMP 260 may be confipured to run memory management threads
{(MMTs) to manage the memory 220, For example, the MMP 260 may be configured to
runMMTs to determine when andfor how to reconfigure the memory 220 hased on
monttored statistical data from the PMU 250, The MMP 260 may inchude a cache, and,
in some embodiments, mav be cache coherent with the host processing units 212, 214,

216, and 218, which & maimtained via the common bus. The MMP 260 may be
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configured to provide commands to the MTU 240 o inttiate or manage migration {e.g.,
remapping) of memory blocks of the memory 220 and/or reconfigure configurable
aspects of the memory 220, The MMP 260 may also be configured to provide memory

access requests to the memory 220

[03¢ The MTL 240 may be configwed to communicate with the memory
controlier 226, the MMP 260, and/or one or more of the host processing units 212, 214,
216, and 218 in order to perform various functions. Example functions performed by the
MTLU 240 may include address translation, managing information migration, tanaging
associated translation tables, supporting the intermediate information depth map, or any
combination thereof. To support these functions, the MTU 240 may be configured to
update and maintain mapping tables 242 and a configurations and command information
unit 244 based on commands received from the MMP 260. The mapping tables 242 may
mclude a region/sub-region Table (RSTable), depth table (DTable), old depth table
{ODTable), and an address scramble table (ASTable). The configurations and command
mformation unit 244 may be configured to maintain and apdate configurations of the
memary 220 (e.g., volatile memory 224 frequency, refresh periods, the non-volatile
memory 222 multi-level cell (MLC) mode, change the volatile memory 224 channel
address mapping {channel depth), etc). The MTU 240 mav further include a tocked
page handler 246 configured to provide an indication of a locked page dwing a block
nugration in the memory 220 to g host processing unit 212, 214, 216, and 218 making a

request for mformation stored in a locked page.

1031} In operation, the apparatus 200 mav be configured to run an operating
svster. The operating svstem may be ruo at the host processing units 212, 214, 216, and
218 of the central processing unit 210, during which information {e.g., data and
mstructions) stored at the memory 220 may be accessed. Typically, an operating system
15 a collection of software that manages computer hardware and provides common
services for computer programs {e.g., software applications). That is, an operating
systemy includes basic functions that mterface with the hardware {e.g.. the central
processing onit 210, the memory 220, and the adaptive memory controller 230} and

computer programs {e.g., sofbware applications). In accessing information {o.g., data and

T
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nmstractions) stored at the memory 220, the host processing onits 212, 214, 216, and 218
may send memory access requests that melude logical addresses logically identifving
focations o be accessed. In accessing the non-volatile memory 222 andfor the volatile
memory 224, an address map 15 used to twanslate from the logical address to a physical
address of the memory 220, In some embodiments, the operating svstem may be a
memory management hypervisor {MMH) (e.g., a virtual machine manager) operating
svstem configured o support guest operating systems run on one or more of the host
processing units 212, 214, 216, and 218, Examples of guest operating systems may
inctude server operating svsterus {e.g., Microsoft ® Windows @& Server, Microsoft ®
Windows & Home Server, Microsoft ® Windows ® Multipoint Server, Microsoft &
Windows ® Small Business Server, Linux & CentOS, Linux ® Red Hat Enterprise,
SUSE Enterprise Server, etc., including other server operating systems), chient operating
systems {e.g., Microsoft & Windows & 2000, XP, Vista, 7, 8, etc., Apple ® Mac OS,
Berkeley Software Distribation (BSD) FreeBST, NetBSD, OpenBSD, e, cic,
imcluding other client operating systems), and any other type of operating system. The
MMH operating system may be a software layer responsible for comrolling hardware of
the central processing unit 210, the memory 220, and the adaptive memory controller

230,

0324 In the apparatus 100, the host processing units 212, 214, 216, and 218 may
be configured to run muhiple application threads at a given thme, where a given
application thread that may include different phasss with different logical address
patterns. The adaptive memory controller 230 may be configured to perform dvnamic
reconfiguration of the memory 220 to match an information mapping with changing

memory patterns of threads ranning on the host processing antts 212, 214, 216, and 218

1633} In order to support performance of dynamic reconfiguration of the memory
220 by the adaptive memory controller 230, the MMH operating system may inchude
functionahity that 15 at least partially run on the MMP 260 to, for example, offtoad
memory management tasks from the host processing waits 212, 214, 216, and 218, For
example, the MMH operating system may provide the MMTs that are configured to

manage the MTU 240 andfor the memory 220, The MMH operating svstem may assign
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execution of the MMTx 1o the MMP 260, To support the MMTs, the MMP 260 may
include hardware units to norease efficiency of memory management tasks assoctated
with the MMTs. Examples of hardware units may nclude statistics monitoring units,
direct memory access {DMA)  enginesfunits, error  comrecting  code  (ECO)
encodersidecoders, etc. The MMP 260 running the MMTs may be operable to configure
the memory 220, either directly or via the MTU 240; to offload memory managements
tasks from the host processing units 212, 214, 216, and 218; to mitialize and update
mapping on the MTU 240; and to medify {or request modification of) sysiem page

tables.

1034 For example, the MMP 260 running the MMTs may be configured to
determine when and how to reconfigure the memory 220 based on wmonitored statistical
data recetved from the PMU 250. Examples of reconfiguration of the memory 220 may
mnchude performing memory scrubbing for fault-tolerance, changing the volatile memory
224 frequency, changing refresh periods, changing the non-volatile memory 222 MLC
mode, changing the volatile memory 224 channel address mapping (channel depth), ete.
Further, as explained above, the adaptive memory controller 230 may be configured to
perform dynamic reconfiguration of the memory 220 1o match an mformation mapping
with changing memory patterns of threads running on the host processing unss 212,
214, 216, and 218, However, changing the information mapping may result in the
physical movement of large amounts of information, which can conswme valuahle
bandwidth and energy. reducing performance. Thus, the MMP 260 running the MMTs
may be configured to map mformation using an intermediate information depth map.
The intermediate nformation depth map will be described farther with reference to
Figs. 4-9.

1035} The PMU 250 may have privileped access to statistics provided by the
memaory controller 226 and the host processing wuts 212, 214, 216, and 218, including
micre-architectural performance counters to momitor the statistical data that is provided
to the MMP 260 ronning the MMTs. In some embodiments, the PMU 250 may have an
optional divect connection with the memory controller 226 vather than monitoning

statistical data via the common bus. Examples of monitored statistical data provided by
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the PMUT 250 1o the MMP 260 may mclude a state of any on-chip structures {e.g.,
load/store queues), reorder buffer (ROB), and the memory controller 226 quenes, some
of which may not be accessible 1o a typical operating svstem. The availability of these

statistics via the PMU 256 may help guide memory decisions by the MMTs.

[036]

Additionally and/or alternatively, the MMP 260 running the MMTs may also
be configured to communicate with the MTU 240 via the configurations and conumand
miormation uni 244 to control confignration of the memory 220 address mappings and
policies. For example, based on the monitored statistical data recetved from the PMU
250, the MMP 260 running the MMTs may alse be configured to inttiabize and update
mapping and configuration states of the memory 220 that are maintained at the
configurations and command information unit 244 of the MTU 240, As explamed
above, the MTU 240 may be configured to perform various functions, including address
transtation, manage mformation migration and manage associated translation tables,
support the intermediate information depth map, or any combination thereof. The MTU
240 may be configured 1o perform these functions responstve to commands received
from the MMP 260 rupning the MMTs, including supporting the intermediate

information depth map, ete.

1037} To support the functionality of the MTU 240 and the MMP 260 running the
MMTs, the apparatus 200 may inclade asgmented page tables and translation-
tookaside-buffers {TLBs) for processing memory access requests. For example, the
augmented tables and TLBs may contam additional metadata that indicates address map
settings and memory configurations. The angmented tables and TLBs mav be
maintained by the mewmory controller 226 and/or the MTU 240, Examples of the
metadata in the augmented tables includes an indication of a migration operation, an
ECC tvpe, strength and ECC bit distribution, depth mapping mode of the non-volatile
memory 222 andfor the wvolatile memory 224, support bits for an mtermediaie
mformation depth map for multi-channel memory {e.g., the non-volatile memory 222
and/or the volatile memory 224), memory channel configuration and frequency {e.g.,
stored in the comfigwrations and command information unit 244), andior other

dyvrarcally controllable memory mapping or hardware confignration settings. In some
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embodiments, the augmented tables and TLBs may be mnvisible to geest operating
system{s} and only implemented in shadow page tables of the MMH operating system.
i other embodiments, the augmented tables and TLBs way be transparent and available

to both the MMH operating system and guest operating systemy(s).

[038] The MTL 240 may be configured to manage andfor use at east some of the
metadata in the angmented tables and TLBs to assign address wanslation, manage
miormation nugration, and manage associated translation tables. As explained above,
the MTU 240 mav be configured to receive memory access reguests from any of the
host processing units 212, 214, 216, and 218 andfor the MMP 260, In some cases, the
Memory access request may correspond to a page undergoing a migration operation
{e.g., an in-flight page). The MTU 240 may be configured to handle an access to an in-
flight page and read or modify blocks of the in-flight page during the mugration
operation. For example, while a page of the non-volatile memory 222 andfor the volatile
memory 224 is undergoing a migration operation, the MMP 260 and/or the MTU 240
may be configured to set a “migrate” bit in the augmented TLB to indicate the migration

gured to update the mapping tables 242

&

status. Further, the MTU 240 may be confi

during the migration operation.

039} Responsive to recetving a memory access 1o the inflight page, the MTU 240
may respond in one or more ways. A first examiple response may inchude, responsive to
a memory access to the in-flight page {e.g., as indicated by the “migrate” bit), the locked
page handler 246 of the MTU 240 generating a page fault in the MMH operating
svstem. Responsive to the page fault, completion of the memory request is deferred to
the MMH operating svstem. The MMH operating system {or guest operating system)
may terminate the thread making the request or stall the thread making the request until
the mgration operation s complete. A second example vesponse may mclude,
responsive o a memory access o an in-fhight page {e.g.. as indicated by the "mugrate”
bit), the locked page handler of the MTU 240 transparently translating the logical
address associated with the memory access request based on information of the mapping
tables 242, and provide the translated logical address to the TLB for translation to a

physical address storing the information associated with the memory access request.
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Handling of memory accesses to in-flight pages facititates mformation access operations

on pages that have not completed an entive migration operation.

{040 The preceding description describes an exemplary embodiment of the
apparatus 200, It is appreciated that the apparatus 200 may be modified to include other
embodiments. For example, the apparatus 100 may include a8 single operating system,
and the MMH operating svstem functionality supporting the described memory
management {e.g., inchuding the MMTs) may be wmeluded in the smgle operating
system. In some embodiments, the apparatus 100 may not mclude the MMP 260, and
the memory management functionality described may be run on the host processing
units 212, 214, 216, and 218, In other embodiments, the MMP 260 may be on a same

chup as the host processing units 212, 214, 216, and 218,

jo41} Further, 1n some embodiments, the MMTs may be run on one or more of the
host processing units 212, 214, 216, and 218, in addition to or rather than running on the
MMP 260, The MMP 260 may also be configured to run guest operating systems andior
threads of the MMH operating system other than or in addition to the MMTs. In some
egmbodiments, the MMP 260 may support a superset of the instruction set (ISA)
supported by the host processing units 212, 214, 216, and 218, which may simplily the
MMH operating systern’s task of thread scheduling, as well as simplify hardware cache
coberence. In some embodiments, the MMP 260 may mchude additional hardware that
performs mulii-level ECC encoding/decoding, including using proprietary algorithms.
Rather than sharing a memory bus with the host processing units 212, 214, 216, and
218, the MMP 260 may be coupled to the memory controller 226 via a direct
connection. In some embodiments, all or a portion of the MTU 240 may be included in
the memory 220. For example, the mapping tables 242 in the MTU 240 may be stored in
cache memories, and the mapping tables 242 may be mcluded tn the memory 220, In
addition, the migration of blocks of the nov-volatile memory 222 and the volatile
mentory 224 may be performed by the MMP 260, the MTU 240, or a combination of

each.

{042} The apparatus 200 baving the adaptive menory controlier 230 may reduce

mede change bandwidth (e.g, power conservation mode versus performance mode),
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which may cause mugration blocks of the memory 220, and may increase performance
and reduce jatency, while also reducing power consumption. The MMP 260 renning the
MMTs of the MMH operating svstem may be able 1o make better mapping decisions
dug 0 access to micro-architectural information and the cument workload of the

memory 220 via the PMU 250,

{043} Fig. 3 iltustrates a block diagram including a software‘hardware hierarchy
having a memory management hypervisor operating system {MMH O8) according fo an
embodiment of the disclosure. The block diagram 300 may include hardware
components, including lower level hardware (e.g, memory transiation unit MTU and
ather processor-in-memory PIM hardware) 350 and upper level hardware and
supporting information {e.g., CPLs, MMP, page tables, shadow page tables, TLBs) 340,
and software components, including drivers in paravirtualized OS {e.g. intercept
graphics calls, OpenCL support) 330, MMH OS 320, and host OF {e.g., guest operating
system, such as a server operating system, a client operating system, or another type of
operating system) 310, The MMH OS 320 may correspond to the operating svstem
described with reference to Fig. 1 and/or the MMH operating system described with
reference fo Fig. 2. The upper level hardware and supporting information 340 may
correspond to hardware componenis of the central processing wnt 110 andior the
adaptive memory controller 130 of Fig. 1, andfor the central processing unit 210, the
MMP 260, andior the PMU 250 of Fig. 2. The lower level hardware 350 may
correspoird to a portion of the adaptive memory controller 130 of Fig. | andfor the MTU
240 of Fig. 2. Operation of the upper level hardware and supporting information 340
and the lower level hardware 350 was described with reference to Fig. 2, and, for
brevity, will not be repeated for Fig. 3. The deivers i paravivtualized O8 330 may be an
operating system configured to support drivers associated with hardware of a computing
svstem, such as the lower level hardware 350. For example, the drivers in
patavirtualized 08 330 may be configured to handle graphies related commands and
support open computing language for other processor types {(e.g., graphics processing

units, digital signal processors, ete.)
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{044 The MMH OS 320 may include operaling system software having a high

privilege level that makes the MMH OS 320 capable of performing low-level system
operations. In some embodiments, the operating system may be a virtual machine
manager operating system configured to support the host 08 310, which may be run on
one or more of the CPUs andior MMP of the upper level hardware and supporting
mformation 340, Thus, the MMH OS 320 mav be a software layer responsible for
controlling hardware of the upper fevel hardware and supporting information 340 and
the lower level bardware 350, For example, the MMH OS 320 may be configured to
perform requests on behalf of host OS 310, which are running at a lower privilege level
than the MMH 08 320. The requesis from the host OS 310 may typically be directed to
gain access to shared resources such as input/output {170} devices and memory space,

such as the memory 120 of Fig. 1 and/or the memory 220 of Fig. 1.

45 As described with reference to Fig. 2, the MMH OS 320 may be configured
to provide memory management threads (MMT), which, in some embodiments, may be
executed on an MMP of the upper level hardware and supporting information 340,
Additionally, the MMH OS 320 may also be configwred to make reconfigusation
decisions based on monitored statistical data (e.g., received from the PMU 250 of Fig.
2y and initiate the reconfiguwration decisions on the MMP of the apper level hardware
aund supporting information 340, In some emboduments, the MMP of the upper level
hardware and supporting information 340 may have faster and more access to the
monitored  statistical data than other CPUs of the lower level hardware 330 by
physically placing the PMU closer to the MMP or providing the PMU with a dedicated

bus to the MMP (and hence the MMTs of the MMH OS 320).

[046] Additionally, the MMH OS 320 may have modified memory management
code configured to configure and control the MMP and handle requests to m-Hight
pages, e.g., pages that are corrently owned by the MMP and are undergoing migration or
other operations. In some embodiments, handling of requests to m-flight pages may be
handled using standard page locking mechanisms inmtiated by the MMTs of the MMH

0S8 320, Alernatively, the handhug of reguests o in-flight pages mayv be handled by &



WO 2014/149538 PCT/US2014/019396

i8
special page faolt handler, such as the locked page bandler 246 of Fig 2, which treats

memory accesses 10 locked pages as memory stalls.

1047] In some embodiments, the MMH O 320 may be configured to encode the
MMTs i encrypted form. This, for example, could represent a manufactorer’s device-
specific characterization of the memory subsystem, sueh as a map of refresh rates with
temperature, The MMH OS 320 may be configured to decrypt the MMT code and data
prior to running the MMTs. In another embodiment, the MMTs may be wnitten 10 an
intermediate language (e.g., a virtual machine mstruction set) and translated mto MMT

mstructions in software to allow cross-platform compatibility.

j048] Referring to Figs. 4-6, an information depth map of & memory relates to an
orgapization of the information in the memory. Each depth map may have benefits and
costs as compared with other information depth maps. For example, a first information
depth map stored at the memory may provide lower information access latency than a
second mformation depth map, but may use more power than the second wformation
depth map. Information depth map needs may change as ngeds of a computing system
change. In some embodiments, one wnformation depth map stored at a memory may be
most advantageons for a particular computer program, while a different information
depth map stored at the memory mayv be wore advastageous for another computer
program. For example, a compuoter program  performing  computations  that s
continuously accessing operands may prefer the first information depth map with lower
fatency, while a computer program consuming a stream of continuous data may not be
as dependent on latency, and may be more efficient to use the second information depth
map. Further, one information depth map may provide advantages based on a maode of
the computing system {e.g., the apparatus 100 of Fig. 1 andfor the apparatas 200 of Fig.
2). Thus, a computimg system 1o a performance mode may select the first information
depth map to optimize mformation access latency, while a computer system in a power
conservation mode (e.g., on battery power) may select the second information depth
map to optanize power consumption. Transitioning from one mformation depth map to
another information depth map may require migration of a substantial amount of

mformation, which may consume additional power and other resouwrces, such ag
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preventing access to affected regions of memory during the migration. Thos, an
intenmediate information depth map stored at the memory may be implemented to
achieve benefits of a desived information depth wap, but may reduce migration of

wiformation as compared with completely moving to a desired information depth map.

{049 Figs. 4-6 illustrate block diagrams depicting exemplary embodiments of
mtermediate  formation depth mapping to an embodiment of the disclosure.
Intermediate depth mappmng may be performed by the adaptive memory controller 130
of Fig. 1 and/or the adaptive memory controller 230 of Fig 2. Figs. 4-6 depict tables
410, 420, 5135, and 620. Each uppercase letter and each lower case letter in the tables
410, 420, 315, and 620 represent an information {e.g., data andfor instructions} unit of X
bytes. A common uppercase letter and a corresponding lower case letter {e.g., "A” and

B and “b7, CHT, and “h7y i the 410, 420, 515, and 620 represent a respective
total information unit that is to be consumed by a host processing unit. The tables 410
420, 515, and 620 are divided into rows ROW1 and ROW?2 and channels CHO-CH7.
Each row of the tables 410, 420, 515, and 620 may represent a contiguons block of
information stored in sequential physical memory locations in channel CHO-7. For
example, “A” is in CHO of ROWIT and 27 1s in CHO of ROW2 may be consscutive
storage locations assoctated with CHI. Sinularly, "B 18 in CH1 of ROW! and "b" 15 in
CHI of ROW2Z may be consecative storage locations associated with CH2. In this
particnlar example, each channel may be capable of providing X bytes of mformation i
paratlel for a total of 8X byvtes of wmformation. In the interest of clarity in describing the
operation of the intenmediate depth mapping, the following description will assume that
alf storage locations identified by the rows ROW1 and ROW?2 storing the data units are
of a fixed size X. It will be appreciated the size of a storage location dentified by the
rows ROW1 and ROW2 for each channel CHO-CH7 may be configurable and may vary

from one channel to another.

030} Fig. 4 depicts a complete migration front an initigh information map MO table
410 1o a desired information map M2 table 420 after scrubbing. The initial information
map MO table 410 &5 8 sequential information map that has a 2X bytes depth represented

by the OLD DEPTH arrow. Thus, each of the total information units may be 2X bvtes
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deep, and, thos, wounld require two sequential memory accesses to relrieve a total
information unit from a single memory channel (2.g., first memory access duected to
ROWT to retrieve “A” from CHO and a second memory access directed 1o ROW2 o
retrieve “a” from CHO). The sequential infonmation mapping of the initial information
map MO table 410 may result in higher latency, as two memory accesses are needed to

retrieve a total information unit of a channel, for example, “A™ and “a” from CHO.

{051} The desired information map M2 table 420 depicts a parallel information
map that has an X bytes depth represented by the DEPTH arrow. Relative to the nitial
mformation map MO, the depth is decreased from a 2X byte depth to an X byte depth.
Thus, since each part of a total information unit resides in a different channel, each of
the total information units may be X bytes deep, and thus, could be accessed via one
memaory access {e.g., a memory access retrieving ROWI1). The parallel mformation
mapping of the desired information map M2 table 420 may take less time w retrieve a

total information unit, as retrieval may be accomplished by ong memory access.

[052] In order to migrate directly from the initial information map MO table 410 to
the desired information map M2 table 420, mdividual information units of a total
miormation umit may be mugrated to different channels. A brate force method may
require 16 moves 10 move every infornmation wnit to g different location. As an
alternative to the brute force method, the Information units “A™ and "h™ are in the same
focation in both of tables 410 and 420, thus may not be migrated. Therefore, the
nugration from the initial information map MO able 410 1o the desired information map
after scrubbing M2 table 420 may be reduced to 14 information unit moves by keeping

nformation units “A” and “h” n the current position.

053] [ some circamstances, a computing svstem may not have safficient time o
perform a complete migration, or the computing svstem may be in a power consgrvation
maode such that a complete migration is impractical. Thus, Fig. § depicts an intermediate
miormation map M1 table 515 that may achieve some of the bevefits of an X byte depth
depicted in the desired information map M2 table 420, without completely migrating the
mformation units as depicted in the desired information map M2 table 420, Fig. 3

mcludes elements that have been previously described with respect to the Fig. 4. Those
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clements have been shown i Fig. 5 using the same reference numbers and labels as
Fig. 4, and the common elements arg as previously deseribed. Consequently, a detaed

description of these elements will not be repeated in the interest of hrevity.

054 Fig. 5 depicts migration from the mutial information map MO table 410 to an
intermediate information map M1 table 15, As explained, the initial information map
MO table 410 may correspond to the initial nformation map MO table 410 of Fig. 4
having the 2X byte depth sequential mformation mapping. The miermediate mformation
map M1 table 515 represents a parallel information map having the X bytes depth that 1s
simitlar to the desired information map after scrubbing M2 table 420 of Fig. 4, but
without moving all of the mformation units fo new locations. For example, the circled
fetters {e.g., “AY, b7, Y7, 7dT, e, U, ¢

g”, and “h7} are able to remain stored as

bot

~

depicted in the initial mformation map MO table 410, Migrating from the initial
nformation map MO table 410 1o the intermediate information map M1 table 5135 may
require relocating 8 information units across the memory to different locations that
result in channel assignments as shown 1o Fig. § for 3 memory access. Any of the total
information units of the intermediate information map M1 table 513 may be accessed
via parallel memory accesses. That s, the information units for a total information unit
are in different channels. For example, mformation wut "B is in channel CH2 and
mformation vt “h7 15 in CHI. Likewise, none of the other mformation wats “A” and
“C7 through “H” are in the same chaunel as the counterpart information unit of the total
mformation unit, that is, mformation units “a” and “¢7 through “h,” respectively.
Sumilar to the desired nformation map after scrubbing M2 table 420 of Fig. 4, the
paratlel information mapping of the mtermediate information map M1 table 515 may
take less time to retrieve a total information unit than the sequential information

mapping depicted in the initial information map MO table 410

{055] In some embodinents, addresses corvesponding to  the  intermediate
mformation map M1 table 515 may be wvisible to the guest operating systems and may
be managed by a memory transiation unit (MTU), soch as the MTU 240 of Fig. 2. Thus,
translating g logical address comvesponding to  information in an  intermediate

mformation map state may require an additional level of hardware franslation. The
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additional level of hardware fanslation may increase latency m a memory access
operation. Therefore, in order for the computing system to make memory reglons
mapped using the intermediate information map M1 table §15 visible 1o software, and
eliminate the additional level of bardware wanslation, migration scrubbing operation
may be performed to transition from the mtermediate information map M1 table 515 to
the desired information map table 420 of Fig. 4. Thus, Fig. 6 depicts completing a
migration by performing the scrubbing operation to transition from an intermediate
miormation map M1 table 3135 having the X byte depth o a desired information map
after scrubbing M2 table 020, representing the desived information mapping of
mformation, Fig. & includes elements that have been previously described with respect
to the Figs. 4 and S. Those elements have been shown in Fig. 6 using the same reference
murrbers and labels as in Figs. 4 and 5, and the common elements are as previously
described. Consequently, a detailed description of these elements will not be repeated

the interest of brevity.

056} As explained, the initial information map MO table 410 may correspond to
the initial information map M table 410 of Fig. 4 having the 2X byte depth sequential
information mapping. Further, the mtenmediate information map M1 able 515 may
correspond to the intermediate information map M1 table 515 of Fig. S having the X
byte depth parallel information mapping. The desired nformation map alter scrubbing
M2 table 620 may correspond to the desired nformation map after scrubbing M2 table

420 of Fig. 4

{057} In cperation, & memory management processor {(MMP)Y {e.g., the MMP 260
of Fig. 2} or a memory translatton unit (MTU) (eog, the MTU 240 of Fig 2) may
manage an initial migration from the initial information map MO table 410 w0 the
mtermediate information map M1 table 513 due to time andfor power constratnts. For
example, as explamed with reference to Fig. 5, the initial migration requires eight block
moves. Responstve to an event, the MMP or MTU may complete a migration from the
miermediate mformation map M1 table 515 to the deswred information map after

scrubbing M2 table 620, The circled information vmits (e, “A”, "E", “a", "B”, °C",

DT, and “hY) may not require a move during the migration from the intermediate
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niformation map M1 lable 515 to the deswed miormation map after scrubbing M2 table
620, and thus, the migration includes nine remaining block moves. Examples of events
that may prompt the MTU to initiate the migration from the intermediate information
map M1 table 515 to the desired information map afler scrubbing M2 table 620 include
idle memory, computing system switched to a performance mode (e.g., no longer w a
power conservation meode), currently running a scrubbing operation on the affected
memory device regions, ete. While the migration depicted in Fig. 6 reguires more total
block moves, (e.g, §+9=17 versus 16 (or 14}, imtially moving to the intermediate
wformation map M1 table 515 may allow the computing systent to efficiently perform
an mitial migration that provides benefits of the destred information map after scrobbing
M2 table 620, and provides an ability to schedule a remaining scrubbing operation at a

time that may limit a negative impact on the compuating systen.

j0S8] It will be appreciated that the transition from the sequential information map
to the parallel information map described in Figs. 4-6 may also apply to a transition
from the parallel information map to the sequential mformation map. That s, a paralle}
information map {e.g., M2 table 620) may migrate to ap intermediate information map
{e.g., M1 table 515}, and then a scrubbing operation may be performed to transition
from the intermediate mformation map to a sequential information map {e.g, MO table
410} when the channel depth is made deeper {e.g., from an X byte depth to a 2X byte

depth).

059 While Figs. 4-6 depict a total data anit having only two mdividual data units,
it will be appreciated that a total data unit may have any number of individual data units,
Further, while Figs. 4-6 depict the sequential data map (e.g., MO table 410) having a
depth of 2X, 1t will be appreciated that a sequential data map may be any number of data
units deep. While Figs. 4-6 depict the sequential data map {e.g., MO table 410} and the
paratlel data maps (e.g.. M1 {able S15 and/or M2 tables 420/620) mdividually, it will be
appreciated that a mapping scheme may include a combination of a pavallel data map
and a sequential data map. For example, in the example of Figs. 4-6, 1f a total data unit
ncluded fowr individoal datg units, the four data units could be divided across two

channels, with each channel having a depth of two data wnts.
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6 As explained with veference o Figs. 4-0, the mtermediate imformation map

may be invisible to software and may require an addittonal hardware transiation. Figs.

7-9 illustrate accessing imformation mapped according o an intermediate information
map and/or accessing information currently in a migration operation. Fig. 7 usirates a
block diagram of g memory transfation ynit mcluding mapping tables according to an
embodiment of the disclosure. The memory translation unit MTU 700 may include a
multiplexer 760 configured to provide one of a requested address RQST ADDR and an
address from an address scramble table 740 a3 a mapped address output MAPPED
ADDR based on a value of a control signal from a comparator 750, The valve of the
control signal from the comparaior 750 may be based on information received from
mapping tables 703, The mapping tables 705 may include a region/sub-region table 710,
an old depth table 720, and a depth table 730. The MTU 700 may correspond to the

MTU 240 of Fig. 1.

61} For illustration, Fig. 8 depicis a memory map of a memory divided into
regions and sub regions. Each row of the table depicied tn the table 800 comwesponds to a
different regron (e.g., region ¢, 1, 2, 3, . . | K). Further, each region of the memory is
further divided into sub-regions represented by the column headings (8.2, 0, 1, 2,3, . . .,

1.} of the table 800.

j062] In operation, when new transachions enter a memory controller {eg., the
memory controller 226 of Fig. 2), the ROST ADDR s used to identify a region of the
nmemory map the transaction targets, as in Fig 8. Responsive to identification of a
region, a respective old depth parameter associated with the identified region is
retrieved from the old depth table 720 and a respective depth pavameter associated with
the identified region is retrieved from the depth table 730. The old depth parameter and
the depth pavameter are compared at the comparator 750, Responsive to the old depth
parameter matching the depth parameter, the comparator 730 provides a control signal
having a first value to the mudtiplexer 760, Responsive to recetving the control signal
having the first value, the muduplexer 760 provides the ROST ADDR at the oviput as

the MAPPED ADDR 1o decoding logic, such as a TLB.
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{063} Respuonsive to the old depth parameter not matching the depih parameter, a
state of the address map and a state of the region/sub-region is retrieved from the
regiondsub-region table 710, A size of the region/sab-region table 710 may be based on
the size of the “Depth Region” set by the operating system. For example, if an entire
“Depth Region” is migrated together in one pass, the “Depth Region™ is considered a
region. Alternatively, if the “Depth Region” is large, the operating system may divide
the “Depth Region” into sub-regions. The states of the address map in the region/sub-
region table 710 may mclude old depth map (M), intermediate information depth map
(M1}, or new depth map (M2). The states of the regionwsub-region of the region/sub-
region iable 710 may include: (1) move i progress, {(2) move not in progress, (3) an

tenmediate state, and {4) move complete, e.g., new depth map (M2}

{064} When a depth mapping change occurs, a region/sub-region state is set to the
‘move in progress’ state responsive to @ memory controller {e.g., the memory controlier
226 of Fig. 2} being instructed to move the information in the region/sub-region. Based
on the region'sub-region state being set to the "move in progress’ state, the memory
controlier may perform one of stalling transactions that target the respective region/sub-
region or completing transactions for information currently in the memory controlier
queues. When the mformation has not begun to be moved, the region/sub-region state 13
set to the ‘move not in progress” state, and the comparator 750 15 configured to provide
the control signal to the multiplexer 760 having the first value. Based on the control
signal baving the first value, the multiplexer 700 provides the ROQST ADDR at an output
as the MAPPED ADDR, and the MAPPED ADDR is decoded based on the old depth

map.

[065] When movement of the information has begun, the region/sub-region state is
set to the “mtermediate state’ state. When the regionfsub-region state 18 set fo the
“mtermediate state” state, the comparator 750 may be configured to provide the control
signal to the multiplexer 760 having a second value. Based oun the control signal having
the second value, the multiplexer 760 1s configured to provide an output from the
address scramble table 740 as the MAPPED ADDR wo decoding logic. The address

scramble table 740 iy configured to provide a translation {e.g., scramble) of the RQST
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ADDR 1o allow the decoder 1o access a cwrrent location of targeted information. The
MAPPED ADDR based on the cutput of the address scramble table 740 may be
decaded by the decoding logic 1o determine the location of the targeted information.
When the information has been completely moved, the regiondsub-region state 1s set to
the ‘completely moved® state, and the comparator 750 is configured to provide the
control signal to the multiplexer 760 having the first value. Based on the control signal

having the first value, the multiplexer 760 is configured to provide the RQST ADDR at
an output, and the ROQST ADDR 15 decoded based on the {new} depth map. The
operating svstem (e.g., the MMH operating systemn as described with reference to Figs.
2 and 3) andfor a memory translation unit (MTU) {e.g., the MTU 240 of Fig. 2) may
control whether the region/sub-region state should be set to the “intermediate state’ state

or the "move complete’ state (M2).

j066] Fig. 9 depicis an example of address translation based on an initial depth
map and an intermediate information depth map according to embodiments of this
disclosare. Old depth map MO table 912 represents a mapping of information of an old
depth map before any information has moved. Qld information map table 914 represents
where information units are stored in memory based on the old depth map. Intermediate
depth map M1 table 917 represents a wapping of information of based on an
mtermediate information depth map {e.g., alter some information has moved).
Intermediate wnformation map table 915 represents where information #tems are stored
i memory based of the intermediate wfonmation depth map. The nitial information
map table 910 may correspond to the nutial information map MO table 410 of Figs. 4-6.
The intermediate information map table 915 may correspond to the intermediate

mformation map M1 table 515 of Figs. 5-6.

{667} In an example operation, while mformation 18 mapped according to an old
depth map, a request for information “ID7 920 at a request address 4'b01H0 18 recerved at
an MTU. Based on the MTU determiming that the old information map table 910 applies
{e.g.. via logic depicted in Fig. 7). the MTU may consull the old depth map MO table

912 1o translate the address 4°b0110 922, Based on the old depth map MO wble 912, the
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MTU may provide av address 4’50110 922 that points to a location of the information

S0 920 m the old information map table 910,

{068} Further, while information is mapped according to an  intermediate
mformation depth map, a request for information "D 920 at a request address 460110
ts received at an MTU. Based on the MTU determining that the intermediate
wformation map table 915 applies, the MTU may consult the mtermediate information
depth map M1 table 917 {o translate the address 4°b0110. Based on the mtermediaie
information depth map M1 table 917, the MTU may provide an address 4°b1100 924
that points to a location of the mformation "D 920 m the mtermediate information map

table 915,

[069] Those of ordinary skill would farther appreciate that the various illustrative
fogical blocks, configurations, modales, circuits, and algortthm steps described
connection with the embodiments disclosed herein may be implemented as electromc
hardware, computer software executed by a processor, or combinations of both, Various
illustrative components, blocks, configurations, modules, circuits, and steps have been
described above generally i terms of thew functionality, Skilled artisans may
nnplement the described fonctionality In varying ways for each particular application,
but such implementation decisions should not be interpreted as causing & departure from

the scope of the present disclosure.

{070} The previous description of the disclosed embodiments is provided 1o enable a
person skilled in the art to make or use the disclosed embodiments. Various
modifications to these embodiments will be readily apparent to those skilled in the art,
and the principles defined heremn may be applied to other embodiments without
departing from the scope of the disclosure. Thus, the present disclosure s not intended
to be limited to the embodiments shown herein but is to be accorded the widest scope

possible consistent with the principles and novel features as previously deseribed.
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CLAIMS
What is claimed is:
i, An apparatus, CoOmprisimg;

a processing unit configured to run an operating system;

a memory coupled to the processing unit, the memory configured to
comunicate with the processing unit via a memory bus; and

an adaptive memory controller configored 1o receive monitored statistical
data from the memory and from the processing unit, wherein the
adaptive memory controller 1s configured {0 manage the memory

bhased on the monitored statisitcal data.

2. The apparatus of claim 1, wherein the operating system 15 a memory
hypervisor (MMH) operating svstem, wherein the MMH operating system provides
memory management threads (MMT) configured to manage the memory, wherein
the MMH operating system 15 configured to support a guest operating system run on

the processing unit.

3 The apparatus of claim 2, wherein the adaptive memory controller
comprises a memory management processor (MMP) configured to run the MMT,
wherein the MMP running the MMT is configured to manage the memory based on

the monsored statistical data.

4. The apparatus of claim 3, wherein the MMP comprises a cache and a
direct-memory access (DMA) engme, wherein the DMA engine 15 configured

communicate with the memory.

5. The apparatus of clamm 4, wherein the processing wt includes a
cache and the cache of the MMP is coupled to the cache of the processing unit via a

common bus.
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8. The apparatus of claim 3, wherein the processing unit is configured to

execute the MMH operating system using a first mstruction set, and wherein the
MMP is configured to execute the MMH operating system using a second

instruction set,

7. The apparatuas of claim 3, wherem the memory comprises a memory

controller and at least one of non-volatile memory or volatile memory.

8. The apparatas of claim 7. wherein the at least one of the non-volatile

memoery ot the volatile memory is @ malti-channel memory.

9. The apparatus of claim 7, wherein the MMP running the MMT being
configured to manage the memory comprises the MMP ronning the MMT bemg
configured to at least one of

change a frequency of a portion of the at least one of the non-volatile

memory or the volatile memory;

change a refresh period of a portion of the volatile memory;

perform a memory scrub of a portion of the at least one of the non-volatile

memory or the volatile memory;

change a mudit-level cell mode of a portion of the at least one of the non-

volatile memory or the volatile memory; or

change address mapping of a portion of the at least one of the non-volatile

memory or the volatile memory.

10. The apparatus of claim 3, wherein the MMP running the MMT being

configured to manage the memory comprises the MMP running the MMT being

configured 10 manage mngration of mformation in the memory,

L The apparatus of clatm 10, wherein the MMP running the MMT
being configured to manage migration of mformation compnses the MMP running
the MMT being configured to provide memory commands to a memory controller

tnstructing the memory controller to move blocks of information in the memory.
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i2 The apparatus of claim 3, wherem the MMP 15 configured o nun the
MMT to determine when to reconfigure the memory based on the monitored

statistical data.

13 The apparatus of claim 3, wherein the MMP is configured to run the
MMT to determine how to reconfigure the memory based on montored statistical

data.

14 The apparatus of claim 3, wherein the MMP is configured to run the

MMT to map information using an intermediate wformation depth map

15, The apparatus of claim 1, wherein the adaptive memory controller
further coraprises a performance management amt (PMUY configured to momtor the
monttored statistical data, the PMU further comprising a PMU interface configured
to couple the PMU to the processing unit and the MMP via a common bus and to &

memory controtler of the memory.

16, The apparatos of clatm 12, wherein the PMU interface s conhigured
o couple the PMU to the memory controller via at least one of the memory bus or a

direct connection.

17.  The apparatus of claim 1, wherein the adaptive memory controller
configured to manage the memory based on the montiored statistical data comprises
the adaptive memory comroller configured to manage information depth and

location based on traffic between the processing unit and the memory 220,

18,  The apparatus of claim 1, wherem the adaptive memory controller
configured to manage the memory based on the monitored statistical data comprises
the adaptive memory conmtroller configured to perform dvpamic reconfiguration of
the memory t©o match ag formation mapping with changing memory pattetns of

threads running on the processing umt,
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19 An apparatus Comprising:

a processing unit configured to ron an operating system;

a memory coupled to the processing unit, the memory configured 1o
communicate with the processing unit via a memory bus; and

a memory transtation anit (MTU} configured io manage information
migration stored at  the memory, the MTU further configured to
support an intermediate depth map of the memory during the
migration of the information stoved at the memory from a first depth

map to a second depth map by majutaining wapping tables.

20, The apparatus of claitm 19, wheremn the MTU further comprises the

mapping tables.

21, The apparatus of ¢laim 19, wherein the MTU further comprises a
cache having data of the mapping tables, and wherein the memory further comprises
the mapping tables.

22, The apparatus of claim 19, wherein the MTU further comprises a
configurations and command information unit configured to maintain and update

configurations of the memory.

23, The apparatus of claim 22, wherein the configurations and command
mformation unit configured o maintain and update configurations of the memory

comprises maintatning and updating ar {east one of a frequency of the memory, a
refresh period of the memory, a multi-leved cell (MLC) mode of the memory, a

memory channel address depth mapping, or a combination thereof.

24 An apparatus, comprising:

a memory configared to store information; and

a processmg valt configured 1o run an operating system, the processing unit
configured to manage information depth mapping of the memory,

wherem responsive 1o g request o migrate mformation stored at



WO 2014/149538 PCT/US2014/019396

32

memory of the memory from a first wformation depth map 1o a
second nformation depth map, the processing unit configred o0
migrate the information stored at the memory of memory 1o an
miermediate wmformation depth map, wherem the first information
depth map has a first information depth, wherein the second
information depth map and the mtermediate information depth map

each have a second mformation depth.

25, The apparatus of claim 24, wherein the processing unit s further
configured to imtiate a scrubbing operation io transtiion 1o the second information

depth map based on an event.

26, The apparatus of claim 24, further comprising a memory translation
unit configured o manage address mapping during migration of the information
stored at the memory of the memory from the {irst information depth map to the

mtermediate information depth map.

27, The apparatus of claim 24, wherein the first information depth map 1s
a sequential depth map, and wherein the second information depth map and the
mtermediate information depth map are each one of a parallel depth map, a

sequential depth map, or a combination thereof.

28, The apparatus of claim 24, wherein the processing unit 15 a memory

management processing unit of an adaptive memory controller.

29, An apparatus, COmprising:

a memory configured to store information, wherein memory of the memory
is configured with two or more information depth maps; and

a memory transtation unit (MTU) configured to support an intermediate
depth map of the memory dunng the migration of the mformation
stored at the memory from a first mformation depth map of the two

or more information depth maps 1o a second information depth map
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of the two or more information depth by mamtaining mapping tables,
wherein the MTU 15 figther configured to provide a mapped address
associated with a requested address of a memory access request 1o the

memory based on the mappmg tables.

30 The apparatus of claim 29, wherein the mapping tables comprise at
least one of an old depth map table, a new depth map table, or a region/sub-region

table

31, The apparatus of claim 29, wherein the MTU further comprises a
comparator configared to provide a control signal having a value based on a
comparison of data in the mapping tables, wherein the data in the mapping tables

corresponds to a region of the memory that s associated with the logieal address.

32, The apparatus of claim 31, wherein the MTU further comprises an
address scrambler configured to translate the requested address to produce a

transiated requested address based on an address map.

33, The apparatus of claim 32, wherein the MTU further comprises a
multiplexer configured to provide the mapped address based have that s selected
from one of the requested address or the translated requested address based on a

value of the control signals from the comparator,

34, A methed, comprising

refrieving nformation 1n MOMmOry responsive to memory access requests
received from a processing unit; and

managing a configuration of the memory at a memory management
processor  {MMP) running a  memory management {(MMH}
hypervisor operating system based on monitored statistical data

associated witl the memory and the processing unit.



WO 2014/149538 PCT/US2014/019396

34
35, The method of claim 34, further comprising recetving the monttored

statistical data associated with the memory and the processing unit.

36, The method of clamm 34, wherein the monstored statistical daia
associated with the memory comprises at least one of depth map setting of
mformation stored at the memory, information mapping of and between portions of
the memory, frequency of accesses of portions of the memory, or any combination

thereof,

37 The method of claim 34, wherein the monitored statistical data
associated with the processing unit comprises at least one of types of the memory
acoess requests, frequency of the memory accesses, idle time of the processing uait,

or any combmation thercof,

38, The method of claim 34 wherein managing the configuration of the
memory at the MMP running the MMH hypervisor operating system based on
monitored statistical data associated with the memory and the processing unit

comprises managing migration of mformation m the memaory.

39, The method of claim 38, wherein managing migration of information
in the memory comprises:

providing memery commands to the memory; and

moving blocks of mformation i the memory responsive 1o the memory

commangds.

40, The method of clamm 38, wherein managing migration of information
in the memory further comprises managing metadata of page tables and translation

lookaside buffers.

41, The method of clatm 34, wherein managing migration of information
m the memory firther comprises, responsive 10 receiving a Memory access regoest

for information stored in a portion of the memory undergoing a migration:
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generating a page faolt i the MMH operating system while the requested

information is unavatlable; and
providing the information when the portien of  the memory become

available.

42, The method of claim 40, wherein managig migration of wnformation
in the memory further comprises, responsive (0 TeCeIVIRG & IMEMOTY ACCESS tequest
for mformation stored i a portion of the memory undergoing a migration:

stalling a thread making the request in the MMH operating system while the

reguested information is unavatlable; and

providing a translation of a logical address of the memory access request

associated with a now address of the memory where the information

1s stored responsive to completion of movement of the information.

43, The method of claim40, wheretn managing metadata of page tables
and transiation lookaside buffers further comprises storing the metadata in shadow
page lables and transiation lookaside buffers that are not visible to a guest operating

system,

44, The method of clatm 34, wherein managing the configuration of the
memory at the MMP rumning the MMH hypervisor operating system based on
monitored statistical data associated with the memory and the processing unit
comprises moving a portion of the memory from a hrst information depth map to an
mtermediate mformation depth map, wherein the mtermediate information depth
map 1s invisible to a processing unit ranning a guest operating svstem.

45, The method of claim 34, wherem responsive to receipt of a memory
access request to the portion of memory mapped according to an intermediate
information depth map from the processing anit:

perfornung an intial translation of a logical address of the memory access

reguest at a memory translation ynit to produce a translated address;

and
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franslating the translated address into a physical address of the memory.

46, The mothod of claim 34, wherein managing the configuration of the
memory at the MMP ronning the MMH hypervisor operating system based on
monitored statistical data associated with the memory and the processing unit
comprises at least one of!

changing a frequency of a portion of the memory;

changing a refresh pertod of a portion of the memory;

changing a multi-level cell mode of a portion of memory; or

changing address mapping of a portion of the memory.

47, A method, comprising

receiving, at a processing vnit of a computing system, 3 reguest 1o move
from a first information depth map to a second mformation depth
map for a portion of a memory of the computing system, wherein the
first information depth map has a first information depth and the
second information depth map has a second nformation depth;

determiming  whether the computing system has sufficient resources to
perform the move from the first iformation depth map to the second
information depth map responsive to the request; and

providing commands from the processing unit to the memory to perform
migration from the first information depth map to an intermediate
mformation depth map for the portion of the memory based on a
determination that the computing system has tnsufficient resources to
perform the move from the frst information depth map to the second
mnformation depth map, wheremn the intermediate information depth

map has the second mformation depth.

48, The method of clamm 47, further coraprising providing commands
from the processing unit to the memory to perform a scrubbing operation to
transition from the imtermediate information depth map to the second imformation

depth map responsive to an event.
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49, The method of claim 48, wherein wigrating from the firsst information
depth map to the intermediate information depth map requires a first count of
moves, and wherein migrating divectly from the frst information depth map 1o the

second information depth map requires a second count of moves.

S, The method of clanm 48, wherein the event comprises at least one of
an idle memory, the computing system switched to a performance mode, the
compating system is running a scrubbing operation on the portion of the memory, or

combinations thereof,

51. The method of clasm 47, wherein the determinabion that the
computing system has insufficient resources to perform the move from the first
iformation depth map to the second mformation depth map based on the computing

system being in a power conservation mode.

52, A method, comprising

receiving, at a memory translation unit, a memory access request, the
memory access request including a requested address;

determining & mapping state of a region of a memory associated with the
reqguested address; and

providing a mapped address to the memory, wherein the mapped address is
selected from one of the requested address or a translated requested
address based on the state of the region of the memory associated

with the requested address.

33, The method of claim 52, wherein determining a mapping stae of a
region of a memory assoctated with the requested address comprises:
comparing an entry in an old depth map table associated with the region with
an entry in a depth map table associated with the region; and
responsive to the entry of the old depth map table matching the entry of the
depth map table, providing the requested address as the mapped

address.
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54, The method of clann 53, further comprising, responsive o the eatry
of the old depth map table being mismatched with the entry of the depth map table:
determining a state of the region from a region/sub-region table; and
responsive {o the region/sub-region table mdicating an intermediate mapped
state; providing the translated requested address as the mapped

address.

55 The method of claim 32, further comprising, responsive to the
reglon/sub-region table mdicating a move is not n progress in the region, providing

the requested address to the memory to be decoded vsing the old depth map table.

50. The method of claim 52, further comprising, responsive to the
region/subh-region table mdicating a move is complete in the region, providing the

requested address to the memory to be decoded using the depth map table.
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