wO 20197236172 A1 |0 0000 000000 O 0

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

World Intellectual Propert J
(o wer Orgmiation 2 0 O OO0 RO O 00

International Bureau % (10) International Publication Number

WO 2019/236172 Al

(43) International Publication Date
12 December 2019 (12.12.2019) WIRPOIPCT

(51) International Patent Classification: (74) Agent: BARRY, Daniel G.; Barry IP Law, P.C., 27201
GO6F 13/16 (2006.01) GO6F 12/02 (2006.01) Puerta Real, Suite 300, Mission Viejo, California 92691
(US).

(21) International Application Number:
PCT/US2019/024221  (81) Designated States (unless otherwise indicated, for every

kind of national protection available). AE, AG, AL, AM,
AOQ, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY, BZ,
27 March 2019 (27.03.2019) CA, CH, CL, CN, CO, CR, CU, CZ, DE, DJ, DK, DM, DO,

(25) Filing Language: English Dz, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT, HN,
HR, HU, ID, IL, IN, IR, IS, JO, JP, KE, KG, KH, KN, KP,

(22) International Filing Date:

(26) Publication Language: English KR,KW,KZ LA, LC,LK,LR,LS, LU, LY, MA, MD, ME,
(30) Priority Data: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
16/001,635 06 June 2018 (06.06.2018) US OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,

SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM, TN,

(71) Applicant: WESTERN DIGITAL TECHNOLOGIES, TR, TT, TZ. UA. UG, US. UZ, VC, VN, ZA, ZM. ZW.

INC. [US/US]; 5601 Great Oaks Parkway, San Jose, Cali-

fornia 95119 (US). (84) Designated States (unless otherwise indicated, for every
kind of regional protection available): ARIPO (BW, GH,
GM, KE, LR, LS, MW, MZ,NA, RW, SD, SL, ST, SZ, TZ,
UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), European (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
EE, ES, FI, FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,

(72) Inventors: DUBEYKO, Viacheslav; c/o Western Digitial
Technologies, INC., 5601 Great Oaks Parkway, San Jose,
California 95119 (US). CARGNINI, Luis; 1068 Minoru,
San Jose, California 95120 (US).

(54) Title: PROCESSOR FOR IMPROVED PROCESS SWITCHING AND METHODS THEREOF

510 })2
3061 K
/ /
CONT. 1 ~ > ALU1 302
306 W
CONT. 2 ALU2 302
" 306w < 304y :
£ v NUMN
CONT.N ALUN 302
eDRAMN

FIG. 3

(57) Abstract: A processor includes processor memory arrays including one or more volatile memory arrays and one or more Non-
Volatile Memory (NVM) arrays. Volatile memory locations in the one or more volatile memory arrays are paired with respective NVM
locations in the one or more NVM arrays to form processor memory pairs. Process data is stored for different processes executed by
at least one core of the processor in respective processor memory pairs. Processes are executed using the at least one core to directly
access the process data stored in the respective processor memory pairs.

[Continued on next page]



WO 2019/236172 A [IN 1000000 00 0O 0 00O

MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SI, SK, SM,
TR), OAPI (BF, BJ, CF, CG, CIL, CM, GA, GN, GQ, GW,
KM, ML, MR, NE, SN, TD, TG).

Declarations under Rule 4.17:

— as to applicant's entitlement to apply for and be granted a
patent (Rule 4.17(ii))

— as to the applicant's entitlement to claim the priority of the
earlier application (Rule 4.17(iii))

Published:
—  with international search report (Art. 21(3))



WO 2019/236172 PCT/US2019/024221

PROCESSOR FOR IMPROVED PROCESS SWITCHING AND METHODS
THEREOF

BACKGROUND

[0001] A context switch generally includes storing the state of a process or a
thread, so that execution of the process or the thread can be resumed at a later time
from the same point where execution left off before the context switch. The term
“context switch” can therefore refer to switching between the execution of different
processes or switching between the execution of different threads within a process.
Context switches ordinarily allow multiple tasks to be executed by a single processor
core to facilitate a multitasking Operating System (OS).

[0002] The computational cost of a context switch can vary, but typically includes
storing process data for a process or thread under execution in a main memory
outside the processor, and loading process data for a different process or thread
from the main memory into a memory location within the processor, such as into a
register or a level cache (e.g., L1/L2/L3 cache). Examples of process data stored
and loaded during a context switch can include a Task State Segment (TSS) for
storing information about a task, and a Translation Lookaside Buffer (TLB) used to
reduce the time to access a user memory location for the task. As used herein, a
task can refer to a set of program instructions or a metadata structure used to
account for processes and threads, that is loaded in a main memory for execution by
a processor.

[0003] Conventional processors provide a relatively small set of registers with
limited storage capacity, and typically only store one TSS and one TLB per process
for a processor core at a given time. In contrast, modern OS’s may use preemptive
multitasking with the goal of executing several tasks nearly simultaneously. In
preemptive multitasking, the OS determines how long to allocate resources such as
a processor core to a given task before allocating the resources to another task.
Preemptive multitasking can therefore be a significant source of context switches. In
such examples, the OS’s task scheduler distributes the processor's time slices
between multiple tasks and initiates frequent context switches. Such frequent
context switches can degrade the performance of processors primarily due to the

increased number of load and store operations to access the main memory.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0004] The features and advantages of the embodiments of the present disclosure
will become more apparent from the detailed description set forth below when taken
in conjunction with the drawings. The drawings and the associated descriptions are
provided to illustrate embodiments of the disclosure and not to limit the scope of
what is claimed.

[0005] FIG. 1 illustrates an example of the conventional loading and storing of
process data with a main memory during execution of processes.

[0006] FIG. 2 illustrates an example of the conventional switching between
processes executed by a processor.

[0007] FIG. 3 is a block diagram of an example processor including processor
memory pairs according to an embodiment.

[0008] FIG. 4 illustrates an example of the storage of process data in processor
memory pairs according to an embodiment.

[0009] FIG. 5 illustrates the use of an array to point to corresponding Non-Volatile
Memory (NVM) locations in processor memory pairs according to an embodiment.
[0010] FIG. 6 is a flowchart for process execution using processor memory pairs
according to an embodiment.

[0011] FIG. 7 is a flowchart for a loading process according to an embodiment.
[0012] FIG. 8 is a flowchart for a process data eviction process according to an

embodiment.

DETAILED DESCRIPTION

[0013] In the following detailed description, numerous specific details are set forth
to provide a full understanding of the present disclosure. It will be apparent,
however, to one of ordinary skill in the art that the various embodiments disclosed
may be practiced without some of these specific details. In other instances, well-
known structures and techniques have not been shown in detaill to avoid

unnecessarily obscuring the various embodiments.
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Conventional Processor Operation

[0014] FIG. 1 illustrates an example of the conventional loading of process data
from, and the storing of process data in main memory 102 during execution of
processes. As shown in FIG. 1, processor 100 includes registers, a Translation
Lookaside Buffer (TLB) cache, a data cache, and an instruction cache. Processor
100 may include, for example, a Central Processing Unit (CPU), a Microprocessor
(MPU), or a Microcontroller (MCU). Processor 100 may also be part of a System on
a Chip (SoC). Main memory 102 can include, for example, a Dynamic Random-
Access Memory (DRAM) or other RAM that serves as a primary storage for process
data. As used herein, process data can refer to the code and other data that is used
when executing a process or a thread.

[0015] The TLB cache is a memory cache that is used to store a TLB for a
process being executed by the core. As noted above, the TLB is used to reduce the
time taken to access a user memory location. Since each process generally has its
own protected virtual address space, each process has its own TLB. In some
implementations, the TLB cache may be part of a processor's Memory Management
Unit (MMU). The TLB cache can store recent mappings of virtual memory to
physical memory, and can be referred to as an address-translation cache.

[0016] A TLB cache may reside between a core of processor 100 and a processor
level cache (e.g., L1/L2/L3 cache), between a processor level cache and main
memory 102, or between different levels of the processor level caches. As shown in
FIG. 1, the TLB cache is located in processor 100 among a data cache for storing
data used by a process or data provided as a result of executing a process, and an
instruction cache for storing portions of the code for the process or thread.

[0017] In some implementations, the TLB can be implemented as a Content
Addressable Memory (CAM). In such implementations, a CAM search key can be
the virtual address and the search result can be the physical address. If the
requested address is present in the TLB, the CAM search can yield a match quickly,
and the retrieved physical address can be used to access process data from main
memory 102. This is called a TLB hit. If the requested address is not in the TLB
(i.e., a TLB miss), the translation to a physical address proceeds by looking up a
page table in a process called a page walk. The page walk is typically time

consuming when compared to processor speed, as it involves reading the contents
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of multiple memory locations and using the read contents to compute a physical
address. After the physical address is determined by the page walk, the virtual
address to physical address mapping is entered into the TLB.

[0018] As with the TLB, each process also typically has its own Task State
Segment (TSS). The TSS can include a special data structure, such as those used
with x86-based processors, that holds information about a task. As used herein, and
as noted above, a task can refer to a set of program instructions, such as a process
or thread, that is loaded in main memory 102 for execution by processor 100. The
TSS is used by an OS kernel for task management. Specifically, the TSS may store
information about the task, such as a processor register state, 1/0 port permissions,
inner-level stack pointers, and a previous TSS link from a previous session of
execution. The TSS may reside in various locations, such as in main memory 102 or
in @ memory of processor 100, such as in registers of processor 100. In some
implementations, a special segment register called the task register may hold a
segment selector that points to a valid TSS segment description, which resides in a
Global Descriptor Table (GDT) used by x86-based processors.

[0019] In addition to the TLB and TSS for a process or thread, other process data
may include, for example, local temporary data used by the process during
execution, initial data that is used as input data, or intermediate results from the
execution of the process.

[0020] In this disclosure, a process is used as a specific example of executable
code to illustrate various embodiments. However, as will be appreciated by those of
ordinary skill in the art, the embodiments in the present disclosure can be generally
applied to other examples of executable code, such as threads within a process or
other tasks.

[0021] As shown in FIG. 1, the TLB and TSS for each process is stored as
process data in main memory 102. In the example of FIG. 1, process data for
process 1 is loaded from main memory 102 into processor 100, such as when a task
scheduler allocates a time slice for the process to be executed. In more detail, the
TLB for process 1 can be loaded into the TLB cache of processor 100 and the TSS
can be loaded into one or more registers of processor 100. Process 1 is executed
by processor 100 until a software interrupt or system call is received to switch to
executing process n. The software interrupt can be initiated by a task scheduler of

an OS to switch to executing process n. At that point, the process data for process
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1, including the TLB and TSS for process 1, is stored back or unloaded in main
memory 102.

[0022] The process data for process n, including the TLB and TSS for process n,
is then loaded into processor 100 from main memory 102. Process n is executed by
processor 100 and process data for process n is unloaded to main memory 102
upon completion of the execution of process n or when another interrupt or system
call is received to switch to executing a different task at processor 100. The
foregoing example of a conventional context switch can be expensive in terms of
processing time and resources due to the load and store operations needed to
access main memory 102 when performing a context switch.

[0023] In a multitasking OS, processes may occupy a variety of states. Some
example states include a new state when a process is first created, a ready state
when the process has been stored in main memory 102 and is waiting for execution,
a running or executing state when the process has been chosen for execution, a
waiting or idle state after the process has been running but is put on hold so that
another process can be executed, and a terminated state when the process has
completed execution or has been killed by an application or the OS.

[0024] FIG. 2 further illustrates an example of the conventional switching between
processes executed by a processor. As shown in FIG. 2, process 1 executes until
an interrupt or system call is received for a context switch. In block 202, process
data for process 1 is stored in main memory 102 as process 1 enters a waiting or
idle state. In block 204, process data for process n is reloaded from main memory
102, and process n enters a running or executing state while process 1 remains idle.
[0025] An interrupt or system call is then received during execution of process n
as part of a context switch. The interrupt or system call may come from a task
scheduler of a multitasking OS. In cases where the OS is a preemptive multitasking
0S, the initiation of the interrupt or system call may occur after a designated amount
of time that has been allocated to execution of process n, regardless of the status of
the execution of process n.

[0026] In block 206, process data for process n is stored in main memory 102, and
process n becomes idle. In block 208, process data for process 1 is reloaded from
main memory 102 into processor 100. Process 1 then becomes active again and
executes from the point where process 1 left off before receiving the interrupt or

system call at block 202. In this regard, the TSS for process 1 may be used to
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identify the current state of execution for process 1 in re-activating the execution of

process 1.

Example Processor Implementations

[0027] FIG. 3 is a block diagram of example processor 300 including processor
memory pairs 302 according to an embodiment. Processor 300 may include, for
example, a CPU, an MPU, or an MCU. Processor 300 may also be part of an SoC.
As shown in FIG. 3, processor 300 includes a plurality of processor cores denoted in
FIG. 3 as Arithmetic Logic Units (ALUs) 3041 to 304n. Each core is associated with a
processor memory pair 302 including a Non-Volatile Memory (NVM) location and a
volatile memory location. In the example of FIG. 3, the volatile memory location is
an embedded DRAM (eDRAM) location. In some implementations, the NVM in each
processor memory pair 302 can include, for example, a non-volatile Storage Class
Memory (SCM) such as Magnetoresistive Random Access Memory (MRAM) or
Resistive RAM (ReRAM).

[0028] In some implementations, the NVM locations of the processor memory
pairs 302 can form one or more NVM arrays. In addition, the volatile memory
locations of the processor memory pairs 302 can form one or more volatile memory
arrays. Control circuitry 306 for each core or ALU can pair volatile memory locations
with NVM locations to form the processor memory pairs 302.

[0029] Control circuitry 306 can include, for example, circuitry or a specialized
controller for executing instructions that manage processor memory pairs 302. In
some implementations, control circuitry 306 can be combined with memory, such as
registers or caches. The registers may include, for example, MRAM or another type
of relatively quick access memory, such as Static RAM (SRAM). In some
implementations, control circuitry 306 may be dedicated to controlling operation of a
particular processor memory pair 302 associated with a core, as shown in FIG. 3
with control circuitry 3061 controlling operation of processor memory pair 3021 for
ALU 3041. In other implementations, control circuitry 306 may control operation of
multiple processor memory pairs 302 associated with multiple cores.

[0030] In the example of FIG. 3, control circuitry 306 can load process data from
main memory 102 into a processor memory pair 302 corresponding to the ALU or

core that is to execute the process. Each core or ALU may then execute the process
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by directly accessing process data for the process from its processor memory pair
302, as opposed to loading the process data from main memory 102.

[0031] In some implementations, a process is created in main memory 102 to
reach a ready state. The process is then loaded into a processor memory pair 302 if
a task scheduler of an OS selects the process for execution. In the running state,
the process remains in the processor memory pair 302. If the processor memory
pair 302 has enough free space after the core executing the process switches to
executing a different process, the first process can remain in the associated
processor memory pair while the process is in the waiting or idle state.

[0032] The foregoing arrangement of processor 300 including processor memory
pairs 302 ordinarily allows for more process data to be stored locally in processor
300 so that changing from the execution of one task to another (e.g., from one
process or thread to another process or thread) does not require storing and loading
process data in main memory 102, as in the case of the conventional context switch
examples discussed above with reference to FIGS. 1 and 2. Using the volatile
memory locations and the NVM locations of processor memory pairs 302 can
ordinarily allow enough space for storing all needed process data for a process near
the core executing the process.

[0033] In this regard, control circuitry 306 may retain a certain amount of process
data after a core has switched to executing a different task. Switching from one
process to another with process data stored locally in processor memory pairs 302
can be performed using a relatively efficient memory access at different addresses,
without having to store the process data back into main memory 102 (i.e.,
unloading), reading the new process data from main memory 102, and overwriting
registers in processor 100. Switching from one process or thread to another can
therefore be performed with less latency as compared to conventional context
switching.

[0034] As discussed in more detail below with reference to FIG. 5, control circuitry
306 may store and retain TSSs and TLBs for different processes in corresponding
NVM locations of respective processor memory pairs 302 for the cores that execute
the process. Control circuitry 306 may also store and retain local temporary data for
the different processes in corresponding volatile memory locations (e.g., in eDRAM)

of the respective processor memory pairs 302 for the cores that execute the process.
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[0035] Using a combination of NVM and volatiie memory arrays instead of
registers and traditional SRAM caches, can significantly improve the performance of
a processor by reducing the need to use context switches to access main memory
102 each time the execution of a process is switched. In some cases, this may
facilitate the use of a larger number of cores in a processor since less accesses of
main memory 102 are needed.

[0036] In addition, the use of NVM in processor 300 can also provide a more cost-
effective and power efficient architecture. In this regard, NVM is generally less
expensive than SRAM and uses less power.

[0037] FIG. 4 illustrates an example of the storage of process data in processor
memory pairs 302 according to an embodiment. As shown in the example of FIG. 4,
the NVM location, NVM 1, of processor memory pair 3021 stores process data for
processes 1 to n, which are executed by ALU 3041. The process data for processes
1 to n includes program code for the processes, TSSs, data such as initial data or
intermediate results from execution of the processes, and TLBs for processes 1 to n.
This process data can be available for use by its associated core (i.e., ALU 3041 in
FIG. 4) across power cycles of processor 300, since this process data is stored in an
NVM location. The volatile memory location, eDRAM1, of processor memory pair
3021 stores temporary local data, the stack, and heap for processes 1 to n.

[0038] Main memory 102 is also shown in FIG. 4 as storing process data for
processes 1 to n. As discussed in more detail below with reference to FIGS. 7 and
8, the process data may initially be loaded from main memory 102 into processor
memory pairs 302, and eventually evicted from processor memory pairs 302 back to
main memory 102 when an amount of free space available for storing process data
in the processor memory pair has reached a threshold.

[0039] As will be appreciated by those of ordinary skill in the art, other
implementations of processor 300 may include different components or a different
arrangement of components than those shown in FIGS. 3 and 4. For example, other
implementations may only include a single core or may share control circuitry 306 or
processor memory pairs among multiple cores.

[0040] FIG. 5 illustrates the use of array 308 to point to processor memory pairs
302 according to an embodiment. As shown in FIG. 5, array 308 includes pointers,
such as a memory address or other index, that points to corresponding NVM

locations in processor memory pairs 302 storing a TSS and a TLB for a given



WO 2019/236172 PCT/US2019/024221

process being executed by processor 300. The pointers in array 308 may also point
to the paired volatile memory locations through association with the NVM location
pointed to by the pointer. In other implementations, array 308 may include a
separate pointer for the volatile memory location.

[0041] Array 308 may include, for example, an array of registers included in
control circuitry 306 that each store a pointer to an NVM location and an identifier for
the process. In other implementations, different components, such as a cache, may
be used instead of registers to store pointers and identifiers for the processes. In
some implementations, the pointer may be a hashed index derived from an
identification of the process so that it may not be necessary to store an identifier for
the process. In some implementations, a pair of registers may be used in array 308
such that one register stores a pointer to an address in the NVM location storing the
TSS for the process, and the other register stores a pointer to an address in the
NVM location storing the TLB for the process.

[0042] In the example of FIG. 5, control circuitry 306 maintains a current window
for each core in processor 300. In more detail, a current window can be created by
control circuitry 306 by selecting at least one pointer in array 308 that corresponds to
a process being executed by a core of processor 300.

[0043] InFIG. 5, current window 1 corresponds to ALU 304+, while current window
N corresponds to ALU 304n. Control circuitry 306 selects the pointers for the
process currently being executed by ALU 304+, and similarly selects the pointers for
the other processes currently being executed by the other cores, such as for ALUN
with current window N. A first pointer in the current window in the example of FIG. 5
points to a first address in the corresponding NVM location (e.g., an address in NVM
1 or NVM N) for the TSS of the currently executed process, and a second pointer in
the current window points to a second address in the NVM location for the TLB of the
currently executed process. Other implementations may use a different number of
pointers, such as a single pointer, to point to the TSS and TLB in the NVM location
for a currently executing process.

[0044] The use of array 308 can allow control circuitry 306 to select one of the
available processes based on instructions received from an OS to load a process for
execution by processor 300. Control circuitry 306 can shift a current window for a
given core from one process to another process by pointing to an NVM location for

the new process to provide direct access to a corresponding processor memaory pair.



WO 2019/236172 PCT/US2019/024221

This can ordinarily be done without having to load process data from main memory
102, and therefore reduces the impact of switching between processes.

[0045] In addition, in implementations where the pairing or association between
the NVM locations and the volatile memory locations is fixed in processor memory
pairs 302, the window only needs to point to the NVM location of the processor
memory pair 302, since the volatile memory location (e.g., the eDRAM portion) is
mapped in a one-to-one relationship to the NVM location. By accessing the NVM
location through the window, the core can also access process data in the volatile
memory location, such as the heap and stack for the process.

[0046] Unlike conventional processors, processor 300 does not require
transferring process data from main memory 102 for process data that is already
stored locally within processor 300 in processor memory pairs 302. This can provide
a significant reduction in processing time. For example, a context switch for a
processor with 32 registers, and other registers such as a Control and Status (CSR)
register, Program Counter (PC) register, and nPC register, may, in the best case,
consume 70 clock cycles per context switch. If we have one billion context switches
during operation of such a processor, this could cost 70 billion clock cycles. At a
processor speed of 1 GHz, these load and store operations would consume 70
billion nanoseconds or 70 seconds. The processor arrangement discussed above
with respect to processor 300 in FIGS. 3 to 5 could eliminate this additional
processing time, assuming processor memory pairs 302 are large enough to store all
process data.

[0047] In some cases, it may be necessary to load process data into processor
memory pairs 302 for process data that has not yet been stored in processor
memory pairs 302 or for process data that may have been previously evicted from
processor memory pairs 302 to create space for currently executing processes.
Even in such cases, the use of processor memory pairs 302 within processor 300
would ordinarily reduce the processing time discussed for the example above by at
least half.

[0048] In addition to reducing the amount of load and store operations, including
processor memory pairs 302 within processor 300 also reduces the number of
processor cache misses. Typically, L1/L2 processor caches are relatively small. As
a result, process data needed for execution of a process may not be available in the

processor caches, causing a cache miss, and the loading or reloading of process
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data from main memory. In contrast, the foregoing arrangement of processor 300
ordinarily reduces the number of processor cache misses, since process data is
directly accessed by the core from processor memory pairs 302, which allow for

more process data to be stored closer to the core.

Example Processes

[0049] FIG. 6 is a flowchart for process execution using processor memory pairs
according to an embodiment. The process of FIG. 6 may be performed by, for
example, control circuitry 306 of processor 300.

[0050] In block 602, control circuitry 306 optionally pairs volatile memory locations
with NVM locations to form processor memory pairs 302. In some implementations,
the volatile memory locations can include one or more volatile memory arrays, such
as one or more eDRAM arrays. Similarly, the NVM locations can include one or
more NVM arrays, such as one or MRAM or ReRAM arrays or other non-volatile
SCM array. Control circuitry 306 in some implementations may pair the volatile
memory locations and the NVM locations such that certain sizes or amounts of NVM
and volatile memory are paired together using a fixed association, such as with an
association table or other data structure accessed or managed by control circuitry
306. In other implementations, the volatile memory location and NVM locations may
have been previously formed into processor memory pairs, such as during the
manufacture or factory configuration of processor 300.

[0051] In block 604, control circuitry 306 stores process data, such as a TLB and a
TSS, for each of the different processes executed by at least one core (e.g., ALUs
3041 to 304n in FIGS. 3 to 5) in respective processor memory pairs. As discussed
above, each processor memory pair 302 can be dedicated or tied to a particular
core, such that the process data for the processes executed by the core are stored in
the associated processor memory pair.

[0052] In block 606, the core or cores of processor 300 execute processes by
directly accessing the process data for the processes stored in the processor
memory pair. In some implementations, at least one pointer stored in an array
managed by control circuitry 306 (e.g., array 308 in FIG. 5) may be used to point to
locations in the processor memory pair storing the process data for the process, as

discussed above with reference to FIG. 5. The core may then access the volatile
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memory locations and NVM locations for the process data without having to access
such data from an intermediate storage location such as a level cache (e.g.,
L1/L2/L3 cache).

[0053] Temporary local data from the execution of the process may be stored in
the volatile memory location of the associated processor memory pair. Intermediate
results from execution of the process may be stored in the NVM location of the
associated processor memory pair. Data for storage in a persistent storage, such as
in a storage device external to processor 300 and main memory 102, may first be
stored in the NVM location, before being flushed to main memory 102 with other
updates to the process data, such as to the TSS. In other examples, data for
storage in a persistent storage may be flushed directly from the processor memory
pair to the persistent storage, thereby bypassing main memory 102.

[0054] In block 608, control circuitry 306 retains the process data in a process
memory pair after a core switches to executing a different process. By retaining the
process data in the processor memory pair, it is ordinarily possible to reduce the
amount of load operations from main memory 102 when the process is executed
again. However, since the storage space available in the processor memory pair is
generally limited, control circuitry 306 may use an eviction policy, such as by evicting
process data that has least recently been accessed by the core or least frequently
accessed by the core when new process data needs to be loaded from main
memory 102 and there is not enough space left in the processor memory pair to
store the new process data.

[0055] FIG. 7 is a flowchart for a loading process that can be performed by control
circuitry 306 according to an embodiment. In block 701, control circuitry 306 stores
pointers in an array (e.g., array 308 in FIG. 5) pointing to corresponding NVM
locations of processor memory pairs 302 that store TSSs and TLBs for different
processes. As noted above with reference to FIG. 5, the pointers may include, for
example, a memory address or other index for the NVM locations.

[0066] The array may also store an identifier for the different processes that are
executed by the associated core. In other implementations, the pointer may be, for
example, a hashed index that is derived from an identifier of the process such that it
may not be necessary to store a separate identifier for the process. In addition, the
array may also store pointers to volatile memory locations in processor memory pairs

302. However, as noted above, the pointer to the NVM location may in some
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implementations be used to access the volatile memory location for the process
based on the association between the volatile memory location and NVM location for
a given processor memory pair.

[0057] In block 702, control circuitry 306 receives an instruction to load a TSS and
a TLB for a process. The instruction to load the TSS and/or the TLB may come
from, for example, an OS task scheduler.

[0058] In block 704, control circuitry 306 determines whether the process data for
the process is stored in processor memory pairs 302. In some implementations, this
may be performed by searching a CAM of control circuitry 306, such as a high-speed
associative memory or array. An index, such as a virtual address or a hash function
result representing the process to be loaded can be used to search the CAM to
determine whether the process data is stored in processor memory pairs 302. In
other implementations, a different type data structure may be used to determine
whether the process data is stored in process memory pairs 302.

[0059] For example, array 308 in FIG. 5 may be used to determine whether
process data for a particular process is stored in process memory pairs 302 by
attempting to select a pointer or pointers for the process. If a pointer or pointers are
successfully selected for a process, it is determined that the process data for the
process is stored in process memory pairs 302. In such implementations, the
determination of block 704 in FIG. 7 and the selection of at least one pointer in block
710 can be combined, such that if the selection fails, the process proceeds with
block 706 instead of block 712.

[0060] Returning to the example of FIG. 7, if it is determined in block 704 that the
process data is not stored in processor memory pairs 302, control circuitry 306 in
block 706 loads the TSS and the TLB for the process from main memory 102 into an
NVM location. The TSS and the TLB may be loaded into an NVM location in a
processor memory pair 302 associated with the core allocated to executing the
process.

[0061] In block 708, local temporary data for the process is loaded from main
memory 102 into a volatiie memory location in a processor memory pair 302
associated with the core allocated to executing the process. The process then
proceeds to block 710.

[0062] If it is determined in block 704, that the process data is stored in processor

memory pairs 302, control circuitry 306 in block 710 creates a window for the
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process by selecting at least one pointer pointing to the corresponding NVM location
in processor memory pairs 302 storing the TSS and the TLB for the process. As
discussed above, each core may have a window with one or more pointers for a
process being executed by the core.

[0063] In block 712, the pointer selection or selections made in block 710 is
released after completion of the process execution or after the core executing the
process switches to executing a different process. A new pointer or pointers may
then be selected as a new window to facilitate the core’s direct access of process
data from processor memory pairs 302 for the new process to be executed by the
core.

[0064] The foregoing loading process ordinarily reduces the operational cost of
switching from executing one process or thread to executing another process or
thread, as compared to conventional context switching that requires loading new
process data from main memory 102 and storing process data for the current
process in main memory 102.

[0065] FIG. 8 is a flowchart for a process data eviction process according to an
embodiment that can be performed by control circuitry 306. The process of FIG. 8
can be performed on a per core and associated memory pair basis to ensure that
there is room in the processor memory pair for loading new process data for a
process to be executed by the associated core. In addition to evicting process data
to make room for other process data, final results from the execution of a process
may also need to be evicted or flushed to main memory 102 for storage in a
persistent storage (e.g., Hard Disk Drive (HDD) or Solid State Drive (SSD)) external
to processor 300 and main memory 102. In other implementations, the final results
may instead be flushed directly to the persistent storage without having to be flushed
or evicted to main memory 102.

[0066] In block 802, control circuitry 306 determines that the amount of free space
available for storing process data in a processor memory pair has reached a
threshold. In some implementations, the threshold can be when one of the NVM
location or the volatile memory location for the processor memory pair has become
full or has less than a predetermined amount of free space available, such as an
average size required for storing a TSS and a TLB.

[0067] In block 804, control circuitry 306 evicts process data for at least one

process from the processor memory pair. Process data is identified for eviction
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based on at least one of when the process data was last accessed by the core and
how frequently the process data has been accessed by the core. In other
implementations, a different criterion may be used to determine which process data
to evict. For example, control circuitry 306 may identify or flag certain process data
as having a higher priority than other process data based on a pricrity of the process,
such that the identified process data is retained in processor memory pairs despite
its access characteristics.

[0068] The evicted process data is stored in main memory 102, and the NVM
location and volatile memory location occupied by the evicted process data is made
available to be overwritten by new process data for a process to be executed by the
core.

[0069] As discussed above, the use of processor memory pairs 302 in processor
300 ordinarily reduces the amount of store and load operations to access process
data stored in main memory 102. The use of processor memory pairs 302 also allow
for more process data to be stored closer to a core so as to avoid a cache miss
during execution of a process. In addition, the cost and power consumption of NVM
arrays and volatile memory arrays, such as eDRAM, are generally less for a given
amount of data as compared to SRAM that is typically used in conventional

processors.

Other Embodiments

[0070] Those of ordinary skill in the art will appreciate that the various illustrative
logical blocks, modules, and processes described in connection with the examples
disclosed herein may be implemented as electronic hardware, computer software, or
combinations of both. Furthermore, the foregoing processes can be embodied on a
computer readable medium which causes a processor or a controller to perform or
execute certain functions.

[0071] To clearly illustrate this interchangeability of hardware and software,
various illustrative components, blocks, and modules have been described above
generally in terms of their functionality. Whether such functionality is implemented
as hardware or software depends upon the particular application and design
constraints imposed on the overall system. Those of ordinary skill in the art may

implement the described functionality in varying ways for each particular application,
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but such implementation decisions should not be interpreted as causing a departure
from the scope of the present disclosure.

[0072] The various illustrative logical blocks, units, and modules described in
connection with the examples disclosed herein may be implemented or performed
with a processor or a controller, such as, for example, a CPU, an MPU, an MCU, or
a DSP, and can include, for example, an FPGA, an ASIC, or other programmable
logic device, discrete gate or transistor logic, discrete hardware components, or any
combination thereof designed to perform the functions described herein. A
processor or controller may also be implemented as a combination of computing
devices, e.g., a combination of a DSP and an MPU, a plurality of MPUs, one or more
MPUs in conjunction with a DSP core, or any other such configuration. In some
implementations, the controller or processor may form at least part of an SoC.

[0073] The activities of a method or process described in connection with the
examples disclosed herein may be embodied directly in hardware, in a software
module executed by a processor or a controller, or in a combination of hardware and
software. The steps of the method or algorithm may also be performed in an
alternate order from those provided in the examples. A software module may reside
in RAM memory, flash memory, ROM memory, EPROM memory, EEPROM
memory, other types of solid state memory, registers, hard disk, removable media,
optical media, or any other form of storage medium known in the art. An exemplary
storage medium is coupled to a processor or a controller such that the processor or
the controller can read information from, and write information to, the storage
medium. In the alternative, the storage medium may be integral to the processor or
the controller.

[0074] The foregoing description of the disclosed example embodiments is
provided to enable any person of ordinary skill in the art to make or use the
embodiments in the present disclosure. Various modifications to these examples will
be readily apparent to those of ordinary skill in the art, and the principles disclosed
herein may be applied to other examples without departing from the spirit or scope of
the present disclosure. The described embodiments are to be considered in all

respects only as illustrative and not restrictive.
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CLAIMS

What is claimed is:

1. A processor, comprising:

at least one core for executing processes;

one or more volatile memory arrays;

one or more Non-Volatile Memory (NVM) arrays, wherein volatile memory
locations in the one or more volatile memory arrays are paired with NVM locations in
the one or more NVM arrays to form processor memory pairs; and

control circuitry configured to store process data for different processes
executed by the at least one core in the respective processor memory pairs; and

wherein the at least one core is configured to execute processes by directly

accessing process data stored in the respective processor memory pairs.

2. The processor of Claim 1, wherein the control circuitry is further
configured to retain process data for a process in a processor memory pair after a
core of the processor switches from executing the process to executing a different

process.

3. The processor of Claim 1, wherein the control circuitry is further
configured to store a Task State Segment (TSS) and a Translation Lookaside Buffer
(TLB) for each of the different processes in a corresponding NVM location of the

respective processor memory pairs.

4. The processor of Claim 3, wherein the control circuitry is further
configured to:

store pointers in an array pointing to corresponding NVM locations of the
respective processor memory pairs; and

in response to an instruction to load a TSS and a TLB for a process to be
executed by a core of the at least one core, select at least one pointer in the array
pointing to the NVM location storing the TSS and the TLB for the process to be

executed by the core.
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5. The processor of Claim 1, wherein the control circuitry is further
configured to store local temporary data for the different processes in corresponding

volatile memory locations of the respective processor memory pairs.

6. The processor of Claim 1, wherein the control circuitry is further
configured to:

receive an instruction to load a TSS and a TLB for a process;

determine whether process data for the process is stored in the processor
memory pairs; and

in response to determining that the process data for the process is not stored
in the processor memory pairs, load the process data from a main memory into a

processor memory pair.

7. The processor of Claim 1, wherein the control circuitry is further
configured to:

determine that an amount of free space available for storing process data in a
processor memory pair has reached a threshold; and

in response to determining that the amount of free space has reached the
threshold, evict process data for at least one process from the processor memory

pair.

8. The processor of Claim 7, wherein the control circuitry is further
configured to evict the process data for the at least one process based on at least
one of when the process data was last accessed by a core and how frequently the

process data has been accessed by the core.

9. A method for operating a processor including processor memory arrays
including one or more volatile memory arrays and one or more Non-Volatile Memory
(NVM) arrays, the method comprising:

pairing volatile memory locations in the one or more volatile memory arrays
with respective NVM locations in the one or more NVM arrays to form processor
memory pairs;

storing process data for different processes executed by at least one core of

the processor in respective processor memory pairs; and
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retaining process data for a process in a processor memory pair after a core
of the processor switches from executing the process to executing a different

process.

10. The method of Claim 9, further comprising executing processes by
using the at least one core to directly access the process data stored in the

respective processor memory pairs.

11. The method of Claim 9, further comprising storing a Task State
Segment (TSS) and a Translation Lookaside Buffer (TLB) for each of the different
processes in a corresponding NVM location of the respective processor memory

pairs.

12.  The method of Claim 11, further comprising:

storing pointers in an array pointing to corresponding NVM locations of the
respective processor memory pairs; and

in response to an instruction to load a TSS and a TLB for a process to be
executed by a core of the at least one core, selecting at least one pointer in the array
pointing to the NVM location storing the TSS and the TLB for the process to be

executed by the core.

13.  The method of Claim 9, further comprising storing local temporary data
for the different processes in corresponding volatile memory locations of the

respective processor memory pairs.

14.  The method of Claim 9, further comprising:

receiving an instruction to load a TSS and a TLB for a process;

determining whether process data for the process is stored in the processor
memory pairs; and

in response to determining that the process data for the process is not stored
in the processor memory pairs, loading the process data from a main memory into a

processor memory pair.

15.  The method of Claim 9, further comprising:
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determining that an amount of free space available for storing process data in
a processor memory pair has reached a threshold; and

in response to determining that the amount of free space has reached the
threshold, evicting process data for at least one process from the processor memory

pair.

16. The method of Claim 15, further comprising evicting the process data
for the at least one process based on at least one of when the process data was last
accessed by a core and how frequently the process data has been accessed the

core.

17. A non-transitory computer readable medium storing computer-
executable instructions, wherein when the computer-executable instructions are
executed by control circuitry of a processor, the computer-executable instructions
cause the control circuitry to:

store process data for different processes executed by at least one core of the
processor in respective processor memory pairs of the processor, wherein the
respective processor memory pairs include volatile memory locations paired with
Non-Volatile Memory (NVM) locations; and

retain process data for a process in a processor memory pair after a core of

the processor switches from executing the process to executing a different process.

18.  The non-transitory computer readable medium of Claim 17, wherein
the core is configured to execute processes by directly accessing process data

stored in the respective processor memory pairs.

19.  The non-transitory computer readable medium of Claim 17, wherein
when the computer-executable instructions are executed by the control circuitry, the
computer-executable instructions further cause the control circuitry to store a Task
State Segment (TSS) and Translation Lookaside Buffer (TLB) for each of the
different processes in a corresponding NVM location of the respective processor

memory pairs.
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20. The non-transitory computer readable medium of Claim 17, wherein
when the computer-executable instructions are executed by the control circuitry, the
computer-executable instructions further cause the control circuitry to:

store pointers in an array pointing to corresponding NVM locations of the
respective processor memory pairs; and

in response to an instruction to load a TSS and a TLB for a process to be
executed by the core, select at least one pointer in the array pointing to the NVM

location storing the TSS and the TLB for the process to be executed by the core.
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