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(57) ABSTRACT

A computing device includes a CPU, a CPU memory for
CPU, a non-volatile memory, a coprocessor using the non-
volatile memory, a coprocessor memory for storing data to
be processed by the coprocessor or data processed by the
coprocessor, and a recording medium. The recording
medium includes a controller driver for the non-volatile
memory and a library that are executed by the CPU. The
controller driver maps the coprocessor memory to a system
memory block of the CPU memory. The library moves data
between the coprocessor and the non-volatile memory via
the system memory block mapped to the coprocessor
memory.
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COMPUTING DEVICE, DATA TRANSFER
METHOD BETWEEN COPROCESSOR AND
NON-VOLATILE MEMORY, AND
COMPUTER-READABLE RECORDING
MEDIUM

CROSS-REFERENCE TO RELATED
APPLICATION

[0001] This application claims priority to and the benefit
of Korean Patent Application No. 10-2016-0017233 filed in
the Korean Intellectual Property Office on Feb. 15, 2016, the
entire contents of which are incorporated herein by refer-
ence.

BACKGROUND OF THE INVENTION

[0002] (a) Field of the Invention

[0003] The described technology relates to a computing
device, a data transfer method between a coprocessor and a
non-volatile memory, and a computer-readable recording
medium.

[0004] (b) Description of the Related Art

[0005] Data processing coprocessors with high computa-
tion parallelism and comparatively low power consumption
are becoming increasingly popular. One example of the
coprocessor is a graphic processing unit (GPU). In such the
coprocessor, many processing cores share execution control
and can performing identical operations on numerous pieces
of data via thread-level parallelism and data-level parallel-
ism. A system using the coprocessor together with a central
processing unit (CPU) can exhibit significant speedups
compared to a CPU-only system.

[0006] The coprocessors can process more data than they
have ever had before, and the volume of such data is
expected. However, the coprocessors employ on-board
memory whose size is relatively smaller compared to a host
memory. The coprocessors therefore use a non-volatile
memory connected to a host machine to process large sets of
data.

[0007] However, the coprocessor and the non-volatile
memory are completely disconnected from each other and
are managed by different software stacks. Consequently,
many redundant memory allocations/releases and data cop-
ies exist between a user-space and a kernel-space in order to
read data from the non-volatile memory or write data to the
non-volatile memory. Further, since a kernel module cannot
directly access the user-space memory, memory manage-
ment and data copy overheads between the kernel-space and
the user-space are unavoidable. Furthermore, kernel-mode
and user-mode switching overheads along with the data
copies also contribute to long latency of data movements.
These overheads causes the speedup improvement to be not
significant compared to the coprocessor performance.

SUMMARY

[0008] An embodiment of the present invention provides
a computing device, a data transfer method between a
coprocessor and a non-volatile memory, and a computer-
readable recording medium for reducing overheads due to a
data movement between a coprocessor and a non-volatile
memory.

[0009] According to an embodiment of the present inven-
tion, a computing device including a CPU, a CPU memory
for the CPU, a non-volatile memory, a coprocessor using the
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non-volatile memory, a coprocessor memory, and a record-
ing medium is provided. The coprocessor memory stores
data to be processed by the coprocessor or data processed by
the coprocessor. The recording medium includes a controller
driver for the non-volatile memory and a library that are
executed by the CPU. The controller driver maps the copro-
cessor memory to a system memory block of the CPU
memory. The library moves data between the coprocessor
and the non-volatile memory via the system memory block
mapped to the coprocessor memory.

[0010] The system memory block may include a memory-
mapped register and a pinned memory space mapped to the
coprocessor memory. The memory-mapped register may be
managed for the non-volatile memory by the controller
driver and may include a plurality of entries for pointing
addresses of the pinned memory space.

[0011] A start offset of the system memory block may be
indicated by a base address register of an interface connect-
ing the non-volatile memory with the CPU.

[0012] Each entry may point a logical block address of a
space with a predetermined size in the pinned memory
space, and the logical block address may be mapped to a
physical block address of a space with a predetermined size
in the coprocessor memory.

[0013] When the coprocessor reads data from the non-
volatile memory, the controller driver may transfer the data
from the non-volatile memory to the space of the physical
block address that is mapped to the logical block address
pointed by a corresponding entry.

[0014] The non-volatile memory may be connected to the
CPU through a non-volatile memory express (NVMe) pro-
tocol, and each entry may be a physical region page (PRP)
entry.

[0015] The non-volatile memory may be connected to the
CPU through an advanced host controller interface (AHCI)
protocol, and each entry may be a physical region descriptor
table (PRDT) entry.

[0016] The library may reside above an application and a
native file system in a software stack.

[0017] According to another embodiment of the present
invention, a method of transferring data between a copro-
cessor and a non-volatile memory in a computing device is
provided. The method includes mapping a coprocessor
memory for the coprocessor to a system memory block of a
CPU memory for a CPU, and moving data between the
coprocessor and the non-volatile memory via the system
memory block mapped to the coprocessor memory.

[0018] The system memory block may include a memory-
mapped register and a pinned memory space mapped to the
coprocessor memory. The memory-mapped register may be
managed by a controller driver for the non-volatile memory
and may include a plurality of entries for pointing addresses
of the pinned memory space.

[0019] A start offset of the system memory block may be
indicated by a base address register of an interface connect-
ing the non-volatile memory with the CPU.

[0020] Each entry may point a logical block address of a
space with a predetermined size in the pinned memory
space, and the logical block address may be mapped to a
physical block address of a space with a predetermined size
in the coprocessor memory.

[0021] When the coprocessor reads data from the non-
volatile memory, moving the data may include transferring
the data from the non-volatile memory to the space of the
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physical block address that is mapped to the logical block
address pointed by a corresponding entry.

[0022] The non-volatile memory may be connected to the
CPU through a non-volatile memory express (NVMe) pro-
tocol, and each entry may be a physical region page (PRP)
entry.

[0023] The non-volatile memory may be connected to the
CPU through an advanced host controller interface (AHCI)
protocol, and each entry may be a physical region descriptor
table (PRDT) entry.

[0024] According to yet another embodiment of the pres-
ent invention, a computer-readable recording medium is
provided. The computer-readable recording medium stores a
program to be executed by a computing device including a
CPU, a CPU memory for the CPU, a non-volatile memory,
a coprocessor using the non-volatile memory, and a copro-
cessor memory configured to store data to be processed by
the coprocessor or data processed by the coprocessor. The
program includes a controller driver for the non-volatile
memory configured to map the coprocessor memory to a
system memory block of the CPU memory, and a library
configured to move data between the coprocessor and the
non-volatile memory via the system memory block mapped
to the coprocessor memory.

BRIEF DESCRIPTION OF THE DRAWINGS

[0025] FIG. 1 schematically shows a computing device
using a coprocessor and a non-volatile memory according to
an embodiment of the present invention.

[0026] FIG. 2 schematically shows a software stack for a
GPU and an SSD in a conventional computing device.
[0027] FIG. 3 schematically shows a GPU programming
model on a software stack in a conventional computing
device.

[0028] FIG. 4 schematically shows a data movement
between a GPU and an SSD in a conventional computing
device.

[0029] FIG. 5 shows performance degradation in a con-
ventional computing device.

[0030] FIG. 6 schematically shows a software stack for a
GPU and an SSD in a computing device according to an
embodiment of the present invention.

[0031] FIG. 7 schematically shows a data movement
between an SSD and a GPU through an NVMe protocol in
a computing device according to an embodiment of the
present invention.

[0032] FIG. 8 schematically shows a data movement
between an SSD and a GPU through an AHCI protocol in a
computing device according to an embodiment of the pres-
ent invention.

[0033] FIG. 9 schematically shows a GPU programming
model on a software stack of a computing device according
to an embodiment of the present invention.

[0034] FIG. 10 schematically shows a data movement
between a GPU and an SSD in a computing device accord-
ing to an embodiment of the present invention.

[0035] FIG. 11 shows latency values in transferring file
data for a GPU application.

[0036]
tion.

FIG. 12 shows execution times of a GPU applica-
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DETAILED DESCRIPTION OF THE
EMBODIMENTS

[0037] In the following detailed description, only certain
embodiments of the present invention have been shown and
described, simply by way of illustration. As those skilled in
the art would realize, the described embodiments may be
modified in various different ways, all without departing
from the spirit or scope of the present invention. Accord-
ingly, the drawings and description are to be regarded as
illustrative in nature and not restrictive. Like reference
numerals designate like elements throughout the specifica-
tion.

[0038] The disclosure of the inventor’s treatise,
“NVMMU: A Non-Volatile Memory Management Unit for
Heterogeneous GPU-SSD Architectures, in the 24th Inter-
national Conference on Parallel Architectures and Compi-
lation Techniques, PACT 2015, 2015” is herein incorporated
by reference.

[0039] FIG. 1 schematically shows a computing device
using a coprocessor and a non-volatile memory according to
an embodiment of the present invention. FIG. 1 shows one
example of the computing device, and the computing device
according to an embodiment of the present invention may be
implemented by use of various structures.

[0040] Referring to FIG. 1, a computing device according
to an embodiment of the present invention includes a
non-volatile memory 110, a coprocessor 120, and a CPU
130.

[0041] While it is described in an embodiment of the
present invention that a graphic processing unit (GPU) and
a solid state disk (SSD) are examples of the coprocessor 120
and the non-volatile memory 110, the present invention is
not limited thereto. The coprocessor 120 may be a computer
processor used to supplement functions of a primary pro-
cessor such as a CPU. The non-volatile memory 110 may be,
as a file input/output-based non-volatile memory, a com-
puter memory that can retrieve stored information even after
having been power cycled (turned off and back on).
[0042] The GPU 120 and the SSD 110 are connected to the
CPU 130 via chipsets of a mainboard. The computing device
may further include a northbridge 140 and a southbridge 150
to connect the GPU 120 and the SSD 110 with the CPU 130.
[0043] The GPU 120 may be connected to the northbridge
140 that locates at the CPU-side and access a GPU-side
memory (hereinafter referred to as a “GPU memory™) 121
via a high performance PCle (peripheral component inter-
connect express) link. The SSD 110 may be connected to the
southbridge 150 that locates at PCI slot-side on the main-
board via a PCle link or a thin storage interface such as serial
AT attachment (SATA). The northbridge 140 is also called a
memory controller hub (MCH), and the southbridge 150 is
also called an input/output controller hub (ICH).

[0044] Even though the GPU 120 and the SSD 110 can
offer extremely high bandwidth compared with other exter-
nal devices, they are considered like conventional peripheral
devices from a CPU viewpoint. Therefore, the conventional
computing devices use data transfer protocols between the
peripheral devices to transfer data between the GPU 120 and
the SSD 110. That is, the conventional computing devices
can transfer the data between the CPU 130 and the GPU 120
and/or between the CPU 130 and the SSD 110 through a
memory copy technique, but cannot directly forward the
date between the GPU 120 and the SSD 110. The computing
device further includes a CPU-side memory (hereinafter
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referred to as a “CPU memory”) 131 corresponding to a
system memory for the copy on the CPU 130. For example,
the CPU memory 131 may be a random access memory
(RAM), particularly a dynamic RAM (DRAM).

[0045] In some embodiments, a system including the CPU
130, the CPU memory 131, the northbridge 140, and the
southbridge 150 may be called a host machine.

[0046] First, a data movement between a GPU and an SSD
110 in a conventional computing device is described with
reference to FIG. 2 to FIG. 5.

[0047] FIG. 2 schematically shows a software stack for a
GPU and an SSD in a conventional computing device.

[0048] Referring to FIG. 2, the software stack for the GPU
120 and the SSD 110 in the conventional computing device
may be divided into a user space 210 and a kernel space 220.
The user space 210 operates on a user-level CPU and may
be a virtual memory area on which an operating system (OS)
executes an application (for example, a GPU application)
210. The kernel space 220 operates on a kernel-level CPU
and may be a virtual memory area for running an OS kernel
and a device driver.

[0049] Because of the different functionalities and pur-
poses of the GPU 120 and the SSD 110, there are two
discrete libraries, i.e., an input/output (I/O) runtime library
211 and a GPU runtime library 221 which coexist on the
same user space 210 and are both utilized in the GPU
application 200.

[0050] The software stack may be divided into a storage
software stack for the SSD 110 and a GPU software stack for
the GPU 120. SSD accesses and file services are managed by
modules on the storage software stack and GPU-related
activities including memory allocations and data transfers
are managed by modules on the GPU software stack.

[0051] In the storage software stack, when the GPU appli-
cation 200 calls I/O runtime library 211 through an interface,
for example a POSIX (portable operating system interface),
the I/O runtime library 211 stores user-level contexts and
jumps to a virtual file system (VFS) 212. The virtual file
system 212 is a kernel module in charge of managing
standard file system calls. The file system 212 selects an
appropriate native file system 213 and initiates a file [/O
request. Next, the native file system 213 checks an actual
physical location associated with the file /O request, and
composes a block level I/O service transaction by calling
another function pointer that can be retrieved from a block-
device-operation data structure. Finally, a disk driver 214
issues the 1/O request to the SSD 110. For example, the disk
driver 214 may issue the 1/O request to the SSD 110 through
a PCle or AHCI (advanced host controller interface) con-
troller. When the 1/O service is completed, target data are
returned to the GPU application 200 via the aforementioned
modules 211, 212, 213, and 214, but in reverse order.

[0052] In the GPU software stack, a GPU runtime library
221 is mainly responsible for executing a GPU-kernel and
copying data between the CPU memory 131 and the GPU
memory 121. Differently from the storage software stack,
the GPU runtime library 221 creates a GPU command at the
user level and directly submits the GPU command with the
target data to a kernel-side GPU driver 222. Depending on
the GPU command, the GPU driver 222 maps a kernel
memory space, i.e., the CPU memory 131 to the GPU
memory 121 or translates an address to a physical address of
the GPU memory 121. When the address translation or
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mapping is completed, the GPU 120 {facilitates a data
movement between the CPU memory 131 and the GPU
memory 121.

[0053] Next, a GPU programming model on the software
stack is described with reference to FIG. 3.

[0054] FIG. 3 schematically shows a GPU programming
model on a software stack in a conventional computing
device.

[0055] Referring to FIG. 3, the GPU application 200 first
opens a file descriptor for read/write through an open( )
function. The GPU application 200 then allocates a virtual
user memory to the CPU memory 131 through a malloc( )
function in order to reads data from the SSD 110 or write
data to the SSD 110. Further, the GPU application 200
allocates the GPU memory 121 for data transfers between
the GPU 110 and the CPU 130 through a cudaMalloc( )
function. Next, the GPU application 200 calls an I/O runtime
library API by specifying the file descriptor and the address
of the GPU memory 121 as prepared in the previous steps
through a read( ) function. Once the target data is brought
into the CPU memory 131 from the SSD 110, the GPU
application 200 initiates the data transfer from the CPU
memory 131 to the GPU memory 121 through a cudaMem-
cpy( ) function, and executes the GPU kernel through a
kernel( ) function by calling the GPU runtime library with a
specific number of threads and memory address pointers. In
a case where the GPU application 200 needs to store a result
generated by the GPU 120, the GPU application 200 may
copy the result data to the virtual user memory of the CPU
memory 131 from the GPU memory 121 through a
cudaMemcpy( ) function, and sequentially write the data to
the SSD 110 through a write( ) function. These processes
may be repeated multiple times (loop). After all the pro-
cesses are completed, the GPU application 200 cleans up the
CPU memory and GPU memory allocations [cudafree( )]
and the file descriptor [close( )].

[0056] Next, a procedure in which the GPU application
200 transfers data between the GPU 120 and the SSD 110 is
described with reference to FIG. 4.

[0057] FIG. 4 schematically shows a data movement
between a GPU and an SSD in a conventional computing
device.

[0058] Referring to FIG. 4, the GPU application 200
creates on a kernel a file descriptor for a read and/or a write
(S410). The GPU application 200 then allocates a virtual
user memory to the CPU memory 131 for reading data from
the SSD 110 or writing data to the SSD 110 (S415). The
GPU application 200 allocates GPU memory 121 for writing
data to the GPU 120 or reading data from the GPU 120
(5420).

[0059] The GPU application 200 then requests a file read
to for the SSD 110 (S425). The kernel space 220 allocates a
physical memory to the CPU memory 131 and copies data
for the file read from the virtual user memory to the physical
memory (S430), and request file data for the SSD 110
(S435). Then, the file data are transferred from the SSD 110
to the CPU memory 131, i.e., the physical memory of the
CPU memory 131, and the file data are copied from the
physical memory of the CPU memory 131 to the virtual user
memory (S440). The GPU application 200 then transfers the
file data from the CPU memory 131 to the GPU memory 121
(S445). Consequently, the GPU 120 processes the file data.
[0060] In a case where the GPU application 200 needs to
store a result that the GPU 120 has generated after process-
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ing the file data, the GPU application 200 transfers the result
data from the GPU memory 121 to the virtual user memory
of the CPU memory 131 (S450). The GPU application 200
then requests a file write for the SSD 110 (S455). The kernel
space 220 allocates a physical memory to the CPU memory
131 and copies the result data from the virtual user memory
to the physical memory (S460), and transfers the result data
from the physical memory of the CPU memory 131 to the
SSD 110 (S465).

[0061] After completing all the processes, the GPU appli-
cation 200 releases the virtual user memory of the CPU
memory 131 allocated for the read and/or write (S470), and
releases the GPU memory 121 allocated for the write and/or
read (S475). Further, the GPU application 200 deletes the
file descriptor created for the read and/or write in the kernel
(S480).

[0062] InFIG. 4, the steps S410, S415, S425, S430, S435,
S455, S460, and S465 may be processes associated with the
1/O runtime library, and the steps S420 and S445 may be
processes associated with the GPU runtime library. The
steps S440, S470, and S480 may be responses of devices for
the storage software stack, i.e., the SSD 110 and CPU
memory 131, and the step S450 and S475 may be responses
of the GPU 120.

[0063] As such, the application working on the user-level
CPU needs to request the I/O or memory operations from the
underlying kernel-level modules. Once the modules are
done with the file-related operations, a disk driver exchanges
the file data between the SSD 110 and the GPU 120, using
the CPU memory 131 as an intermediate storage. In this
case, as shown in FIG. 5, the numerous hops can make
overheads according to a data movement among the GPU
120, the CPU 130, and the SSD 110, and further make
unnecessary activities, for example communication over-
heads, redundant data copies, and CPU intervention over-
heads. These may take as much as 4.21 times and 1.68 times,
respectively, of CPU execution time taken by the GPU 120
and the SSD 130. Accordingly, the processing speed of the
GPU 120 that can offer high bandwidth through the paral-
lelism may be slowed down.

[0064] Data transfer protocols for reducing the data move-
ment overheads between the GPU 120 and the SSD 110 that
can occur in the conventional computing device are being
developed. GPUDirect™ is one of the protocols.

[0065] GPUDirect™ supports a direct path for communi-
cation between the GPU and a peer high performance device
using a standard PCle interface. GPUDirect™ is typically
used to handle peer-to-peer data transfers between multiple
GPU devices. Further, GPUDirect™ offers non-uniform
memory access (NUMA) and remote direct memory access
(RDMA), which can be used for accelerating data commu-
nication with other devices such as a network device and a
storage device. While GPUDirect™ can be used for man-
aging the GPU memory in transferring a large data set
between the GPU and the SSD, it has shortcomings: 1) all the
SSD and GPU devices should use PCle and should exist
under the same root complex, ii) GPUDirect™ is incompat-
ible with the aforementioned data transfer protocol in the
conventional computing device, and iii) file data accesses
should still pass through all the components in the storage
software stack.

[0066] Further, there are protocols such as non-volatile
memory express (NVMe) and advance host controller inter-
face (AHCI) as the protocols for the interface.
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[0067] The NVMe is a scalable and high performance
interface for a non-volatile memory (NVM) system and
offers an optimized register interface, command, and feature
sets. The NVMe can accommodate standard-sized PCle-
based SSDs and SATA express (SATAe) SSDs connected to
either the northbridge or the southbridge. As a consequence,
the NVMe does not require the SSD and GPU to exist under
the same root complex like what GPUDirect requires. While
the NVMe is originally oriented towards managing data
transfers between the CPU and the SSD, an embodiment of
the present invention may allow a system memory block of
the NVMe, referred to as a physical page region (PRP) to be
shared by the SSD 110 and the GPU 120.

[0068] The AHCI is an advanced storage interface that
employs both SATA and PCle links in the southbridge. The
AHCI defines a system memory structure which allows the
OS to move data from the CPU memory to the SSD without
significant CPU intervention. Unlike traditional host con-
troller interfaces, the AHCI can expose high bandwidth of
the underlying SSD to the northbridge controller through
direct media interface (DMI) that shares many characteris-
tics with PCle. Further, a system memory block of the AHCI
is pointed by a physical region descriptor (PRD) whose
capabilities are similar to those of the PRP. Accordingly, an
embodiment of the present invention may allow the system
memory block of the AHCI to be shared by the SSD 110 and
the GPU 120.

[0069] Hereinafter, a data transfer method according to an
embodiment of the present invention is described with
reference to FIG. 6 to FIG. 11.

[0070] In the above-described conventional computing
device, there is a problem that the SSD and the GPU are
completely disconnected from each other and are managed
by different software stacks. Accordingly, many redundant
memory allocations/releases and data copies exist between
the user space and the kernel space on the SSD and GPU
system stacks. Further, since the kernel module cannot
directly access the user space, the memory management and
data copy overheads between the kernel space and the user
space are unavoidable. Furthermore, the kernel mode and
user mode switching overheads along with the data copies
contribute to long latency of the data movements.

[0071] FIG. 6 schematically shows a software stack for a
GPU and an SSD in a computing device according to an
embodiment of the present invention.

[0072] Referring to FIG. 6, in a computing device accord-
ing to an embodiment of the present invention, a software
stack for a GPU 120 and an SSD 110 may be divided into
a user space 610 and a kernel space 620. The user space 610
operates on a user-level CPU and may be a virtual area on
which an OS executes an application (for example, a GPU
application) 600. The kernel space 620 operates on a kernel-
level CPU and may be a virtual memory area for running an
OS kernel and a device driver.

[0073] A GPU software stack and an SSD software stack
are unified via kernel components in the kernel space. The
kernel components include a library 621 and a controller
driver 622. In some embodiments, the library 621 and
controller driver 622 may be collectively referred to as a
non-volatile memory management unit (NVMMU). In some
embodiments, the NVMMU may be a program to be
executed by the CPU 130, which may be stored in a
computer-readable recording medium. In some embodi-
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ment, the computer-readable recording medium may be a
non-transitory recording medium.

[0074] In some embodiments, the library 621 may be
referred to as a unified interface library (UIL) because it is
an interface library for unifying the SSD software stack and
the GPU software stack. In some embodiments, the control-
ler driver 622 may be referred to as a non-volatile direct
memory access (NDMA) because it makes a coprocessor
directly access a non-volatile memory. Hereinafter, the
library 621 and the controller driver 622 are referred to as
the ULI and the NDMA, respectively, for convenience.
[0075] The UIL 621 may be a virtual file system driver for
directly transferring data between the SSD 110 and the GPU
120. The UIL 621 directly transfers target data from the SSD
110 to a GPU memory 121 or from the GPU memory 121 to
the SSD 110 via a system memory block (kernel buffer)
mapped to the GPU memory 121. In some embodiments, the
UIL 621 may reside on top of a native file system and may
read/write target file contents from the native file system via
the system memory block. That is, the UIL 621 may handle
a file access and a memory buffer that the NDMA 622
provides by overriding a conventional virtual file system
switch.

[0076] As a consequence, the UIL 621 can remove the
unnecessary user mode and kernel mode switching over-
heads between the user space and the kernel space. Further,
the UIL 621 may not use a user-level memory and may not
copy the data between the user space and the kernel space
during the data movement between the GPU 120 and the
CPU 130.

[0077] The NDMA 622 may be a control driver which
modifies a disk controller driver that manages a file read/
write of the SSD 110. The NDMA 622 manages a physical
memory mapping which is shared by the SSD 110 and the
GPU 120 for the data movement between the SSD 110 and
the GPU 120. That is, the NDMA 622 manages a memory
mapping between the GPU memory 121 and the system
memory block. The mapped system memory block may be
exposed to the UIL 621. The UIL 621 may recompose user
data of an 1/O request using the system memory block if the
1/0 request is related to a data transter between the GPU 120
and the SSD 110. Otherwise, the UIL 621 may bypass the
1/0O request to the underlying kernel module (i.e., the native
file system).

[0078] A mapping method in the NDMA 622 may be
reconfigured based on an interface or controller employed
(for example, NVMe or AHCI). The mapping method in the
NDMA 622 is described using various interfaces or control-
lers.

[0079] First, an example of an NVMe SSD is described
with reference to FIG. 7.

[0080] FIG. 7 schematically shows a data movement
between an SSD and a GPU through an NVMe protocol in
a computing device according to an embodiment of the
present invention.

[0081] Referring to FIG. 7, an NDMA 622 uses a system
memory block 700 mapped to a GPU memory 121. The
system memory block 700 is a kernel buffer allocated to a
CPU memory 131, and includes a memory-mapped register
710 and a GPU pinned memory space 720. The memory-
mapped register 710 is a register which a disk driver
controller (for example, an NVMe controller) for an SSD
110 manages, and the GPU pinned memory space 720 is a
space mapped to the GPU memory 121.
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[0082] The memory-mapped register 710 includes 1/O
submission queues (an I/O submission region) 711 of the
NVMe SSD 110, and a start offset of the memory-mapped
register 710 may be indicated by a baseline address register
(BAR) of the PCle. A submission command 711a¢ may be
input to the I/O submission queue 711, and the submission
command 711¢ may have various items. Each item may
have two physical region pages (PRPs), a PRP1 entry and a
PRP2.

[0083] Each of the PRP1 entry and PRP2 entry points a
physical page of the GPU memory 121 for the data move-
ment between the SSD 110 and the GPU 120. In some
embodiments, the NDMA 622 may map block addresses of
the GPU pinned memory 720 to block addresses of the GPU
memory 121 in the system memory block 700. In this case,
each of the PRP1 entry and PRP2 entry may map point a
logical block address (LBA) mapped to a space (ie., a
memory block) with a predetermined size in the GPU pinned
memory 720. The logical block address is a device-visible
virtual address and indicates a predetermined space in the
system memory block 700. Then, an address, i.e., a physical
block address (PBA) of the space with the predetermined
size in the GPU memory 121, which is mapped to the logical
block address can be automatically pointed.

[0084] Insomeembodiments, the PRP1 entry may directly
point the memory block of the system memory block 700
and the PRP2 entry may point a PRP list. The PRP list may
include one or more PRP entries, each pointing the memory
block. In this case, each PRP entry may point the memory
block with a predetermined size, for example the memory
block with 4 KB. In a case where the amount of data to be
transferred between the SSD 110 and the GPU 120 is greater
than 4 KB, they may be referred by the pointers on the PRP
list which is indicated by the PRP2 entry.

[0085] Accordingly, when data are transferred from the
GPU 120 to the SSD 110, the NDMA 622 generates the
PRP1 entry for pointing the logical block address of the
system memory block 700, which is mapped to the GPU
memory 121 including the data to be transferred to the SSD
110. In a case where the amount of data to be transferred to
the SSD 110 is greater than 4 KB, the NDMA 622 generates
the PRP entries for pointing the logical block addresses of
the system memory block 700, which are mapped to the
GPU memory 121 including the remaining data, and gen-
erates the PRP2 entry for pointing the PRP list including
these PRP entries. Since the NDMA 622 exports such the
allocated memory spaces to the UIL, it can directly move the
data from the GPU memory 121 to the SSD 110.

[0086] Similarly, when data are transferred from the SSD
110 to the GPU 120, the NDMA 622 generates the PRP1
entry for pointing the logical block address of the system
memory block 700, which is mapped to the GPU memory
121 for writing the data to be transterred to the GPU 120. In
a case where the amount of data to be transferred to the GPU
120 is greater than 4 KB, the NDMA 622 generates the PRP
entries for pointing the logical block addresses of the system
memory block 700, which are mapped to the GPU memory
121 for writing the remaining data, and generates the PRP2
entry for pointing the PRP list including these PRP entries.
Since the NDMA 622 exports such the allocated memory
spaces to the UIL, it can directly move the data from the
SSD 110 to the GPU memory 121.

[0087] In some embodiments, the memory-mapped regis-
ter 710 may further include a control register set above the
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1/0 submission region 711. The control register set may start
from the BAR. The control register set may be used for
managing an NVMe work such as updating a doorbell
register and interrupt management. The memory-mapped
register 710 may further include /O completion queues (an
1/0 completion region) below the /O submission region 711
and a data region below the /O completion region.

[0088] In this case, the GPU application 600 notifies the
disk driver controller of the submission command using the
doorbell register of the control register set, and the disk
driver controller brings the submission command of the I/O
submission queue and processes it. The submission com-
mand including the PRP entries may be transferred to the
disk drive controller and be used for the read/write of the
SSD 110. Accordingly, the disk drive controller can transfer
the data of the SSD 110 to the GPU memory 121 pointed by
the PRP entries of the item in the submission command or
transfer the data of the GPU memory 121 pointed by the
PRP entries to the SSD 110.

[0089] Since the pre-allocated memory space is exported
to the UIL 621, the NDMA 622 can directly upload or
download the GPU data while letting the other kernel
components serve a file-related work such as LBA transla-
tion in an appropriate manner. Since the kernel buffers of the
NDMA 622 are managed as a pre-allocated memory pool,
they may not be released until all data movement activities
involving the file data are over. To implement this, an
interrupt service routine (ISR) registered at a driver’s NVMe
initialization time may be modified.

[0090] Next, an example of an AHCI SSD is described
with reference to FIG. 8. Compared with the NVMe, the
AHCI has a different data management structure but
employs a similar strategy for the data transfer between the
GPU and the SSD.

[0091] FIG. 8 schematically shows a data movement
between an SSD and a GPU through an AHCI protocol in a
computing device according to an embodiment of the pres-
ent invention.

[0092] Referring to FIG. 8, an NDMA 622 uses a system
memory block 800 mapped to a GPU memory 121. The
system memory block 800 is a kernel buffer allocated to a
CPU memory 131, and includes a memory-mapped register
810 and a GPU pinned memory space 820. The memory-
mapped register 810 is a register which a disk driver
controller (for example, an AHCI controller) for an SSD 110
manages, and the GPU pinned memory space 820 is a space
mapped to the GPU memory 121.

[0093] The memory-mapped register 810 includes a
generic host control 811 and multiple port registers 812, and
a start offset of the memory-mapped register 810 may be
indicated by an AHCI base address register (ABAR). The
multiple port registers 812 indicate a plurality of ports, and
each port may represent an individual SSD in an SDD array.
The multiple port registers 812 includes two meta-data
structures 812a and 8125 for each port. The two meta-data
structures 812a and 8125 includes a command list 812a and
a received FIS (frame information structure) structure 8125.
The command list 812¢ includes a plurality of command
headers, for example 32 command headers. The received
FIS 8125 is used for handshaking control such as a device-
to-host (D2H) acknowledge FIS, and each command header
refers to a physical region descriptor table (PRDT).

[0094] There are a plurality of entries, for example 65536
entries in the PRDT, and each PRDP entry points a system
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memory block managed by the NDMA 622. Each PRDP
entry may point a logical block address corresponding to
addresses of the GPU pinned memory 820.

[0095] Inthe AHCI, a maximum buffer size of each PRDT
entry may be 4 MB. In some embodiments, the buffer may
be split into multiple physical pages with a predetermined
size (for example, multiple 4 KB physical pages) to make
them compatible with a PRP management policy employed
by the GPU 120. As a direct media interface (DMI) of the
AHCI shares physical characteristics of the PCle links,
interrupts delivered by the FIS are converted to a PCle
interrupt packet which allows the NDMA 622 to manage an
interrupt service routine (ISR) in a similar fashion to what is
done in the NVMe.

[0096] FIG. 9 schematically shows a GPU programming
model on a software stack of a computing device according
to an embodiment of the present invention.

[0097] Referring to FIG. 9, a GPU application 200 creates
a file descriptor for initializing an UIL 621 and an NDMA
622. The GPU application 200 may use, for example, an
nvmmuBegin( ) function as the file descriptor to initialize
the UIL 621 and NDMA 622.

[0098] A thread ID (tid) of a requester and a file name
(w_filename) to be moved may be, as parameters, input to
the nvmmuBegin( ) function like nvmmuBegin(tid, w_file-
name). The nvmmuBegin( ) function may keep the thread id
(tid) of the requester for internal resource management, and
may send piggyback information about parity block pipe-
lining before starting the movement of the file data.

[0099] The GPU application 200 allocates a GPU memory
121 for read/write of data. For this, the GPU application 200
may use, for example, a cudaMalloc( ) function. In a case of
the write, an address (&pGPUInP2P) of the GPU memory
for writing the data and an amount (nImageDataSize) of the
data to be written may be, as parameters, input to the
cudaMalloc( ) function like cudaMalloc(&pGPUInP2P,
nlmageDataSize). In a case of the read, an address
(&pGPUOutP2P) of the GPU memory for reading the data
and an amount (nlmageDataSize) of the data to be read may
be, as parameters, input to the cudaMalloc( ) function like
cudaMalloc(&pGPUOutP2P, nlmageDataSize).

[0100] After allocating the GPU memory 121, the GPU
application 200 moves data by specifying a file name, an
offset, and a number of bytes (length) of the data to be
transferred from the SSD 110 to the GPU 120. The GPU
application 200 may call, for example, a nvmmuMove( )
function for the data movement. The nvmmuMove( ) func-
tion may create a data path between the SSD 110 and the
GPU 120 based on the allocated addresses of the GPU
memory 121 and the PRP entries pointing the addresses of
the GPU memory 121, and may move the data taking into
account the file name, the offset, and the amount of data. The
file name (r_filename) of the data, the address (pGPUInP2P)
of the GPU memory 121 for writing the data, offset 0, the
amount of data (nlmageDataSize), and a data movement
direction (D2H) may be, as parameters, input to the nVm-
muMove( ) function like nVmmuMove(r_filename,
pGPUInP2P, 0, nlmageDataSize, D2H). The D2H parameter
indicates a device-to-host direction, i.e., the data movement
from the SSD 110 to the GPU 120.

[0101] Once the target data are moved from the SSD 110
to the GPU memory 121, the GPU application 200 executes
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a GPU kernel 23%@%. . For executing the GPU kernel, the
GPU application 200 may call, for example, a kernel( )
function.

[0102] Next, when the GPU application 200 needs to store
a result generated by the GPU 120, the GPU application 200
moves the result data by specifying a file name, an offset,
and the number of bytes (length) of the data to be transferred
from the GPU 120 to the SSD 110. The GPU application 200
may call, for example, a nvmmuMove( ) function for the
data movement. The file name (r_filename) of the data, the
address (pGPUOutP2P) of the GPU memory 121 for reading
the data, offset 0, the amount of data (nImageDataSize), and
a data movement direction (H2D) may be, as parameters,
input to the nVmmuMove( ) function like nVmmuMove(r_
filename, pGPUOutP2P, 0, nlmageDataSize, H2D). The
D2H parameter indicates a host-to-device direction, i.e., the
data movement from the GPU 120 to the SSD 110.

[0103] After all of the processes are completed, the GPU
application 200 cleans up resources which the UIL 621 and
the NDMA 622 use for the thread. The GPU application 200
may clean up the resources through, for example, an nvm-
muEnd( ) function. The thread ID (tid) may be, as a
parameter, input to the nvmmuEnd( ) function like nvmmu-
End(tid).

[0104] FIG. 10 schematically shows a data movement
between a GPU and an SSD in a computing device accord-
ing to an embodiment of the present invention.

[0105] Referring to FIG. 10, a GPU application 200 cre-
ates on a kernel a file descriptor for a read and/or a write
(81010). The GPU application 200 then allocates a GPU
memory 121 for writing data to the GPU 120 or reading data
from the GPU 120 (S1020). Accordingly, physical block
addresses of the allocated GPU memory 121 are mapped to
logical block addresses of a system memory block associ-
ated with addresses of the SSD 110

[0106] The GPU application 200 requests a file read to for
the SSD 110 (S1030). Then, the file data are transferred from
the SSD 110 to the GPU memory 121 through mappings of
the system memory block (S1040). Consequently, the GPU
120 processes the file data.

[0107] In a case where the GPU application 200 needs to
store a result that the GPU 120 has generated after process-
ing the file data, the GPU application 200 requests a file
write for the GPU 120 (S1050). Then, the file data are
transferred from the GPU memory 121 to the SSD 110
through mappings of the system memory block (51060).
[0108] In FIG. 10, the steps S1010, S1020, S1030 and,
S1050 may be processes associated with NVMMU. The step
S1040 may be a response of the SSD 110, and the step S1060
may be a response of the GPU 120.

[0109] In some embodiments, a data transfer method
described above may be applied to a redundant array of
independent disks (RAID)-based SSD array. For the RAID-
based SSD array, a software-based array controller driver
may be modified to abstract multiple SSDs as a single virtual
storage device. Since a GPU has neither an OS nor resource
management capabilities, a host-side GPU application may
in practice have all of the information regarding file data
movement, such as a target data size, a file location, and
timing for data download prior to beginning GPU-kernel
execution. The nvmmuBegin( ) function may pass a file
name to be downloaded from the SSD 110 to the UIL 621,
and the UIL 621 may feed this information to an array
controller driver, i.e., the NDMA 622. Then, the array
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controller driver may read an old version of the target file
data and the corresponding parity blocks at an early stage of
GPU body code-segments using the information. Conse-
quently, the array controller driver may load the old data and
prepare new parity blocks while the GPU 120 and the CPU
130 prepare for a data movement and execution of the GPU
kernel. This parity block pipelining strategy can enable all
parity block preparations to be done in parallel with per-
forming a data movement between the GPU 120 and the
CPU 130 and/or executing GPU-kernel. Accordingly, per-
formance degradation exhibited by conventional RAID sys-
tems can be eliminated.

[0110] As described above, according to an embodiment
of the present invention, since data can be directly moved
between the GPU and the SSD without significant CPU
intervention, redundant data copies according to virtual
memory allocation of the CPU memory can be reduced, and
overheads due to the copies and switching between the user
mode and the kernel mode for the copies can be reduced.
Accordingly, application execution times through the GPU
can be reduced, and the data movement overheads can be
reduced.

[0111] Since file-associated GPU operations are imple-
mented as a virtual file system extension, a UlL-assisted
GPU application can be complied just like a normal GPU
program and then no compiler modification is required.
Further, the computing device can still use all functionality
of I/O runtime and GPU runtime libraries, which means that
the NVMMU is fully compatible with all existing GPU
applications.

[0112] Next, performance improvement of an NVMMU
according to an embodiment of the present invention is
described with reference to FIG. 11 and FIG. 12.

[0113] FIG. 11 shows latency values in transferring file
data for a GPU application, and FIG. 12 shows execution
times of a GPU application.

[0114] As shown in FIG. 11, it is noted that an NVMMU
using an NVMe protocol (hereinafter referred to as an
“NVMe-NVMMU”) reduces latency values of data move-
ment, compared to an NVMe-IOMMU, by 202%, 70%,
112% and 108%, for PolyBench, Mars, Rodinia and Parboil
benchmarks, respectively. The NVMe-IOMMU means a
memory management unit that uses an NVMe protocol in a
conventional computing device as described with reference
to FIG. 2 to FIG. 5. As shown in FIG. 12, it is noted that the
NVMe-NVMMU reduces the application execution times,
compared to the NVMe-IOMMU, by 192%, 14%, 69% and
37%, for PolyBench, Mars, Rodinia and Parboil bench-
marks, respectively.

[0115] These performance improvements can be provided
because the NVMMU can reduce the redundant memory
copies and the user mode and kernel mode switching over-
heads as described above.

[0116] While it has been described in above embodiments
of the present invention that the GPU and SSD are examples
of the coprocessor and non-volatile memory, respectively, a
data transfer method (i.e., NVMME) according to an
embodiment of the present invention may be applied to other
coprocessors and/or other file I/O-based non-volatile memo-
ries.

[0117] While this invention has been described in connec-
tion with what is presently considered to be practical
embodiments, it is to be understood that the invention is not
limited to the disclosed embodiments, but, on the contrary,
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is intended to cover various modifications and equivalent
arrangements included within the spirit and scope of the
appended claims.

What is claimed is:

1. A computing device comprising:

a central processing unit (CPU);

a CPU memory for the CPU;

a non-volatile memory;

a coprocessor using the non-volatile memory;

a coprocessor memory configured to store data to be
processed by the coprocessor or data processed by the
coprocessor; and

a recording medium including a controller driver for the
non-volatile memory and a library that are executed by
the CPU, the controller driver being configured to map
the coprocessor memory to a system memory block of
the CPU memory and the library being configured to
move data between the coprocessor and the non-vola-
tile memory via the system memory block mapped to
the coprocessor memory.

2. The computing device of claim 1, wherein the system
memory block includes a memory-mapped register and a
pinned memory space mapped to the coprocessor memory,
and

wherein the memory-mapped register is managed by the
controller driver and includes a plurality of entries for
pointing addresses of the pinned memory space.

3. The computing device of claim 2, wherein a start offset
of the system memory block is indicated by a base address
register of an interface connecting the non-volatile memory
with the CPU.

4. The computing device of claim 2, wherein each entry
points a logical block address of a space with a predeter-
mined size in the pinned memory space, and the logical
block address is mapped to a physical block address of a
space with a predetermined size in the coprocessor memory.

5. The computing device of claim 4, wherein, when the
coprocessor reads data from the non-volatile memory, the
controller driver transfers the data from the non-volatile
memory to the space of the physical block address that is
mapped to the logical block address pointed by a corre-
sponding entry.

6. The computing device of claim 4, wherein the non-
volatile memory is connected to the CPU through a non-
volatile memory express (NVMe) protocol, and

wherein each entry is a physical region page (PRP) entry.

7. The computing device of claim 4, wherein the non-
volatile memory is connected to the CPU through an
advanced host controller interface (AHCI) protocol, and

wherein each entry is a physical region descriptor table
(PRDT) entry.

8. The computing device of claim 1, wherein the library
resides above an application and a native file system in a
software stack.

9. A method of transferring data between a coprocessor
and a non-volatile memory in a computing device, the
method comprising:

mapping a coprocessor memory for the coprocessor to a
system memory block of a CPU memory for a CPU;
and

moving data between the coprocessor and the non-volatile
memory via the system memory block mapped to the
COProcessor memory.
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10. The method of claim 9, wherein the system memory
block includes a memory-mapped register and a pinned
memory space mapped to the coprocessor memory, and

wherein the memory-mapped register is managed by a
controller driver for the non-volatile memory and
includes a plurality of entries for pointing addresses of
the pinned memory space.

11. The method of claim 10, wherein a start offset of the
system memory block is indicated by a base address register
of an interface connecting the non-volatile memory with the
CPU.

12. The method of claim 10, wherein each entry points a
logical block address of a space with a predetermined size in
the pinned memory space, and the logical block address is
mapped to a physical block address of a space with a
predetermined size in the coprocessor memory.

13. The method of claim 12, wherein, when the copro-
cessor reads data from the non-volatile memory, moving the
data includes transferring the data from the non-volatile
memory to the space of the physical block address that is
mapped to the logical block address pointed by a corre-
sponding entry.

14. The method of claim 12, wherein the non-volatile
memory is connected to the CPU through a non-volatile
memory express (NVMe) protocol, and

wherein each entry is a physical region page (PRP) entry.

15. The method of claim 12, wherein the non-volatile
memory is connected to the CPU through an advanced host
controller interface (AHCI) protocol, and

wherein each entry is a physical region descriptor table
(PRDT) entry.

16. A computer-readable recording medium that stores a
program to be executed by a computing device including a
CPU, a CPU memory for the CPU, a non-volatile memory,
a coprocessor using the non-volatile memory, and a copro-
cessor memory configured to store data to be processed by
the coprocessor or data processed by the coprocessor, the
program comprising:

a controller driver for the non-volatile memory configured
to map the coprocessor memory to a system memory
block of the CPU memory; and

a library configured to move data between the coprocessor
and the non-volatile memory via the system memory
block mapped to the coprocessor memory.

17. The computer-readable recording medium of claim
16, wherein the system memory block includes a memory-
mapped register and a pinned memory space mapped to the
coprocessor memory, and

wherein the memory-mapped register is managed by the
controller driver and includes a plurality of entries for
pointing addresses of the pinned memory space.

18. The computer-readable recording medium of claim
17, wherein a start offset of the system memory block is
indicated by a base address register of an interface connect-
ing the non-volatile memory with the CPU.

19. The computer-readable recording medium of claim
17, wherein each entry points a logical block address of a
space with a predetermined size in the pinned memory
space, and the logical block address is mapped to a physical
block address of a space with a predetermined size in the
COprocessor memory.

20. The computer-readable recording medium of claim
19, wherein, when the coprocessor reads data from the
non-volatile memory, the controller driver transfers the data
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from the non-volatile memory to the space of the physical
block address that is mapped to the logical block address
pointed by a corresponding entry.

#* #* #* #* #*
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