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(57) ABSTRACT 

A flash-based accelerator configured to be connected to a 
host including a CPU and a system memory is provided. A 
plurality of processors execute a plurality of kernels 
offloaded from the host. A memory system includes a first 
memory that is used to map a data section of each kernel to 
the flash memory. A supervisor processor maps a region of 
the first memory pointed by a data section of a first kernel 
to a region of the flash memory to allow first data to move 
between the region of the first memory and the region of the 
flash memory, based on a first message which is transferred 
in accordance with execution of the first kernel by a first 
processor among the plurality of processors. A network 
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integrates the flash backbone, the memory system, the 
plurality of processors, and the supervisor processor. 
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FLASH-BASED ACCELERATOR AND 
COMPUTING DEVICE INCLUDING THE 

SAME 

CROSS-REFERENCE TO RELATED 
APPLICATION 

This application is a continuation-in-part of U.S. patent 
application Ser. No. 15/184,179 filed on Jun. 16, 2016, and 
claims priority to and the benefit of Korean Patent Appli­
cations Nos. 10-2016-0041120 filed on Apr. 4, 2016, 
10-2017-0114029 filed on Sep. 6, 2017, and 10-2018-
0046379 filed on Apr. 20, 2018. The entire contents of the 
aforementioned applications are incorporated herein by ref­
erence. 

BACKGROUND 

(a) Field 

The described technology relates to a flash-based accel­
erator and a computing device including the same. 

(b) Description of the Related Art 

Over the past few years, heterogeneous computing has 
undergone significant performance improvements for a 
broad range of data processing applications. This has been 
made possible by incorporating many dissimilar coproces­
sors, such as graphics processing units (GPUs) and many 
integrated cores (MICs). These many-core based accelera­
tors can process programs offloaded from a host by employ-
ing hundreds and thousands of hardware threads, which in 
turn can exhibit orders of magnitude better performance than 
central processing units (CPUs). 

The accelerators can process more data than they have 
ever had before, and the volume of such data is expected to 

2 
sors that execute a plurality of kernels offloaded from the 
host, a memory system, a supervisor processor, and a 
network. The memory system includes a first memory that is 
used to map a data section of each kernel to the flash 

5 memory. The supervisor processor maps a region of the first 
memory pointed by a data section of a first kernel to a region 
of the flash memory to allow first data to move between the 
region of the first memory and the region of the flash 
memory, based on a first message which is transferred in 

10 accordance with execution of the first kernel by a first 
processor among the plurality of processors. The network 
integrates the flash backbone, the memory system, the 
plurality of processors, and the supervisor processor. 

The first data may move between the first memory and the 
15 flash memory without assistance of an operating system 

(OS) of the host. 

20 

25 

The first data may move between the first memory and the 
flash memory without modification of an instruction set 
architecture used in an existing computing device. 

The supervisor processor may transfer a memory request 
indicating the region of the flash memory to the flash 
controller, and the flash controller may move the first data 
between the region of the first memory and the region of the 
flash memory in accordance with the memory request. 

The first processor may access the flash backbone through 
the memory request without modification of existing load/ 
store instructions. 

When the first kernel reads the first data from the flash 
memory, the first message may include a pointer to the data 

30 section of the first kernel and a word- or byte-based address, 
and the supervisor processor may translate the word- or 
byte-based address to a physical address in the flash 
memory. The memory system may further include a second 
memory that stores mapping information for translating the 

35 word- or byte-based address to the physical address. 

be increased. However, the accelerators employ an internal 
memory whose size is relatively smaller compared to a host 
memory. The accelerators therefore use a non-volatile 40 

memory, for example a solid state disk (SSD), connected to 

The mapping information may include mapping informa­
tion between a logical page group number corresponding to 
the word- or byte-based address and a physical page group 
number corresponding to the physical address. 

The supervisor processor may block processing of the first 
message when a range of the word- or byte-based address 
overlaps with a range of an address that another kernel uses 
for write. 

a host machine to process large sets of data. 
However, the accelerator and the non-volatile memory are 

completely disconnected from each other and are managed 
by different software stacks. Consequently, many redundant 45 

memory allocations/releases and data copies 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 management and 50 

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 sig- 55 

nificant compared to the accelerator performance. 

SUMMARY 

An embodiment of the present invention provides a 60 

flash-based accelerator and a computing device including 
the same, capable of executing diverse kernels. 

A second processor among the plurality of processors may 
transfer to the supervisor processor a second message for 
writing second data to the flash memory in accordance with 
execution of a second kernel, and the second message may 
include a pointer to a data section of the second kernel. The 
supervisor processor may allocate a new region of the flash 
memory for the second message to allow the second data to 
move from a region of the first memory pointed by the data 
section of the second kernel to the new region of the flash 
memory. 

The supervisor processor may transfer a memory request 
indicating the new region of the flash memory, and the flash 
controller may transfer the second data from the region of 
the first memory pointed by the pointer to the data section of 
the second kernel to the new region of the flash memory, in 
accordance with the memory request. 

The supervisor processor may update the mapping infor­
mation based on a physical address corresponding to the 
new region of the flash memory and a word or byte-based 
address included in the second message. According to an embodiment of the present invention, a 

flash-based accelerator configured to be connected to a host 
including a CPU and a system memory is provided. The 
flash-based accelerator includes a flash backbone including 
a flash memory and a flash controller, a plurality of proces-

The supervisor processor may block processing of the 
65 second message when a range of the word- or byte-based 

address included in the second message overlaps with a 
range of an address that another kernel uses for read. 
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The supervisor processor may allocate a physical page 
group number corresponding to the new region by increas­
ing a physical page group number used in a previous write. 

The flash-based accelerator may further include a store 
processor. In this case, the supervisor processor may transfer 5 

a request for reclaiming a physical block to the store 
processor to allocate a physical page group number corre­
sponding to the new region when there is no available 
physical page group number in the flash memory. The store 
processor may reclaim the physical block by selecting a 10 

victim block in a space of the flash memory. 

4 
FIG. 5 is a schematic block diagram of a flash-based 

accelerator according to an embodiment of the present 
invention. 

FIG. 6 is a schematic block diagram of an LWP in a 
flash-based accelerator according to an embodiment of the 
present invention. 

FIG. 7 shows multi-kernel execution included in one 
application in a flash-based accelerator according to an 
embodiment of the present invention. 

FIG. 8 shows multi-kernel execution included in a plu­
rality of applications in a flash-based accelerator according 
to an embodiment of the present invention. The store processor may journal a snapshot of the second 

memory. 
According to another embodiment of the present inven­

tion, a computing device including the above-described 
flash-based accelerator, the host, and an interface that con­
nects the flash-based accelerator and the host is provided. 

FIG. 9 is a flowchart showing a kernel offloading method 
in a flash-based accelerator according to an embodiment of 

15 the present invention. 
FIG. 10 shows a read operation in a flash-based accel­

erator according to an embodiment of the present invention. 
According to yet another embodiment of the present 

invention, a flash-based accelerator configured to be con­
nected to a host including a CPU and a system memory is 20 

provided. The flash-based accelerator includes a flash back­
bone including a flash memory and a flash controller, a 
plurality of processors that execute a plurality of kernels 
offloaded from the host, a memory system, a supervisor 
processor, and a network. The memory system includes a 25 

first memory that is used to map a data section of each kernel 

FIG. 11 shows a write operation in a flash-based accel-
erator according to an embodiment of the present invention. 

FIG. 12 shows an example of two applications. 
FIG. 13 shows an example of static inter-kernel schedul­

ing. 
FIG. 14 shows an example of dynamic inter-kernel sched­

uling. 
FIG. 15 shows an example of a kernel. 
FIG. 16 shows another example of two applications. 

to the flash memory, and a second memory that stores 
mapping information for translating a word- or byte-based 
address mapped to a region of the first memory pointed by 

FIG. 17 shows an example of in-order intra-kernel sched­
uling. 

the data section to a physical address in the flash memory. 30 

When read data are read from the flash memory in accor­
dance with execution of each kernel, the supervisor proces-

FIG. 18 shows an example of out-of-order intra-kernel 
scheduling. 

FIG. 19 shows multi-application execution chain. 

sor may translate the word- or byte-based address to the 
physical address of the flash memory based on the mapping 
information, and transfer a memory request to the flash 35 

controller to allow the read data to move from the flash 

DETAILED DESCRIPTION OF THE 
EMBODIMENTS 

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 

memory to the region of the first memory. The network 
integrates the flash backbone, the memory system, the 
plurality of processors, and the supervisor processor. 

The read data may move between the flash memory and 
the first memory without assistance of an OS of the host. 

The read data may move between the flash memory and 
the first memory without modification of an instruction set 
architecture used in an existing computing device. 

Each of the plurality of processors may access the flash 
backbone through the memory request without modification 
of existing load/store instructions. 

According to an embodiment of the present invention, 
overheads resulting from data copies/movements can be 
reduced by physically integrating a plurality of processors 
with a flash memory to implement a flash-based accelerator. 
Further, the flash-based accelerator can execute diverse 
kernels without an assistance of an OS of a host and the 
processor can directly access the flash memory at execution 
of the kernel, by integrating a plurality of processors with a 
flash memory 

BRIEF DESCRIPTION OF THE DRAWINGS 

FIG. 1 is a schematic block diagram of a computing 
device according to an embodiment of the present invention. 

FIG. 2 shows a physical data path in an existing comput­
ing device. 

FIG. 3 shows a software stack in an existing computing 
device. 

FIG. 4 shows a kernel executing model in an accelerator 
of an existing computing device. 

40 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-

45 tion. 
FIG. 1 is a schematic block diagram of a computing 

device 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 pres-

50 ent invention may be implemented by use of various struc­
tures. 

Referring to FIG. 1, a computing device according to an 
embodiment of the present invention includes a CPU 100, a 
CPU-side memory 200, and a flash-based accelerator 300. 

55 The accelerator 300 is a supplementary data processing 
device different from a general-purpose CPU, and may be 
computer hardware for performing data processing by 
supplementing functions of the CPU or performing the data 
processing independently of the CPU. The accelerator 300 

60 may be a many-core based accelerator, and a graphic pro­
cessing unit (GPU) or many integrated core (MIC) device is 
one example of the accelerator 300. 

The computing device may further include a northbridge 
400 for connecting the memory 200 and the accelerator 300 

65 with the CPU 100. The accelerator 300 may be connected to 
the northbridge 140 that locates at the CPU-side. For 
example, the accelerator 300 may be connected to the 
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northbridge 140 via a PCie (peripheral component intercon­
nect express) link. The northbridge 140 may be also called 
a memory controller hub (MCH). 

While a conventional accelerator includes only a plurality 

6 
internal DRAM 26a of the accelerator 26, in turn serializing 
the execution and thereby deteriorating the degree of par­
allelism. 

of processors for parallelism, the accelerator 300 according 5 

to an embodiment of the present invention is a flash-based 
accelerator, which physically integrates a plurality of pro­
cessors 310 corresponding to accelerator cores with a flash 
memory 320. 

In some embodiment, each processor of the accelerator 10 

300 may be a light-weight processor (LWP). In one embodi­
ment, the LWPs may be low power processors that are 
connected over a high-speed network. In this case, the LWP 

Software stacks for the existing computing exist for an 
accelerator 35 and an SSD 38, respectively. Referring to 
FIG. 3, a host employs an accelerator driver (i.e., a device 
driver) 37 and a runtime library 36 as the software stack for 
the accelerator 35, and employs a flash firmware 34, a host 
block adaptor (HBA) driver 33, a file system 32, and an I/O 
runtime library 31 as the software stack to recognize the 
SSD 35 as a storage. The accelerator runtime library 36 and 

can communicate with other internal resources such as an 15 
accelerator controller and the flash memory through the 
high-speed network. Hereinafter, each processor of the 
accelerator 300 is described as the LWP for convenience. 

the I/O runtime library 31 are provided on a user space, and 
offer different sets of interfaces, which allow a user appli­
cation 30 to service files or offload data processing, appro­
priately. The accelerator driver 37 and the HBA driver 33, 
which are provided on a kernel space, are involved in 
transferring data between a device-side DRAM (an accel­
erator- or SSD-side DRAM) and a host-side DRAM. There­
fore, the user application 30 first requests data to the SSD 35 In some embodiment, a system including the CPU 100 

and the memory 200 may be called a host. 
The computing device offloads various applications to the 

accelerator 300, which allows the accelerator 300 to directly 
execute kernels of the applications. Accordingly, the host 
may access the accelerator 300 to either offload the kernel or 
handle read/write of data. In this case, the LWP of the 
accelerator 300 can directly access the flash memory with 
executing the kernel. Therefore, many redundant memory 
allocations/releases and data copies that are required to read 
data from the non-volatile memory or write data to the 
non-volatile memory by the conventional accelerator can be 
removed. 

First, problems of an existing computing device are 
described with reference to FIG. 2 to FIG. 4. 

FIG. 2 shows a physical data path in an existing comput­
ing device, FIG. 3 shows a software stack in an existing 
computing device, and FIG. 4 shows a kernel executing 
model in an accelerator of an existing computing device. 

20 through the I/O runtime library 31 (S31), and then writes the 
data to the accelerator 38 through the accelerator runtime 
library 36 (S33). This activity causes multiple data to be 
copied within the host-side DRAM (S32). Furthermore, 
when the file system 32 and accelerator driver 37 provided 

25 on the kernel space receive data from the application 30, all 
the data from user buffers are copied to OS-kernel buffers, 
which creates extra memory copies within the host-side 
DRAM (S32). This problem arises because OS-kernel mod­
ules cannot directly access a user memory space, as there is 

30 no guarantee that a current OS-kernel module is executing in 
a process that the I/O request has been initiated. In addition 
to these unnecessary data copies within the host-side 
DRAM, the discrete software stacks also increase data 
moving latency and consume energy because they enforce 

35 many user/kernel mode switches between the runtime librar­
ies and the OS-kernel drivers. 

Referring to FIG. 4, a kernel execution model may be 

Referring to FIG. 2, in a case where an accelerator 26 
needs to process a large amount of data, a CPU 21 generates 40 

I/O requests and issues them to an SSD 24 through an I/O 
controller 23 connected to a northbridge 22 (S21). A con­
troller of the SSD 24 then transfers the data from a flash 

implemented as three states including a prologue, a body, 
and an epilogue. In the prologue, a data processing appli­
cation opens a file [fopen( )] and allocate memory resources 
for both an SSD and an accelerator [malloc() Acc-Malloc( 
)]. In the body, the data processing application iterates code 
segments that read a part of file [ fread( )], transfer it to the 
accelerator [Acc-Memcpy( )], execute a kernel [Ace-kernel( 
)], get results from the accelerator [Acc-Memcpy( )], and 
write them back to the SSD [:!write()]. In the epilogue, once 

memory to an internal DRAM, and a host controller moves 
the data from the internal DRAM of the SSD 24 to a 45 

host-side DRAM 25 through a storage interface (S22). 
During this time, the data can be reconstructed and mar­
shaled as a form of objects that the accelerator 26 can 
recognize. Finally, the CPU 21 transfers the data from the 
host-side DRAM 25 to an internal DRAM 26a of the 
accelerator 26 through a PCie interface (S23). At this 
juncture, all kernel executions of the accelerator 26 are still 
stalled because the input data are in being transferring and 
are not ready to be processed. Once the data are successfully 
downloaded to the DRAM 26a of the accelerator 26, an 
embedded multicore processor (EMP) 26b of the accelerator 
26 starts processing the data, and the results are delivered to 
the SSD 24 in an inverse order of the input data loading 
procedure. 

In this case, the movement of data across different physi­
cal interface boundaries imposes the restriction of long 
latency before the accelerator 26 begins to actually process 
data and leads to a waste of energy, resulting from the 
creation of redundant memory copies. In addition, the physi­
cal data path can deteriorate the degree of parallelism for 
kernel executions. For example, a single application task has 
to be split into multiple kernels due to capacity limit of the 

the execution of body loop is completed, the data processing 
application concludes [fclose( )] by releasing all the file and 
memory resources [free( ), Ace-Free( )]. In this case, the 

50 codes such as fopen( ), malloc( ), fread( ), :!write( ), free( ), 
and fclose( ) may be executed by an I/O runtime, and the 
codes such as Acc-Malloc( ), Acc-Memcpy( ), Ace-kernel(), 
and Ace-Free() may be executed by an accelerator runtime. 

In this kernel execution model, file accesses of the appli-
55 cation pass different software runtime libraries and stacks, 

which in turn can significantly increase overheads before the 
computation is started and deteriorate the system perfor­
mance. Further, a small memory size of the accelerator can 
enforce a single data-processing task split into multiple 

60 functions, which can only be executed by the accelerator in 
a serial order. Consequently, the degree of parallelism can be 
deteriorated. 

Next, an accelerator according to an embodiment of the 
present invention is described with reference to FIG. 5 and 

65 FIG. 6. 
FIG. 5 is a schematic block diagram of a flash-based 

accelerator according to an embodiment of the present 
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invention, and FIG. 6 is a schematic block diagram of an 
LWP in a flash-based accelerator according to an embodi­
ment of the present invention. 

Referring to FIG. 5, a flash-based accelerator 300 includes 
a plurality ofLWPs (LWP0 to LWPn) 310, a memory system 5 

320, a network 330, a flash backbone 340, and an accelerator 
controller 350. 

8 
The second memory 322 may serve administrative I/O 
requests by virtualizing the flash and entries queued by 
communication interfaces as fast as an L2 cache. 

The network 330 connects the LWPs 310, the memory 
system 320, and the flash backbone 340. In some embodi­
ments, the network 330 may be a partial crossbar switch that 
separates a large network into two sets of crossbar configu­
rations 331 and 332. The two sets of crossbar configurations 
331 and 332 may be a streaming crossbar (tier-I) 331 and 

Each LWP 310 corresponds to a core of the accelerator 
300 for performing data processing. The LWPs 310 are all 
connected over a network 330, for example, a crossbar 
network. The LWP 310 can communicate with each other 
over message queue interfaces that are implemented by 
collaborating with a hardware queue 360 attached to the 
network 330. In some embodiments, the LWP 310 may be 
built on a very long instruction word (VLIW) architecture. 

10 multiple simplified-crossbars (tier-2) 332. In one embodi­
ment, the tier-I network 331 is connected to the LWPs 310 
and the memory system 320, and may be designed towards 
high performance thereby integrating the L WPs 310 with the 
memory system 320. The tier-2 network 332 is connected to 

15 the flash backbone 340, and may be connected to a mezza­
nine card, for example an FMC (FPGA mezzanine card), of 
the flash backbone 340 through a mezzanine card 333, for 
example an AMC (advanced mezzanine card). In this case, 
the AMC 333 of the tier-2 network 332 and the FMC 343 of 

Referring to FIG. 6, each LWP 310 may include a 
plurality offunction units, for example, eight function units. 
The function units may include multiplication function units 
FU0 and FU4, load/store function units FUl and FUS, and 
general purpose processing function units FU2, FU3, FU6, 20 

and FU7. It is shown as an example in FIG. 6 that the 
function units includes two multiplication function units 
FU0 and FU4, two load/store function units FUl and FUS, 
and four general purpose processing function units FU2, 
FU3, FU6, and FU7. Each LWP 310 may further include a 25 

plurality of register files, for example, two register files 
Reg0 and Regl. In this case, the multiplication function unit 
FU0, the load/store function unit FUl, and the general 
purpose processing functions unit FU2 and FU3 may be 
connected to the register file Reg0, and the multiplication 30 

function unit FU4, the load/store function unit FUS, and the 
general purpose processing function units FU6 and FU7 may 
be connected to the register file Regl. Further, the two 
register files Reg0 and Regl may be connected to each other. 
Accordingly, the hardware complexity of the accelerator can 35 

be reduced, while the diverse demands of low-power data 
processing applications can be satisfied simultaneously. 

Furthermore, the LWPs 310 may share a single memory 
address space, and each LWP 310 may further include 
caches. In some embodiments, the caches of each LWP 310 40 

may include a level 1 (Ll) cache and a level 2 (L2) cache, 
and the L1 cache may include an L1 instruction (LII) cache 
and an L1 data (LID) cache. 

The memory system 320 includes different memory sys­
tems connected to the LWP 310, for example, a first memory 45 

321 and a second memory 322. In some embodiments, the 
memory system 320 may operate as a buffer memory 
between a flash memory for reading and writing data in 
pages and the LWPs 310 for reading and writing data in 
words or bytes. The page may be, for example, 4 KB to 16 50 

KB. In one embodiment, the first memory 321 may be a 
word- or byte-addressable memory. 

the flash backbone 340 may be connected to each other 
through a plurality of SRIO (Serial RapidIO) lanes 334, for 
example four SRIO lanes. Throughputs of the tier-2 network 
332 may be sufficient for performances of AMC 333 and an 
interface (e.g., a PCie interface) exhibit. 

The flash backbone 340 includes a flash memory 341 and 
a flash controller 342. The flash memory 341 may include a 
plurality of flash packages. In one embodiment, the flash 
memory 341 may include a plurality of flash channels, each 
including a plurality of flash packages. The flash controller 
342 converts incoming I/O requests into a flash clock 
domain, and may be an FPGA (field-programmable gate 
array)-based controller. In one embodiment, the flash con­
troller 342 may be provided for each flash channel. In one 
embodiment, the flash controller 342 may implement 
inbound and outbound tag queues, each of which is used for 
buffering the requests. The flash controller 342 handles flash 
transactions and transfers the corresponding data from the 
network 330 to the flash memory 341. Accordingly, roles of 
flash firmware can be minimized. 

The accelerator controller 350 manages communications 
between the host and the accelerator 300 through an inter­
face connected to the host. In some embodiments, when the 
accelerator 300 connects to the host, for example, a north­
bridge 140 of the host, through a PCie interface, the accel­
erator controller 350 may be a PCie controller. 

In some embodiments, the accelerator 300 may include a 
power/sleep controller (PSC) 370. The PSC 370 controls 
modes of other LWPs 310 in accordance with a control of a 
supervisor L WP to be described below. The supervisor L WP 
may put each LWP 310 in a sleep mode (which may be 
referred to as an idle mode), or revoke each LWP 310, using 
the PSC 370. 

New, kernel execution in an accelerator according to an 
embodiment of the present invention is described with 

55 reference to FIG. 7 and FIG. 8. 

In some embodiments, the first memory 321 may be a 
low-power memory such as a dynamic random access 
memory (DRAM). For example, the DRAM may be a 
DDR3L (DDR3 low voltage) SDRAM (synchronous 
DRAM). The first memory 321 may be used for mapping 
data sections of each kernel to the flash memory thereby 
hiding a long latency imposed by flash accesses. Further, the 
first memory 321 may aggregate multiple I/O requests that 60 

head to the flash backbone 340, and may buffer the majority 
of flash writes, which can take over roles of a traditional 
SSD internal cache. The second memory 322 may be a 
memory used for a fast processing. For example, a scratch­
pad memory (SPM) may be used as the second memory 332. 65 

The SPM may be composed of, for example, a plurality of 
high-speed SRAM (static random access memory) banks. 

FIG. 7 shows multi-kernel execution included in one 
application in a flash-based accelerator according to an 
embodiment of the present invention, and FIG. 8 shows 
multi-kernel execution included in a plurality of applications 
in a flash-based accelerator according to an embodiment of 
the present invention. 

Unlike traditional accelerators using a single instruction 
multiple threads (SIMT) model, a plurality of LWPs of a 
flash-based accelerator according to an embodiment of the 
present invention may execute different types of kernels in 
parallel, each of which includes various operation functions. 
This enables users to offload diverse applications and per-
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form different types of data processing in concert, which is 
referred to as multi-kernel execution. 

10 
flash backbone 340, and the flash controller 341 may bring 
data corresponding to the request to the low-power memory 
321. In one embodiment, time-consuming tasks such as 
garbage collection or memory dump may be periodically 

In one embodiment, as shown in FIG. 7, one application 
App may include multiple kernels (Kn!O, Knl, and Knl2), 
and a host may offload the kernels (Kn!O, Knl, and Knl2) in 
a flash-based accelerator to be executed in parallel. In 
another embodiment, as shown in FIG. 8, a host may offload 
multiple kernels (Kn!O0, Kn!0l, Knl02, Knll0, Knill, 
Knl12, Knl20, Knl21, and Knl22) associated with different 
applications (App 0, Appl, and App2) in a flash-based accel­
erator to be executed in parallel. The multi-kernel execution 
can allow users to perform more flexible data processing 
near flash and open up the opportunities to make data 
processing more energy efficient than in the conventional 
accelerators. 

5 performed by a different LWP, which can address potential 
overheads brought by the flash management of the supervi­
sor LWP. 

Next, kernel execution in a flash-based accelerator 
according to an embodiment of the present invention is 

10 described with reference to FIG. 9 to FIG. 11. 
FIG. 9 is a flowchart showing a kernel offloading method 

in a flash-based accelerator according to an embodiment of 
the present invention. 

A user application may include one or more kernels. In 
15 some embodiments, a kernel may be represented by an 

executable object, referred to as a kernel description table. In 
one embodiment, the kernel can be compiled by a vendor­
provided code generation tool. In one embodiment, the 

In some embodiments, the lack of file and runtime sys­
tems may introduce several technical challenges to multi­
kernel execution, including memory space management, I/0 
management, and resource protection. An easy-to-imple­
ment mechanism to address such issues is to read and write 20 

data on flash through a set of customized interfaces that the 
flash firmware may offer. This is the typically adopted 
mechanism in most active SSD approaches. However, this 
approach may be inadequate for a low-power accelerator 
platform. Specifically, as the kernels are independent of each 25 

other, they cannot dynamically be linked with flash firmware 
interfaces. Furthermore, for the active SSD approaches, all 
existing user applications must be modified by considering 
the flash interfaces, leading to an inflexible execution model. 

In some embodiments, instead of allowing the multiple 30 

kernels to access the flash firmware directly through a set of 
static firmware interfaces, a predetermined processor may be 
allocated to govern a memory space of a data section of each 
L WP by considering flash address spaces. As shown in FIG. 
7 and FIG. 8, the predetermined processor 311 may virtu- 35 

alize a flash backbone 340 by mapping the data section of 
each kernel to a physical flash memory, i.e., the flash 
backbone 340. In some embodiments, a predetermined LWP 
among a plurality ofLWPs included in the accelerator may 
be the predetermined processor 311. Hereinafter, the prede- 40 

termined LWP 311 is referred to as a "supervisor LWP". 
Accordingly, each LWP of the accelerator can directly 
access a flash memory of the flash backbone 340 through a 
memory request of the supervisor LWP, without any modi­
fication of an instruction set architecture or assistance, i.e., 45 

load/store instructions used in an existing computing device 
or without any assistance of a host-side storage stack. 

In one embodiment, the supervisor LWP 311 may manage 
logical and physical address spaces of the flash backbone 
340 by grouping physical pages of the flash backbone 340, 50 

and map a logical address to a data section of the kernel. In 
one embodiment, the supervisor L WP 311 may group physi-
cal pages of the flash backbone 340 across different flash 
channels (and different dies). 

In some embodiments, mapping information may be 55 

stored to an SPM 322, and data associated with each kernel's 
data section may be stored to a low-power memory 321. 
Further, the supervisor LWP 311 may isolate and protect the 
physical address space of flash backbone 340 from the 
execution of multiple kernels. In one embodiment, whenever 60 

a kernel loaded to a specific LWP among the LWPs requires 
accessing its data section, the kernel can inform the super­
visor LWP 311 about a logical address space where target 
data exist by passing a message to the supervisor LWP 311. 
The supervisor LWP 311 may then check a permission of 65 

such an access and translate it to a physical flash address. 
Lastly, the supervisor LWP 311 may issue a request to the 

kernel description table may be a variation of a executable 
and linkable format (ELF), and may include an executable 
that contains several types of section information such as a 
kernel code (.text), a data section (.ddr3_arr), a heap (.heap), 
and a stack (.stack). Addresses of such sections may point to 
an L2 cache of each LWP, except for the data section, which 
is managed by a supervisor L WP. 

Referring to FIG. 9, a target kernel of a user application 
is offloaded from a host to a designated memory space of a 
low-power memory 321 through an interface (S910). In one 
embodiment, the interface may be a PCie interface. In one 
embodiment, the host may write a kernel description table 
associated with the target kernel to a PCie base address 
register (BAR) by an accelerator controller (350 of FIG. 5), 
for example a PCie controller. The BAR may be mapped to 
the low-power memory 321. 

After completion of the kernel download, the host issues 
an interrupt, for example a PCie interrupt, to the accelerator 
controller 350 (S920), and then the accelerator controller 
350 forwards the interrupt to a supervisor LWP (S930). 
Then, the supervisor LWP stores an address of the low­
power memory 321 of the downloaded kernel to a special 
register ofa target LWP among a plurality ofLWPs (S950). 
In some embodiments, the special register may be a boot 
address register. In some embodiments, the supervisor LWP 
may store the address of the low-power memory 321 to the 
special register of the target LWP after putting the target 
LWP in the sleep mode through the PSC 370 (S940). 

The supervisor LWP then writes an inter-process interrupt 
register of the target LWP, forcing the target LWP to jump 
to the address written in the special register of the target 
LWP (S960). In some embodiments, the supervisor LWP 
may pull the target LWP out of the sleep mode through the 
PSC 370 (S970). Then, the target LWP loads and executes 
the specified kernel (S980). Thus, the supervisor LWP can 
decide the order of kernel executions within an LWP or 
across a plurality of LWPs. 

FIG. 10 shows a read operation in a flash-based accel­
erator according to an embodiment of the present invention, 
and FIG. 11 shows a write operation in a flash-based 
accelerator according to an embodiment of the present 
invention. 

Referring to FIG. 10, when a target kernel 380 loaded to 
a specific LWP is executed and accesses its data section, the 
target kernel 380 transfer a data section mapping request for 
mapping the data section to a flash to a supervisor LWP 311 
(S1010). In this case, the target kernel 380 may transfer a 
queue message as the data section mapping request. A kernel 
on an LWP may map a memory region of a low-power 
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memory pointed by its own data section to a designated flash 
backbone address. Accordingly, the target kernel 380 can 
declare a flash-mapped space for each data section (e.g., an 
input vector on the low-power memory) of the target kernel 
380 by passing the queue message to the supervisor LWP 5 

311. That is, the supervisor LWP 311 can declare a logical 
address space where target data exist. 

In some embodiments, the queue message may include a 
request type ( e.g, read or write), a pointer to the data section, 
and a flash backbone address. In one embodiment, the flash 10 

backbone address may be a word-based address or a byte­
based address of a flash backbone. In one embodiment, the 
flash backbone address may be mapped to a memory (i.e., 

12 
supervisor LWP 311 may add permission information and an 
owner's kernel number for each page to the page mapping 
table entry. However, the page mapping table of the accel-
erator is written in persistent storage such as the SPM and is 
periodically updated considering flash I/O services such as 
garbage collection. Thus, adding temporary information 
such as the permission information and the owner's kernel 
number to the page mapping table may increase the com­
plexity of the virtualization system, which can degrade 
overall system performance and shorten a life time of the 
flash. Accordingly, in some embodiments, a lock mechanism 
may be used to protect the flash backbone 340. 

In one embodiment, the accelerator may use a range lock 
for the data section. In this case, upon receiving the data the low-power memory) of the data section of the target 

kernel. 
In some embodiments, in a case where the request type of 

the queue message is the read, the target kernel 380 may pass 
the queue message to the supervisor LWP when a memory 
access requested by the kernel execution is missed from a 
cache, for example an Ll cache, of the target LWP. 

15 section mapping request, i.e., the queue message (S1010), 
the supervisor LWP 311 may block the data section mapping 
request if a range of the flash backbone address overlaps 
with the other address range by considering the request type 
(S1020). For example, in a case that the request type is the 

The supervisor LWP 311 translates the word- or byte­
based flash backbone address included in the queue message 
to a page-based flash address (1030). In one embodiment, 
the supervisor LWP 311 may refer a page mapping table 
322a stored in an SPM 322 to translate the flash backbone 

20 read (i.e., the data section of the kernel is mapped to the flash 
for the read), the supervisor LWP 311 may block the data 
section mapping request if the flash backbone address is 
being used for the write by the other kernel. The supervisor 
LWP 311 can translate the flash backbone address to the 

address to the flash address. 
25 physical flash address (S1030) if the range of the flash 

backbone address does not overlap with the other address 
In some embodiments, the supervisor LWP 311 may 

calculate a logical page group number from the flash back­
bone address. In one embodiment, the supervisor LWP 311 
may divide the flash backbone address into a channel 30 

number (Ch #) of the flash backbone and a logical page 
group number (Page group #). When the request type is the 
read, the supervisor LWP 311 may refer the page mapping 
table 322a stored in the SPM 322 with the page group 
number, to retrieve a corresponding page mapping table 35 

entry including a physical page group number. Accordingly, 
the flash backbone address can be translated to the physical 
page group number. Next, the supervisor LWP 311 may 
calculate a package index and a page number in a corre­
sponding package from the physical page group number. 40 

Alternatively, when a way is formed by packages in a 
plurality of channels, the supervisor LWP 311 may calculate 
a way index and a page number in each package included in 
a corresponding way from the physical page group number. 

Next, the supervisor LWP 311 creates a memory request 45 

targeting a flash backbone 340 and then transfers the 
memory request, i.e., an I/O request, to a flash controller of 
the flash backbone 340 (S1040). The memory request may 
include a physical flash address. The flash controller then 
read data from a flash memory corresponding to the physical 50 

flash address, i.e., the page-based flash address and transfers 
the data to a low-power memory 321 (S1050). In some 
embodiments, the data may be stored to an address of the 
low-power memory 321 which is pointed by the pointer to 
the data section included in the queue message. In this case, 55 

the data may move from the flash memory of the flash 
backbone 340 to the low-power memory 321 through direct 
memory access (DMA). The target LWP can read the data 
from the low-power memory 321 into the cache, for example 

range. 
In one embodiment, the supervisor LWP 311 may imple­

ment the range lock by using a red black tree structure. In 
this case, a start page number the data section mapping 
request may be used as a key, and each node may be 
augmented with the last page number of the data section 
mapping request. 

Referring to FIG. 11, when a data section is used for the 
write by execution of a target kernel 380 by a target LWP, 
the target kernel 380 writes data to a low-power memory 321 
(SlllO). The target kernel 380 then transfers a data section 
mapping request for mapping the data section to a flash to a 
supervisor LWP 311 (S1120). In this case, the target kernel 
380 may transfer the data section mapping request as a 
queue message. A request type of the queue message may be 
the write. 

The supervisor LWP 311 allocates a new page group 
number for the queue message, and creates a memory 
request targeting a flash backbone 340 memory request and 
then transfers the memory request, i.e., an I/O request, to a 
flash controller of the flash backbone 340 (S1150). In some 
embodiments, the supervisor LWP 311 may calculate a 
page-based flash address from the allocated physical page 
group number, and add the page-based flash address to the 
memory request. In one embodiment, a logical page group 
number mapped to the new page group number may be 
stored as an entry of a page mapping table (S1160). That is, 
the supervisor LWP 311 may update the page mapping table 
stored in the SPM 322 and add a page mapping table entry 
corresponding to the new page group number. For example, 
the logical page group number corresponding to the word- or 
byte-based address included in the queue message may be 
stored as one mapped to the new page group number. 

the L1 cache (S1060). 
As described above, since each kernel can access the flash 

backbone 340 through the supervisor LWP 311, there is no 
direct data path between the flash controller and other LWPs 
which process the data near flash. Since the requests related 

60 Accordingly, the flash controller can store data of the data 
section stored in the low-power memory 321 to a flash 
memory corresponding to the new page group number, i.e., 
the physical flash address. 

to the flash backbone 340 are controlled by the supervisor 65 

LWP 311, the supervisor LWP 311 needs to protect the flash 
backbone 340. In order to protect the flash backbone 340, the 

In some embodiments, in a case where there is an avail­
able page group number, the supervisor LWP 311 may 
allocate the new page group number by increasing the page 
group number used in a previous write. In a case where there 
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is no more available page group number, the supervisor 
14 

As described above, the accelerator according to an 
embodiment of the present invention can simultaneously 
process data from different applications with diverse types 
of operational functions, and can allow multiple kernels to 

L WP 311 may reclaim a page group from the flash backbone 
340 (S1140). In some embodiments, the supervisor LWP 311 
may reclaim a physical block to reclaim the page group. In 
this case, the supervisor LWP 311 may perform an erase 
operation for the physical block to be reclaimed and may 
reclaim the page group based on the reclaimed physical 
block. In some embodiments, the supervisor LWP may 
update a page mapping table entry associated with the 
reclaimed physical block ( or page group) in the page map­
ping table stored in the SPM 322. Accordingly, the flash 
controller may store the data of the data section stored in the 
low-power memory 321 to the flash memory corresponding 

5 directly access the flash without an assistance of a host-level 
file system or an I/O runtime library. Further, the accelerator 
according to an embodiment of the present invention can 
govern the internal hardware resources without an assistance 
of an operating system (OS) of the host such that the 

10 multiple kernels can directly access the flash. 

to the reclaimed page group number. In one embodiment, the 15 
page mapping table entry associated with each physical 
block may be stored in some pages ( e.g., the first two pages) 
within a target physical block of the flash backbone 340, as 
meta data. 

Next, multi-kernel scheduling in a flash-based accelerator 
according to an embodiment of the present invention is 
described with reference to FIG. 12 to FIG. 17. 

Executing different kernels, each having many functions, 
across multiple LWPs, can introduce technical challenges 
such as load balancing and resource contention. To address 
these challenges, all internal L WP' s resources may be 
exposed to the host so that users can finely control every­
thing on their own. However, this approach can lead to a 

In some embodiment, the accelerator may use a range 
lock for the data section. In this case, upon receiving the data 
section mapping request, i.e., the queue message (S1120), 
the supervisor LWP 311 may block the data section mapping 
request if a range of the flash backbone address overlaps 
with the other address range by considering the request type 
(S1130). For example, in a case that the request type is the 
write (i.e., the data section of the kernel is mapped to the 
flash for the write), the supervisor LWP 311 may block the 
data section mapping request if the flash backbone address 
is being used for the read by the other kernel. 

20 serious security problem, as an unauthorized user can access 
the internal resources and put them to an improper use. 
Further, this approach may also introduce another type of 
data movement overheads as frequent communications are 
required to use diverse resources from outside. Therefore, 

25 according to an embodiment of the present invention, two 
different scheduling models including inter-kernel execution 
scheduling and intra-kernel execution scheduling may be 
provided for multi-kernel execution scheduling. In the inter­
kernel execution scheduling, each LWP may execute a 

In some embodiments, a predetermined LWP 312 may be 
allocated for storage management among the plurality of 
LWPs. Hereinafter, the predetermined LWP 312 is referred 

30 specific kernel that performs data processing from the begin­
ning to the end as a single instruction stream. The intra­
kernel execution scheduling may split a kernel into multiple 
code blocks and concurrently execute them across multiple 

to as a "store LWP". The supervisor LWP 311 may transfer 
a request for reclaiming the physical block to the store LWP 35 

312, and the store LWP 312 may reclaim the physical block 
from the flash backbone 340 (S1140). In one embodiment, 
the store LWP 312 may reclaim the physical block by 
selecting a victim block in a flash address space of the flash 
backbone 340. In one embodiment, instead oflooking up all 40 

information of the page mapping table, the store LWP 312 
may select a victim block number based on a round robin 
fashion and load the metadata a metadata page that resides 
on such block. Valid pages in the victim block may be 
migrated to a free block ( e.g., a free block that sits on an end 45 

of the flash address space) based on the metadata. Once the 
victim block selection is completed, the page mapping table 
entries associated to the victim block and the migrated block 
may be updated in the SPM 322. These activities of the store 
LWP 312 may be performed in parallel with the address 50 

translation of the supervisor LWP 311, and in particular, may 
be performed in background. Accordingly, overheads by the 
multi-kernel execution can be reduced. 

In one embodiment, the store LWP 312 may periodically 
dump the page mapping table entry stored in the SPM 322 55 

to predetermined pages ( e.g., the first two pages) of a 
corresponding block. That is, the store LWP 312 may journal 
the snapshot of the SPM 322. 

In one embodiment, the above-described activities of the 
store LWP 312 may be performed in parallel with the 60 

address translation of the supervisor LWP 311, and in 
particular, may be performed in background. Accordingly, 
the address ranges that the store LWP 312 generates may be 
locked for the journaling or the block reclaim, but such 
activities can be performed in background such that they can 65 

be overlapped with the kernel executions and address trans­
lations. 

LWPs based on the input data layout. 
First, inter-kernel execution scheduling in a flash-based 

accelerator according to an embodiment of the present 
invention is described with reference to FIG. 12, FIG. 13, 
and FIG. 14. 

FIG. 12 shows an example of two applications, FIG. 13 
shows an example of static inter-kernel scheduling, and FIG. 
14 shows an example of dynamic inter-kernel scheduling. 

Inter-kernel execution scheduling may be classified into 
static inter-kernel scheduling and dynamic inter-kernel 
scheduling. 

Referring to an example shown in FIG. 12, two user 
applications App0 and App2 are provided, the application 
App0 includes two kernels k0 and kl, and the application 
App2 includes two kernels k2 and k3. It is assumed that 
applicationApp2 is later offloaded to the accelerator than the 
application App0 and is later scheduled than the application 
App0. 

In static inter-kernel scheduling according to one embodi-
ment, an incoming kernel received from a host is statically 
allocated to a specific LWP based on its application number. 
For example, referring to FIG. 13, in static inter-kernel 
scheduling, a supervisor LWP may statically allocate the 
kernels k0 and kl associated with the application App0 to an 
LWP (LWP0), and statically allocate the kernels k2 and k3 
associated with the application App2 to an LWP (LWP2). 
Once the host issues all the kernels (k0 and kl, or k2 and k3) 
associated with each application App0 or App2, the accel-
erator does not require any further communication with the 
host until all computations are completed. 

Even though the static inter-kernel scheduling is easy to 
implement and manage in the multi-kernel execution model, 
such scheduling may lead to poor resource utilization due to 
the imbalance of kernel loads. For example, in the example 
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shown in FIG. 13, while other LWPs (LWPl and LWP3) are 
in idle, the accelerator should suspend execution of the 
kernels kl and k3 until execution of the previously-issued 
kernels kO and k2 is completed. 

In dynamic inter-kernel scheduling according to another 5 

embodiment, to address the poor utilization issue behind 
static inter-kernel scheduling, the supervisor may dynami­
cally allocate and distribute different kernels among LWPs. 
If a new application has arrived, the supervisor LWP assigns 
kernels associated with the arrived application to any avail- 10 

able LWPs. For example, the supervisor LWP may assign the 
kernels associated with the arrived application to the LWPs 

16 
screens sOa and sOb. Microblock O of the kernel kl includes 
one screen sll, and micro block 1 of the kernel kl includes 
one screen sla. Microblock O of the kernel k2 includes two 
screens s21 and s22, and microblock 1 of the kernel k2 
includes one screen s2a. Microblock O of the kernel k3 
includes two screens s31 and s32, and microblock 1 of the 
kernel k3 includes two screens s3a and s3b. 

In in-order intra-kernel scheduling according to one 
embodiment, various microblocks can be sequentially 
executed, and all screens of each microblock can be simul­
taneously executed by different LWPs. For example, as 
shown in FIG. 17, after the screens sOl and s02 of micro­
block O in the kernel kO are executed at time TO, the screens 
sOa and sOb of micro block 1 in the kernel kO are executed 

in a round robin fashion. Each LWP may inform the comple­
tion of kernel execution to the supervisor LWP, for example, 
through a hardware queue (360 of FIG. 5). Accordingly, the 
supervisor LWP can consecutively allocate a next kernel to 
a target LWP. For example, as shown in FIG. 14, the 
supervisor LWP may sequentially allocate the kernels kO, 

15 at time Tl. After that, the screen sll of micro block O in the 
kernel kl is executed at time T2, and then the screen sla of 
microblock 1 in the kernel kl is executed at time T3. 
Subsequently, after the screens s21 and s22 of micro block 0 
in the kernel k2 is executed at time T4, the screen s2a of kl, k2, and k3 of the two applications AppO andApp2 to the 

four LWPs (LWPO, LWPl, LWP2, and LWP3). Then, the 
kernels kl and k3 can be executed in parallel with the 
kernels kO and k2. Therefore, the latency of the kernels kl 
and k3 can be reduced as compared to the case of the static 
inter-kernel scheduling. Therefore, in the dynamic inter­
kernel scheduling, the resource utilization can be improved 25 

and the latency of the kernels can be reduced. 
Next, intra-kernel execution scheduling in a flash-based 

accelerator according to an embodiment of the present 
invention is described with reference to FIG. 15, FIG. 16, 
FIG. 17, FIG. 18, and FIG. 19. 

FIG. 15 shows an example of a kernel, FIG. 16 shows 
another example of two applications, FIG. 17 shows an 
example of in-order intra-kernel scheduling, FIG. 18 shows 
an example of out-of-order intra-kernel scheduling, and FIG. 
19 shows multi-application execution chain. 

Intra-kernel execution scheduling may be classified into 
in-order intra-kernel scheduling and out-of-order intra-ker-
nel scheduling. 

20 microblock 1 in the kernel k2 is executed at time TS. After 
that, the screens s31 and s32 of microblock O in the kernel 
k3 is executed at time T6, and then the screens s3a and s3b 
ofmicroblock 1 in the kernel k3 is executed at time T7. The 
two screens sOl and s02 of micro block O in the kernel kO can 
be simultaneously executed by the different LWPs (LWPO 
and LWPl). Similarly, a plurality of screens of the same 
microblock in the kernel can be simultaneously executed by 
the different LWPs. 

As such, since the plurality of screens are simultaneously 
30 executed, the execution time can be reduced compared with 

the inter-kernel execution scheduling where the screens of 
one kernel are sequentially executed. 

In out-of-order intra-kernel scheduling according to 
another embodiment, many screens associated with different 

35 kernels as well as different microblocks may be executed in 
an out-of-order fashion, unlike the in-order intra-kernel 
scheduling. That is, if there are any available LWPs at a 
certain time, the out-of-order intra-kernel scheduling may 

A kernel in practice may be formed by multiple groups of 
code segments, referred to as microblocks. Each group has 40 

execution dependence on its input/output data. While the 
execution of different microblocks is serialized, there are 
operations, called screens, which can process different parts 

borrow some screens from a different microblock, which 
exist across different kernel or application boundaries, and 
allocate the screens to the available LWPs. Accordingly, the 
execution time of the microblocks can be reduced and 
overall system performance can be enhanced. 

Since the two LWPs (LWP2 and LWP3) are in idle at time of an input vector in parallel, within the microblock. Dif­
ferent screens can be executed on different LWPs. 

Referring to an example shown in FIG. 15, a goal of this 
kernel is to obtain a final output matrix (hz) by processing 

45 TO as shown in FIG. 17, screens of the different microblocks 
can be filled at time TO as shown in FIG. 18. For example, 
a supervisor LWP may pull the screen sll of microblock 0 
in the kernel kl from time T2, and allocate the screen sll to 
the L WP2 at time Tl such that the L WP2 can execute the 

the input vector (_fict_). In microblock O (mO), the kernel 
first converts one-dimensional array (_fict_) which is an 
input vector to two-dimensional array (ey). The kernel then 
prepares new ey and ex vectors by calculating ey/hz and 
ex/hz differentials in microblock 1 (ml). Next, the kernel 
uses temporary vectors (ey and ex) for getting the final 
output matrix (hz) at microblock 2 (m2). In m2, the execu­
tion codes per inner loop iteration generate one element of 55 

an output vector (hz). Since there are no risks ofwrite-after­
write or read-after-write in microblock 2 (m2), we the outer 
loop of micro block 2 (m2) may be split into four screens and 
the four screens may be allocated across different LWPs for 
parallel executions. 

50 screen sll. Similarly, the supervisor LWP may pull the 
screen sla of microblock 1 in the kernel kl from time T3, 
and allocate the screen sla to the LWP2 at time Tl such that 
the LWP2 can execute the screen sla. The supervisor LWP 
may pull the screen s21 of microblock O in the kernel k2 
from time T4, and allocate the screen s21 to the LWP 3 at 
time Tl such that the LWP 3 can execute the screen sla. 
Further, the screen s22 of micro block O in the kernel k2 and 
the screens s31 and s32 of micro block O in the kernel k3 may 
be allocated to the LWPO, the LWPl, and the LWP2, 

60 respectively, at time T2. The screen s2a of micro block 1 in 
the kernel k2 and the screens sa and sb of microblock 1 in 
the kernel k3 may be allocated to the LWPO, the LWPl, and 
the LWP2, respectively, as time T3. Therefore, the latency of 
the kernels can be reduced. 

Referring to an example shown in FIG. 16, two user 
applications AppO and App2 are provided, the application 
AppO includes two kernels kO and kl, and the application 
App2 includes two kernels k2 and k3. Each kernel includes 
two microblocks, i.e., microblock O and microblock 1. In 65 

this case, microblock O of the kernel kO includes two screen 
As shown in an example of FIG. 18, no screen may be 

scheduled before the completion of all the screens of a 
previous microblock. In the accelerator, this rule may be sOl and s02, and micro block 1 of the kernel kO includes two 



32

US 10,831,376 B2 
17 

managed by multi-application execution chain, which is a 
list that includes data dependency information per applica­
tion. Referring to FIG. 19, a root of the multi-application 
execution chain includes a plurality of pointers. Each pointer 
may correspond to an application Appi and indicate a list of 5 

nodes. The list of nodes may correspond to a microblock, 
and each node of the list may correspond to a screen. Each 
list of nodes may indicate a list of nodes in a next micro b­
lock. Each node may maintain a series of screen information 
per microblock such as an LWP ID and status of execution. 10 

The order of such nodes may indicate data-dependency 
relationships among the microblocks. 

Next, results measured after implementing a flash-based 
accelerator 300 according to an embodiment of the present 
invention on a real hardware are described. 15 

As expressed in the below Table 1, eight LWPs operating 
at 1 GHz clock, each having its own 64 KB Ll cache and 
512 KB L2 cache are used at performance measurement. 
Among the eight LWPs, one LWP is used as a supervisor 
LWP and another LWP is used as a store LWP. In a memory 20 

system, 4 MB SRAM-based SPM is used as an SPM and 2 
GB DDR3L DRAM is used as a low-power memory. Fur­
ther, 16 flash dies are used as a flash memory. 

TABLE 1 

Working Typical Estimated 
Components Specification frequency power bandwidth 

LWP 8 processors 1 GHz 0.8 Wlcore 16 GBls 
LllL2 cache 64 KBl512 KB 500 MHz NIA 16 GBls 
SPM 4MB 500 MHz NIA 16 GBls 
Low-power DDR3L, 1 GB 800 MHz 0.7 W 6.4 GBls 
memory 
Flash 16 dies, 32 GB 200 MHz 11 W 3.2 GBls 
PC!e v2.0, 2 lanes 5 GHz 0.17 W 1 GBls 
Tier-! 256 lanes 500 MHz NIA 1.6 GBls 
crossbar 
Tier-2 128 lanes 333 MHz NIA 5.2 GBls 
crossbar 
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transferred in accordance with execution of the first 
kernel by a first processor among the plurality of 
processors; and 

a network that integrates the flash backbone, the memory 
system, the plurality of processors, and the supervisor 
processor. 

2. The flash-based accelerator of claim 1, wherein the first 
data move between the first memory and the flash memory 
without assistance of an operating system (OS) of the host. 

3. The flash-based accelerator of claim 1, wherein the first 
data move between the first memory and the flash memory 
without modification of an instruction set architecture used 
in an existing computing device. 

4. The flash-based accelerator of claim 1, wherein the 
supervisor processor transfers a memory request indicating 
the region of the flash memory to the flash controller, and 

wherein the flash controller moves the first data between 
the region of the first memory and the region of the 
flash memory in accordance with the memory request. 

5. The flash-based accelerator of claim 4, wherein the first 
processor accesses the flash backbone through the memory 
request without modification of existing load/store instruc­
tions. 

6. The flash-based accelerator of claim 4, wherein when 
the first kernel reads the first data from the flash memory, the 
first message includes a pointer to the data section of the first 
kernel and a word- or byte-based address, 

wherein the supervisor processor translates the word- or 
byte-based address to a physical address in the flash 
memory, and 

wherein the memory system further includes a second 
memory that stores mapping information for translating 
the word- or byte-based address to the physical address. 

7. The flash-based accelerator of claim 6, wherein the 
mapping information includes mapping information 
between a logical page group number corresponding to the 
word- or byte-based address and a physical page group 
number corresponding to the physical address. 

The evaluation results show that the accelerator according 
to an embodiment of the present invention can improve the 
bandwidth of data processing by 127%, while reducing 
energy consumption by 78.4%, as compared to a conven­
tional method of heterogeneous computing. 

While this invention has been described in connection 
with what is presently considered to be practical embodi­
ments, it is to be understood that the invention is not limited 

8. The flash-based accelerator of claim 6, wherein the 
40 supervisor processor blocks processing of the first message 

when a range of the word- or byte-based address overlaps 
with a range of an address that another kernel uses for write. 

9. The flash-based accelerator of claim 1, wherein a 
second processor among the plurality of processors transfers 

45 to the supervisor processor a second message for writing 
second data to the flash memory in accordance with execu­
tion of a second kernel, 

to the disclosed embodiments, but, on the contrary, is 
intended to cover various modifications and equivalent 
arrangements included within the spirit and scope of the 50 
appended claims. 

What is claimed is: 
1. A flash-based accelerator configured to be connected to 

a host including a central processing unit (CPU) and a 55 

system memory, the flash-based accelerator comprising: 
a flash backbone including a flash memory and a flash 

controller; 
a plurality of processors that execute a plurality of kernels 

offloaded from the host; 
a memory system including a first memory that is used to 

map a data section of each kernel to the flash memory; 

60 

a supervisor processor that maps a region of the first 
memory pointed by a data section of a first kernel to a 
region of the flash memory to allow first data to move 65 

between the region of the first memory and the region 
of the flash memory, based on a first message which is 

wherein the second message includes a pointer to a data 
section of the second kernel, and 

wherein the supervisor processor allocates a new region 
of the flash memory for the second message to allow 
the second data to move from a region of the first 
memory pointed by the data section of the second 
kernel to the new region of the flash memory. 

10. The flash-based accelerator of claim 9, wherein the 
supervisor processor transfers a memory request indicating 
the new region of the flash memory, and 

wherein the flash controller transfers the second data from 
the region of the first memory pointed by the pointer to 
the data section of the second kernel to the new region 
of the flash memory, in accordance with the memory 
request. 

11. The flash-based accelerator of claim 9, wherein the 
supervisor processor updates the mapping information based 
on a physical address corresponding to the new region of the 
flash memory and a word or byte-based address included in 
the second message. 
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12. The flash-based accelerator of claim 9 wherein the 
supervisor processor blocks processing of the' second mes­
sage when a range of the word- or byte-based address 
included in the second message overlaps with a range of an 
address that another kernel uses for read. 

13. The flash-based accelerator of claim 9, wherein the 
supervisor processor allocates a physical page group number 
corresponding to the new region by increasing a physical 
page group number used in a previous write. 

14. The flash-based accelerator of claim 9, further com- 10 
prising a store processor, 

wherein the supervisor processor transfers a request for 
reclaiming a physical block to the store processor to 
allocate a physical page group number corresponding 
to the new region when there is no available physical 15 
page group number in the flash memory, and 

wherein the store processor reclaims the physical block by 
selecting a victim block in a space of the flash memory. 

15. The flash-based accelerator of claim 14, wherein the 
store processor journals a snapshot of the second memory. 20 

16. A computing device comprising: 
the flash-based accelerator according to claim 1; 
the host, and an interface that connects the flash-based 

accelerator and the host. 
17. A flash-based accelerator configured to be connected 25 

to a host including a central processing unit (CPU) and a 
system memory, the flash-based accelerator comprising: 

a flash backbone including a flash memory and a flash 
controller; 

a plurality of processors that execute a plurality of kernels 
offloaded from the host; 

20 
a memory system including a first memory that is used to 

map a data section of each kernel to the flash memory, 
and a second memory that stores mapping information 
for translating a word- or byte-based address mapped to 
a region of the first memory pointed by the data section 
to a physical address in the flash memory; 

a supervisor processor that, when read data are read from 
the flash memory in accordance with execution of each 
kernel, translates the word- or byte-based address to the 
physical address of the flash memory based on the 
mapping information, and transfers a memory request 
to the flash controller to allow the read data to move 
from the flash memory to the region of the first 
memory; 

a network that integrates the flash backbone, the memory 
system, the plurality of processors, and the supervisor 
processor. 

18. The flash-based accelerator of claim 17, wherein the 
read data move between the flash memory and the first 
memory without assistance of an operating system (OS) of 
the host. 

19. The flash-based accelerator of claim 17, wherein the 
read data move between the flash memory and the first 
memory without modification of an instruction set architec­
ture used in an existing computing device. 

20. The flash-based accelerator of claim 17, wherein each 
of the plurality of processors accesses the flash backbone 
through the memory request without modification of exist­
ing load/store instructions. 

* * * * * 




