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Data processing software technology for new hardware

TU Yun-shan, CHU Jia-jia, ZHANG Yao, WENG Chu-liang
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Abstract: The rapid development of computer hardware in recent years has brought

profound technological progress. New hardware for high-performance and low-latency

applications (e.g., heterogeneous processors, programmable high-speed NICs/switches, and

volatile/non-volatile memory) have been emerging, which bring both new opportunities

and challenges to traditional computer architectures and systems. In the case of big

data processing, it is difficult to adapt traditional software technology directly onto new

hardware, this makes realizing the full potential brought by breakthroughs in hardware

technology challenging. Hence, a rethink of traditional software technology can help unlock

the benefits brought by advancements in hardware technology. This paper reviews: data

processing technology for new hardware from the perspective of computing, transmission,

and storage; an analysis of related work in the field; a summary of progress made to

date; and new problems and challenges that exist. The study also provides a valuable
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reference point for future research on exploring the performance ceiling of systems for data

processing.

Keywords: new hardware; data processing; software stack

0 Ú ó

Cc5, �X�UÃÅ!Ôé�!<ó�U�#,Eâ�uÐ, ¦��\pé����

C��5�õ, �)�êâþ��5��, yk�XÚ®²éJ÷v�ÖO��I�, r¦

·�éyk�XÚ?1U?,?, ±�u§��±AéEâuÐ�5�]Ô[1-3]. �dÓ�,

O�ÅM�ÚNX(��3ØäuÐ, �õØ/¯Ø!GPGPU!FPGA ��äNA^�'�

É�?nìEâ[4-10], � RDMA!�?§�k!�?§��Å�p�½�z�#.�äE

â[10-15], ±9� NVDIMM!Intel R© OptaneTM �póéþ$�ò�#.�;Eâ[10,16-17]®

Åì¤�#,O�²��Ì6Eâ. �·���òù
p��#.M�$^�ykXÚ¥

�, uyDÚ�^�Eâ®²éJòù
#.M���ÜdU�º�Ñ5. ù´Ï�, �X

M�Eâ�Øä?Ú, �NXÚ¥M�ò´�Ìü$, l¦DÚXÚ¥m�Ó'�$�^

�m�×�J,, ¤�XÚ�Ì�´¶.

3?nì�¡, ²LA�c�uÐ, ��N��Eó²®²��
10 nm, �~�Có²

�Ôn4�, ±�u��½ÆéJ2UY. éêâ?nA^5`, M�J,�Ý��, �êâ

O��Ý�åÅì\�, �?nì�5
#�]Ô. õØ/¯Ø!GPGPU!FPGA �Eâ�

ØäuÐ�êâ?nA^�5
#�Å�: õØ/¯ØEâ�±¦êâ?nSÜvk�6'

X�?§½�§ý�/¿1�1; GPGPUæ^�ü�-õ�§(Single Instruction Multiple

Threads, SIMT)�±¦�þ�§¿1/?nêâ; FPGA æ^M�\���ª¦�z�^�

-�1��¯, Ó��äk�$��¨±Ï, l¦§�õÑ�$. #,�?nìEâ¦�

\�êâ?n¤��U, �´§��DÚ�^�Eâ�5#�]Ô, I��ÑN�±·A?

nì�Cz.

3�ä�¡, �X±��Eâ�uÐ, 10 Gbps ±��®²Åì3êâ¥%Ê9, k�

$��� 40 Gbps. d	, RDMA �M�d��3Øäü$, ÅìlDÚ�p5UO�+�

r�êâ¥%�ÊÏ8+. 3ù
p���äM�þ, ÄuSØ� TCP/IP �ÆÒ�^�m

�¤Ó'~®²é�, C�Ø���À. Simon Peter �<[18]ÏL3SØÚ^r�m?§¥

P¹�mZ��ª, ©Û
�ä^�Ò�m�, XL 1[18]¤«. lL¥·�uy, 3 Linux ¥,

ÄuSØ� TCP/IP �ÆÒs¤3�©?nþ��m�� 70%, Ì��Ï´��ëê�^�

õ´©)ÚS�5u�. �
?�Úº�p��ä�5�ù|, SØ�´!"��!ÓÎ�

Eâ�#.�ä^�Ò2�æ^.

3�;�¡, #.�´��;ì(Non-Volatile Memory, NVM)�Ñy, ¦� I/O ´¶�

�é��). Intel R© OptaneTMEâ�#
S�Ú�;, ò�;�òü�
�¦?, k�/W

¿
S�Ú	��m��;õ�. ��ä^�Ò�Ó�´, M�Eâ�â»Ã/�¥�¦^

�Eâ�á�àw. �
?�Ú`²ù�¯K, ·�¦^ fio[19]Ú blktrace[20]óäÏL¢�©

Û
�;^��Ü©�m�, XL 2 ¤«. �XM�Eâ�?Ú, °ÄÚ����¯�òl

3 791µs wÍü� 24 µs. 3 SATA HDD ¥, ©�XÚ�m�Ó'=kØ� 2%, 3 NVMe

SSD ¥, ùÜ©¤Ó'~×��,� 63%. ù
êâ®²�N
U?�ï3#M��þ��

;^�XÚ�;½5. Ïd, JÑ
�
p��üÑ, X, õè�!SØ�´!ÓÎ!�Øþ
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e©���, ^u&¢�;5U�4�.

LLL 1 ���äää^̂̂���ÒÒÒmmm���

Tab. 1 Network software stack overhead
���ÂÂÂììì$$$111/µs CPU���sss/µs

���©©©???nnn
??? 1.26(37.6%) 1.24(20.0%)

ÑÑÑ 1.05(31.3%) 1.42(22.9%)

???§§§NNNÝÝÝ 0.17(5.0%) 2.40(38.8%)

������
??? 0.24(7.1%) 0.25(4.0%)

ÑÑÑ 0.44(13.2%) 0.55(8.9%)

SSSØØØ������
���£££ 0.10(2.9%) 0.20(3.3%)

XXXÚÚÚNNN^̂̂ 0.10(2.9%) 0.13(2.1%)

oooOOO 3.36 6.19

LLL 2 ���;;;^̂̂���ÒÒÒmmm���

Tab. 2 Storage software stack overhead
SATA HDDs/µs SAS SSDs/µs NVMe SSDs/µs

©©©���XXXÚÚÚ 72(1.86%) 71(45.51%) 60(63.16%)

¬¬¬��������� 11(0.28%) 10(6.41%) 11(11.58%)

°°°ÄÄÄ&������ 3 791(97.86%) 75(48.08%) 24(25.26%)

oooOOO 3 874 156 95

��, DÚ�êâ?n^�Ò®²éJu�Ñ#M��5��ÜdU, �O¢y�@¡�

#M��êâ?n^�Ò½3w%. Cc5, �þïÄó���Ñ
NõØÓ�g�Ú�{, ^

u`z#M�e�êâ?n^�Ò. �yk�nãØ©[1-5,10,16-17]ØÓ�´, �©ÁãlO�!

DÑ!�;�n��Ý, é¡�#M��^�EâïÄyG?1�¡În, ©ÛT+�¥®��

�?Ð±9�3�#¯KÚ]Ô, l��5&¢êâ?n5U“Us�”�ïÄJøkd��

ë�.

�©�{eSNSüXe: 1 1 !0�#.O�ÅM��uÐÚª³; 12!ÎnÚ©ÛÄ

uÉ�?nìNX(��^�`zEâ; 13!ÎnÚ©Û¡�#.p��ä���^�`zE

â; 14!ÎnÚ©Û�épóéþ$�ò�;���^�`zEâ; 15!?Ø�3�#¯KÚ

]Ô, ¿�Ño(.

1 #.M�uÐª³

1.1 É��?nì

¥
?nì(CPU)��±5�2�@�´O�Å�%9, ´�1O��Ì�M���. �


·A�ª���A^I¦, §�õU�ä��zÚÏ^5. 3o�õc�uÐ¥, l�Ð�

Intel 4004 ��C� Intel Xeon Platinum 8180, üØ5U®Jp
 35 000 õ�. ,, �C�

c, du��N�Eó²®²�CÔn4�, üØ5U�éJ2k���J,, Ï^ CPU Åì

m©=�õØ/¯Ø���. ~X, Intel Xeon Platinum 8180 ü�?nìÒõ� 28 �ÔnØ. Ï

LO\Øê��ª5Jp¿1Ý, ?�ÚJ,
 CPU �êâ?nUå. ¡é¥y�ê?O��

°þêâ, =ÏLO\ CPU Øê, ®éJ÷vA^é¿1O�Uå�I¦, u´, ·Ü GPGPU

�É�?nìXÚÒA$). �´C0��½Æ(Amdahl’s Law)w�·�, ���§S��

G1K1���½K�(½�¿1K1$��½§Ý)�, ÃØNoO\ CPU Øê�Ø¬�5é

��5UJ,, k�ÿ$��UÏ�¿�]��5Ueü. �
?�ÚJ,XÚ��N5U,

Ú\ FPGA, æ^M��ª\�êâ?n¤�#�ª³.
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8cÌ6�êâ¥%ÑÖìæ^ CPU+GPGPU+FPGA �É�?nìNX, Xã 1 ¤«,

GPGPU Ú FPGA ÏL PCIe o�� CPU �ë, CPU � CPU �mÏL QPI ë�. GPGPU´

�«|±Ï^O��ã/?nì, Ø=PkDÚwk�ã/?nUå, �ä�aq CPU �Ï

^O�Uå. 8c, �# NVDIA TESLA P40 æ^ødke�, ü°Ý2:$�Uåp� 12

TeraFLOPS, �ê$�Uåp� 47 �·g/s. XJ��ÑÖì��
 8 ¬ TESLA P40, K§�

?nUå���±� 140 � CPU ÑÖì�5U|{. ,, CPUÚGPGPU�UÑ�´��Ø

N�À�¯K. Ïd, �k
ÑÖì�1
Ìª�$!UÑ��� FPGA ?nì, ÏLM��ª

\�êâ?n, Jp�N5U. �X OpenCL �uÐ, FPGA�?§�C��5�{ü, =I�

ÏL C/C++V\·�� pragma ÒU¢y FPGA �?§, ù�l,«§ÝþíÄ
 FPGA ?

�Ú�uÐ.

Inter Xeon Platinum 8180 NVIDIA TESLA P40 Xilinx VC709 Evaluation boards

ã 1 É��?nì

Fig. 1 Heterogeneous processors

1.2 �?§�p��ä

�Ìà�à�K� TCP/IP �ÆÒ, ²Ln�õc�¢�u�, �y²´�«p��(�,

§Qü$
ÏA��E,Ý�´uO\#�A^. �´, �
#,A^¤I���äÑÖ, ~X,

ÑÖ�þ�y!õÂ|±!£Ä5|±�, Ã{=dàXÚJø, I�¥m�´dì/��ÅJ

ø|±. �dÓ�, ?nìÌª�uÐ�Úú
e5, m©=�õØÚ¿1, ,§S��¿1

ÝqÉ�Ø�¿1Ü©�Ó'¤��. Ïd, <�m©ò FPGA ��k8¤, ���Å8¤. ù

QU÷v#,A^�I�, ��±�1�Ü© CPU �K1��ä��þ, ?�ÚJp��XÚ

�êâ?nUå.

8c, Netronome úi� Agilio SmartNICs[21]�±3Ï^� x86 û^ÑÖìþ¦^, ¿�

�±|±ØÓ�Ç�±��, ~X, 10GbE!25GbE!40GbE±950GbE. ù«�kO�Uå�

�kØ=�g��5
���(¹5, � á
DÚ��k�S�2� CPU �êâ?n´

», ==I��k�S��m��pÒv

. ^r�?§���ÅX��S��ØäZy,

~X, Barefoot Tofino[22], �� 6.5Tb/s(65x100GbE ½ 260x25GbE)��?§�±����Å,

Cavium Xpliant X�[23], ´¡�êâ¥%��?§�±����Å, �±·^u 1 G/10 G/

25 G/100 G �ä. ù
�?§��äEâ¦�êâ¥%��DÚ�¥m�5)û�¯K, X:

K1þï!/��È!&� DDoS ôÂ!��[£, �±p�/�òU?�?§��ä¥, ?�

ÚUõ
�N�A^5U, Ó�, �¦��äC��\(¹!A^äNz.

1.3 #.�´��;

Äu DRAM �´�5�;ì��¯�ò3A�B¦�m, DÚ�Å�M���¯�ò

3 1-10 Î¦�m, ±�uS�Ú	��m��É��A���, /¤
é��õ�. C
c, p

�uÐ�ð�Eâ==�Uò	���òü$�Az�¦, ¿ØUWÖS�Ú	���Ý�É.

�
#.��´�5�;ì(NVM)m©Ñy, Ï¦¦^#.O��;0�5â» I/O ´¶, ;

.��;0�k: �C�;ì(PCM), |^1ázÔá�3“Ã½/�(p{�)”Ú“(¬�($

{�)”ü«G�m{��Cz?1êâ�;; g^ÝDÑ^�;ì(STT-RAM), |^^�B

((MTJ)5�;êâ�ó², 3 MTJ ¥, �Bý�N����uü�r^50�¥; >{ª�
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;ì(RRAM), |^{�Cz?1êâ�;�Eâ. ØÓ�;ì�m�5Ué', XL 3[24-28]¤

«.

LLL 3 ØØØÓÓÓ���;;;ììì���555UUUééé'''

Tab. 3 Performance comparison of different memory/storage technologies

PCM STT-RAM RRAM SRAM DRAM Flash HDD

ÖÖÖ���òòò/ns 48 10 116 10 55 25 000 3 000 000

������òòò/ns 150 10 145 10 55 200 000 3 000 000

UUUÑÑÑ ¥ ¥/$ $ �~$ ¥ p �~p

¦¦¦^̂̂ÆÆÆ···/ggg 108 1012 106 1015
> 1015 105

> 1015

���´́́���555 ´ ´ ´ Ä Ä ´ ´

Ó�, =A�Ú{1�3�¡��Eó²�¡�Ñ
�·5�M#, ïuÑ
#.� 3D æ

UEâ, òDÚ����¡�Eí�
n��m. ù«æUEâéÐ/)û
S���ì´¶

¯K, ü$
�¯�ò, Jp
����°. Intel R© OptaneTMX��¬[29]Ò´ù�Eâ½|z

��Ô, §kü«ØÓ5�, ©O´, Optane S�Ú Optane ��M�. §�ò����¯�ò

ü�
��¦þ?, éÐ/WÖ
S�Ú	��m��;õ�. Ó�, ù
k?�Eâ���ï

3M��þ�êâ?n^��5#�Å�Ú]Ô, r¦��^�Ò�ÑN�5·Ap���;

M�.

2 #.O�Eâ

2.1 õØ

�£ænóÆ��ïÄìè�éõØXÚJÑ�«�ÿÐ�½S��—–ORDO[30], U

õ
yk�¿u��¥æ^�f�-)ûp���1Àâ¯K��ÿÐ5. 3õØ!õ

CPU �ÑÖìþ, ½SI�¦^�~[B��f�-, ù�é�§Ýþ��õØ(��¿1

5. Ïd, ORDO æ^
���Ûð½�ÓÚM��¨, ¿�§�´��éõØe�lÐÚ

äkØ(½5I���¨. d	, �ö�ÏL¦^¦�¤JÑ� ORDO ��, �
�þ�¢

�, �yÄuo«ØÓe�(Intel Xeon!Xeon Phi!AMD Ú ARM)��{ÚXÚ^�(~X,

RLU!OCC!Hekaton!TL2 Ú?§©�)��ÿÐ5´Ä��Uõ. ¢�(JL², ù
ØÓ

��{ÚXÚ^�þ��
éÐ�Uõ.

æ�nóÆ��ïÄìèJÑ
�«#L�©�XÚ�O—–ScaleFS[31], §æ^�z�

CPU Ø�½�ö�F�, )Í
3S�Ú^�¥�©�XÚ. ù«�O¦�pÝ¿u/�¯S

�¥���êâ(�¤��U, ù´Ï�¿1��/�ö�vk��Àâ, �±¿1�1, Ïd,

�±¦©�XÚ�5U���{/�5*Ð. ScaleFS 3z� CPU ØéA�F�¥P¹�A�

ö�, ±B§��±�ò´, �� fsync XÚN^â�#�^�¥. fsync XÚN^ò¬Ü¿z

� CPU Ø�F�, ¿òù
ö�A^�^�þ. ScaleFS ÏL¦^Äu�mZ��5z:!O

�ö���6'XÚáÂö��Eâ, Q�y
ûÐ��1Ü¿5U, q(�
�ªö���(

5.

Ø
þã ORDO Ú ScaleFS 3p���1�¡�`z±	, �XS�O�Eâ�,å, �

kNõ�ïÄö}Á3 NUMA e��¡�Ñãå, Uõ�¯�/Ú�àS�Øé¡�¯K, ?

�ÚJpXÚ��N5U, X, S�©��NÝ[32]
!¿1�Îµ�[33]�. ÏLþãù
ó�, ·

�uy8cÄuõØNX(��^�`zEâ, Ì�æ^~�^�XÚ¥êâÀâ�{, ¿Jp

C0��½Æ¥�¿1Ü©�Ó', l¢y�p�¿15, ��\�þ�êâ?nA^�8

�.
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2.2 GPGPU

du OLAP ¥�?Ö�1�ª�~ÎÜ SIMT A�, Ïd, 3 OLAP XÚ¥¢yêâ¿1

O�´��N´�. �þ�êâ�±��©¤õ�êâ¬, òêâ¬��¿1�1�Ä�ü .

¤± OLAP �|µ·Ü GPGPU �?n�., muö�±òõ�êâ¬©��õ�ØÓ�§¬

þ¿1�1. �X��ÑÖì¥ GPU êþ�ØäO\, PCIe ��°¤�
#�´¶. =��

úiïuÑ#. NVLink Eâ[34], ù�´ GPUêâ¥� PCIe DÑ�°´¶���)û�Y.

3CPU/GPGPU �É�NX(�¥�O?ÖNÝ�µe, ±9�O��p���{5`zêâ

ö�´�cïÄ�:.

GDB[35]´��Äu GPGPU mu�����Î?nXÚ, �¹
�X�Äu GPGPU

e��pÝ`z�ö���Ú'X�f, ¿�O
�d���.5�� GPGPU þ��Î

�1�m. ê����Æ�ïÄìèJÑ
���é��;êâ¥�O�·Ü�Î�1Ú

�—–HyPE[36], U
nÜ CPU Ú GPGPU �A:, )¤·Üª�ÎOy, ¿Äu�d���

.é�ÎOy?1`z. 3É�?nì�Î�1�m���¥, HyPEæ^ÄuÆS�gN�

ûü�., 3Ñ\êâ8Ú(J�1�m�mé�'é, ¿æ^ÚO�{?1ÆS. �kv


�*	é��, ÚO�{ò¬[ÜÑ��Cq��m��¼ê. æ�nóÆ��ïÄ<
mu

� MapD[37] ´¤õû�z¿�ä¢^5�#.�5�¿1êâ¥, §|^ LLVM ?Èµeò

SQL �é?È¤ GPU �)�è\�O�. Ø
þã'u�ÎÚ��ó�, �kÄuyk��ê

â©ÛÚêâ¥²�?1U?Ú`z�ó�, X Spark-GPU[38]
!PG-Strom[39]�.

OLAP .K1'53�þêâ�¹e�ü^�Î�©Û�Ç, ù� SIMT �êâ¿1�1

�.�~êÜ, ¦� GPGPU 3 OLAP A^¥�±éÐ/¿1�1. ��/, OLTP .�K1

�¦3á�mS?n�þ¯Ö, é?n�¿1Ý±9óéþ��¦�p. Ïd, GPGPU ü�-

õêâ6��ªØ·Ü OLTP A^. �
Uõù«Ø·A5, H�nó�ÆÚ�l¥©�ÆJ

Ñ¿¢y
��¡� OLTP A^� GPGPU ¯Ö�1Ú� GPUTx[40]. GPUTx òõ�¯Öà

8���¬þ, ����?Ö�1, /d¼��p�óéþ. ¬�1�ª�|±ýk½Â�¯Ö

a., I��Ñ²(��1üÑ. muö�â¬¥�¯Ö´ÄUÙ�mZ^S4O�15�ä�

�¬¯Ö�.´Ä�1¤õ.

2.3 FPGA

y�ã, 3êâ?n+�, ¦^ FPGA \�O�Ì�´�é,
A½�|µÚ�{. David

Sidler �<[41]&?
XÛ3êâ¥%¥`zÚU?Äu FPGA � TCP/IP �ÆÒ, ±94�§

Ý/~��ò´¯K. Kaan Kara �<[9]ÏL¦^ FPGA \�ÄuMF�êâ©¡, ò FPGA

�¡���?nì��3Ù¥����øþ, æ^ QPI Eâ� CPU �ë, Äkò�©Ù�ê

â\1�p���1¥, ,�3 FPGA þ�1©¡�£ö�. David Sidler �<[8]æ^��Ä

uIntel Xeon+FPGA �·Üe�\�DÚêâ¥ MonetDB ¥��ª���Î, Äk3 CPU

þ?1��NÝÚ©�, ,�3 FPGA þ¢y
��G�Å, �1äN�G�=�Ú�K��.

Ø
þãù
A½�ó�±	, �kïÄö}Á3 FPGA ½ FPGA+CPU ¥¢y���

��^�XÚ. Zsolt Istvan �<[7]ÄuFPGA¢y
��ÒC���êâ�;Ú�Caribou. §

æ^
 Cuckoo MFL��ª�;��é, ¦^Äu ã��ª©�Ú+n BRAM Ú DRAM

�S�, 3 FPGA þæ^�16YÚêâ¿1�ü«üÑ\��Îö�. ÜcI�<[11]¿©

|^É�O��NX(�?1^M�Ó�O, ¢y
��oN MySQL �'X.êâ¥XÚ

X-DB. X-DB æ^ FPGA �6Y�Ú Intel QAT Eâ, ¢yêâ�)Ø . IBM �êâó¥©

ÛXÚ PureData[42], Ùc�´ Netezza, æ^ FPGA ÚõØ�(Ü��Ó?nEâ\�O�,

Ó�ù�Eâ�Åì�û^ DB2 ¤æ^[43]. ·��&, �XO�ÅNX(��uÐ, ¬k�5
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�õ�XÚæ^ FPGA 5\�êâ?n, ?�Ú~���^�Ò�m�.

3 #.�äEâ

3.1 êâ¡���¡

3DÚXÚSØ¥, òêâ¡Ú��¡·3�å, ��
NõØ7��^�m�, X, XÚ

N^!S����. �Xp��ä�uÐ, êâ¡Ú��¡©l¤��«#�ª³, Ïd, kN

õïÄö3d�¡�ÑãåÚ}Á. u�î�ÆÚ�ié�nóÆ�ïÄìèJÑ
ö�X

Ú=����¡��Y Arrakis[18], òDÚ� I/O êâ´»lSØ¥�lÑ5, Jø��^r?

�¥�M������p, �¯��ÚM����ó�E,�33SØ�¥, ù�Jp
XÚ�

S�5. d"4�ÆÚâÒé�nóÆ�ïÄìèJÑ
��póéþÚ$ò´¿�êâ¡Ú

��¡©l�ö�XÚ IX[44], ¦^M�J[zEâòSØ�+nÚNÝõU(��¡)��ä?

n(êâ¡)©m, Jø
��"��!�)�?§��, ¦�A^�±��ö� I/O êâ.

Intel ó§���muÑ
�@^r�êâ¡@� DPDK[45], §Jø
p�(¹��?n

)û�Y. 3 DPDK ¥, m�«�ó§��¢y
�@õØÚ�S���µe, ±9��@Ó

Î�ª�°ÄÚÃ£��/��. ¸I�ÆEâ�ÚÊ�dîïÄìè, ��éõØXÚ¢y


�@�ÿÐ�^r� TCP �ÆÒ——mTCP[46], æ^Ø��©�£ãÎÚ1?n��ª?

1�©Âu, Ó��Jø�@|±aquDÚSØ���?§�., �B
þ�A^. ù
òê

â¡Ú��¡©l, ±9òDÚÄuSØ�êâ?n[£�^r�m�ïÄó�, �Ú
DÚS

Ø�ªeþe©��!S���!¥ä��5�^�m�, ¦�p��ä�dU��?�Úº

�.

3.2 �§��êâ��

d"4�ïÄìè[47-51] JÑ
��Äu Infiniband p��ä�#.S����;XÚ

RAMCloud, §¦^ÄuF�(��S�+nüÑUõp¦^Ç�¹eS�©��£Â�Ç, ò

Öö��òü� 5 µs, ��òü�
 15 µs. d	, ¦��3 RAMCloud XÚ¥¢y
9Ï¢Ú,

��¯����éJø
�õ�¢Ú�ª. Ó�, ¦��3XÚ¥¢y
�5z, Jp
XÚ�

��5, ¦�Ù�±÷v�õ�E,�A^|µ. � RAMCloud aq, FaRM[52]Ú MICA[53]Ñ

æ^
 RDMA Eâ`zêâDÑ, JpXÚ��N5U. �´, ØÓ�´, FaRM Ú MICA �\

'5XÚ��Nóéþ, 3d�¡�
Nõ`zó�, ¦� RDMA póéþ�A5?�Ú��

Ny.

Ø
þãù
 NoSQL XÚ, DÚ�'X.êâ¥XÚ�m©¦^ RDMA Eâ. Cpnn

êâ¥ìè¦^
Äu±��� RDMA Ú NVMe SSD Eâ¢y
'X.êâ¥ PolarDB[54],

§/Ïu RDMA J,�ä�p��Ç, |^ NVMe SSD 5J,üÅ I/O �5U, òO��Ú

�;�©l. d	, �k�
ïÄö¦^ RDMA Eâ`z�Î?n[55]
!¯Ö?n[56]�ö�.

3.3 �O���ä

�X CPU ?nUå�J�ªu², �
ïÄö|^üà� RDMA Eâ�\�Ï&. ,

, �Ú\ RDMA ±�, CPU �?nUåq¤�
#�´¶, ��
êâ?nA^��N5

U. Ïd, ¥I�ÆEâ�ÆÚ�^ïÄìèJÑ
����?§�k�(Ü�S����;X

ÚKV-Direct[15]. §ò�Ü©� CPU K1�1��?§��kþ,  áêâ?n�´», ?�

ÚJpXÚ��N5U. d	, �¿¿Ê7d�ÆÚ Barefoot �ä�ïÄìè, ¦^�?§��

ä¢y
��733��Å��� NetCache[14], ¦�Öêâ�´»C��á, Jp
XÚ�Ö

5U. NetCache �Ø%´��êâ�?n6Y�, |^y��?§��Å3��Åêâ¡¥k

�/?1&ÿ!¢Ú!��, Ó�, ��y
����5.
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�k�
ó�ò�O���ä��´�5�;ì�(Ü, X, PASTE[13]. PASTE ´dF

�>íúiî³¢�¿Ú'i�Æ�ïÄìè�Óïu, ´�«#� NVMM �ä?§��, |

±IO��ä�Æ, X TCP Ú UDP. Ó�, §�ò�?§�k� NVMM ;�(Ü, ��êâ²

L�k� DMA ��ÌÅS�, Òò�[È73, ØI�2gE�. d	, �^ Azure ��3m

©¦^Äu FPGA �½��?§�k SmartNIC[12]5\��þ�êâ?nA^.

4 #.�;Eâ

4.1 ��5�?§�.

�´�5S����5¯Ku���S��ÏS�, ±9 NVM ¥êâ�Ü©�. Ï�

��¥�êâ�M\S��´ÏS�1�, 3�æé�� NVM ¥, �U�3��
���ê

â½�ëY�êâ. �
)û NVM ���5¯K, Æâ.�Ñ
éõãå.

NV-Heap[57]�åuJøS����5�ï±Èzé�, §�y
��S�, Jø
�|{

ü���, ~X, ±È5é�!;^��a.!S�©�ì, 5�y��5. ØÓu NV-Heap

Äué���;, Mnemosyne[58]|±õi��¯Ö. Mnemosyne JÑ
�
?§��5Mï!

+n�´�5S�, ±9�y�æu)�êâ���5. §Jø
��^u���#±Èzê

â, ¿ÏL�þ�¯ÖÅ��yêâ���5�#. HEAPO[59]�O
�/�±Èzæ(�±

9�A�N^��, |^ undo F�Ú¯ÖÅ�5�y�\ö����5. PMDK(Persistent

Memory Development Kit)[60]Jø
�X��¥5{zÄu�;?S��?§ó�. SAP �

ïÄ<
}Áò NVM A^�û^ HANA êâ¥¥, ¦��éXÛ�ä NVM ¥êâ�k�

�Ä!XÚé���½�±9 NVM ¥Ã�êâ�-Ã£Â�¯K�Ñ
Ü·�)ûü

Ñ[61].

4.2 °{�Å�

DÚ�êâ?nÅ�¡�^��ú����O, ~~ÏL�
�m��m!P{ö�5�

�XÚ���5!±È5½p5U5. � NVM Eâ�Ú\�, ù
��k��^�Å��m�

�C��5�Ø��Ñ, Åì¤�#�5U´¶.

Äu^���;XÚÏ~æ^ý�ªF�(Write-Ahead Logging, WAL)5�yêâ�±

È5, J,�ö���Ç. WAL Å��y
3¯Ö�J��c�'�¯ÖF�®²�S�/±

Èz, ��Ï�ä>½Ù¦XÚ�æ��êâ¿�. Ï�^��3�Å�Ú^S��Ý����

¯K, ÏLWALÅ�ò�Å�êâ=z�^S�F�, 4�/J,
�ö���1�Ç. �dÓ

�, WAL Å�Ó��5
êâP{!�\��±9]�Ñ�¯K[62-63]. �Ä� NVM �Ö�

�Ý'^�¯
��êþ?, ¿��Å�Ú^S��É��, �;XÚ�±æ�Ò/�#��

ª, 3�ö��1Ïm, Ø� redo F�, ´��ò�#��êâ�\NVM [64-67].

Joy Arulraj �<[63]?Ø¿©Û
Ò/�#!E��#±9ÄuF���#�ªn«�¹

e�XÚ¡EÅ�. Ï� NVM ��´�5, XÚé�, ¤k��#êâE3NVM¥, ØI�

²L£�F�±9�ES�L��ã, ��~�
XÚ¡E��m. ��Ï� NVM ��´�

5, ��NVM ¥�3�þÃ���J�êâ, �±ÏLUa� NVM �©�ì[60]5£ÂÃ��

m.

I/O �ÝwÍJ,, ¦��ä�p��dÅì¤�êâE�L§¥�#´¶. Ì��Uõ

üÑ�)~��ä�p�gê!Ú\¯���äM�±9~�Ø7����m�. Mojim[68]¦

^
�@pÝ`z��äÒ±9E�üÑ5~�êâE�L§¥�m�. §¦^ü�(�, 1

���!:�m�±r��5, ¿ÏL RDMA ?1�ED4. 1��Ú1��!:�m�êâ

ÓÚäkõ«�ª, �±3�^5!��5±95U�m�ïÀJ.
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4.3 �þz�XÚ

Ø
°{Ø7��^�Å�, ��u¯���´�5�;��, �;^�Ò���3Lu

þ�¯K. �
ïÄó��åué�;Ò?1`z, ¦Ù�\�þz.

SPDK[69]´d Intel mu��X�¥5�Ï^r¢yp���;A^. NVMe °Ä§S

´Ù¥���¥, §Jø
�«�����!"���êâDÑ�ª. NVMeDirect[70]��

�«^r���;µe, �A^Jø
���ö���5�¯ NVMe ��. ØÓu SPDK,

NVMeDirect Jø
�\(¹�è�+nÅ�, ¦�ØÓA^�±ÀJØÓ�è�NÝ±9�

¤�ª. LightNVM[71]´�� uSØ�m� Open-Channel SSD fXÚ, Jø
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���¦�ÌÅ�±��/�¯.�� Open-Channel SSD. �k�
ó�ÏL7L Linux S

Ø[72]
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d. Aerie[78]´��¡��;?S��O�©�XÚ, §7L
 Linux SØ, 4�/~�
�;

Ò¥©�XÚ��m�. DevFS[79]ME5/ò©�XÚlö�XÚ¥���;��¥, ¦�©

�XÚÚ�;���m��¯´»�á. �´,��¡, "�ÌÅ�÷!CPU ]É�!��

S�Nþ��¯K¦��;���¡�©�XÚE,�3Ãõ¦^��.

5 ( å �

�X#.M�Eâ�uÐ, �ï3Ù�þ�DÚ^�Eâ®²C�Ø2·^, éJu�Ñ

M�C��5��Ü5U. �d, DÚ�^�XÚI��ÑU?±·Ap��O�!�ä±9�

;��. 3O��¡, òêâ?n^��É�O��NX(��(Ü, �âO�?Ö�A�, ò

?Ö�ØÓÜ©��T��?nìþ, ±��¿©u�ÑÉ�O��5U. 3�ä�¡, p�Ú

�?§��äEâd£%z/UCþ��^�XÚ, ¦�ä�A^�'XC��\;�, l~

�
�
Ø7��m�, $��±&¢A^äN��äO�Eâ. 3�;�¡, #.�´��;

ì�Ñy, UCXykXÚ��;(�, �þ�A^�5Nõ�U, Ó���5���5!±È

5!S�5�Ãõ]Ô. �5�ïÄó�, òÄuÆ.!ó�.®k�©Ùªêâ?n^�X

Ú, &¢�#.M�Eâ�(Ü!^M��Ó�O�Eâ, ü$^�Ø·AÚ\��	m�. o

ó�, M�Eâ�ØäC�J,
êâ?nXÚ�5U, �A/, ^�EâI��é#.M�

�A5�Ñ·��UC, òM�d35Uu��4�.
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