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Abstract; With the rapid improvement of modern computing applications, there is an increasing
requirement of capacity, performance, and power consumption of memory system for both “com-
puting-intensive” and “data-intensive” applications. However, main memory based on traditional
DRAM technology cannot fully satisfy the requirement because the improvement of DRAM tech-
nology is slower than that of CMOS technology. Moreover, it becomes even worse since the per-
formance gap between HDD based storage and DRAM based main memory keeps increasing at
the same time. Recently, the substantial progress of various non-volatile memory technologies
has provided an opportunity to mitigate this problem. This paper presents a survey of recent ar-

chitecture and system level research work on non-volatile main memory. It shows that different
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types of non-volatile main memory can help improve performance and reduce power consumption
of memory system significantly.

Key words: non-volatile memory; SCM; memory architecture; file system, I/O interface
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Fig.1 1/0 characteristics of various workloads
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DRAM 5K, A 7 A 25 0 B W AE A B 00 T B RE S Z A 5 1 CPU 24t £ 1)
Bt s GO AERT P AR R A L AR TR 3 F AR — 5 00 B0 JF 06 2 — 7 P BB 75 SR 1 45
Tl SCM $ AR BEFEAR T 5 ZE RO DL B B R, 40 - SAP A 6 & 45303 5 2k W AR H R B b
AR R E AT AE T AR B 58 1 — A 2, Ah , Virident 24 | B 4% FX4F MySQL
InnoDB #l MemCached FH7E SCM W45 BLHEAT T IR 465 o {3 46 22 G 45 21 8 47 (1 7

1 K KRKmin
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gl 355 R A SCHT R 9 AE 5 28 IN A7 224y A . (O FRESAL B8 A7 1 #% (memo-
ry controller) fJ3E 5 2k £ 4F (NVM main memory) ; (2) #E R 1/O R4k F W F RN
(Storage-Class-Memory 8{ SCM).
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Fig.3 Schematic of two nonvolatile memory types
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%1 DRAM #1 PCM ZHH RS
Tab.1 Technology parameters of DRAM and PCM

DRAM PCM
LE5Thy A 6-8 F2 4 F?
15 I 72 it T FE I ] ((RCD, (RP)4EEM FIFEH ] (RCD, (RP) SF &R
BLREFE 1.17 pJ/f; 2. 47 pJ/fi
etk 0.39 pJ/fi 16. 82 pJ/fii

GEA UL 1015 108

A LUF Y B PCM AT DL 2500 T2 77 1 0 25 DO AE - L5 48 A W] A A7 78 = REAE 1 =y 4
Ip A i)l B A 2, PCM O 5 IR BUE IR T DRAM, [R5 %2 2% [ PCM. 3 47 73 i 1)
[, A FEFRATT E A A4 | PCM BRI S5 M BT H AL AL B | 3¢ T 75 i Y [ 0K A S
Ja 8L e

2009 4F ,Ping Zhou.Benjamin Lee 1 Moinuddin Qureshi 43 5 [7] i} 2 5 5% ] PCM 4%
DRAM #F47 EAEBRGH™ . G AR T 3 F PCM 47 3R G T A7 76 1 [n) JL L 3
TAUFE bank buffer 76 N B FAFEEM LA BT IF St 1T PRI T B RO A4 T k. — Rl
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Bifi 5 PCM AR 1 & & o AATTZ 3R 2] £ L RE (Multi-level Cell) PCM 7 fif 52 5T 7] LA
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KBLAG T HAENAE)Z RN, . B 65X — 15 00 0F 58 N B3 T R 0 1 &5 44 1t Ak 1%
PRI AN, wT L k2 b RR S R AR PCM BTG 2E A 1 Oy 1 7E M R RN 4 i 22 R SR A1k
P 3 S 2 BB N M T % RR S R B v BRI BB A5 A B 1 o B
A m LU F PCM B4 5 #/E 195 56 s B 25 L F STT-RAM S 47 fifi 195 B 45 1k
HA KB PRAM 5 HE R

B 2 1 R A — R A R B PCM 5 B VR RE S Jr . A SCHE 35 412 3 AR 4 50808
) 45 2 A K BN R i EAT 20 B A £ LR PCM ) 5508 45 8 A0 Ak 5 R0 Rl o L il
FEN G R F WoM-code (%504 4 44 AR Sk #2155 PCM 5 #24F 1 1 RE Fn D) 62, Wang-
yuan Zhang % AR £ % T %) PCM F 47 52 it 47 1T 25 b 7. EHs—
BE BT PCM LIS, Engin Ipek 55 A2 H RRAM 0] DLAE N DRAM B L R 2 —.
B 7 AR R 1 BBl L FE S5 R 2 B T B0 A S O R SR s

Jeremy Condit % A58 T #CBE ¢F (9 & B4 T U R A AL 1) A Ao Ai] Bl 2 52 4 n] ik
M) B A -1 %% (byte-addressable persistent memory, BPRAM) i1t T BPFS #H i f il {4 42
RN SCPE RS2 s B2 - (1) BPRAM #] LA B $#:%F CPU iy lal , Jo ik i 7e 1/0 #:741
G, AATE BPRAM H 25 76 W A7 S 4k b i L1/L2 cache % T DRAM buffer
cache; () FEMFZLH ¥R T BPES Fr il (4 0 7 1 i 7 1 2 i ) S 45 o TR B 475 4R AR 1 L1
L2 s A7 R PERE 35, 78 BPFS o,y 1 A UE 58 37 0T 42 T — Ff i f% epoch barriers
BT HL] »— A~ cache line BRI —14~ epoch 5. H HAEM T cache i {4 R LR UE N 775 [ I
J7 B2 B epoch ST HEAT s (3)BPFS F| ] SCM 1475 ] -1k 0 Jit 507 Rk (70
“H R 43 U7 (short-circuit shadow paging) $ AR K SHEXT SCM JF 4k | AfhL B2 PR, —
T B EFH R T =M 8177 DRAM L) BPFS, fliz 1776 RAM disk b filf5 40
BERE ) NTEFS; 28 J5 75 & 6 A R B4R PF I BPFS 72 PCM E g PERE. LI g R B
7% 7E DRAM |/ BPFS ByPERE & RAM disk [ NTFS B #if%. R BPFS H A& 581 ¢
1 72 G5 2 446 0 5 1) T S Mk ORIE

3 SCM H v B XA & %k fe

A AL R G H VRSO RGPS J2 DT Al 1 X SCM #4764k & Je. i T
SCM i 1% 4 DRAM =5 HDD (4% i %% (Rl memory controller #l storage control-
ler) , 5 SCM HH Y 2R 48 45 1 S0 Al DR i [R) R 22— LR i 80t 2 i 2 HDD 331
SCA AR G DT B A0 s b 7 18] SCML gt 55 — A 5 it ] .
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Haris Volos ¢ AWFFE 1 EF X5 SCM 30 R e # A fifk. th 7 SCM AT 1 5 4 1 1Y
Yok e AR L IF H SCM {9 ] 4 B 5z I T #6 £ . Btk B0 A9 AR 4l g 38 152 11 1Y
VA% G R SR 11 g 1 [ B 3R TR BRI 1 SO R G R SCM AR I B8 050 Tl b
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LA (RamFS) 8 HAF Cextd). MBI T — DL TS RS FlatFS, il g 23
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Fig. 4 System architecture of Aerie
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Mnemosyne™". Mnemosyne #8585 9 i 35 A M 77 6% o 12 10 . 8 32558 /Y P A7 B0 25 40 T
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Mnemosyne F=Zfi PR 7 P (0] 3L« G B1) £ R A5 33X 8 PR A7 L Qo] 7 iR L BRI AR DR — B
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TR LI C ++ WG T SR AL T 8 R R k.
3.2 A SCM [ XRS5

R JUAR  WHE 8 32 10 T 17 2 56 T #7290 N £7 (storage-class memory, SCM) [fij #4 £ 11y
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Xiaojian Wu &8 A4 H T — A 78 K2 400 i bk 25 18] o 52 B0 09 7 35 9 SCF R 88 SCMFS.
SCMFS Fi| I A7 45 L850 (MMUD 4 3C 14 72 G5 114 Hb ik e 55 1) SCM. (19 4 B8 b ik, JE B T —
A a7 LR ik 7S () A Ry, SCMEFS I8 FI T #:E R G C A 1Y N A7 8 SR ok k47 B A8 11, il
A5 AS SCAA I HE AU b 2 ) B LR 1 L AL T SO RGBS R R W O T
WD WA BT B . SCMES SR H 1 2 () 43 BC AL o DA KA B i) 37 35 Rl i L . A 3 7
Linux F3EH 7 — A JERL AT SCMFS 9 i 35 B AN & Ak 1 He sz B, i HL 38 i 5256
RILX BRI IR KA T RAF AP RE OCHEX /K 1/0 35350,

Jaemin Jung % A\ F JEF] 7 SCM Y {i B B A7 it 45 A BRI R F ok my ) &, 42 10 1 il
SCM 1 NAND A £ — 2 #4 B 19 TR & SC1F R 58 FRASHS, BEE K 25 2 (1) NAND [A 77 i
SCM — 2 Bl — AN S R Ge s Y — A A B e 8. 78 FRASH w1, SCM fE 2l 17 FIAE it
(9 7 TR A () B A5 381 7 ) - — 7 TG SCM AT Lk bl 55 3] 3 76 2 14 B bk 25 i) g BF g 7T
IO 95 76 AH L A b 31k 35 BN A 8 3 43t SRR 5 Tk (byte-addressability) (1 3E &5 2k A7
fitt i 55 5 5 —J7 T SCM. AT DL S AE SR B okl T ZE X AR 0 R 1/0 HE 25 B 258 e, &
1038 . B &S R 48 (log-structured file system) £ NAND [NAF FAE ] Z BN, E
FH PN A R ORI REG 25 A% R 4 B 45 R AR AR L 5P IR L FRASH 8 H G XS0 R 5 N A7
Hh ) S B B 45 A e SCMLHL. I SCM g 3E &) 26 1 FRASH 8 H: 28 28 3B I T — 4>
g, vl 7 HEX S RGE R — > EE BN 5 R B @ A SCM b R A7 H SRk B
FSCAERT  FRASH (1 AT SEPEAS 248 (5 o BR80T 47 1 X 58 & il e, it Ah . FRASH 38 4% Ji7 56
PTG R A3 SO R G L5 IEF8 2 SCM. o, WA =2 43 X 3T 28 48 X 42 i e 50405 0L 1 A
TSR, B RS /O MRE. (E18 —$E 0002, FRASH iR FH T HE 30w & il " B AR ok o
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