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Abstract With the development of semiconductor technology and CMOS scaling, the size of on-chip
cache memory is gradually increasing in modern processor design. The density of traditional static
RAM (SRAM) has been close to the limit. Moreover, SRAM consumes a large amount of leakage
power which severely affects system performance. Therefore, how to design efficient on-chip storage
architecture has become more and more challenging. To address these issues, researchers have
discussed a large number of emerging non-volatile memory (NVM) technologies which have shown
attractive features, such as non-volatile, low leakage power and high density. In order to explore
cache optimization approaches based on emerging non-volatile memory including spin-transfer torque
RAM (STT-RAM), phase change memory (PCM), resistive RAM (RRAM) and domain-wall
memory (DWM), this paper surveys the property of non-volatile memory compared with traditional
memory devices. Then, the advantages, disadvantages and feasibility of architecting caches are
discussed. To highlight their differences and similarities, a detailed analysis is then conducted to
classify and summarize the cache optimization approaches and policies. These key technologies are
trying to solve the high write power, limited write endurance and long write latency of emerging non-
volatile memory. Finally, the potential research prospect of emerging non-volatile memory in future

storage architecture is discussed.

Key words non-volatile memory (NVM); storage technology; computer architecture; cache; optimization

approach
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Fig. 1 Cache hierarchy.
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Fig. 2 Comparison of different memory technologies.
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Table 1 Characteristics Comparison of Different Memory Technologiest '
x1 FREFHERZGHSEET S
Criterion SRAMES) STT-RAML®] PCML67] RRAMES] DWMLo-11]
Maturity Product Product Product Prototype Research
Technology Node/nm 32 32 5 11 15
Cell Size/F? 120-200 6-50 4-12 4-10 1-4
Capacity/ MB <32 <64 <8X10° <106 <106
Speed(Read/Write) Very Fast Fast/Slow Slow/Very Slow Fast/Slow Fast/Slow
Endurance 1016 101 109 108 1016
Non-Volatile No Yes Yes Yes Yes
Leakage Power High Low Low Low Low
Dynamic Encrgy I Low/High Medium/High Low/High Low/High
(Read/Write) _ow .ow/Hig edium/Hig _ow/Hig .ow/Hig
Retention Period Long Long(unless relaxed) Long Long Long
Non-Volatile, Non-Volatile, Non-Volatile, Non-Volatile,
Advantages Fast Low Leakage Power Low Leakage Power, Low Leakage Power, Low Leakage Power,
Potential to Scale High Density High Density High Density
X Long Write Latency, . Low Endurance,
X Low Density, . . . Low Speed, . . . . . .
Disadvantages High Write Energy, High Write Energy, High Write Energy

Applicability
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Cache

Poor Stability
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Table 2 Classification and Summary of Cache Optimization Approaches

K2 ZEERUAEDLELRSE

Criterion Approaches References
STT-RAM Ref. [3-8.10,12-69]
PCM Ref.[3,6,10,17,33-34,70-73]
NVM Technologies
RRAM Ref.[10.14.33-34.61]
DWM Ref. [9-11,74-80]

First-Level Cache
Cache Levels
Middle or Last-Level Cache

Ref. [15,35,38,49,58,71,75-76,78]

Ref. [1-80]

SRAM+STT-RAM

DRAMA+STT-RAM

Hybrid Architectures PCM+STT-RAM
SRAM+PCM

SRAM+DWM

Ref. [6-8,18,32,40-41,45,49-51,54,56,60]
Ref. [24,61,64]
Ref. [17]
Rel. [6,71,73]

Ref. [9]

Saving Energy
Improving Performance
Cache Optimization Goals

Improving Lifetime

Reliability

Ref. [5-9,12-14,16,18-19,21-32,35-38,40-41,43,45-47,49-63,66-68,70-80 ]

Ref. [6,8,21,25,27,29,38-40,42,46-47,53,56.,62-69,73-74,77-80]

Ref. [17,26,32-33,39,45,48,51,72]

Ref. [42,44,69]

CPU Caches
Applications
GPU Caches

Ref. [1-80]

Ref. [40,46,61-63,70,79-80]]
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Table 3  Classification of Cache Optimization Approaches
Based on STT-RAM

£33 HETFSIT-RAM HEHFRLFESHE

Criterion Approaches and References
Early Write Terminationt!3!
Reduce Dead Writel5%
L Compilerl!3-29]
Minimizing

Architecturel19-30]
Write Current in Bit-Cell[23]

Low-Current Probabilistic Writel36]

Write Operation

Lower-Bits Cachel37)

Two Orthogonal Techniques2+67)
Reducing High
Write Latency

Probabilistic Design[?!
Architecturel%]

Obstruction Awarel66

By Coding Bit Celll#6]

Improving
Reduce Inter and Intra-Set Write

[33-34,48]
Cache Lifetime o _
Partition-Level*!)

Architecturel67-18:49:51]

Compilert:15:55]

Hybrid Caches Data Migration!#2:55-60]
Prediction Based Methodsl*!+90

Cache Coherencel?8]

Relax Non-Volatility'?]

. Architecturel?]
Volatile

A Counter Based Dynamic Refresht3s’
STT-RAM

Compiler-52]

Cache Coherencel3:57]

Reduce Write Latency 2"
Address Process Variationt2!22]
Log Style Writel88]

Dynamic Configuration%9

Solving Read/
Write Asymmetry

Line Pairing and Line Swapping!?"!

Using Multi- . . .
. Set Remapping Schemel3?!
Level Cell ) ) -
Unleashing the Potential of MLCMH7]
. Architecturel10-62-63]
Apply to GPU

Using for Shared Memory 6]
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2.2.2 W/ STT-RAM [ 541 8L
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FIEL R 1) 5 $#:4F (actual write operation) 2 #4320
B 55 1 ARGy ik — Be L Al i B MTT AR ZS 7 5 31X
FEASE T 0T Y A 1) 5 PR G R (R s 28 2 35 40 W0 5B
of 5 0 17 91 5 2 (8 0 R/ 2R AN [ ) 5
NBHE » B2 W) sk B % 5 HRAE ik SE R I 5 B 5
B O EWR ] TR S i 2k AN B
(5 DIAE AH RGN T 68 TR 8 L 5 B e o
V7 P4 A F, 3

SCHRE30 82 1 T — MR R F 22 1 A% e b 2R
i BRI T A B B AL A7 0 00 B 2R 4 BOR.
ZFARAEEAF tag array PIEHN T all-zero-data 5 3§
AL A bR 35 B B (B . 2 AT S BRAE R, 22

R A R BB 2 AR 2 58 SR A I 3, )3k
# all-zero-data #r ik, (UK AEF M EHE S A STT-
RAM s B PAT L3 A B L A UG A7 AE F b i
() B H . 38 3 3 T =X RE D R B 0 R L R AR T
FE AR BB AT AR 2 38— A A AL 3G T A
HFH4 . RIEF all-zero-data kg It 23 A — & B

SCHRLE36 48 7 — B I H 3t i A S5 1 5 A
e, RI3E o PR AR R 3L ik i ol B IR DD #E . SR 1T R O A
o2 305 BAE N, S i iz ), i SCk 25 th T
— A EACEHEZR 565 1 D e LUK F TR A T S 4R 5 5
2 RIS A 8R4 3 P 5 IRE AW B E
XF bR TR AR R A R S ) i SRR b R RN
BT RS 125 TR IR AT, A 1S A B AR AR 4%
PR AN kA SCHE B AT - MEA TC IR S % 5 ; [
Bf A T — RIS S A IEf R Z B RS AT
{55 FUAE % 7 B 65 o b 00000 B 0k 5 A iR T R
38 2 Bl A5 H R SR U Ik b ) 5 55 R BE AR S DU AR, L
B A HEACHE L i B0 B HAT SRR R B
P fiE.

TEKLS9 M T —F 3 S Wl (dead write
prediction) iy STT-RAM 2 17 2248 J7 . K= 1 5k
WE NG —REAA G RS, NS A
AR 8L S , a0 A BRI D ik S8 B8 5 B R AT LK IR
B FRAR R AF DI AE. S TR 28X A H I % | 5
YW E 4 T 3 25, dead-on-arrival, dead-value Hl
closing write; 42 35 i o Ff A 1 7 =X T0 00 92 £ 1) 15 )
A Ry I S B R T L O 3R K W R A ) RS
ABERB RS, R BT NZE AR ESE
WF—HRGFHES AN EHF SRR EAT. R e
T R oRG B R 2 T e I A KR A e R — )
GEAF RIS A L R B AIR T 5 D FRE L SR TS 7T
MR LS HE R 2 T L1 rh I L1 (9 22 47 25 (8] A
TR R AR AT BR A L O ok — 2 RIS T
2.2.3 [t STT-RAM {15 %31

STT-RAM K= 5 4k 38 25 7™ 5 5 W 28 17 1t
g, T IR E 2 RIS IR i k.

SCHRL 28,67 14 T 38 2o it /= £5 4l 10 Ak ok
BHAMAL STT-RAM Z24£10 7 k. SCHk[ 28 145
TEEAAR 56 43 B AN S B B Cpriority boosting) ()
D7 s FEARIE S 0 B 7 % 2 AR i A ] 2 78U 1 5 [
KGR VH FHCN S [0 45 ) /) 52k 4 Bk e g,
TR SR SCIAT - SXRE AT A2 £ 15 5K 22 8] 1) 5
] w5 o B8 IS 55 1% ZE 3R 5 priority boosting J7 % J& H
T IX 43 B AR 7 U 0] 2K (0 22 2, X F 1 1] 37 oK 2
() I FH AR I3 43 T 288 v D0 5 9, 3 A AT LA o i e %5 4R
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RURR P 3 oR 0 3 B L 48 TR IR R G i Pk . SCHRL67 ]
P T SR AL S AR G A M A Ry HCHE i A O ik
H T TBOHL ] 5 SR Y YRR R G XA 2
S8l 37 SR % A5 AR I TR] o 5 A7 [R] ) 3 A K L 3
SRAESE 7 B A 3 R B e L e O b
PSR, BB SR FVE (813 SR 5 00 2 4 Ak
S PR Sk O 5 [n] A8 B4 R 2 S 20 IR A
b4 S IR ) 7 1A 1 AR b A ] RN 4 SR HR
5 ] 5 A B 900 IS ) SR T X A A 1) T IO S 5 i 4
Jry POEBCAS 2 A X6 T A A R 3 TE G A Y HCSR
B R P b A R A A Y TOBOT AR R LLC 1Y 42 ey
Ui 18] 030 R DEA 150 O B2 L i PP Al 45 R s & T —
U ICERAE . 38 3k 2 ven B8 A T 1) 2550 2 e A ik 2
Vi 1) 3 SR 10 1 5 o o A1 R A 55 57 J) 3 L 48 v e A7 1
RE + 1% 7 ¥ M T oK 43 28 09 1 o 1k A0 AR T 09 D5 1]
TS0 5 R AR T MRUR A
SCHRLA2 46 M 2 FABE A Pk 1 1ok ikl 20 5 42 3R
LR 2 Ay 4y 5 o H s N TR I 0 S RS AR
4% (write-verify-rewrite with adaptive period, WRAP)
S EAE AR E 1 (verify-one-while writing, VOW),
WRAP & —FELe G E AR I nRkE
KWz T X EE AT X SFE 1S
Jok i JEL 491 5 Sk T AU S bk o R 00 RN 22 vk AR AT IR
HEIMRER, WRAP S T o, SIS HIHES
Jok w4 L 3R R AT LA ek 2 A AR 19 5 K o e .
VOW J&h Ttk 0 R 1 4 i e J8 i &2 2 Rt
IR R 4 T 6 T A HL ) () A 5[] R A 5 3 2 ) W A
5o WE 1, AR S Kb 5, A
1 MEERSTI T IBAS 0 W 8 0 AR,
VOW (U5 S 1 BYERAE XA 1 15 B 0. 3%
J7 SR AL b > 5 GE R RN = S B R AR e
R 25 5 | RS A5 A 18 B 4 5 0 1) 285 U 2 S s I
SCHRL65 AR R &5 0 B AR T STT-RAM #%
# SRAM 5 DRAM X its J I FH . &% 17 1% 6e Fil 2 #€
. STT-RAM #H b SRAM il DRAM A &
A 1) T P, AR R K B 25 o B S JE SR K. A A TR
AT STT-RAM (5 43R 7] DL3E it 5 2% vh
Sk Ko B e 75 B A STT-RAM R %6 5 A% 2 it
PER T RAFMERE RN T HHERBIT 25 %
PhIC R T R AR RR R T AN K.
2.2.4 STT-RAM Hy#E41 3547
STT-RAM W5 A BR . T H #8159 38 i 78 45
YA 1 7 4 v G A 1 [
SCHRL33-34, 48[4 Y T — /N8 19 G2 4745 B R s
R 20 (6] AV N S B 8 X KB swap-shift

I probabilistic set line flush (flush 5% % #i 5 A
% v XTI AN AN AEAT T 2 ASRe 05, 43 51 R s >
2 8] 55 s R4 N 5 U Bl swap-shift J7 0K A 2
AR AE L WIS 8 — T B YA X6 I 1 26 () R A7 52 4k
] B AN SR HEAN B i R B 2L 36 4Bt R 4B 1Y)
AN B . XA i AT R A ) Y AR (R
TCVE S I 2 N 5 AN 259 45 ) f8E, DR Ry 4 R 28 A 8 1O
W, U7 ) 4502 ) BOHE B — S A AT . probabilistic
set line flush J7 & VL — %€ BOHE R flush J5 2355 1)
(R B50H0 38 5 — A 4 SR T B30 1 SR A Tl ) B
B V7 ) BB 4w flush i A8 S0 8k B, X
RER IR T A B [ A A — LU (] i A7 T 3 A
LA IR, bR S s & R ] LAY 5 R (ER X
T o A R P T R 1 G b X A BB U AR A7
W ) BB

Sk [51] B e T SRAM, STT-RAM #l
SRAM/STT-RAM IR A 284 5 ik B B2 T 4%
X 2 (partition-level) ¥ 45 ¥4 5 77 1 Fl 15 [n] J8R 1 54 gk
e U AN TR] 43 DX ) 14 AN 59 465 RE L. U T B R 5 s =
BLEPXT STT-RAM 95 45 #L il SRAM 1y 32 45 #1.
STT-RAM W5 & H T /05 A MR ECHE 5
VEXSS) o A, HLAS PR 0 72 2 40 SR 5 3 R 2k OF B
SRAM HAF7E T 5 BAT , BB 4 1 326 5 37 >R 5 1)
#) SRAM . it SRAM Hf 345 0] 55 i 47 ) 55
T ok 8 E 1 3 HAh STT-RAM 17 . SRAM Ry 3245
P F2 A STT-RAM B 5 & B ad 2 g 280, ¥
SRAM v i) %5 95 45 U1 8] STT-RAM v, 2R J5 7¢
STT-RAM H 73z #: /E. partition-level &4t 14 1
TR G G Ao R 4 R R & 14 SRAM
Ye.2 4~ STT-RAM B #1 1 4 SRAM/STT-RAM
H AR 4 SRAM fil STT-RAM )i [n] 4 YK %0 3h 75 H
E Sy DX R b AR SRR T vk R A B R N R 0
B AT T R AR R D FE AR TR E AL T —
(45 BRAC A
2.2.5 RBRILM

RGBT & SRAM fl STT-RAM 4
HE—EAH SRAM 15 @ e fn STT-RAM )
IR PR A R e R T F DR IS A A A B
PRANS H AR T R R EAIR A A4
AL 5 .

SCHRL7 T4 T —Fp sh 25 AT EA IR A SRAMY/
STT-RAM ZEH9 77 1. i BR 46 4 G2 A7 AT 10 B0 40 B 40
(data array) 43 fic 45 SRAM F1 STT-RAM, [q] i 3%
I AR 45 e T AR A B ) 1 BR B
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B FF & SRAM Fl STT-RAM 19 8% %, M ¥ 44
ke,

SCHRLAS T4 T S Ik Msh B Jr ik g5 A ok
AL B 0 HCE T . % 07 T g 1R A B 1L S A
TP S RO A 0 4R 0 s SR S MR A2 1T R AE B U
[ A5 0 o A8 I 2 A s B e f 5 2 A A B0 ik 2
SRAM 5N % 45 i 8048 ik 8) STT-RAM . %
D7 V5 BEREAIR & G2 A7 10 T #E  (H AR M T 4 135 4 A
T 2 1 S 5

SCHRES0 R HY T — Fl 5 i 3 100300 144 7 325 ok i 2>
RE AT STT-RAM )5 #AE. T 4% 18 2 A8 L
10 1) 5 B A (R 48 4 4 45 R % A5 8Ok T 22 77
SR8 S0k 5 ik 3k A B SRAM o, HiAlh
2R A B STT-RAM . iz )y BBk 0 5 Th €
AU 25 1 o PR R e BRI

SCHRLSS 4 T —Fp 3k MESI & 47— 81 Py
WY A7 He s 2545 e SR W 1% SCHR I e/ T — %%
ZAFWIR & 220 7 vk B R G B AE B OIR &AE
SRAM Hl STT-RAM 2 [a] 3h 25 Hh T % 52 f7 B, W 2%
FHE M(modified) IR 25 BF 1 % ik & 2] SRAM
m S(shared) 1 E Cexclusive) IR 2 B N iZ i & AF
STT-RAM H. iZ 5w gl /D B AZ R T #E (B2 i T
— WA LT Vi B Z ARSI & ok —
FE ) IE RS T4 .

SCHRL60 48 H T — MR A B A7 H 3l I R AT
Fdhpyseng. LLC (B Vil LI4rh 3 25 IS
(prefetch-write) \#% 5 (core-write) Fl1 75 3k 5 (demand-
write) » #K J5 AR HH U (] 455 = 70000 2% 48 -5 B 00 i A
TR AR, 3 40 T 52 06 45 9 B0 H o A U ) A X AT
AL ST HURUS Be B0 B A AT e R a0 i
N EAE SRAM A Bt fE STT-RAM s
TS Y B S A AR 5 S0 205 0 I A
SRAM v, HoAlh () 38 4 il & 76 00 46 07 B 5 X% T 7% oK
B, S5 ARAREAZAELES A
LLC, HAh 9 3E A i & £ STT-RAM . B T 8 &
Hh ) HE R A S SR %07 A R R AT L AR AT
DL sl 25 BN 5 5 R AR B B, R i & AR $E CPU
MR G245 R 38 R R AF B CE /Y, S E
PRES A R .

2.2.6 B0tk STT-RAM ZE 175044

T AU STT-RAM () B35 44 7 B 18] A5 4iE
RZMEIA KR, SCHRL12,25 4 TR STT-RAM
(R AE 5y 2% 1 I T3 e 19 B i P B8 sF ) DR 424 B ok
P STT-RAM 847, Jdi /0 5 43R , $2  PE 68 SR 1M 4K
P AR BA B R & S BOBE E R ATHEE — W

il 7 AL o] R T 5 A 0 O A T TR I R S R
£ STT-RAM S 47580 0 A A J7 vk

SCHRL38 4 T —Fh 3 F STT-RAM [ L1 Al
1% 2 2% 17 (lower level cache) it & R B AW AE A
) A B 4 B I R T L 5 5 R AR
ROCRZER i L1 G2 A7 TG 1 530 £ B8 g 1] [
i 3 3k T AR A ) 22 A B0 25 R DA B Ok e K
X TR R 28 A7 25 1 AE R B D ) 3 B8 AT 5 2 i
T G2 A7 B T B8 I 8] e vy O HL G A7 21 v AN ] 42
FEHEEL (cache ways) 8 & A AN [ (1 5508 £ B8 g 1]
T ORUEE B AN AR B T O v R B AR AN TR
1R BFE A cache ways 3. ER TR0 LI T4
FIH STT-RAM () 7K [R5 5 44 83 Bsf ] , 4 4 BE 11 A
Rk 3 e KAk,

SCHR 52 4 T — B g 0% 4% B B A9 5 R 1k
STT-RAM Fill 37 e /N S W 32 5 W A 2t 136 I 52 557
GBI T 3 Bl R AE AR 0 TR) A 4 2 4
TR A AT R IR 0 i TR T 58 ok A 3 B il B
/M S T 2D D A T ET R 1R g X
BT M 2 EZ T EAEE KM N K
W7 7 . R TUFR 5 58 25 G ke o wT LAyl /b G 1 B
FIZ AT B 1) 92 A7 ) T 85, B AR D 6 L ELJZ v LR
1) S IR AFAE — 22 1 B 1) &2 2=

SCHERLS7 ]9 Hy 1 — M T 28 A7 — Bt Ui iy A
T 7RI HT SR W O 9 2 B e STT-RAM Jill 38 45 /6
(UK. 1% SCHR B 58 0 0 T A7 Wl BT 45 VR X R ek
RE (R 5200 5 422 5 46 10 17 AN il 3 5 s 0 205 2 Rl i UK 5K
F14) 5K W . AN il 7 G Wt i B RS A R A S A R A
TCRCTS FT R 5 T 285 78 Rl 380 1 850 1 5K g 2 48 2 1
GATYRIHT N K. 2 ik b T B R T R N AT e R AT
o LREAE . 0 T Ry ZAFm) — Bk % SURAE
MESI G2 £ — S Ui 38 i T W RS Sk 4k 43X
AL AR T PR IE T8 G2 A7 rh R ) — B0k R
A 5 KA i 0/ TR T R AL R SR BE R AR 2 A%
R G0 T AR [R] BF 4 e M R (2 4R 92 A7 0 — B0tk
o —E I,

2.2.7 STT-RAM 325 A%t FR b

EEAX PR 218 STT-RAM 5 0 f1'E 1
A BRI TA] IR 12 0 F1 0 B 1 4R % 4 B g 2
(14) Fsf [B] AL AN A ) LS ) 38 5 s 12 Ay e e 3 2 ] R
TR ) 3 A R S AN X AR R AT AR k.

SCHRL20 48 T —Ff 1 OC A B (9 132 5 AN X ik
BRAE J5 ¥k RO R A AT 5 ABAM AL, Y
PTG AR B E AT 2B A TR 0 AL,
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WRAALE R A B S EAE IR S A 0 88 M
FE N U A AR TE R S B R B A L SR S R LR B
FIE A7 SC PR A7 B ISR AETE B 4 B R E s
B A SEBR AL B0 Y 2 AE AT AR i E 0 AR
B YEABEIT RAEGERAER AT DR E 1 5] 0
() 2 e 3k i L R T ) R RO R R v 1 Sl i
BN TCA A e v /> STT-RAM 5 48 () [a] &1, 3 /> 1
F] O B Ha s 1], BB T S AR L ERE N T —
() A FH 4.

SCHRL22 J4 0 T —Fh S 20 3 5 ARG FR 2R T
2 AR BE T AN XS BRIAT R R 4 1R B AR, A i
JUAL TRUE R 1 ORASET, S H B AT LS 2P OGP .
TIX LS50, 2 SCER &5 th T BB S i Oy
P A B A 2 Cself-timing) 19 7 1, B 5 15 5 4 4l
ik kRN — D RE SRS &k, 2 E sell-
timing Jy AR MT] fEf B oo A5 B 4 — 15
LR AF T BXRE AT LA A AN B LI BRI g
FE o SR 23 77 A — B o R B 1 T 4

SCHRL68 ] H T —Fhil FH i) log style write J5
EkW > STT-RAM 5 0 M5 1 AR5 3 AR XS
FRYET L i TS 0 fE 1 4 2 4B B ol 4b
B RAE 1 HAE RS S A A R
PATE 0 #4E. Bl —1 8 BEAHE R fr A TE 4
HhE i — #9190 R log way . B ) b I BEFR T A6 R
Lo 3 25 A8 80 i 1 5 A IR — B bR e S TG Ak
M B EE T 8 0 5 A log way . £ F—#H
FRVERT R IB — B 1 FFiE K log way , BEIR
U 1) #0G B H A 5 A el AR K AR R T B O 1 S
EFAA S 0 #:4E I8 4 5 SE 3R TS ) 46 # R
W BRI T 12, 5% B9 7748 25 18] T 45 Fil log
way HEH A 1 I,
2.2.8 ZEIF#HICH STT-RAM

ZIZTEAE 0 STT-RAM 235 B4 77 4if 800
AT LAAE At 22 B8 0 o A FE 3R R 1 X0 T 2
RERMIFEN R LZAEF AR ERNIES
FERHNERFAAL T R T MR, R R 3
PR3k 4[] R ) G2 A7 A O

SCHRL27 J4& 0 T 24717147 (line pairing) FIAT
2& 46 (line swapping) [ 5 B R I8 2 22 2 74l B 0T 132
Gognm . plansa m 2 Mg oo s —4
fiffi 7 Chard-bit) Fil— AL (soft-bit) , hard-bit B A
PR G 8 A4 5L T soft-bit B 18 B HLAY s,
4+ line pairing W H T 42U BLIX 2 AN,
A7 line swapping %0 FH T4 990 %5 1) B0 80 i A
soft-bit K 35 2152 1) B4 i A hard-bit, 3 FE gl K

HREAIR T G2 A7 0 7 0] S 3R RI R R R AR B P .
S soft-bit Fl hard-bit H % £ 4f 45 2 1 52 e 2347 R
— & W IT 5.

SCHR[39 46 H T —Fo 40 FE WL 5 (set remapping)
R 07 125 R A K 22 J2 A it B 0T 0 et R I ) 32007 125 A
IR — P Fsf (1) 7 ke ST BT A ) 2 e 7 BRI A i )
Bk ARAR 2 AN ASTR] B Mk AN 25 B e g 380 ] — A~ e, 41
R Al 7 R 2 B 5 B, 23 set remapping 4b
TR AR IO T 5 T AR . AR
7] T B S G A7 2 5 AR PR B S B 28 Ml Bl D5 (1) Bk
2 R T DRI 1), 12 SCHR I8 Ao 1IN AR R A ok 10
% set remapping B J& A9 30k 25 48 . SCRE R AT 5 A7 5]
W SR I A B . 3R T i BB AE KT AE A B T B9
FHWF ] HAF R T set remapping JT 89 FUAF it 25 6] 1)
JF5.

2.2.9 1£ GPU H iR FH

Ak, 7 NVIDIA fil AMD g #sh . GPU
FARMSR 7RIS L E, GPU & K a8
O i B ITT NS FE T R & DIAE B AL A B R
51 BE R R B2 15 A BEAE. T TR 1 2k 2
STT-RAM 7& GPU i 1 i) G A A Ak 7 12

SCHR[40 42t T #E GPU i ffi i SRAM/STT-
RAM Hh =2 52 77 1) J7 ¥ ok ol /b T v D) 46 #1825 2
FE. BT AR 8 7 I AR 7 D 1) e 22 28 47 3R 9 AN T
FIRY F ] Jo 75 P 1 25 ) Jog 30 4 X T AT IR I (8] ey
M HLS R B Y R JF U5 ) SRAM, H At 1 5 7]
STT-RAM. GPU f9 3¢ = G2 77 J& ¥+ 4 B 07 X
FH P AT LAAR R 72 5 0 R a5 2 1 o 52 A B8 D 1),
TU /D AE STT-RAM iy i 2 54 4E R 1 56 13
J5 5 7 2 R e g F A B O U T B
o3 Be. Bk I7EEXS T > GPU W IIAEA R
RO X B B G AE B AE GPU iy i FH A AR K Y
ZZ 1A,

ScwkL62 142 5 7 H#E GPU Hiffi il STT-RAM fi§
TRGEAF B TT B R G A A /N A R IO
I B 2 (low-retention array, LR) Fl K& & &
B4 b5 [8) 8 2H Chigh-retention array, HR)#J i, LR 11
DA FOR BRSO e B[R] R P A i B L
HR W T A7 i B sl 5 R S Eidls. oy 7 ek
e A T A7 . % T HR b il 39 00 35 4 4F
NZE RS ) LR bl i 5 AR Ry B R ROk P
B RAT . IR T5 8 [ AR B E] ) STT-
RAM R & 76—, R H] 2 &5 22 47 19 455 5020 ) Ak
B GPU M B4 4E . 2 & 7 M se. BEAR T Zh 46, [
RF -t Sk 1 R T R B T4
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2.3 ETPCMHWEFMRNLTE
2.3.1 W &

PCM B ATk 5 B2 R (AF 5y R MR Al S 4 iy 55
DU IRTIE B9 5 B 218 7 L [E STT-RAM [
R, DRI FERIT T PCM R A7 PR %
4 JER T A I BAT DAL TT 1 X 88 5 0k A R
PCM 771t 73 fis S 1) (] 3, 5 20 DAFEA 44 1 1) A1 2 4
S R AE.

Table 4 Classification of Cache Optimization Approaches

Based on PCM
x4 EFPCMMEERUAZENZE

Criterion Approaches and References

Improving Lifetimel!7]
Improving Cache .
Reduce Inter and Intra-Set Writel3334
Lifetime
Designl7!

Architecturel6:71:73]
Hybrid Caches

Improving Lifetimel!?]

Apply to GPU Software-Hardware Co-Design7%

2.3.2 JHET PCM W EEEA-ILAL T e

SCHRL72 4 T 28 PCM 1 K LR A7 284 £
AR AT TR 5 B S S B F0RE 451 22 6 1Y
Tk R RN S S ERER N, N
Tk e A R E BRAE, BRSO k2 A
PCM B AN /N T B A 1Y e B0 B 17 5 A B E s
5 A B AR R TR 5 AR R 5 o Tk —
AU 5 A A UER RO B e G B 7 1% 2 4R B AR
W5 N G A7 B S i R0 HOHE A0 2 A7 B DU R R
(hamming distance, HD), 11 5% HD Kk T & fF 3k —
SRS = (N R S TR € R I EIEIC PN Y
FEHs AR AN 1, T AR 98 S 5% RS Ak ik
SRR 5 R T A A e S 5 Ay A FE Y A
T A 24T (bit line) # 3l i J7 2042 4 451 25177 [0 45
i BB E L  d B8 S e A R IC SRR AL . R T
TR > T B IR Har i KB T 3.8
AF SR T S Bt Gt A 25 i R 40 A1 1) B ) R0 25 ] 4

SCHRL73 14 H T —Ff SRAM/PCM R A A7 42
F B FEA I 07 ¥ P OT IR R A I BE S T8
A Rl SR U7 AT S JF K Bl 2 O S 0 B
HE 5 KA i AR A Sk A B T KA 1 DT R AT
I H I 8% 5h 3] SRAM Z g, Bk 7 BeREig
A PCM Hi AT K& I SR BRI R S48
SR /NS 1) SRAM X 5 450 86 (4 7 7 23 38 U5
[) e 5 FN A L BRAR AR GEVERE.

2.4 ETF RRAMWEEFERULFE
RRAM L B A A7l 8 B R AR 5 2% Rl 5 1
R AE R A BB U B T PCML R R SR B
TR LSRN E WA AR R A AR R AL RS AT
RRAM TE A7 i A6 7 . SCRRE33-34 ] 1
ik B G A7 AL A2 ] A 4R AR 4R A A SCRR
(34 T — bl FH 2 A7 Kl i A i B AR R
BB a7 k. %05k A R IR E B — B
RATERAFHI A SLE IR 4B — B i ] ik H A%
B GAF UL P A ET IR B AL IRJE A A 7 B br
IR JCAL XA WL IR B T RE AR 4 M O B R AT AR A
9 H K. 3R T7 k2 5 R G A7 Ui IR Bk L AR R fE.
Table 5 Classification of Cache Optimization Approaches
Based on RRAM
£S5 ETRRAMHWZEFERUFTESE

Criterion Approaches and References

Improving Cache et
o Reduce Inter and Intra-Set Writel3334
Lifetime

2.5 ETFDWMHZEEMRKLTZ
2.5.1 # &

DWM HA £ it 55 R D #E AR AR 5) 2k 1 55
23 AE 4% 75 i 1 PCMORT RRAM #B K, JF H il &
JRASARR & 2 B B W 5 T3 B A A A 5 9 TR TR A7
V5 [A) 8% sl 4R 51 A 5 4E 8 & A [R) L Bt 5 &
TERE DWM 7EZAF RN T .3 6 45 i T DWM
TE Al AR 7 12 » 2B G AF 24 LB A
/9 O A A R AT R

Table 6 Classification of Cache Optimization Approaches
Based on DWM
x6 ETDWMHEFMRHKAESE

Criterion Approaches and References

) ) Cross-Layer Designl74:77]
Design Exploration .
Architecturel7!

Hybrid Caches Architecturel?:11]

Shift Based Writel 7!
Using Multi-Level Cell o
Architecturel 7

Architecturel ™’
Apply to GPU .
Register File Architecturel®

2.5.2 BT DWM i E LG AT 2118
SCHREO T3 — W th — Fh & T DWM [ Tape-
Cache M7 5. Z IR th 2 020 2 A8 - 1) B X 32 4
PEARAL I 235 11 DWM % 8505 2) e A7 7% LT i 4
ZUMAE PR . 22 i 1 2% B o0 N 2R A B R R B
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(tape) &5 44 & AT LAAEAE 5 18 B0E AL, SR T 7 ) i
S A7 T 5 8 5 452 55 ity 11 1 A X7 A G, 3R
A TSR U ) ZE AR . A T 2 527 1) SE R
TapeCache 7% BLICHKE S 15 110 H e oty 11, A 48 42
il 75 B S R 4R 2% T, b TS MEBE . DWM 1
ZAFHR F DWM/SRAM IR A 45H . SRAM fifkn
A% (tag) # 4y, DWM 804 Carray) #5438 T W 2b
TapeCache 15 [A] () 5 ZER 1% SCHkEE H T 24 DWM
7% B0 2 A B A 20 2107 =X B2 A7 B i) B3040 28
ZA~ T T A — AL A S 3 R D T 7 R] B AS
%0 data array B B AN 37 5 () ZE 38 AN [R] (1) B g
R T5ES DWM iy 88 T —F 22 40 J2 % L g
A R H R v U )

SCHRL77 142 0 T —F i DWM 284 i J7 —
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