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Abstract  With the development of semiconductor technology and complementary metal oxide
semiconductor (CMOS) scaling, the size of on chip cache memory gradually increases in modern
processor design. The storage cell density of traditional static random access memory (SRAM) is
very low and SRAM has been close to the limit due to its physical property. Furthermore, SRAM
consumes a large amount of leakage power which could severely affect the whole system performance.
In recent years, the emerging non-volatile memory (NVM) has shown a lot of attractive features,
such as low leakage power, high storage density and better scalability. The NVM based cache

design has become one of the most promising candidates to build large on chip caches in the
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modern processor architecture. However, both of these NVMs suffer from high write latency and
limited write endurance problems. The lifetime of on chip non-volatile caches will be constrained
by these issues when we use NVM to architect the cache. What’s more, the write operation on
cache is unbalanced distribution in the cache set and there exist write variations among inter sets
and intra sets. These cache access characteristics will lead to uneven wear for each cache storage
cells. Unfortunately., the wear leveling approaches for NVM based main memories could not be
simply used to NVM based on chip caches because main memories only have inter set variations.
Meanwhile, most of the existing cache management policies are write variation unaware at present.
This situation might result in unbalanced write traffic to every cache cells, which causing heavily
written cells will fail much earlier than the others. To solve the write endurance problems, this
paper proposes a novel technique named SRAM assistEd weAr Leveling (SEAL) for non-volatile
caches to minimize both inter and intra set write variations. SEAL contains two algorithms:
Write Variation-aware blOck Migration algorithm (WVOM) and Threshold gUided Block mIgration
algorithm (TUBI). The main idea of the SEAL scheme focuses on the high write variation cache
set and the high write intensive cache storage cells. SEAL attempts to reduce the write pressure
of these cache cells. The WVOM algorithm is used to improve inter set wear leveling by detecting
the write variation of cache set and then migrating the blocks from write intensive cache sets to
the SRAM. The TUBI algorithm aims to migrate the high write locality cache blocks in a cache
set to achieve the intra set wear leveling. The experimental results show that, compared with the
baseline, on average, the proposed scheme reduces the write variation by 34.2% and thereby
improves the wear leveling effectively. In addition, the lifetime of on chip non-volatile caches is
significantly improved by 175% and the performance is improved by 0. 735%. Furthermore, the
dynamic energy consumption of the system is also reduced by 5.65% on average. Meanwhile,
The SEAL scheme is compared with the most recent related work. The proposed scheme reduces
the write variation by 13. 1% on average and the wear leveling is improved simultaneously. Moreover,
the lifetime of on chip non-volatile caches is improved by 20% on average.
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CPU 5 A %4 5 i Ut B2 —FE . iR S drh NVM,
M BAEAE BB BN 1. M Z AP NVM i
2] SRAM w75 BB S AF B flag bRk, T
W 8] Bl AT % 14 % A7 B ik 4 AR 4 [lag B 2540 7 9%
FEHLT & A

Uy 0] 2847

O T T T
i ﬁig Nv;k ; /SRAM bank

,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,,

Kl 3 SEAL ZH T 57745 #

LR T SEAL % H) F R [ i %1 2 1 He 1y
SER L (8% 2B A7 o 8 41 8 B AL B9 NVM
1 SRAM H i 45 25 B B 2 0 3 AR I 2 0, 2 K
Hen CHoft o A, BRI 20 K K 8474010 5 3
I 4 R NVM A DR 2. 248
i TE 0 2R AR 2 S £ 5
AEAL AL e 3 6 4 530 MRU S 77 1 2 44
B P EE RS ) SRAM th 3B 10 19 ¥4 S
YA L2 A S MRU B 10 S8 4717 0. B8 1 I 4
BT i 7 2 T A T 4 R4 P 05 )
08 A L B A7 0L 1A 1 S 45004 R B4
BT L 4 4. MRS AT B4 e 3
KoL K 1 2005 G0 NVM #2817 41 B L 6)
TR 2 I8 2408 T E RS B SRAM o i
R TEAF SLI G S YL 3. GEAPUL 6 0B AT 17 % 5T
B RN 5 0 B 10 4.3 45D, VR, o 20 54 28
124 4 AT T IR R HRAE.
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iﬂO\THHHmHHHH\HHHH\
w [ LTI LTI LT T
w [ [+ LTI L[]
ws T Ly L[]
a | VLT T O A1
as| [ [ [P O[]
wol [ | [TV CEEET TR L]
ar| | L) O | L

| SRi%M < | SRA_M | SRAM
| — —— — >
4 SEAL ZE45 T A 8] B 2] i B0 408 31 #5150
4.2 EMIERENX FEAE R 1 B VR R W R IR AL IR AT

GEAT 5 R AE B U Bl R 1 B B W S AT AT i
BT Y BE I A AR E TS O T P M 2B AT R I 2
PE TR E BB AN E D). S KT Ar A4k
LA FREAHMIRSE w,, R A I
FEAE A TT 5 A IR B W, R BT A 4268 50T
(34 5 VR B X RE 28 A7 4L I8 5 3 ol i A 56 R
Inter VIS a] DL SCANF &

S A
l /\/Z (Zw".//A_W“VE)_
_ i—1 =1
InterV= W .

S—1
BEHEENNE KM X R IntraV7 8 g X
mr

IntraV =

1 s Z(w,,j—Zw,_]/A)z
Z j=1 Jj=1 .

WS A—1

DA b 8 2O 3 o 1 34 AR 1 T 25 B W 2 A7 241 1]
P NG PSRN XA RN, ROREHE
WS/ IR 2 R AF IS 3 45 . PR AN Ty ik
R L% T A A LS B RO S AR
1600 Rt — 2 VR AN D A7 T3 i (o) 8L, 2% 08 9% A7 A7 A
BOICES BRI O AT A B R 2
FR) B Ay e G2 A7 1Y) F i 256 LA B AT DAPE AN AR S
ik A Rk, SCHERL7 -8, 11, 15 J¥ R BT S PP Hr
Tk,
4.3 ZBFHBERHE R
4.3.1 WVOM %y BAg

WVOM B F L BEE . By Fisfr — &
B I) A SR A7 20 18] 5 i 3l K84 WVOM 5k

1) P 3 AN K WU IE B U ) B AF. BARER BT .
WVOM 5332 Ji B M A U 22 47 20 18] (4 5 3 8y TnterV,
MERTHESEME A B, EFSBRERSERZHIL
MR R G T 1 A7 PeE B 3] SRAM
TR 23X B 4> AT AW S TR S o 75 5 T SRAM. 7
PP IR eLiz T R M e R A L S8 £
A7 P ) B B 2 e A8 . X RE g & i 2 A Al 1)
()5 A T ¥4 IRl el F— AR AF 4L P i 5 A
ML BED D I8 2 53 AT BV N B A G AEAT B
B R AL S A R . L B AT 1) 75 At A 3
TR B E 1 A AE R T 6000 WY
139 MRAFHFLFLF] SRAM I 4 8 AR5 73 A 5
¥4,
4.3.2 WVOM &k it

WVOM 832 1 Ph RS 2R 8 0 an 55 % 1 Biow.
BYRFIEAT K A 8 e, WVOM 83k 8%
AL RIS D) InterV IFHE — I SR 5 HI T
S R TS U B A S R N R L ATRISE 247,
X — 3 B AT AN L T ST RS AR Inter V i
b A SRERAT 92 A7 21 (8] 1 B 5 2 A L WV OM L
G A S BRI B seeWrites, PR 5 KR Z
1 aN (0<<e<1.N b A7 450D DG Ar 41 JFid
RGNS sids (5 4 17) G W sids XTI
GAE A W) T A A B AR AT % 3] SRAM i, SRAM
i LRU 55 W& 25 4 2% A7 He 53X — 2o 2 45 R 1
OB W R AF PR B8 TR T K i ] 53X 2
FAATRG BB 53] SRAM 1 (55 5 475145 7 17).
M TR AE YR AR 1 (R B ) 0 KR, B 400 2 1
BT o (1 B TF B /. B B T A e S B A 4
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HEAE BB setWrites, [HI A 3R Al B £r B
TRAF A Y T R VT AT Ry SCRE D B Y A i T
B (58 8 47). WA Inter VINTF A B [ — JA 3 iE
FoRCR 035 G AF A )5 P S/ AN B AT E s
EERAE  IEH Vi [0 22 A7 BD ] (56 10 47).
ikl SUEIEAMNELAYGT R RE.
A K 5 SR
A InzerV I3 B 5
a: BAFH VB REG
N: 174 R B
FOR &4 K DO
IF InterV>) THEN
[ PATEAFRIEREIRAE + /
M set Writes, 3 85 5 45 AE OBUR K1 o N A
FAEAL I LR AT sidss
MG sids ¥ 3 26 2% 17 41 P 10 R A7 e i B 5
SRAM
6 ] LRU Hemg 4l SRAM Hh i G2 73 5
7. WA sids B 3K L RAT 2 Hh 1K) AT HRABE B R TN 5
8. ¥ set Writes, WE I 2 5
9 ELSE
10. IE W AT B S U7 R R4
11.  END IF
12. END FOR
4.4 ZEHFHNERHERE
4.4.1 TUBI &% EME
WVOM Bk m] DLl b5 5 i m M R Ar b 5
PRAEUCEL, fE A i X S R A7 2 NS A BB b
OI AR TEAA BT R 1R A OB 2 b DT R
KT RIFANER N RE. At — 2RI RN
8 B 4, TUBI 5335 11 T fff ol 22 A 21 74 B 404 343 47 i)
L, AR - 2 R 2 BOAh P A B 22 A7 A R
Bk M LRU B #5305 L 1% 0501 75 18 G2 A7 U7 0] 1) 1)
[i1] Jay 8 1 AR L A0 P ) /D 1Y 2 A7 BT R A
EHGE L MRU i) . X 51 8 1 B A 25 iy 04
MRU i (4 Ak B0 15 458 10 J32 in PR 2 B AR R A 2 77
i) 734 TUBL 35 ) ik ok G247 2H N 5 400 55 A0 P ESCHE
MEANGAEHE BAES Z 0, (T8 D5 R 5
MG ff P 3] SRAM tp X i B R B A L A
3 33 2 7 e A1 DX, DT 38 381 B 0 2 4 ) H 1. X
A ) T2 i 8 A7 20 9 I 3l 78 /). TUBT 55 5k BE s
DG N Y PO S B Y AR T X R AR
o 5 5 A AL ME R L G A 2 B 3T RS RORE i /b
4. 4.2 TUBI &%kt
TUBI 535 1 P A R B 53 ik 2 fow.
XFF NVM G4 1 5 — RS #:4F, TUBL R A A

= W DN

(@21

G NS BAE BB set Wrrizes, 2 1535 2 {5 0 0
IR B WA Z AR H N 5L MRU S i o S A7 3R
L3 SRAM o1 (55 1 175145 4 17). SRAM H A7
LRU 24 s m . [F ks NVM 2 2B 10 ¢ 1%
HHOR S E N TEs. CPU IR Ui 0] 13X 86 52 17 b
B AE SRAM Hl i 247 1Y tag A $R 65 1 Y 22 £
e B 5 FHAAT B8 CGF 5 473158 7 47). TUBL i)
NF A0 I A A2 N S R R AR A X R E TR
(R EF 250V S 30 R G2 A7 04 Jm R PE S 6 SR X A Bk
S PR R 3] T SRAM., ¥ B8 8 AT H L TR
LA S R IR AT S A TR A LR
FRRE R LB T H A NVM R A7 4 N5 R 1E sk
58 MR/ AR NS #RAE RBUE s 3 S (E L
B HL I TF B AN AR setWrites, WA 3K B 1]
B WHAAT IE 3 Y A7 5 R AE.

B2 HEESFNEAITHREE.

BN 0 W G AR AN B B 1Y B

o TAFUL N 1 G2 A7 PR
1. FOR #44 » Y5 #:4E DO
2. IF setWrites, % 6==0 THEN

3. /* NVM A7 NS WHE ik 6 B L il E 55 %
AN MRU 3y @ 12247 R E] SRAM =/

4. B i b o A5 BB G2 A7 BT 7 #
SRAM #1;

5 i LRU 5w & 4e SRAM Hii o D RAF I 5

6. e NVM w1 o G A7 B BEE  TE AL s

7. AT el s

8.  ELSE

9 T RAT 5 #e A s

10. ENDIF

11. END FOR

5 IS

A ERNAE T LRGN S SEAL J5 ik
(18 S 0L 2001 R0 5 o 000 3 R A 1 R L B e X
SEE S5 0 4 AT B IR T AR SCET W SEAL J5 ik
A7 31
5.1 IR

AR SRR G 2R FH T GEMS™ B4 28, GEM5
CIRVE g R PR Vs = R R O W e TN
Bl 3R 2 R T BRI S0 S 500 B A AL
PR = cache 5 F1 4GB 1 F 47, Hp sz =
RRAT NI A BAT YA (SRAM + RRAM) , NVM
PL RRAM Sy 5 -, [ if L SRAM i Bly 5 45 ¥ 5.
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YA TC B8 A AN S 460 2 48 b T TR A R AT 1 3 BB
MBI CACTI® A NVSim™ ik B Fo 148
KT SEAL LS HMZHARE . A &N
BlE N K —F A B (10 million cycles) ,a
2% N g 8192 NEAFH A N 10%.6 J 16.¢ Ky 3,
TEN S BB BT L 5. 3.3 5.

®2 BRUSHYERE
ZH i

WEFRRE 4 AL AT AL FR RS % 3 GHz, alpha %

s A A IR B 2 47 32 KB, 8 f 4l tHi% .
HEE e N g 648, LRULIRS 3 2 4 )

e VAR SGAE RN R 256 KB, 8 LI A

Hek/NR 648, LRULE K 8 4
BE=%EAE LZE,.1 4 RRAM bank Fl 1 4 SRAM bank
ZAER/NN 8 MB, 16 fi% 4 A1 3% . ZAFH KN A
64B. LRU, 5 2 15/66 4~ &, 135 Th ¥ Ny
0.58/0.93n]

FAFRK/NA 256 KB, 16 [ 41 AH %  ZAFH RN R
648, LRU, %5 N 15 M 5B 4N 0. 61n]
F17 KN 4GB, 2 200 4 31

RRAM bank

SRAM bank

SEAL Jy ¥ i 38 43 18 wUBE fL 4 1 A8 RS 52 8 .
FEBNR T ARG K =R BSCN 2 A
bank 4544, 15 2 17 5 PR B b i A i $2 1S 00 1 4651 1
R R R AP U R RS B e B Z A
AN T 40 VK i0 3% set Writes, 75028 B {E , 40 S0 3
AGBAF A R A B AR WX R ) TR 1. Bk
B S8 E &R AR /N GEMS g ff
B dmg LRU 2 i JF 8R4 I 12 5 B i A6 B8 1
IR iE S GE A age THEGE S L IS 4 TE S B A
2PN B A 3 A R W B R S age T BREE Ok K B
MRU 3 ¥ G2 47 e

TR e 4R 1 B £ 4R RE N P R 4 Y
PARSEC™" , i 45 I 72 )3 1 47 o5 40 3% 3 Jirs » B
AL G il o3 B S8 LA o R R N 45 22 A 4
I AR B S ARSI simlarge o T AT SEVE MY
LI L T A R Y #B AR 32 17 3] ROI(Region Of

x3 MABFENER

WX o 45 35 i =
blackscholes e vl 1%
bodytrack AL =
canneal T AR H =1
dedup i b 77 fih [
facesim o) im ik
ferret AR R =
fluidanimate Zfy i) 1%
freqmine BOELE 4 [+
streamcluster BoE 42 1%
swaptions & oy Mr ik
vips [ 15 AL 3 i
x264 (EY e =)

Interest) , 3£ & T 1 /2 (100 million) 55384 . & )5
FAFEFIZEAT 100 42,(10 billion) 445 4.
5.2 XWER

AT PRI R 2 BT 1 A 4 ) A
PEM G AR - AR AL AL B 5 0% 3l 28 BOR G A7 1 fili
F 1.
5.2.1 BB ETEAL

S 54 359 i 1 2 5 2o 9% A 4L 9 AL TR 1Y 5 U Bh
ML RE IntraV I Inter VR, I TR SEAL
T2 A wE, AT E T W E ik AYUSH'™ |
P WAP 3 ofE i B BT Sk (16 ] W B9 O 3k A
P WAP 2600, 3 HSCHRL16 1 1 J5 ¥ 18 wORE 14 e Sff
2N R T A e G AE ALY T R R OR L OAS SCak
I P WAP #1752 86 %F . AYUSH 75 i § 16 32 Tt
SRAM-NVM & £F 1) 7 i W /> B £ 41N NVM
SRR R AE A S W sh. T P WAP
() SwS J5 i T #is 47 1000 ¢ 5484 LA b S AE 4l
V1) b, k- e S5 R 58 48 1) 6 A 2 b 22, DTG 32K 31 40 ()
FE 40 B8 A 1) L SR S 48 A BT R R B R RBUR
AR, HIL, A SEW T PWAP Jrik 8 WVOM
1 PoLE J3k45 4, fiFRM-i* WAP (Modified i WAP) ,
I 5 H AT H.

B 5 RN T AT 41 N 4IRS 0k 3 Y 43 A s .
1 & AT AT, SEAL 7 iR I AR ¥ F AYUSH,
M-i* WAP FIEEMERC & B B 5 331 24
AT 13.1% 8. 5% 1 34.2%. MEAEHINE - 4N
s FE A T 5.2% .8. 5% fit 25. 2%. MNLEAF
Y1 1HF . SEAL Jy ik Mt F 3 v B B> T 9%, X
LWL, SEAL J5 3k A A7 500 b 5 4845 43 A 5
5] L 45 A AE At BT 1 B A0URE B BN L R T R R A I
T T NVM GHAEM A (8K T ZAE 1) 75 1.
il - facesim B2 )5 (19 41 N 5 I 8 AR /1N SEAL Jy 12
it R W /N L AH 2 WO 4 1R % B AR K, SEAL ik
REWR D — % L B W5 0 3h. Sk AYUSH Jy 3k it
facesim 2 /¥ I B A7 4110 5 3 sh 2 /N, LT A
WD EAF A B S s, [ AR, ¥ T canneal Fil ferret
I FAR T . AYUSH J5 35 0 20 9% 4 20 18] U 3t 5 4l
fll. B’y AYUSH Jr i fE RAF N TR S 815, I
AR A7 1 8] 19 5 B . SEAL Jr 2 68 [] i) 4
WEAFHB AN SE B 5h. o] W SEAL J7 251 Xf
AN T) 55 58 B ) L FH R LA AR e A 3

SEAL Jy ik i A &t R 07 L AR AR 96 A2 7 35 17
ARZS Bh 25 M G A7 41 b 10 55 0 B0 19 O s D h
KA G A7 A (B A 75 31 SRAM Wi, 33 B — 7 I
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blacks. Ibodytrack| canneal | dedup | facesim | ferret fluid. freq. stream. |[swaptions| vips x264 | average

&l 5

Zff T NVM WS K1, 75— WA 7 /RE 0
PERE, o8 NVM 2847 v 1] LLAF i 22 04 9]
SRAM W E RN T NVM. ¥ WAP J5 ¥ 1 Jmy BR 74
TETASREAG I AR 7 as A7 3 A2 v 9 5 W 3 o (] s i) 40
PRI BR A B 22 4747 (flush cache line) £ 7E — & 1Y
HHME, Ak R MERE. AYUSH Fik{U&EET
fif AT LN 5 R T % G2 A 20 RD 38 3 52 i /)N S il
G110 5 400 24 AV 4 T OR A BR.
5.2.2 AT FF o vEAL

3 R A AN AL TR Y B S A — R
JZ ERESEHE G AT A o (BRI, 1B 6 o T AE A
H— {5 4 FHE . WK B . SEAL . AYUSH
M M-i* WAP J7 12 3 g 48 7+ 22 47 1 F fiw» HLRBOR W
FOEW H TN 175% .155% A1 159 %. Hodr,
dedup J FHFE T 75 i 32 T W1 2, Ay SEAL J5 2%
REHE 2 dedup 5 R BUR K I ZAFAT I AT

500

SEAL J5#5 AYUSH M-i* WAP K 3 vt Bt & 1 41 P9 41180 5 ok sl 3 BE 1

#| SRAM, T} facesim 4 J7 B 4K H 5 58 B2 44 K B
& H2H R4 18] 5 3 3l /N T dedup, CH: 73 i 42
FEAH R 20 5. %t F blackscholes 1 swaptions i 72
Fe BT S B sh#f AR R B2 A e A LT 30 4
T i 3 3 B S92 30 8 o FAT T A I AX S B A Y
HiREAEWAR SR ZMEMFHE HBAE/NT 10 K,
XFER AT R 1 G A7 R D, W I, SEAL J5 6K
FERVE W/, AYUSH Jr ik e T+ 47 1Y 75 i (H
HARFHHOR /N T SEAL Rl M-i* WAP J7 i, T IL2%
L) 5 e B0 AT 108 1 T i 2 A5 R i 1Y) 51 B
F facesim 7 ,SEAL fl M-i* WAP Jyik ¥ /b T
GEAT UL 5 5l o AH L 1 R AF 77 o 3R THROR Y 7
AYUSH. # kb -F AYUSH 1 M-i*f WAP Jy i, SEAL
TEBNTEANT X UL SRAM Sl NVM #5081
HECREE R NVM BB ) NG AF 4 N A2
)0 NVM | (5 B4 AT E K& NVM i) 75 i
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5.3 itit5aHW
ARG NFE RS RE K S R BUR &
B84 45 7 1 HEAT T 1.
5.3.1 THFEVEAN
L4 SRAM 284y = R AF M L. NVM ZZ 17

> o8 AL
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[EM-*WAP BAYUSH BSEAL |
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o 1 (2%
o T
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GATH7 i U — A5 1 3 T4 00

(R 25 AR AR 3K TR A = SR AT 20 15 K el 8 I
S IIFE. T A SO I E X S AR A
W, P E AN SR AR E AR TR S
ORI U 8] T #E WL 25 (P SRAM 5 I #6 /8 F
RRAM) FIE SN IAEF 4. T ©* WAP K35 K th#E
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TEAL S BB SEAL J 320K Fr L o iE & % L.

7R T IH— A 1 S A T RE X LA B n]
LLEH T blackscholes 1 swaptions 2% JLF %
AW AR T YA AR R 08 0. SEAL Jr 1)
TIFE LE B MERC B 7 984> 5. 6520 NVM rh 3T %%
(4 A7 5 T 6 1 /0 A T R K Bl 25 T AR 1Y D
DGR PGT R 5 R B T FE TR O — IR NVM 32 )
FEA—IK SRAM HIh#E. 448, SEAL J5 k255l
NBA DOFETE 4 AH S th T 5 e sh A i e 1<
25 1000 7 JE B4 (10 million cycles) , [ & %43 ic
FTHEas B U 18] AR FF B A Lh /0N, AT DL Z e AN T
B, 255 L BT R G BRI AR AR 1.

1.0 ey =
0.9 z;elin_e O SEAL
W
0.8
g
o
=
707
0
0.6

0.5 === B —— = =
e Q5 AT I S IR o} N 4
) CX\Q\ \@c\é 0@5\ = = xe“e e 0\0\\\ = ﬁx\oﬁ‘ Ry ‘Zj’% . e{z»%
\'2&\3: ‘0064‘ Cf‘\o A '\6?’(\ e ‘OC st o ks
S N\ A -

B 70— fbE e i

5.3.2 TERE AT
8 Won T IH—Ab )5 & Gt AE (Speedup) i Xf
e I PERE 2 1 TPC (Instruction Per Cycle) ffif i
. P2 B, M- WAP J5 8 A 55 I & 16
2T 0.268% 1 AE . SEAL J7 b 6F T 5 ofi i B
PETHT 0. 7356 AR, X MATWAP £ i 1)
1.04

[E M-*WAP O SEAL]

1.03

Ju—
(=3
(8]

0.99
0'980\6‘:‘ DAY P (& g 0 s o qﬁ\‘ o ]
Ca O AeS cC” > NS & « 2%
by\@bec\;ow‘( @™ e ;;\;&‘0\0“&@“&\ o e
D ‘:;6

K8 H—fbJ5 B PEREH BT

PEH T B A BT R A AP R TR
M R PERE. B 7 B S 36 45 R W] i1, SEAL B Aty
o 1V RE T B /N L B R 5 U stk T A B A L R A
Pod B A . Wi SEAL FiE#B THAS 5 E
71, H SRAM 15 P RE T NVM, A 1 & 4K 15 1%
e Tt
5.3.3  ZEGEEUT

BT R SEAL J5 ik i R RUR T e G
W SEC RATIR TS 800 Z R AL A5 50 BT
RIETE K L AE I H 6 41 (G Fl G2 8 fR 3zt
S B AL AR 4 PR, B9 BoR T %R 2
B A T RE AT H A O AR AR B P YRR B R
G3 J&: LB A 1S S B B S B A A A W 1k
REM 2. [ 4T % WVOM B3k 455 % 18 R 40 T 4
S EE AR, B K S — T 07 4~ J& 1 (10 million
cycles) B A R0 0T 45 359 4, D5 4 J 10 K e )L 55
TEFERS R JE I AR B B 3k SRR 8 A7 I ) SRy S
P A, S AF 4L IR P 2h A A T 85 Bl s 5 3k
(0 FF 4 o B 4 0, FH AR 1) 5 I8 sl /N e B AT A
ARIAT A BUA 10%. o F T2 B A5 R B
Z R K AR 5 5250 B o BT L 7E AN
W BB R AFALE WG £ X 2 8 A7
41T G2 A7 Ve R AF 1 77 i I S R KL Y o
W2y, O & RBRNE BIERZ WA T. 5t
TUBL K T 2SR EFE 0 R 16,0 K
3 B s BRI AT B KA T A U n) B4 R 8 1 L O ATk
W B AE N B AR T K. DL b 2 B0 6 R R A
PARSEC izt £ A5 X F 5§ 28 A0 iy ) 3
e AR B 4 13 1 2 P BigdataBench 85, 2 0 %
BT EAR A AR L A 0t 4 R A A1k,

z4 6ASHEE
K/M A% a/% &

¢
G1 5 5 2.0 16 3
G2 5 10 2.0 16 3
G3 10 10 2.0 16 3
G4 10 10 2.5 16 3
G5 15 15 2.5 24 3
G6 15 15 2.5 24 4

5.3.4  WEETFES S AT

SEAL J7 3k 1 65 0 ¥4 = Z A 4581 70 1) SRAM
PGt 25 18] 0 S B AF AL S WHL set Writes, . 5505
TH AP EL 8 2% . /P08 32 B2 JF 44, SRAM
TEAE2s [ TR RS 3. 1% (256 KB/8192 KB) , 24 4% i
RS — R T R G RE A > NVMEE 851, 0] LA
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Background

Emerging non-volatile memory is a promising candidate
to build large on-chip caches. It has shown the attractive
features such as low leakage power, high density and better
scalability. However, limited write endurance is a common
problem for non-volatile memory technologies and the existing
cache management policies will lead to write variation unbalance.
At present, many researchers have proposed wear leveling
techniques to solve this problem. These approaches can’t
obtain write variation dynamically and the improvement is
limited.

This paper compares the existing wear leveling techniques
in main memory and caches and shows the difference between
them, then discusses the potential benefits of reducing the
write variation. Subsequently, we propose a SEAL scheme
which combines SRAM and non-volatile caches to achieve
wear leveling. SEAL contains WVOM and TUBI algorithm.
WVOM addresses cache inter-set write variation while TUBI
The

focuses on cache intra-set write variation at runtime.

extensive experimental results show that the proposed
approach achieves better wear leveling and notable lifetime
improvement. In addition, the dynamic energy consumption

is reduced and the performance is improved with an acceptable

hardware overhead.
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to solve the reliability of storage system in computer
architecture and thereby improve the lifetime of computer
system. Furthermore, the corresponding energy efficiency

and performance are improved.



