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Abstract: In this paper, we propose a Built-in Intermediate Memory Structure (BIMS) to improve the efficiency of main memory
architectures based on Phase Change Memory (PCM). It exploits the capability of the PCM device which can be used as both multi-
level cell (MLC) and single-level cell (SLC) during the processor operation. The proposed structure invokes physical pages with
MLC devices for a normal data storage. By utilizing an internal page management mechanism, however, it turns memory cells of
some unused physical pages into the SLC mode. BIMS exploits such pages to provide an intermediate layer for the memory read and
write requests with better access time and lower energy consumption. This intermediate layer diminishes most of the accesses to the
pages with the MLC devices by absorbing most of the incoming memory requests.

Keywords: Phase change memory; memory managment; page; multi-level cell, access time, energy consumption.

VWRON Y/ e Jloy) 2
ARSI P lie oSl
VPRS- AN i by
JbeS o0 1) gome o5 o
Olnl = Ol = Ol olRils = (28 0aSasls - ol 5 (30 (oiien 0SS 1 J s o g5 (LS

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019 Serial no. 89



o She g sl BIMS

YYAA 50l o ojless FA Al o 5 oy 5y (owiiges aloee [ VE- £

w15 Loools g5l 0,58 ol ally 2 4y b MLC s oyl
[N aias o1, oy

) dskos o s ol 2 Jlacl L olgicon 45 SLC 5,90 50
MLC 5,50 0 Lol 5,5 (553,40l 5 plaieli b o jsl Y 51 SG &
Slp des 5o s (S by SO L LS Sl DY 4 o
S obml bshe sdar jo alie Jle Y olgn 4SSl
Gy 4! ams [ g o solizul PEV' ogec alil olais,
iy Sldes g0k olaxi MLC sla Jsbuw j0 ools (g loke oxigs
S5 I MLC laJshe a5 canl Jdo eod 4y sl 5LS yailes
e a5 bl Getzmen i ai Gras @55 g 2L
s (S byl o rig Sldes slass (WSe 4 PCM slo Jslos
LV e Tecsls ainlss SLC @ cus (6 y2eS yoe MLC (slaalasl>

alie Ml MLC 5 SLC sl Johos JLSlu a5 sl S5y o3Y
Sl slejlae WS o atiine |y b Jole ) @glas assl 5 ol
(Dglaie ool glo o leslainl b olgs co cond 3 cpl 4y Cnla ]
o 3 SLC &0t o0 PCM a3 Sy )0 35290 slaJobes
a5 ol dlawi 8,50 ,0 &S] a0 S colaiwl MLC & g0
i 3,18 3925 Ol 3> 4d o0 0,53 PCM Joloo S 0
Yo L5 L s SLC UKo @ b Joho &5 S e Wl 00 (2))
Ol aS 02 d gyt (ool a5 MLC & jgoay b wigds oolasuwl
ol 3 Sy Its s b 0yl o0 d9zsar oy Ll 3>
Alie pl jo oly b 6,50 loag,ip jleolaiul LI, cdl> g0
Whgy ool 05 eeles (Byme jslie s a4y |y BIMST g,
Oygots |y wited MLC (23 iy by &5 alddl> jf gla i
o slaY Ojseas i ol e e )3 colaiul 5596 SLC
Gl g2 asS oo Jee Gl el mhaw o Fimmls 5 (el aladl>
oobiw 3 alddl> gl a5 placulss s 5l peclae ASu (o)
O LS g Wigdge 00lo gl SLC w4 (gwiwd b digdh o
O o @zl )0 s MLC (20 4y (g s @y L5 (Sl
Ol «@8ly)s SLC (idu ab oo Spepe oabibls (nl joe 5 (5yae
g g ol oo &ly oolatul 0)50 a5 Cuwl aladl> l Ceowd
S50 Sba 4 akdls Sl Slxas ool casazd 3 IS o BIMS
Qg g0 JEiie SLC sy 4y MLC iz 5l wilazd 3 )18 o i
Digds 03ls gl (55 Hebas bl 4 som Jleil sla cyiws B
Iy Olygrws ST aktls glo pwiws Vo doxe 3529 Hblsa
13 Guly SLC ik & o yis L g5l

slo i BIMS wgrge (slo ol 51 atnge soslicul jglizes,
AL aS ools 5l gaze> S so el gy S yg0as |, MLC 4 SLC
P> 9 WS (o0 et e S 1) 998 0538 MLC & jp0
s pd 3590 45 ola ol g5 wlsl n BIMS 551, SLC iy
Al & i S5 I L S e et S )3
Sy g |y i 3L g 0ails,5 5 MLC a4 |, SLC 5l oi5v BIMS
s sl onl 6 Sojlail gilwans b BIMS IS .08 e
S &y 0isS o oolatwl BIMS 3l as” olealidls> oS aues oo oylid

dodie )
‘5.\‘)[5 S (0 u.,.m Lﬂbu" Copde g oolaiwl Sy90 LngdJaBl} 89;
Sl sloolKiws Lol ablisl> [¥ V] s)ls 550 p ptaw ;o
Gazog 5l senlie Sy LS e solatul DRAM' (g )4l6 5l a5
GO S2sS a5 > yo 5 dins o plaiSl 0gx 4 |y Sras e
JRROUEIPENCIN | f RV PP VE PR PO I PN (T R
kel ool 5l (S als 6558 Gl slp (SRl b I
538 cpl sl PCMT) 5B o5 slaaladls> 5,5L8 o 030l oyl
clSus jo colawl jalaieds (goMe VAP gans o b (s
Slosbs; 5 s dlse 65,5 L ejepel [F] at (Byme )5
Ofete 3l S 4 PCM glaabidls (g pdy polibe Sadying
[olslonss o Lol sloalasl> csle gloas ;s

chalcogenide glass sges pb L slge 5 29,5 5IPCM (5,5L8
@S Cawd Slge cpl 5l plaS e aiS e ooliiwl cols (g3lwe S (6l
OieeS1 5l e 4 9l Jgaz meojld 095 polie I (S sl
Gls dlge 1l ((T€) (1,5l 5 (S8) puides «(S) 0,555 Juli) el
> jo Tpbatal b g e ek s raiien oil sl <> g0
b L8 e LS Glaie ‘S.i...\.lj 5o 0lge ol lyd soled ¢y y5hs
ol s B Gl Sples iz pbael Sl s a5 >
G olge (pl (SO aSIl plom jo Dolay el g sl 565U
Sy aslen |y (SIS sz sk S o o 55y S
G4 o b geglie phaiol el jo a8 Jb o aisS o Jaie Ule,
1] s oo lid 095 5l iis plp o (Sn

90 3l plas e 4y LT 5l eolawl b lg5 o |, chalgonide olge
I LS ol s sbSuss 10 05 (o aely cadanes o>
bGP b Jee ol PCM (slaalibl> ;o g aiiS oo cpaols a5
Oogndiasliy e Sdee plnl ToaiSe S S a4 (Sl
Jiesus slaolKiws o ol 5l solitul lSel PCM (slaaladl>
9‘5.*.,’.9;)'1... Al 4 gils baladls ] .casl 00,5 ol 8 1) (559 5l
g g0 oolatwl Weools ol 5l (5,59> sl)y DRAM 5 a5
e WXl 0 oS A ae 3929 Gy |y oole S g Wl
Coio 0w g [Pl latalesl ) oo (055 Lo s p3yeliie 0503
Alosls olas g5 51 V]

Sy 1y 6y cpl slaJshe a5 ol (I PCM S0 (65
ol 40,8 6y Al phaiel g ek Y ol Slacdls 4
B b 5 sraebn Sl m dsbe o Cwglie (e eSS
Oz el el e Bl cuglie 50 b Ko Bb
oy (> 5 planas ade 5380 5 b olse T, SV
alol SVl 0,50 Cawots Joku 4 ool Jleel (S SUl L >
D95 ;0 S Gl iy &5 s e ) Syl Jekw o 4
s MLCY 1, oS oolaral colilB ol 5l a5 Jolw ,2 .0uS 0,33
4 sl e SLC! 55 1) oSS soliiwl cublB ol 5l oS b okw

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



o She 5 sl BIMS

YYAA 5l oF o lels FA Al 3 55 oRils (55 (gwiigee aloea [V F-V

as '\))B‘LSQ Og>gdy ‘) wo)ﬁ LJ"‘ 03D O)L.u| Oy90 9O L)"‘
slad BIMS &g, 0,8 ASU alasl> Ls|)4. Iy it sl loss
oolaiwl b g a0 1,8 colatwl 0,90 SLC & jgody |, aladl> Jl>
o] piw 4 oy @l Gl gl Y S alad )l
B e 850 Sibay a5 plesls a5 i cpl 4 WS e
dwd Jas e a5 b i pl 4 MLC glo sy 5l 1 wslais 8
100

90
80

—&— Vips
cholesky
—&— bodytrack

70

60

Size of Benchmark (%)

50

40

0 30 40 50 60 70 80 90 100
Instructions Executed (%)

4 (88l ygome Some daliyy dus (gl alidl> 5l oolizul S Y Yo

4 (S0g0s jgoma g o Jsaul daliyy o (oli2l @il jgiws slass iSlas>

Aaliy o Jdl galadl> e ASTA>

0 10 2

BIMS (solgaty jbsle ¥
Capin & ool 5 s aalys @) BIMS Jlisle sy opl o
099y Opl 30 wab e plxil Tamao mhaw (o olgen Lol galasl>
ol ol gli] ol el amio len T Siloj, sojal
Tog Oy (nl GBI samio Cupae (e 0D aleS (Srae
Ol kbl Jglae lalisle b (S, cnl coledys g g0 00l

BIMS ,tsle % ¥

65154 5035 31 e ol e 43 1, BIMS L5l sl ¥ S
lababl> al,l el Lol s3> > sl BIMS aas o olis o
SIS g Veslolis Jgaz ambe Jgax

Gyaa 1S &5, JAe Lugie jsbods POM  Jgane (sloaliil
i3 oo fewly W s ) S puo 17 g S 00
R 5 3 oSl ¥ e e e ol saslsl o
ool mesgs ¥ iy jo 1) BIMS [Lsle juw .cd)5 anlys 13
Al Giloared @S 5 Glwand o F iy o 0l salys

Al doles &l i pl ases B (iSu 0 Coled j0 0ed oo

i (5055F ¥
OO ke y® Wl g0 & oS o0 o2 |y E9090 93 i cnl 50
Conds aiiS SaS b 4y wigd oo a5l PCM L o5 olealail>
Ayl pgo 5las 5l abadls 4 ojlail S 4y bdol 5 gaen 4SSl
bl oles ples o 093 jli 090 (salidl> Slax & el 251
O 9 0iiS oo Jlil ] albdls d ol o g0 basl 28T a0l
5 5l Ken o iy sl |y L Lagae 255 e o]
sl iy ol 4w (b sl 09 Akl p>
Sare S osba ddl a pwies 5wl alf Maxio
Bl walsS S92y w50 plagley A )0 09 o0
&y Gy B s cpl I BIMS ol JB aladls ) isxy oS
Dy 0 04 aladl>

355 3l 3 9m sl 2Shaor ) Loy iy 5,0 5
Sy (6510 jladedy aSO1 5l Gy (S S el LS o
RS FCS VC T CACT RNV POPS S S0 U I
S @begisn @ 5k Gl 990 gabidl> w2 s 5l aslp (n 555
S0 jehate a4 igd sod &Bly ooliiul 8,90 a5 Wijle 0gmg aladl>
aeliy aw gl 1y aladls 5l oslaul o801 USS go090 )yt
5 [V\] SPLASH (gacgams 3l cholesky (sasly :ams oo olis
[VY] PARSEC (sacgae 3l Vips 5 bodytrack slaasls

i Al o a5 wes e lis (6950 jeme (SOl o
Ol 3ls 0)50 abadls mSTas 4 Jlade ol el 00 )50 il aladl>
obas U cpl 5o Hemme ol plaml sy cwl ol e 4ol
s97e ed Gbled i SYL e ise Sl Ul sauid ools
odsl,zl Ol jgiws olaws Ojygo a0 1) Lol cédyin ol i 28
by o ol Slisws SSlas a4 jeme ol wo e olis
30 sl ol 5l alaS e (i o &5 Hebles Lol oalds s
5 a8k S god JU ] 093 5L 050 sabidle salod d 2 (sla
Cawl 0als 0ols 1,3 L LS o oS gladbadls woe e Lz
a dyzl 51700 5o,S b sl ax Cholesky (gasliy oS oo s
3 pagd syl 5l am VIPS ww ) s0 395 3Ls 050 (sabail> iSlas
5l S 5 bodytrack g o, oo alidl> iSTas 51 7AA & Ol jgws
aldls g Ll 5l 6 iSlas Comsg ol 1zl Gl 3las,e SO
LS oo (6 e Jlril

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



o She s sl BIMS

YYAA 5ol oF o lels FA Al 3 55 oKils (55 (gwiigee aloea [ VF-A

So bl SLC oy il a8 815 oolinl 5,90 SLC &9
o pl Free cus g o aale>

5SSl b amio Jgar Sy aliil 5y Soles e
b amslin ;3 sl ous a5le (gy5mm il (25 SRAM sl Jslo
ol oo iS5 bokS N asmio b n 5l a5 PCM alasl> Sy
2

2X6Xn
NXxXn

M

Wil SolglS F axias o ojluil a5 Sley il () jo a8 el
OFs po 434S 05l dxgi g algS L/ ¥ sgum 0 Low oyl
Sl ygi 3l Slasd (nlply eyl L S 90 4 axio Jou
sl e VYN Jyar o) aliil 2

S all G ols 5929 BIMS (o 50 eololie Jgaz b 4y oisn
Seomio dod (0] olyeney 1) SLC (gamio Sy (w3l (oo ol
o 0gx o 1) Cawl 0als 0,53 SLC (pl o ol eols a5 MLC
9 SLC_P_Add (slapl 4y i pas (wyol g0 cpl ¥ S 50 0,00 oo
S S5l e gl e aiload jaie MLC_SP_Add
e alyo ol ams o lis o] og S5 AT o,ls 8439 "V 6l 4
L, MLC gambv 40 @ 1) SLC samino S 5 ol
ol (S 85 s 53,5 s sl 300 e ot S 55
STols 0g2g Jeaz ol ;0 "D ab b 55wl oo Jloe! aias (o
S5 0,90 SLC aman (o a5 cnl gume opl 4wl SO Con o)
i pl gilwdlsl plKin a5 cunl oY g Conl oo alig (glesls
35 033l 55U MLC (gamino dos 4 )] slaosls

s chla a cul asS pl colole Jguz 3l oolaiwl (gogm
OFs 5 39250 syl (ol BIMS aladls 4y v yiws
S S e duglie onools Canlgs o wyol b 1, SLC_P_Add
4 wlgn LSLC_P_Add 5l S a5 asl glojl ,o cunlss o ol
03ls s abgsye SLC (samin lawgs Cawlys o o] was zuwly o
5 e s SLC Gl 4 cwyiws oS bl 1 0gh
FSnly Jgsm sojlal 4z el MLC Glras 4y (o yiowd
Al (0 g Ol oo yiudien SLC Olas jl colaiwl Jlim!| (oS
@ Wl oo amio o Y L plp M Gl 4 oS oo Joo fe
O 5 A )3 S Jal Lad plp 93 9 998 poandl Seond 90
oolaiwl SLC & jg0ay g5 oo 1) aliil> slo Jsbo IS pousss >
Jouz ol bl fou Jbyw (Sl nl Ay gl s 0 08
1 PCM aladls b avglie (o

6 x 1/3 xn X (2 + 2[log (n X N)])
NXn

M

5l eSSl iSTas ZobelST F oamians ojlail sl a5 il e
o e 2 0 dezge o olawd AF 0ed dz gl bl oo 1 /YO

Memory Controller Memory Array
= ———————— =
’PaglfaTabIg I[2[3[4]5]6]7 : st 2nd
I Free ToJo[10[2[0]0[1], ID subpage subpage
I[_SLC OOOOOllOI
MLC Accesses

Acces§ Commands
—>

YY

Pagsq Commanjs SLC Accesses .
5 Data6 «-SLC
Metadata
D MLC_SP_Add SLC_P_Add 6 Data3
0 3 6 7 |
1 6 5

ook

(SLC ,o Datab) K, 0,8 iy BIMS I3l jbisls ¥ o
o sl grve:) LS°°|° domoom}

P S Oygods Canlrools (gilwe S e abisl> )l
bl gm) aiwe MLC sy ol o 95250 Olas aled
Lol (g 0 0,233 MLC sla sl ;o Slxao 5l plaS 2 slaosls
Glp SLC o w0 1, Slxao (pl 3l goloxs slaJsls BIMS
sk o Sl (23 L 285 walsd e s Sy 2l
a5 Sopd gdmans o oyl a5 0g5 0 Cew M Wilg o MLC
&S Sopd Olxio plp M udlg o wiislb MLC 1 sla Jsho
Sl O 0,33 055 0 00ld axiws SLC a0 oy sla Jghe
AL e m Gl e anee VOUSS o o sboles (Jls
[ plaSye a5 col (4o 50) amiav ) 50 slils MLC (gamian
BIMS 312! Loy ;0 0,5 0,53 SLC (gamio S j0 g 0
Wlgs o S oolatwl SLC & jgmdy (So5ud (gazmio Sl dalssy
) jo .S 0,53 SLC Glras 5l (S0 |y aeg cpl 5l plaS )
5 Sool CulislS ¥ alibl> (ilre gazmbo o o3l S o0 22
s 48] 09500 0238 MLC &j500 52 (230 &0k
MLC & g0t Slbrao saan a5 Sl (pl 5 dig oo alails>
asly Wiy g sl a5 ez Slas 5l L wigd oo 0jud
b oaud solaw! il
95 5l S o amio j w@libl> o poe Jolate slaghy, o
Olxao o gatein pled g oyl 13 cas JLil L ooyl cdl>
Sl (So5d samiao ;0 BIMS 15 )0 s925 (g5lre 5 (Susd
g (o Jlal) Jlo gilwopmsd wlil il (S > a3l (S
) amio 1o Cundg 45 05 92 Ao Joax S a0 SLC
90 ol ¥V USS )0 08 g0 e aio o il g g0 elasl L
Coandy ;o dxio ST .ailoads asin "Free” g "SLCY slapll oy
o 1y SLC Cop g 0gi o0 03ld 418V L ply Free ey cails o]
30, il MLC &jg0a o0l (gilwopusd >, axin S S
& BIMS Lt amio Sy 1 5 2ighgn 45,5 J5 45 o Sy

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



.. S 55 sl BIMS

YYAA 5l o o less FA Al 3 55 oy (5, (gwiigee aloes /1 F-Q

Search in Metadata Table

1—)

0

0

p2

Allocate a page in MLC mode ﬁ
1
H Free an SLC page from BIMS
1

| Fetch from disk into MLC page |
N2

Access SLC page
¥

Update Metadata Table if needed

> Allocate a page in SLC mode

successful? 1- 1
Read from MLC subpage |

0

W N2
Select SLC page of another entry Update Metadata Table
N N2

| Write it back if Dirty Write to SLC, perform the access

BIMS ;5 03ls | gus s aigy ¥ JSS

Saxie o &5 Sl (gae ul 4 WAL Bhge 929l S
A pljo el cois 4l SLC gamin G 4 Ll 0440
S atl rebae B uiS (o (o) 2 | 4o Joazr JLSG ouisS ]S
5500 5L Gl e ST ls 0gg aladl> o el 0,90 (gaan
iy 5 (Sojed i S B S o y2ganr |y anio Jpar
Gazho 3l abg e Gambo dad el S8l (JIB gamio S1aS
5 39 oo 0,3 SLC & gody amas ol j0 g 0ad ouiles> MLC
Al S ogdh e S azis pl Gl i Jgux o Voo
Ol 0 a8 ogd e ool plaisl Joe cpl 4 55 oololie Jgo
5 aad e olid 1) SLC  gamie ol SLC_P_Add
slcwlss o sled MLC (gamio au owyol I MLC_SP_Add
odls olais! ] 4 a5 SLC (samin 3,k 5l idmbo oo ol 4 ]
g o 0018 Frwly Cowl oas

SLC lxis 5l (So oaisS S weid oy JB (gamian S
Slxio le l amio cpl WS 0 QB ISl gl 1) 0szse
aS Conl Glrao b Coglgl 9 098 oo bl dcgesms len 10 39290
MLC 3 (mmsiils & 55l b aily jao ligly abgipe D oy
Sg 0 j5,4 oololie Jaux ;o abgyre (saslys (e ol ailag
Jsaz ;0 o)Ll 8,50 SLC samiano 4 MLC sazio a3l ools 4
g e Jiia

ambo Il il 35290 azmio Joaz > abge ol S
g aides MLC & jg0a; Lol galadl> o ool galidl> 5l 1) Bun
bog @i oy Yo e axl b @lhae 1) p3Y sla)ls an
B MLC gamio a5 Jge ,o ab arlys plxl cuis s
Col oY bl allad sez g oile galadl> 5l esls el (sl p
sk ol sl Gl BIMS (gosliinl 5550 a5 SLC wlxio 5l (S
SLC Wlbo o 51 Bolal & jgots amio (ol il jo 090 o]
ol 4 baye D con ST a5 cul by, ded o0 bl 95250

Gaons ;0 ol 50 9zge laosls cuwl p3Y il sasias

Jge=
el 2 4 2[log (n X N)|

Oygods Jeaz ol (ol leakitls ol slo,lisle asles
§F 9l iy oD &y Qg 0 Ls)bdij Hu;:.o.?él LSL“‘LCB*".‘-"
dte D)ygots ez 4y eadosls (olaisl glas sl e 5 0sl i
@ aulgl oo oS Slrao olasd ilbolSS Ly jelateds 09l colatul
pevey) |) d9>s0 slrdcgamme Sloxd g 6)“5"& Sy Q—.’.‘
Lgd.]aﬁb diles ol wl.) o)|5A.m ACgoo B QSM‘ Lol RO (R
w‘P)J JJ)QT )l oolaiwl l) d.]ayfo ‘;Lo.a.}‘ AL goto ‘Js‘m QLQ_\
Slogeydl wezse sl Bl 6l g Spdice Gt 59959
abadl> oaisS Sy Jgaz (pl disd oo 929> SLC_P_Add
39 0,33 PCM 5l 5ay s (sl g5l 51 oolal b auly 5 0500 I3
e e e UL

by ganby a5 Caol oS S S iSu 5]
plml 5 (amio JyuS 5 oilss (09) (63959 slacelss o
o yid abasl> ] a4 isu ol L ol eageas |, plaS e
Josz g amio Jeaz 90,50l gaddsy puzen o)l i
as ‘;u).m\.a ane C;ALQJ | U""‘”U O (Godgse A ru oololis
S (oo [l 0aiiS J S 1) 09 b e (omp O SRS
U g Ny, @

obes BIMS )5 54290 00isS J 7S cpiomamw 5 4 £4,0 oK
oled &S i ol 4 0,5l e MLC &jgoas |, Olxio
Oy b S so el 1) oolole Jeax 0 0290 slawslye
dod Jouz 50,5 L myea BIMS il 4 lowlys s
WS o L e SLC Glras 44 |, MLC Olxan
ol jidu ;o 50 slacpalas 0ed o colaiul cunS S
Sl sl (s Glagpzlas L) ¥ S 51 Caond plaS” a5 soo 0
D¢ dalgs 5 o

Joaz 5l 1) degame SO ouisS S ol el 0 o slila
O s ..\.»5‘50 g.)l?c».:‘ 59959 Cm‘s:;)b u,u)OT u,uLw‘ » oololie
4 05,5 o0 (69,50 JLis MLC_SP_Add (g ;o joime sloaslys
ol 4 05d S8l 0j00 iz &5 (Jyge 50 il el ol el
3l sladais o SLC & jgod dbg e gamas dayd a5 ol Jxo
abgrye sal,0 SLC_P_Add ,o o] w0l a5 ool o,usd aladl>
Colgm ) a4l lp cal S5 a0 cwl oals 0,53
el )d a5 (yge 50 0 B (o 950 amio (nl (5995
UJ‘ )l D o) S| ;Qjo}.o OAMSJ)‘J ‘MLJ u»....vs_\ 85.: )| $°9)9
B2 i SO |y e

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



o She s sl BIMS

YYAA 50l o o lels FA Al 3 55 oRls (5 (gwiigeo aloea [ VFY -

o d9doe o3 Sloj LS Jos (nl il 0dls mdes (nl 5l i
Diigy 39290 SLC Cilas Jawgs aladl> 4y odw ) Cewlss o o0
g ogd il coblie Jgaz jo Jb sasls SO all onis ools
3525 SLC & jg0d; amin S amass gl akils> o Jlb slas
2 FB gamio Soowiil 3 bbb oaw ol ST asl ausl
38 amis o Leyel g Sgi g0 03l avasi SLC &)god, alail>
B9 o 70 odlolie Joaz (0 ez ge sl 0

25 i 3511, SLC lonies oS 225 (58 oot
sl Joe ol piass 5L5 g po3) g p0 LS &5 (e
e 5l AT (Syge 50 Gy LiSw Slesg 4 axgi b ogd o
Ol3T eaisS J S Jawg Slmio oyl 5 (golos g yiius alabl> a4
odls 13 g L]y a8 losly (giluo s jelaiedy g 0uls
oz oby 4 e SLC Glxio sjlwolj] § Lavass aigh oo
Iyl opl 5l ol dae s aiS oo JL3s BIMS a5 ol (glosls
25 el s o] slaisy )0 SEBs jsbas

Jole e salidl> L awlie ¥ ¥

$lp BIMS jLsls Lol Gus s ool sy a5 45Slen
B 5l wls Jy ail e PCM slaalddl> )o alddls x> g oo
50 Ol adadls ailes oliil 4y b g s Cu o 0950 g oo Ll
a5 )b aie S o b aS Jb o wed a3 )3 s
2 algs oLl layT 4 alol

(3wt SLC & jg0ay a5 Slxas olaws) BIMS (gojlasl )
55 sy onl o Syrye oS JS b ol il el
2 ol gabbls oS glosls o a5l Jl> jo ol 0gd e
Sgu g0 astive 083318y (b plKie WS 0,53 Wlg so o
s §)5 S JB 5

BIMS )é CA.m\‘ usua..o ws) 9.) LJJl )é oololie )LA}L.AJ Al
saksl> o a5 Jl> 0 09d o0 0,33 55 SLC gamio u“)ﬂ
Ol Al a ools 353 a5 Lz o) 092y ol iz Ol

Olgiend Ko 05d  oslolie Jpuz j0 degaze S ST Y
SSon a0 ol plats] was gambo G dsgee o] @
Y MLC Clxio 4 peiiane oo yiusd BIMS 025l o> ol
o Jlas oyol 5o 0)lgen oyl sloakisl> o a5 Sl il
Do g0 4SS ool Soly

30 il galadls> 5l esls a5 51 i ail e sl by e

Dgds Al

| il ¥ S5 g, ol o Skes sopms 51 Jlie e
50 S 2,8 0l (Sl e cule LS a5 aes e ol
nio Jpiz adond JIBl i 5l p e stk 5 Jsl (e
Sy g edlolie Jgaz g Sewl 03,5 oy pdS cenlite jebay 58
A el Ko a5 010 gac ez b dcgeze

45 Canl pg3 Saxho pg3 Shod 4 axho (ol &y (g ywd (sl
oled a8 Sbxl el ool eols ylas "Data3” L Y S o
SLC &jgods dxao i (pl «yoel oolbolie Jou slaaslye
3k o1 gasae G 4 BIMS 5 ) sloul (gl sl 00l 0,
Se g Sl 35290 Glamio iz axio o 4 azg L aS )b
Sl |y Canse 0590 00iaS ;a8 oololie Joao 5l jixal sl 0
Slale (I MLC_SP_Add sy oS oo SO 1, TV e g 00,8
so)lods gamions Jlo nl 0) ‘“‘-‘-" Samaon ool b Jgox
Oygots (Jlo opl 10 F gamin) of5] gambo S 0gd oy (7
SLC_P_Add _isw 0 ] wyol g Sgd g0 00l arasi SLC
Bedse joyd oaiS S g i amio Jear 09l oe iy
Sgd oo 0yd dxio (pl 40 g odd odilsd MLC (sambons s
2O S (g0 03 Ly SO LS azmio (ol jo ol o a5 Sl ]
e S NS e ) b o oled ools pme (nl ame
sl plo 0ed oo ools Fuwly 1 ailes calgsyo (sl oyl
Wb oo s9,% el jsbody 55 Jolae

plez Ao Jsl gaes j3 (A Hrtes S ped CanlyS s
dolee yias ol ouls ool las ¥ S o "Data6” b a5 el
3 ped sl ol iy 950 ailen CwlsS o (nl 4 28l
g Wghoe DLl axio Jgaz )0 ey e g bl Jouo
bon et SG 4D S il g Hetes S SulyS s e

o el 5l S e sl oan] yo &S ebcwlys s BIMS
abg e SLC Olxao jl oolawl b |y aij oo aladl> a4y axaopd
S5 9 et Sy b lacslss )3 ol o 5 Gl 4 e e ly
aaons 90 ol 4 a5 Slacwles e aisd co 0old Fuly (g yeS
gl o 0010 Fewl YU e g0 aiiles Wigd el o)g

WC@‘)’\_M L]

e 3l 5Ls 58 (JB s (gaman Sy o 05056 SO 4 BIMS
slal Sldes aiws g0 S o o515 0ol Larass | Glxas oS
gl oo 1yl 0aiiS S Jawgs a5 o )ls 352 dan o pde sl p

Slrao pl a5 cawl (pl SLC Slxan olaws ioliél ol ) Lo

a5 jebles Wigd oold Lamasd ouiS S sl gy e O)g0d

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



o She 5 sl BIMS

YYAA 50l o o leds FA Al 3 55 oRls (5 (gwiigee aloea [ VFYY

bl i L 1) )55 cnl g 2l osgep (e S5 cn Sl
Slr cwlie lacwlys s adys g iy il pe 50 oo Sl
3 aS jebiles 5 ol gabtls sla oy s oo sl aladl>
hol adadl> iou Lol aiS oo Jaw |y ol galadl> canlay il
ol )8y (9,5 Joe 5 BIMS (eolgring Jisbes gluosly arils
30 by, ol jo colaiul 050 slo el )b 5l golaws o lo onge o 1,
3 57l gly dayialllb cpl p edle ailoads W11 Y Jgos
Sl ool a3 )8 las o cel WS Ve (gojlailay oolobe Jgux
3 g A uiles cdls 48 505 SLC (abibls & w150
52 a5 Sl S5 4 a3V gizmen Sl Gl SIS Y. i

WS p 0,3 3e5 (0 1) S 90 by gjlwand nl ;o MLC ol

Sl 50u)Sy Y Jgar

o el y Jsite pb

single x86 core, single-issue, in-order Processor

128K, private, write-back, 4-way, 64B line, 2 L1 Cache
cycles access

1MB, private, write-back, 8-way, 64B line, 6 L2 Cache
cycles access

MLC PCM, 1GB, 160 cycles read, 1000 cycles Main Memor
write, 4KB Page Y

3 plaS e sl picw 0ol (g5lwooly leand 1 eolanul b

bug gilwand @zl Olip il o 5 ol gileand badk,

BIMS o5 (owsz sl oS cnl ol (815 sl
Cd,8 walgm 18 ) 8 50 dy (USy ,0 9 b eolaul

Sil 4 bae ¥ F

2GR 2 R 0 S oo Al (gileand o isu (ol o
285 salgS )18 (w0590 (b sla el b

shs .
Sloasliy slilar 1) ekl ay yins oo (Sl (A ¥ S
S 69, BIMS I 6,Sojlail jolaeay ams oo las alids
Jol) s S (o yis oy ol 00 A1 p3lie e
2lios (p9o 9 Jol gl Ol (sloalidl>

aS GB) (galadl> aiine oj50 dw duslie 0,90 slrolliwo
Salaske ples a5 GBY (galiil> s MLC iylaJsbe ple
GB\ cud b :Slas L BIMS (golyriny saliil> ¢ wiien SLC
obey daasliy (oles sl wims oo plas @S &5 jebplea
i 98 5l yiiin MLC Loles oo (gly abadls a4y oo i
2,18 3l3 SLC Loles w4y (Blos oo s loj g ol K00
4 Se33 sl BIMS & jeome gl (o ytws Oloj om crl 5
P yebar 1) ool BIMS 4> 5 (cwl SLC Lol i
i Glojy lawgie jebay S e 0p3d MLC O jsoa
J 50 cels SIS F/A L el ol 0il MLC Liles a5 alKiws

mbs ¥

il and baoes ¥ ¥

oads oolarwl M1 L e (gjlwand 51 BIMS b5, jslaiess
el e ol b alie gloaslp 4 bgw la sl ol ol
ools abadl> sluas G 4y (69959 Oloieds (s g 00l gzl 5l
ol OB s s bawg sleans ol gileesly ¢ 2l el 0uls
Sloans ol 5l saelcwsa bl 56 cols 0 ol o NES
it Jo el 5l plas e dalsl o el oads eolal ol ol
W M‘? o

el V] Multi2simloacs alasl> isu s Scws b
cowlin gboyial )l 2ojlaie b oS adg 1) Lo 0j00 sla gl
a5 1S (gilwands T Sldee se 0 1) XB6 satun S puislss
Sgd oo los gabkadls clbs yguy aladl> eled Sl adgr 4 e
9 u..\;‘5:> ‘wy) alasl> A (g e 601.{: C.')bg.luo » ogyﬁ
Slygiws a5 mols o (gysb 1) Multi2Sim (adgl 20 )lade
g dxao awass Jold Oljgiws plauS el o ) adadls o poe
oo >l alibl> jludd jo asbl )0 aS sites axio (g jlwols]
Sl a8 ey abadls Co pow by, SG (gilwooly elaieds

ol el sael Vo 50 ol gilwancds claaaly Cow b
Sore slodeli py acgazs 5l VIPS 4 ferret bodytrack  folis acgoxe
5l raytrace 4 radiosity .ocean du «cholesky slaasl,,  PARSEC
S5l eolaiwl b basl p opl 5l SOy el SPLASH (sacgozxe
ods [zl ol ools rudes Y yo a5 Multi2Sim gazdly o5 gasens
Al oolatwl dx gal> o jo albdls glwands g1y Jol> Sl

u"? 9 o..x.'.’sd)'L.:A.:.,..'.’a Sone le.bé.aliﬁ C‘..s).&s :\ J,..\?

PlaS e dbadl> dy o s

S 50 ol olass ke |y 0 dg slass .Sl
25 D)
. I§Y AN Bodytrack
Y0 YA Ferret
i SNy vips
JfY AN cholesky
-V Y Lu
< fY AN ocean
A N3 radiosity
.vE AT raytrace

oby a4 abile jleans S ol gileand G2l Gl
ot dw Jolds sleas pl s ,S (g5lwosly 9 214l SystemC

it kol sabisls o ol sabitle wenijlsy el ga S LB
a ) el So oo S v anby sleand (nl el

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



o S S5 sl BIMS

YYAA 5l oF o less FA Al 3 55 oy (5, (gwdigee aloes [ VFVY

‘_g)).s| Al ) L@L’j OLQJ slealasl> ol).o.mq L:bo..\i)‘b),i )" 9
el 00 JUEHE g Lé)"a‘“

55 Jelos 4 oslisl 390 syially ¥ Jsor

P &35 Slidas
4 00
Y.y 01
MLC sy
¥y 10 o
R 11
Ys 0
Y. 1 oy
¥ MLC -ulys
Y SLC -uilys

2 sl ) g dw (Bras 5l begie (@) 0 S
Gl it (8, o0 Hlamil a5 gl len ams oo Ll g s
s 1) 531 2 7S 5 Sl MLC Llel s 4y 3lae (B e
BIMS 4 jtore piewws (Byae $5,) S oo Bpae SLC Libes
G35 (D) 0 UK & axg b ool SLC Liles e & o3
ol MLC Lole nens 51 530S ZAF b SLC Loles gt 3y
TAe sg0> ;0 BIMS & jpome givw glp Jlade ol a5 Jl> o
il oo

14000 -
12000
10000
8000
000
4000

SMLC » BIMS ®SLC

Average Energgy per Access ()

Energy Reduction (%4)

BIMS 3l olisl by 8 pae 55, JS

BIMS (sbsy cubls

oS Slas olawi BIMS s 00ls ndgs 3 cplilian 45 j5byles

5 i 3L bl 12l e 0 1) 8l g0 oSS SLC g0
BIMS o> |, Slrao ol olowi ans o i 09290 (galadl>

L§L>5 ..\.wl.ﬁ WA o)...‘>«b SLC u)s.»od.aj.la)b)}n u.u)bT )f‘ [b-’-"l’g,""

BIMS & e piews 3 SLC Loled pitens slp d0e ol a5

Los el 8o corlas ;508 e 55 il 99 SLC Loled gt

J.M.S‘so oolaw! wgb M)bl)@lhkjjlw )led U‘

100
= 9
S s | [=BIMS
§ % | |wsLc |
5 &0
& w0
= 30
ol im0 A
N > & o = & <! & o~
& & & & & & &
¥ st F & ¥
&

()
s ysd sloj Jawgie dunlie :F S

@ R e Slp (o Gloy 9 Oliee () T JSS
Lzs MLC Lbes s 40 Cns 1 SLC Lile3 gt 5 BIMS
Lolod s § £YF lawgie jobbay BIMS 4y jemme i 003 o0
A5 oo o MLC Lile3 s 31 e YA Lawgio jsbas SLC
L LV Colae Jbyw 4 BIMS 4 jpome sl adly,s
3,18 SLC i 40 S50 35

sl e

o ool shzl sle Wl BRAGER Hsba &5 o iws o
Sed s (Ppae il selS cel Wiy 3Ls SLC sla Jslu
Gl ¥ Jssz 38 35290 sl gsdge ol oolaphis slason
bl ¥ Jgas (o eadiz,s slasl 0,8 eolaiwl (65, yeesd
Syse &5 Lawsie lime o Wlead Sbesl [VF 00 O F] sla s
1y oadionsl slagsyslid 5l plasym )5 (2agi g 51 uilss sl 5
oV g i ol MLC jo VY g v v idigh aims oo lid
90 ;0 3 MLC sla sl 51 ailes S oo Bpae (g5, SLC
e el plp g0 T (Bran 5l Az ;0 g oo plol al>
o»)y).lc':.; Sy90 ‘_sLal 64]45[? LQ(.: ‘6))"‘ UM U"‘ BN as el )50

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



o She 5 sl BIMS

YA 5ol oF o lels FA Al 3 55 oRls (55 (gwiigee aloee [ VFYY

Glp l, JB Slxio Wlgos BIMS (olsy ol Jooa ool

058 S s (Bras 51 RalS g ey il

S5 4 O

ol 5l S Glgica, PCM (slaalail> (g ,5ls (aisds gans o
o ke Lol sleakil> o DRAM glaakil> 35 Lol
Of 7S bl 551 5 5t 0515 5518 nl slacs i 3l oo
Al 1y cas sz (gilwo 3 ollei PCM sla oo (yuizros .ol
Gl s g e GRS g (Brae Oy Gl cel ol cnl &5
slgaion [y BIMS g, Lo baasyjo (] malS (gl 058 oo laladl>
0D 355 10 T SO s a5 ol ol 5l eolatl b aS 0uS o
S35 5 00ls Gl ) (rlawainr lashe jos 5 S p S
om‘nlz.:l Lglng)wa uaLM:‘ PR (0 u“.colf ‘) [ ‘SQJ.A.A
3 ohgy opl (ledss Jawgs cadosls b ud jluacd 5l eolaxul b
3y sien hosis uls Jolu sles a5 gladadls L anslis
sba 1y owws oloj 5 (Brae 551 S gei ooliial s
Silodal Cowsds Corluns 101V 4 o035 (gan o

ezl
A5 b 505 gladil> an 25" (gege> ez 5 Loyl wer [V
sodislo s, » Gilee ! jekiedy bosls Codoe (8 T
¥ ojleds OF Al sy Bl 5y cwdige ale M glatumoiz
AF 5ol YEY Sloio

S hb " gy Lopdle 5 plaugls dlsx gy o snwnw (Y]
5 DMl (g5luo w3 o oliebl ol Cg> aige BCH ,uSos

oy o&ils 3y i e ‘"ui‘..lé sleakils o Uas mocad
A0 58k ¥ o led FYNV-YVA Slis FF ul>

[31 M.K. Qureshi, D-H Kim, S. Khan, P.J. Nair and O. Mutlu,
“AVATAR: A Variable-Retention-Time (VRT) Aware Refresh
for DRAM Systems”, in Proceedings of the IEEE/IFIP
International Conference on Dependable Systems and Networks
(DSN), pp. 1-11, 2015.

[4] S. Ovshinsky, “Reversible Electrical Switching Phenomena in
Disordered Structures,” Physical Review Letter, vol. 21, no. 20,
pp. 1450-1453, 1968.

[5] M. K. Qureshi, S. Gurumurthi and B. Rajendran, Phase Change
Memory: From Devices to Systems, Morgan & Claypool
Publishers, 2011.

[6] A.L. Lacaita and A. Redaelli, “The race of phase change
memories to nanoscale storage and  applications”,
Microelectronic Engineering, vol. 109, pp. 351-356, 2013.

[7]1 Y. Choi, I. Song, M.-H. Park, H. Chung, S. Chang, B. Cho, J.
Kim, Y. Oh, D. Kwon, J. Sunwoo, J. Shin, Y. Rho, C. Lee, M. G.
Kang, J. Lee, Y. Kwon, S. Kim, J. Kim, Y.-J. Lee, Q. Wang, S.
Cha, S. Ahn, H. Horii, J. Lee, K. Kim, H. Joo, K. Lee, Y.-T. Lee,
J. Yoo and G. Jeong, “A 20nm 1.8V 8Gb PRAM with 40MB/s
program bandwidth,” in Proceedings of IEEE International
Solid-State Circuits Conference, pp. 4648, 2012.

[8] M. Han, Y. Han, S.W. Kim, H. Lee and 1. Park, “Content-Aware
Bit Shuffling for Maximizing PCM Endurance”, ACM
Transactions on Design Automation of Electronic Systems
(TODAES), vol. 22, no. 3, Article no. 48, 2017.

o2 ST albioo (il8l BIMS o il 05250 alidl> o Jl>
ol asls 5L gt gabbl 4 e g adl p abbl>
Db oo Lol BIMS (o> g digds o of51 SLC Gilio 5l golows
ISl o) 058 93T phapns Lansgi axio S, o 5]
MLC &jg0a a5 oloosls 4y ogdle (wiS o5l 1) aladl> 51 oo
Sygods |y osls pl 5l sidy a5 Slxao led iloads 0,53
dw pl b IS jebdy aseis )5 .aigd 0 ol31 55 wles )5 0 433 SLC
Al el b ol sl Sow BIMS oo ¢ g
BIMS x> 7 S BIMS sojlail obgy oologlas jgkateds
J97e A3 o ;slid cholesky o VIPS (gl 9o sl Lzl e o 1,
aslp o] p fiSTas Lulwl 1>l a0 1) BIMS o> (5350
3 slawlgs o asys poloplid b ojo (881 jeome s po ol
Iy asbp o Gzl jo cdyinn i cload ools Fuwly a5 aladl>

B2 oo oyl
100
\‘K)
= 80
= 0
o
& 35
o 40
~
7 30 vips
20 cholesky
10
0 bt ‘ ——t—t f————+-

0 10 20 0 40 S0 6 70 80 90 100

Number of requests serviced by main memory (%)

1zl ez ;3 BIMS e £ IS

30 PG Oygod Olas den aS Gg.l:;.s'l Sl kel o

liawlgs ;0 yduw, b .Cwl ;oo BIMS o> waiwa MLC 2>
03,51 ;3 SLC cll> a4y |, JB Glmio jl golass BIMS caladl> 4
0,3 o] o 1, wlad 3 15 sslitul 3,50 13l a5 slaosls 4
5l ol o G BIMS oo lej y30 & 5 435 o0
S 90 oyl slad oled SLC Glas a5 &S oo log aslel sl>
a4 bod lp JB saomans aSol b asdl sols ibe |y 4ol LS
s 5L e oy gow 3l o ol ailas 09> SLC
sl 5L gyt gabbls adby ST 0gd o0 oS BIMS oo
gabsl> asliy ST 5 Wgd o of3] SLC Wilmans 5l golows il
Ly 35 abg e SLC Gilzas (wuS ol 1, aladl>) salgse (%S
o5 BIMS oz 2l g0 10 50 el opl 4 5 2igd o oI5 BIMS
0 3 ool (oo BIMS o alS 5 Gial3l a3 ol 555
BIMS x> ,b (s ViPS (g4l 3 5550 50 diged gly 000
ol 3l oS sakold 4y 0gd o @S acwlss 0 LYY (gl 5l
S & S35 L ol 5l Sl aal BIMS po o
de 4 BIMS cholesky o900 ,0 ails o <ol asby sl
Sl s LS e 5 wlee 65 Sl s (s
s ol 3l ookl o (Lol WS BIMS o gy 055 o0 p

Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019

Serial no. 89



o She s sl BIMS

YYAA 5l oF o lels FA Al 3 55 oRls (55 (gwiigee aloee [ VFVF

[14]

[15]

[16]

Proceedings of the 21% International Conference on Parallel
Architectures and Compilation Techniques, pp. 335-344, 2012.

F. Bedeschi, R. Fackenthal, C. Resta, E. M. Donze, M.
Jagasivamani, E. C. Buda, F. Pellizzer, D. W. Chow, A. Cabrini,
G. M. A Calvi, R. Faravelli, A. Fantini, G. Torelli, D. Mills, R.
Gastaldi and G. Casagrande, “A Bipolar-Selected Phase Change
Memory Featuring Multi-Level Cell Storage,” IEEE Journal on
Solid-State Circuits, vol. 44, no. 1, pp. 217-227, 2009.

J. Wang, X. Dong, G. Sun, D. Niu and Y. Xie, “Energy-efficient
multi-level cell phase-change memory system with data
encoding,” in Proceedings of IEEE 29" International Conference
on Computer Design, pp. 175-182, 2011.

F. Bedeschi, C. Resta, O. Khouri, E. Buda, L. Costa, M. Ferraro,
F. Pellizzer, F. Ottogalli, A. Pirovano, M. Tosi, R. Bez, R.
Gastaldi and G. Casagrande, “An 8Mb demonstrator for high-
density 1.8V Phase-Change Memories,” in Proceedings of
Symposium on VLSI Circuits, pp. 442-445, 2004.

[9] N. Papandreou, H. Pozidis, A. Pantazi, A. Sebastian, M.
Breitwisch, C. Lam and E. Eleftheriou, “Programming
algorithms for multilevel phasechange memory,” in Proceedings
of IEEE International Symposium on Circuits and Systems
(ISCAS), pp. 329-332, 2011.

[10] O. Zilberberg, S. Weiss and S. Toledo, “Phase-Change Memory:
An Architectural Perspective,” ACM Computing Surveys, vol.
45, no. 3, Article no. 29, 2013.

[11] S.C. Woo, M. Ohara, E. Torrie, J. P. Singh and A. Gupta, “The
SPLASH-2 programs: characterization and methodological
considerations,” ACM SIGARCH Computer Architecture News,
vol. 23, no. 2, pp. 24-36, 1995.

[12] cC. Bienia, S. Kumar, J. P. Singh and K. Li, “The PARSEC
benchmark  suite:  characterization ~ and  architectural
implications,” in Proceedings of the 17" International
Conference on Parallel Architectures and Compilation
Techniques, pp. 72-81, 2008.

[13] R. Ubal, B. Jang, P. Mistry, D. Schaa and D. Kaeli, “Multi2Sim:

A Simulation Framework for CPU-GPU Computing,” in

EXET S

! Dynamic Random Access Memory

2 Phase Change Memory

® Crystalline

4 Amorphous

% Heater

® Refresh

" Multi-Level Cell

& Single-Level Cell

® Program-and-Verify

Y Byilt-in Intermediate Memory Structure

" Locality

12 page Fault

3 page

 Granularity

5 Memory Array

6 page Table

7 Metadata Table

8 Controller

19 Associative Sets

2 Access Flow

2! Trace-Base Simulation

2 Functional

2 Average Memory Access Time (AMAT)
Tabriz Journal of Electrical Engineering, vol. 49, no. 3, autumn 2019 Serial no. 89



