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Analysis of Performance, Energy-efficiency and Temperature for 3D
Multi-core Processors according to Floorplan Methods

Choi Hong Jun’ - Son Dong Oh" - Kim Jong Myon™ - Kim Cheol Hong™"

ABSTRACT

As the process technology scales down and integration densities continue to increase, interconnection has become one of the most
important factors in performance of recent multi-core processors. Recently, to reduce the delay due to interconnection, 3D architecture has
been adopted in designing multi-core processors. In 3D multi-core processors, multiple cores are stacked vertically and each core on
different layers are connected by direct vertical TSVs(through-silicon vias). Compared to 2D multi-core architecture, 3D multi-core
architecture reduces wire length significantly, leading to decreased interconnection delay and lower power consumption. Despite the benefits
mentioned above, 3D design technique cannot be practical without proper solutions for hotspots due to high temperature. In this paper, we
propose three floorplan schemes for reducing the peak temperature in 3D multi—core processors. According to our simulation results, the
proposed floorplan schemes are expected to mitigate the thermal problems of 3D multi-core processors efficiently, resulting in improved
reliability. Moreover, processor performance improves by reducing the performance degradation due to DTM techniques. Power consumption
also can be reduced by decreased temperature and reduced execution time.

Keywords : 3D Multi-core Processor, Low-temperature Design, Hotspot, Dynamic Thermal Management, Floorplan, Data Path
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.M B el AHEEE QEZAQ VHers B4 Fu 2H(DFS:
Dynamic Frequency Scaling), &4 A ZZADVS:
ZZ2HAY A 3H7E S mE Fug St Dynamic Voltage Scaling), 23 #l°]®(clock gating) 5=
Aol A g stk ARt A Eo] FI ST ol gdte] ZRAMY LEE Aojdte T 2x Ao 7|
7 AR AY g5y ddolgts B8 0 R oo HA A (DTM: Dynamic Thermal Management)S & 4 Uttt
Aol @AE Hehlrl AT 347e Gl wE [18-20]. B4 <% Ao} 7|HL Z2ZAA U9 i 2%
ZZAAY e ddol A =g Aol HE R £ Y37 71Fk(threshold) ol3t2 =& FAIAZDOR
ZZAA FERE Z2AAY A% PSS A= Y A aA d4S dldste VMR, ZEAA URY 25
oz AA D th HEFZY L2AAME @Y ZZA| g YUFe vde addgoxnl, 2EE Fol7] {8 Z=2
Aol oz Ao HAE FAE mjAFTOEMN ALt o] AX 25E AFAY JAYgs F5FE 59 S AHEE]
2R A thE Aol wig- Asieh B9 vl =2 ol EZEAA L Aol AstEe TS WEsta itk
& A7 wiel AEFoETt ¥ FigoA T4 & Eof, mlo]ARZI AN R 54 T4 249 2%
ol = Aes BolE: 7 e FHE Adnh o= 7V A FE oo R AE HEd Afde, dd 74
HE|Fo] ZEAAZL AFFo] ZEAARL AR EE Y a4 g8 54 & #el 7[Hol AEHORE AHLHHA
S Y F g W ol ZEAANY Y FAAAE Z2AA Aol A AstE F Ay 1 BE FH
S 7 F A S gusit) o g FHo=m T 2E Ao 7IYs dFsted oA A AstE HA
Qlste] o] 14T ZRAAE T2 HE|FY ZIZAA shahEd] -l wHA 2 ArH2ll oleh e Ao U
T2E AH&staL el oF T4 2E #Y /Y AL AE HardoR Fof
T4 7lso] WestEA] 244 (2D planar) 729 7] g A77F ASHL Tk o] dFE gEE 2=
3o ZRANE AAT o, UF A4 (interconnection) HgS v AEtEd 231E& wFE dEd olF 3
= A AHAR A Ho FAA mg FAEAH Ard VHES e H 2k A% ASF7I(PC: Program
FEFS MAL AUTH5EL 22k FxoA B EE HE S Counter) & ©o]-&ste] LdE dFate] 2k 5s v o
ZZAAMY FAHEL 32AAEBD) FXE AAFoEN = AFory g4 2% &y 7|9 FId& HLToR =
53 4 9ok [6-7] 349 A S (stacked) T& WE Ao = 719, Bdo] =& fylo] HE §Y& Frlste] H W=
BAAA 4 FZolEE oy Fo FHORE FolA Hi, & TA EEE daAlE At ol 7Y, 57 =
7} %& TSV (Through-Silicon Vias)E %3] M=z 924 < fYl FHe B 2Eo fYls WX 2EE WF
8l HE|Fol 5 a9 o g AAs: Ve 239 129 v ZEEW VY Tol ArH22-24].
Hlwsle] glolo] ZAol(wire length)E 43 4 F Ao A WEA 7]4 ZE=W(ITRS: International Technology
2 3 Yie dAdy £x5 A dFA7ITh £33 9o Roadmap for Semiconductors)ol A= WFEx] A o] 0.13um
of Adole Tae WY AEFS Folv Holx Yt o olgloll = 9 Hi &=(maximum junction temperature)
s MG 28a HEg3o ZEAAE 3ader A 7b A =R} volol sttia whxet W QITH25]. S1A
At =W 2302 AAs= 499k vt e A v B ATde AF A mEw 54 &% Aol 7Y
715 A3s =Y F Ak ook 2 3 A7 Tlse S AR & 2-tho] FdFo] ZEAA mef ZEL
tFet FHER Q3 Hodve B Z2AA AL IAE HE APAA 4z Folo 109499 HHASE F3
oA 32kl HE|F] ZRAA AAlC] dg AFE Ddet s Hauewrk AX 100=8T E4 =4 Yedte A
A A&sta JoH10-13]. AE B 4 Qv A AFE uhel o], ZEAA <]
22 Fz¢) mlatste] 3ak Al 71ee] FEe A5 Hi 2EE PE olatE v Lt Z2A|A ] AlFA
T thol(die) M7t BoldaE oS F449 & it} 347 S BAT 4 U Ak 2YE=R 3349 dEFo] T2
W A E = tho] Tt BoldaE E45d EE0] Aol E=2 Bd ZAE dAste o A4S FuE)
Ao ol %ol HBg dA¥ Wert §43 F7iste Asixdes 54 2% Aol 7ol RE=A]l ARG Eojoprt g
AEE HolA Hal, of& Q] ZRAA e 2E7F A ol AR U =8 33 HEFY ZRAAY REE
A EolA= FAFe] FASTHI4] Z2AA YR & 4 T4 2= Y 7Y £ AREE FAA FHAA A
so2 Qg A (hotspot) B W7 Hl&9 Tk A 71 s AMats et A Aste 23R ZZ
Al g ZRAA Y E oF 9 3o WIS TAA AA FAAES Z7IA AA Al 2de] g AR ES
1Al H AL, ol Fe| Al AEAQl dF%s mAA | 7M1
TH15-16]. 2B ZFAHE 2t 32 "EHA ZEA 33 HE|ZY FRoA WAL= 2EE F AT A
Mg AARY] e ERHQ 5 A7t us Fas) o] B& ¢ dvd o] WA tge odEs 48 F
cH171. Atk olF 3 & =i 33 HE[ T FXoA 9
71E9 229 "HE|Fo] ZRAM Yo &5 Aodv] +EE g eR v g e E=2oFdfloorplan) 71H
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o Ackstaud Bk, EzoBd AWMe 249 wWElmo] = ARIAEES TSV/IES F2 CMOSelvx| A4, MEMS
2NN B4 % B JHe] £He Aavow Fo 9 AY 2Ee A% RE 5o A AW A
798 AeE EAS AT F U A5 ASE A Stk =@, AARAS TSV &S A8sked oA
Aoz HUA SEZ AT + Avks 4HS molth  EDA AA B BAl, A9 B4, A4 2 AF F,
2 owge] AL 0ed o 29elME 339 wEmel  aem g % A% EEe FA 5o 2 EAdel 3
ZRAA AA 7, T4 2k Aol 7Y, FRFd 7Y 3 gtk AAAELS A 109997 TSV 71&S 7|6te
Fel wY AT UES Aednh 3PIAE AGkss ok = sz 389 Hol ulal oloplsl %AW AAelE TSV
# Aex BzolEd Jsel fal 4¥Ah 493 59 £ Moz s 349 Hel %o WA e szolth
SN At slMel Egde Avusl gAY BAH  AAAAE olsh Be BE ojugEe BN dow
ARAQ A8 ArE nelEd shAton 69L& - 339 Ae AR A4 TSV %ol Fr e
wRo ARL JET. 2o 7t eH30l
SbA 7143 vhsh o), 339l W me] LR AN o
s 3Rl pi7 Hel g 2 A ZaAN e B ddow
§ 5o £xoa 4 e B gew, 2w )
01 34kl WE|Zo| Z2MA MAH 7|2 A= ol A F /AR AEE & U sue
s A A U QAARe Aa Az WA, agm e $ AuE SRR <dd A Wk §as] 4
Ae Zolo|A Zod BRo Axsu 9rh wE o] = 3t Aola, thE b= TIM(Thermal Interface Material)
A _ o &% Ao5Ee] Wl olth. TIME @ Aheat
ZAAE 3902 AARA 239 HAG} Hwske] r
AR LoE A paAZ 4+ gon o e go  TASlrE SAASE SUL A% 4Fere v el
E3} e A9 AQ, aew AY awe ga mag a0 O ES IS A el A @,
S 4 gk olsh ge o|WEER A, Aot wemol
ZRANE A el 339 AA Aol 2 7 22 5o BRI
co wa g TA %) wEe zzAAY 4% Felehs 344
339 4 AAE NANE TelE Fhem Aaa 4 O LT B A9 WES Skw A Gy ddelste
2 7)ol BrAoltt. 349 A3 Agoli sols-gojn v FAS AU olddw fmnom2Al 2
£ 7]%(wafer-to-wafer bondmg ttol-tho] £d 7= }\J 2% ‘?;}%O]?ﬂ%’ Ao EE: ﬁ s eaw
(die-to-die bonding), Tho]-9lol® £ 7] (die-to-wafer A7 &i% sl sldh dEheRs ZRAN Wl
g 5ol AU WA g Fa g A A IS el s,
go]F-¢o]¥ Rt 714 thie wiwx goln 9o = 2 Wzt 7Pl e e Fheat sink), ¥Z F(cooling
ol zo] A5t A 91]‘3]«4%% AqH 02 g 2 5 fan), HAliquid) 55 ol&3ch 71AH ¥4 7He 45
= %otk =& HelHhroughpu e A= Zzte] 9 Ao glo) e A AAY B Tk 15
olEe e g Aasel fosl, 34d gge qa L Toa WA A S HAE T e sl )
L olstel e el aoim elm aqs me o AH E A 9 WA e T g el
El#o] ~(bonding interface)= MAHA &= E24& AHE R £2@ Aeos) BARAE H gl W
el 20 A3, ZRAN AL ol Ak A A v
3349 Welmol ZRANIAE ozl Ao tolgo] Az 0 T I mmAnk el wE A £&4 gl
g 5 ooliy, B =R AE 7B E4S AEgon Ay e TARER 8 Ao 2% Aol Ay 2Ad 2>
o1 S1eh (ol o] ol shsh o] ool el = EF ASeHE A4 wetel ohd meaAA welA et
o0 27 b WAT 2de Fm] FEE Agay, o o IS SRV TEAR A v es el
7 2ol Holge TSVE Fal 440z Aase g AT
W, 0% olgatol g Al 4E BAS wvh Agq woo wEANN WY SAS Sds] s e

A AA 71 A stedo] 7ke] Ve &
Hhe Vg g e shEdo] 7k F4

-
BN
)

=)
2
S

b (m

Therml Aol e Fohs Age 2ast] LEE Aojs
Interface - -
Material {/ H—Q_ %E’g‘ _—3__?’]‘791—(2—i X‘ﬂo‘]% '}I:“ glxl‘ﬂ' }\é'ffo]
(TIM) = Y

BRRRRRRRRRRRRRRRRRRRRRRREL > siicon
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Vias (TSV)

(32 1) 378 FLI Z2MMe| 7Y



268 ZEMeIE=2X A M17-AT [6=(2010.12)

Hluste] 2571 B8 =4 B8] did 2%
Ao Aojd F AUE F=dol 7 4 &
7ol sttt st=so] 7|uke] 4 & o] 7|
= FE AGYolu FaFE 24 gt ZEAAY 2EE
o] 3= 7M1 AL F3< ZZE(DVFS: Dynamic Voltage
and Frequency Scaling)o]t} W#Ho] &S A AA 7| AL
HEE 7IHE AN REE Adshe Q1E AA(fetch
throttling) 71¥ & OH TAE AN F

g 7ML BAH e L5 AAE 7] wid] g4
CEE Aot didlel, ol& A ZEAA Y A%
A7l ©do] EAg) [32]d wEY, 22t HE
TxAA T Fabe 28 7IEE 2~3%, 7h At
24 7ML 6~9%, A& AA 7ML 8% HLEe] d%
stehgirtal gt

33 FElFY] FRE B 2T AEH R s
S 7HA. Y ER 22k FRAA AR EY T4 &
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Zd e F2 32 FF(circuit-level) ol A AT-7F A8
HAh sHAIRE ghelo] A< (ere delay) 0.2 °13 A% A
shof 2xvb 2239 AA 24 FAFUA TR FE
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(¥ 2)+= Alpha 21364(Alpha ev6)e] Z2ojZA S
WUH33], (28 3) Alpha 21364 ZE2AA & Fo] Ji

L2 Left ICache DCache L2 Right
L2 Bottom
(32 2) Alpha 21364 7Z=2| EZ20{ZH

FPMap Int Int Reg

FPMul Map | IntQ

FPReg Ldstq

FPAdd FPQ —7g5 mt Exec

BPred DTB

ICache DCache

(J2! 3) Alpha 21364 = = T0{2] ZZ{EH

2 ey welFE Il B =FdAE JEgow
(29 2)olA Hol= Alpha 21364 +% 5 (29 Dol YeRA
2-tho] 37l Fdmo] Fxo| gkl W0 Tz A
& T4,

3. M2 EZ0EH 7Y

(13‘ e 2 =dA 24 ddes A4s 339

o] LZA|A ] 7|E T2 WS HojEr.

:LFJOM coreo% wdgd gy goA e 3oE Y
EhiT, corel® WA Thrke] Qi ;OlE Lhehdit. 3
A9l ool iwel B Erolzde oA AWd
Alpha 213647915 WH7 ¢lo] core0$} corelol| 2424 Alg-3ict

Core0 |FPMap Int IntReg
Map|IntQ
FPMul LdSta
FPAdd _|FPQ |ITB IntExec
|Bpred DTB
Icache Deache
Corel |FPMap 14 IntReg
Map|IntQ
FPMul LdstQ
FPAdd _|FPQ |ITB|IntExec
Bpred DTB
lcache Deache

Lcache
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A ATE B (2" )9 7] ERER
ZaAANA 2E7F E=A iy
£ W57 9l8te] 2001 7R vhge o
Fgatdet. 28y 2 =RdAe A

Az Qe 200 7HA e ERJEW T

2ojEW A E MEste] V)&

(29 5~y 72 2 =FoA Agste 33
Fol ZRAANNA Y AL FRolF
o oA HolgAd AHex =2
A A7t W coredd] £EE EE F 9
X E WAska, waddA AL 7P77}° corel 9]
ZolZ AL 7|£9] Alpha 21364125 U2 AMg3TL

(19 5)¢ IntEx_IntReg ZZZ AWML core0d IntReg$t
IntExecZ® A2 2ol Z2Zd Fxoly (I¥ 6)9

e R S AT
o
>
m[o

ue

2

>‘—’ = o
N
o
rlo
o

>0

Core0 |FPMap ;.
Map Int@

FPMul Lasta

IntExec
FPAdd FP ITB| IntReg
Bpred DTB

lcache Dcache

Corel [FPMap [jny IntReg
Map IntQ
LdSta

FPMul

FPAdd FPQ |ITB|IntExec
T

Icache Dcache

(32! 5) M=z Z20HZH - IntEx_IntReg

e
Hu
=3
MUK
iy

Core0 |FPMap [IntMap _linta |

LdStQ
og |FPMu
IntExec
FPAdd [FPQ |TH[ntReg
|Bored DTB
lcache iDcache
Corel |FPMan [, IntReg
Map|IntQ
FPMul Lasta
FPAdd FPQ _|ITB|IntExec
Bpred DTB

Icache [Dcache

- INT_FPMul EZ20{ZH

Core0 |FPMap [IntMap lintg
FpMul _|FPAdd

IntExec
LdStG |FPo ITEIntReg |

|Bpred bTB
Icache [Dcache
Corel (FPMap__ it IntReg
IntQ
Ma
FPMul LdsSia
FPAdd PQ__|ITB|IntExec
Bpred DTB.
lcache [Dcache

(38 7) M2z ZZ0{Z2 - INT_FPAdd E20{ZH

INT_FPMul Z201Z#2 core09] AFINTE fFHES
IntReg, IntExec, IntQe} FPMul, LdStQ 5ol ®4Hd 229
WS vtk vpAgew (2" 7)¢ INT_FPAdd =

odZde A+-E FYE IntQ, IntExec, IntReg®} FPAdd,

a9 5)elA4 Hol= IntEx_IntReg E2
olZ @zl wusle] 2 wAo] glou,

o} sA R (2% 6)9] INT_FPMul Ei‘ﬂ% A (2" 7)

©] INT_FPAdd Z2olEde wHH TH24A59 2 §
S W ol LdStQ(Load Store Queue)?l 97} 7% =
2olF M vuste AA S onE oo} #AYMHE FA
8459 dolgHdas nysoryt gtk 1RR B =
dAe  F 7 ERZFAINT_FPMul ZZojZd,
INT_FPAdd ZZo]ZW)ollA LdStQ EEF o] 7
Dcache(Level 1 Data Cache)®] A<+ A1 Al7te] 7|2 &

zojZdlol sl S/t e wgsto] APS T

4. N3 BH
39 Wemo] ZeAlN FxA LEE Z4std 9
oA W7t AL e FRE Raolt ¥ E=ENE =
2AA ) AR W7 AARE J)Ee BIRe 20w A}
o]

o =fdAE LAY A% A4S AdAE HF

Al EdolEel SimpleScalar[34]1S FA43dte] Alg3c) &

+= HotSpot[35]ol 7z} Z=x 23f

dEste ARE AHECY 74 ZRA YA AR

= AE g FAES fdAE SPEC CPU2000[36] x| =}
Z2 WS Wattch[37]o1 4 F38te] FE3gHth

Hoj A Al ARES ZRAA B

%—O

T = >
of ApAls] yerdolnh BAeA @2 ke 71 A4 @

CE 1) ZojME Al Z2MM 7Y By

2% 0l 2} 2

4 integer ALUs, 1 FP ALUs,
1 integer multiplier/divider,
1 FP multiplier/divider

32KB, 4-way, 32byte lines,

Functional Units

L1 I-Cache
1 cycle latency
L1 D-Cache 32KB, 4-way, 32byte lines,
1 to 2 cycle latency
L2 Cache 256KB, 8-way, 64byte lines, 12 cycle

latency
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& AR AFHL B, RAUGNAE ZRANNA
Pake LE BAS AAs] A8 B4 L Ao /we
B, 480 54 £ A0 1Y 2R S,

o9 <& A
s ?ﬂ\:} 2‘4741b 13 A (emergency
HHog LT E
ol gttt Pwl k! l %LEDH:H %_‘T—_—E Tz A
= 0C= AAS}IY. 4 AL A
\_1__:_"\3 60C= A3}
<E 2>+ SPEC CPU2000 ®lx|u}= xZ 13 3o
2 WHEALP: Instruction Level Parallelism)2} w%E
TR 283 L7 A wsE EXS skAm
apply, crafty, gcc, mgrid, swim, art, mef L2138 23}
AFFol ZRAMANA 8 A7l ARE Bl Fa 9]
L2 A9 He Ade dsel & 2¥i=s 7}1407]
i Fojaof gty dukARl ZR2aHES L2 A
A go] Fob L2 A A7|d JFE @o| Be v Re
AA(memory-bound) ZZIF} ™A G FdAEH
2 AA(CPU-bound) TR0 = E7dAT =
T 0¥ EA4ES aHste] Ana Z2
gee, mef 7 7|e] TR Hejsto] AYPS St

™
ol
v}
)
l-rl
do K

>~
&OE'—"’

2
rjz rlr ko M

2 2 Hxo= =208 &4

Benchmark PC L2 Cache Peak
Program Miss rate Temperature
crafty 2.279 0.064 78.09
CINT gcc 2482 0.034 71.76
mcf 2.731 0.251 81.04
applu 1.801 0.213 70.04
art 0.642 0.727 7350
CFP mgrid 1.103 0.345 74.14
swim 2.961 0.265 72.29
42 25 zEE
H =EoAE 3akd HE Rl ZEAXAA HAEE &
EZ q43=317] 938 HotSpot 502 AM&3ht} HotSpotg ©|
$oto] £E g2 =37 98 Wauch® Fal Aol2
d2 wolazzzAAe A% ¥ FHessd Y
2HlE ASEaL, Wattcholl A 49 2+ #4249 A
HolElE HotSpote Yoz o3l ZzojZd wixe
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