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Abstract

There are excessively hot units of a microprocessor in today’s nano-scale process technology, which
are called hotspots. Hotspots’ heat dissipation is not perfectly conquered by mechanical cooling
techniques such as heatsink, heat spreader, and fans: Hence, an architecture-level temperature
simulation of microprocessors is evident experiment so that designers can make reliable chips in high
temperature environments. However, conventional thermal simulators cannot be used in temperature
evaluation of real machine, since they are too slow, or too coarse-grained to estimate overall system
models. This paper proposes methodology of monitoring accurate runtime temperature with Hotspot(4],
and introduces its implementation. With this tool, it is available to track runtime thermal behavior of a
microprocessor at architecture-level. Therefore, Dynamic Thermal Management such as Dynamic Voltage
and Frequency Scaling technique can be verified in the real system.

» Keyword : AFE FX=(Computer Architecture), 2= AlE20o|M(Temperature Simulation),
AT BR-(Hotspot compact model), A5 Al71{performance counter)

CHIMA  HTE RAXK  HAR
-1 12008 10. 1, &AM 1 2008. 11. 4, AXHELY : 2008. 12. 20.
T adtidtn JREANS Ay adeta @E%ﬂﬂ@ AR - dAgA e zas
# o] Ao FAF datE 294 BK2IAG'® 2006d AR FRAL(REAAALY Sded RGO
F=E0% AH(KRF-2006-331-D00452)'9] A v & %2}3.



146  @E A FEFERLE w2009, 1)

.M B2

o] g nlolaRLRANE ZRAM} ANsHE
AdURE BEH0= As] A8 B HAY/Foe 23
(Dynamic Voltage and Frequency Scaling, DVFS) (1, 2)ot}
A AY 2759 (3) 22 AY Ao 71eS Adgch Z24
Ao Ao dAH R v MY ARE Zole oz Ul
Ese 9 e, 245 To]Zalql TRAAMFE A Ay
g duiti = Al2ElZRR] vlo|az ZaAMA AA kel AX
shie] a3 a2 Ao Fskeh 23d], 2 9 A Ao
7o) Z2AM B BAE i Fs] A digtes 4
7] AFRGT (4, 5). Z2AAM] F4 vjAglet 1de 3
A3} o3 T Y URE Y Ao] re g3)slo,
Z2AMe 2EF e WA oR FIg Aol

g A Vs 2= A TP E AN HHA,
ZEANS] 257t A4 old dEoz Jehkex|, am
2o W} AY 4RI o9A HEkeR] golot & "eA
o] iFEIIT). shie} wikte R K—J. Lee9} K. Skadron (6)&
3% A%7 (performance counter)Z ©]4-3F Hotspot 29-S
Adetdtt, o] Bdle AA A"l #AHNA 7T R
(Functional Unit) 919 258 4A1ZEe 2 Aklels Qe
o|2E ATt B 2EE AEHA e e
Al2d Heto] 21 ol Y] Wi, 9 2d2 o] $3}
o 2 50l A L& Ao Vg U A5E 53
7dle Fel7t Aok thA] B3, 2= AlEelAe] ] FE
jof gt

£ =fdre Hotspot Zdol 9% Al28] Hebg 75
o ZEAA &% AlEH o) AE F3P37] A% PHES A
aa, B fEAS AA AZEYY BT Fies
Zlght, ZaiA A9 R workload)7t Z2AMY 2%
o 71Xe 9L A Al B3 7MHA F4381a, dE
o] & Ao] 7lge] Z2ANY 2= & AY 4%, Tzln
A 712 2HE ATt & FFN FFHor dg
F e 7uE eaa

B =59 7L thed 2k 2 AolME Z2AMe &
=8 5] Yl AMSE 71E 97y EAS Yolua, A
Qkehe AlEd o)A =] Ao A A7 WES A%
o} ololA], 3 AollAe £ =Rolr FAF 2= AlEFeA
=79 72 B JHHAE A5, o] =7 FEAS
AE37) A% AE We-S 4, 5 ol 2A 71ediginh 4 AL

AW 7, 5 A 49 Aue) Bl B wgelch. vz
22 6AIAE £ 979 selst G5 A halo] A
a5 2 =8e slvelan,

1. 2

[y

AT

K. Skadron et al.©] #QH Hotspot B (5)-& wh=A] 3
9] 58 ZaAMY o)A A AJEH A e &
ZE o] Qe Ho|A0]t}. Hotspot2 ZRAA7} ABsRs A
g ks oY oz 3, Z2ojEW(floorplan)l whE 7%
59 w9 B (AT, A ) w4 {4l &
EE 28I o] e 2% AXNE 99 iz 5EE st
golg g2 x| gethe Aol dout, £ AME °
B3l TaAM 22 S 2T vngs W
o2 =2 dHE 7t oY EX1E S8R K.
Lee$t K. Skadrono| #j¢tgt 2dlo) AEAF7|E o] &3t
Hotspot (6)01t}, o] Zdl& F5AIF71E o183l @2 AR
Z B (performance counter event) & Z} 7)% e 23 49
g A4 5, 18 3& Hotspot ol 43l Z2AA
2=2 B3It} o] 2= Hotspot Edo] Al2Elof|A] =
ZAAY A 2= FRE AAZEe R F53Fe A& 7Hsst
A 3}, oA 239, 712 Hotspot 292 T2AAMS] 2
ARE d7] 8] 2AE A26 8733 Foizl A dlolH
S 9y she ozl (offline) AlEHo|AT 7hedt
Alek, K—J. Lee ¢ K. Skadron®] Hotspot B4 A28 3
737 2y K3l $H R WsE F& o] 7hein, ofd
W7l doikd o) ZRAM Y L0 e 938 34
A = gl AT AlE0ldo] kel Zolt. o]’
ANTAY BRe BHog dojve ZRAN] WslE 3
A ¢ Slvke FollA ofF 3ttt kA7 91 Hotspot &
gL 2 ZAME ¢kx Uk Hotspotd] €% Aldto] 24
AelA] FEle 2y Bl XEE Aol Hiz IRt
K—J. Lee ¢ K. Skadron& Hotspot®] £% AlthE E¥sele
A28l B (system overhead)o] AFA AEE FAEHA, &
T Aol A7t 4~8 Told A<53siA Avku Buslsl
o} (6). TeF o] Rpo7k ZRAMNAM 7V Eva g
A4 dX2H 7Y (Integer Register File)#} 2 {004
SR, #F AlSEeld AAE JIEoR A &=
Aol 71L& Aixo Be 2% AE F3Y3A = 2
HHoz A F5e AFIA dtt. o] LA &




AAZE eE A E e B =79 73 147

o7l el R Aol ol FolAlE

4 gt ZaAAA A
A ARE $38R= AE Freld,
=]

A& T Ao gt Alzael
e ABelddid & Fast dd
FE, Z2AMY QA ol el E o AN
o A8k 54 m#o}(x86 olrlEAe] rdmsrit 2 W
Ho|) & Algajolyt et iy o] waloly Zzte] By
o] F& FZ(Instruction Set Architecture}oll F&2o]
7] & TEAA FRvIT ASAS7E A 93 |
Hol& v} ZAbehe 2lgjo] Bastel Ay, she) =2
A el o § gl AR ARE 1004 71 ool
o}, O3], Ze MM Rl v AR HRE Mdsta 4
EAS719) 3E dohllE perfmon? (718 gleislel 2ot 2l
T2 7N B Ao ZRAER AT ok s B
FollXE perfinon27t A1€ate Z2AA g WM& Koz
A4 7F53 Hotspot AlEH o1 &7E 2pAsle] AMgsh=
A& BEXE gk

fo r

O

M, 7%

L5 AFY ol AAl7F Hotspot Y] 248 £l
71 2k WP Hotspot2ide) £ Ate) £8E = &
ot Z2AMe AR FE ZFAl(monitoring performance-
counter event) & FeHate] | ZRA A &5 AAL e
B FAHE AR ARE o BN Aske Aotk
ol W} Fag R mRAAM AL FUHA ZaAMA 9
A FaElm B AUE Ak Holrh, 28R god,
Hotspot 29| &% At A%HE 82 2lgieo] e =HA
Z2Hxe] AR ARV BadEe EAVF dAadch $ele
9 AHE ko AlEYeld ETE P

1. AlggolM =e 718 7%
ANEYele =7 A v FEoE PR
(1) dsA=7 1220 oW Al HEE Al Mat 2712
B MeShe perfmong

(2) glo1 E01 At B2E Hotspot REU| MYst/| flgt

3
4) M &

/proc/perf_cnt

SIGSTOP
A Hel

o1B 1, AlERolEle] Uk P 9 olEHo A
Fig. 1. Simulator Base Architecture/Interface

Perfmon2¥ Z2AA9 ApAlFr|2He A0 32&
SRele 98 3t ARl ol o A ¢
Ag A ARE she] MER 7% b, procoll EAS)
B Al AA g7 V1S g vl A JIEe] B
perfmon2% YA] 24] Aejol oz, 2] $2)/49 &
gAlzRE QY AE7} 97 Z2AN AAE FPEt
I 7l

QA A% FHe perfmon22HH A W Al HE
BZS Hotspot idlel Mgl 48E Faah. of 32
proc 3 o2 FH=] . o} & Beldhs Al
& gl ddske ZER raH] gA 44 2 40l 7}
s},

e} x|/ BelAE perfmon2¢] ZEAA AR &
B A A8, Z2AA4 Yo FAEQA A R FA
W x|, upA)etoE Hotspot Rde] &%k At o8-8 9l
ot $8 SAle O gk 9A 9A] A% el s
= proc Y 2EE AN AR HEE IS & d& AR
Z8) (polling) FA 22 718 2343 olF AR HRE
A7 = ERAA SN A F9 EZRA 2] AY FA
A%E 2} 12213 Hotspot Rdo] &% AMbg 48 5
e YN perfmon2¢t A ZRA 2o B HSE F
5t BY v Bolzit)

Hotspot 2E& ZaAMe] ZRejZdd) WE 71% §4

o
92



148 HE HFEHBEREE HE2009. 1)

gAY ARE 7|F02 258 Ak AitE e vn
gl A AFEAAL AEHA 8 F AL SAU= gt
Ul 7159}, Hotspot Ed-& 2% F41/43 Beixe} 92
wo] shite] ZRAAZ AL P8 51, perfmon29fes
ME T8 ZaA2ex A4S Bsst gt

A, o] ABHo|d BT FaskA zHHE A F
Shie Al S 5] S8 Bag ALy B¥E +
S aasislie] g Al2Eld] tig o2& ol Aol
a3 QA A TS AR 7 715 BE fAYG
A FRE g FASGCH

2. QlE{HofA

£ Ao =79 <JEs|o)l 2= Hotspot-sched (8)¢]
2L 283t} Hotspot-scheddllde Ad 2R AdwE
$AF719] dlole] AES procHYe) A AA Fitol €
E3ao 2 42 ok Hotspot Zdo] 7F7he 84S 3
At olE 83k, B AlEHCld =79 B¢
Hotspot-sched ¢} 2+ 3419] procddl] §7]9} #2715 ]
1HcE AYd ¢ YES ZEA IFE AT &
#, 24 #YA2RE 7+ T s AQHE ] E A
A ZE SIGSTOPH SIGCONTA 2'dE o] &3t} 23 A4
HollA #F Alrde] AgEo] ANesHE Al 1 Yl
(me) Bx} v}, 28w, o] v SFAA S 243 H¥H(context
switching)©) AEY A1zl TIFHEA AR&A7} Db Al
ZHRTh F 717 B¢ $AE 3] T2A 29 A ABT)
Hotspot 2de AgE 4 ik, Hoje] A4 A& o|A&
YIle ZEAl2TT opd TE ZEA29 AR AHXI}
Hotspot 2ol Ag=E AR ojojd = glomz ZAJK
23 98 ol AEY Ao g FH=E AR HE
€ Wk o] Fao] A gglol | Fi= A /EA AT
FRollA oA =ejEi

> o

Iv. ¥

rik

4

TEE 2= AlEFA =79 A5 2 FE4 e ¥
8o, Foi7t 2.1GHzR] 19 Core2Duo Z2A414 (9)E 7)4t
o2 Y52 Ad 2.6.258 AH8dhe sz}t 3ol (Fedora
Core) 8% Al=%] #4og AYsigct. ddole SPEC
CPU2000 ¥xiel=(10) 5 3hRI gecE AHE3IITt Hotspot

d) A gao} sk Z2AA 2 EZ|EWLE Gabriel H. Loh
(119 2d& Fzsle] A

E 1. SPEC ®#ixjo}= geee| EA|
Table 1. Description of SPEC gcc

GCC

Hojiz| &4 ELF 32-bit, x86
22| AT F 13.95MB

23 ool REF Hlole] 200.i

23 Hlo|g| ojdigz| == ml

AgARE 26.4s

Alre 23t 300ms

V. Ms "ot ¥ #»Ed H35

(a8 29 (I 3L WXulZ geeol HF 2% ME
ol 27 e Zala AAte 2 FF AHE A
B2 ua 7]23 Aot} ezl g £Y& 2= AlE
o)L Core2Duo Z2AA 2 A1 FEE perfmon2E ©]
£310] 10 2|2 G2 AEY 3l Hd2 7|15 vhe, 8
3 A AR & 3 el 712 Hotspot Ee] $gs
Z2ANY 258 23 ATo|n, HARE AEH AL 3
oA 2EF A EH oA ETE o83l 10 Dk P92
ghEold AZult} &x WSlE AN § 7|57 Aotk

4504 mg

38 2. gee?| =0l 2 Algsold Zat
Fig. 2. Offline Temperature Simulation Result of gcc



A & A E A7 A B =79 71 149

i {1305

3 3. geell AARZE 2T AlSeiolM Zot
Fig. 3. Run-time Temperature Simulation Result of gcc

FEo| frdsith. ZaAxvt s 10 28 & i} sht
o) Aol Mk S WS W, 2805 74} AR AR
AES 9 28.1 % B9 ZRAI2TL AYHJASS 9n)git),
2= N Bl S $3R] P gee WX|nlAe £4 A
AIZH it 26.4 X, SAAANE T3 A ~Hle] By} 7
A AP AA-E <F 300 2] Zolrh. Felahd, perfmon?
E o]8st A" ZaA A0 A PR L QAL et
™ 10 "] 2% Ak AEE BoE 7o) 6.4 %9 F7L AL
A HEE oSS ouigitt 34, AN 2% AlEH o]
Aol A AR AZ2 2722 02, 929l 4 ojy) 3 %9
HAo] o] Folhth 3 PN E AFER|, ANt L& A E
Holde 10 Bal 2 olsle] AEY A} 23 Al AR
7} Hotspot 22 AL=® &3 ARE vl2)A gt gog
AER 714 ol3le] AZ dlo|gjr} Sl e #iF T2
AT AR EL ol]gln 245k o] Wpie A4 7
LA~ o] o 97 %9 FLER Abd HRE AETY 8
o HoHE Falshs AHE HoFrl ol mE AlEge]
A A e ZeERln} Azt 25 AlggolHel FEle] A
e AoE ojojznt

R 2F 2x AEHolAo] B H9) HoHE Yies
Zt 99 1 L& g AA 2k #e AN H Lx
go] 7IAlE ¥4to] Z2AE F-A% A B4 29 (F-test
statistic model) (12)& o183} v|w3t Aujolct F-HE =
2L Fo HE kel Ut 442 ol FE(significance
probability) 237} 0.05 0|81 34 F BE Atho| FAA
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BOA c0 50.09 | 4156 | 7824 | 46.09 0

IL1.cO 64.23 | 50.98 | 70.93 5.68 1E-86
INT_cO 7585 | 4491 | 81.84 | 4629 0.0368
Bypass cO | 67.85 | 44.2 | 6348 | 44.47 |3.363E-39
UROMccO | 48.08 | 40.81 | 55.66 | 43.72 |7.89E-180
bON_c0 68.37 | 44.64 | 7277 | 457 4.3E-07
RAT_c0 75.19 | 59.58 78.9 60.98 5E-14
bOF_c0 52.95 | 4265 | 574 | 4255 4E-44
Alioc cO | 6858 | 5371 | 7264 | 55.24 | 2.4E-19
L2-0-0_c0 42 40.01 | 42.84 40 1.3E-81

b00_c0 59.44 | 4444 | 6562 | 46.05 | 2.7E-34
AGU_cO 65 4401 | 67.16 | 45.06 | 0.00012
b0l_c0 48.65 | 41.23 | 72.02 | 45.05 0
bOE_c0 51.88 | 42.69 | 66.67 | 43.13 2E-55
LSQc0 6055 | 43.16 | 63.85 | 44.54 TE-09
bOH_c0 49.93 | 41.43 | 79.63 | 46.49 0
b0S ¢c0 60.11 | 4351 | 69.92 | 4588 8E-71

Cmplx cO | 47.88 | 40.62 | 53.78 | 42.48 4E-132
b0D_c0 4991 | 41.73 | 687 | 46.92 0
bOL_c0 67.12 | 4631 | 70.73 | 46.22 5E-07

BP_¢c0 57.31 | 43.26 | 62.18 | 43.79 2E-16
b0G c0 49.25 | 41.49 | 56.38 | 44.48 4E-163
BOM_c0 7467 | 49.12 | 7855 | 49.74 | 9.9E-05
DL1.cO 65.35 | 44.67 | 67.838 | 4442 2E-06

SIMD_c0 515 | 4214 54.18 4264 | 1.18E-37
b0J_c0 62.52 | 44.39 | 66.63 | 43.37 BE-12
BOR_cO 5163 | 4239 | 54.34 | 42.64 9E-38
ROB_¢c0 89.14 | 4563 | 94.15 | 47.19 | 0.00379

Commit_cO | 90.96 | 46.23 | 95.09 | 46.93 |0.0355951
BOC c0 55.58 | 45.26 | 67.31 | 62.26 bE-275

RS_c0 90.38 | 50.97 | 95.08 | 48.39 0.02
BOQ c0 50.51 | 4217 | 57.32 | 43.14 1E-118
IFQ.c0 65.82 | 51.33 | 69.71 | 55.68 1E-45

Decode cO | 84.95 | 45.45 | 88.89 | 44.29 {0.0171781
bOP_c0 51.17 | 41.69 | 65.01 | 44.72 0
BOK cO 60.93 | 44.09 | 64.97 | 4492 TE-14
BTB c0 56.83 | 43.13 | 66.82 | 44.24 5E-44
BOB_c0 51.31 | 41.79 | 56.73 | 43.62 3E-56
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