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Abstract Intra-task voltage scheduling (IntraVS), which adjusts the supply voltage within an
individual task boundary, is an effective technique for developing low-power applications.

In this paper, we propose a novel intsa-task voltage scheduling algorithm for hard real-time
applications based on average-case execution time. Unlike the conventional IntraVs algorithm where
voltage scaling decisions are based on the worst-case execution cycles, the proposed algorithm
improves the energy efficiency by controlling the execution speed based on average-case execution
cycles while meeting the real-time constraints. The experimental results using an MPEG-4 decoder
program show that the proposed algorithm reduces the energy consumption by up to 34% over
conventional IntraVS algorithm.

Key words : dynamic voltage scaling, low-power, real-time

601

1.ME

AREFA 7ol Bl wel Fudsh) Aue F
o FLYIPDA), 28a 594 Foldste 2L o%
£ Al~®(mobile system)d] F84L Y8 Zsislx
Tk & W WEHE FARLS W ey 29T AL
2 F JEAE vehle 44 53 21 Ake 44
QA ojFE Azl glolM M4 523 4% Fx9) g

- dFE FRRLAT EH71EAT(R0O1-2001-00360) A R 2.2 <o)
HAL.

YUy d  Aeuiga W) AFE IR
sdk@davinci.snu.ac.kr
toBusY : AguetE Wr) PHFE TR m
jihong@davinci.snu.ac.kr
=R 20019 64 14¢
WNigr - 2002d 99 49

o, o584 Alxdle] H¥ 4ARE Zol: 7L VLSI
ANz" AN 8% 94z 25 geh
VLSI Al2"/le] 245, n3 &35 Hojzte] we} e

=3,

aRE A5Hog FASE wudl Wz A g3
& U%HQ 27 aXD oM, W AR Azn
e VLSI Azde) zaa A8E 2ot AHY FYol
FHHoR APHE FAolY. R4S dojazEa

Msh e Hlo|B g AWM AAME dH £2e F
2% 474 BR9) shp} B ¥ ¥Y AEE VLS

oA ge 98 BAYANA wEA A Ay 7

5 ol AAoE 13E dosrs 8] wiolt) o
23 EAHE WEo] AT So] AZEHY ¥ o9

of ZHA Y f‘a AR 7igfe] a7t gt
GHHEQ VISI A28l HE ARE CMOS 329



602 BEHAZI=EA Al2d 2 ol& A 29 F A 11 5(200212)

524 H¥ 2 HE(dynamic power)7} tii-Eojn ojuje]
AY AR ET E o Cp Ny Vpp? [11E Folch
A7 2 CMOS 29 Ba AvAE2(load
capacitance), Nog2 ZT2I#o] A Alo]& 42 1
g3 Ve 35 dY(supply voltage) g mich A
¥ 25 BTl Ve AF wEEy] wEe) 2E A
f VppE BFE AL WY A5E Fole b ¢ &
#H) #hyolth. ey FF YL ¥FY £ &%
= yolAE dH, I olf= CMOSY 32 A Azt
Tp7t Vol (Vpp— Vool BlE3l7]) wj&olo}, «f7)a
Vs 94 AY o % X3 A(velocity
saturation index)[2]1E Jedic)

AN AlxE(real-time system)d] 7, A<
ddf 5 4Tt RE #H23§ FoA upg Az
(deadline)eloll €Y 4 & €82 £xHY IAY
Zolop A FXE BAY £ k. ouf, 7 "=
9l FF AdlE 2usiA md A A = =k
3l M B 25 £571A A28y 2 £
ZAHRA BE 4 Qlon, FE £vd oE FTF
AR ] LFolx HY 22E 3A Y £ Qo
olRo] &3 AY ZH(dynamic voltage scaling:
DVS) 719l 712 Mdolth & Eof Ia¥ 1a)s 2
o] o8 H237} 50MHzY 5% £x9) 50Ve TF
RS 7R Z2AA el Aaddn sHYEaL @
o o] gl2zvt APl 5x105Ak0lFe] Azar vl

Clock frequency(Supply voltage)
Time constraint

SOMBz(5.0V}

5x10%cyoms

30 time(msec)

(a)

Clack frequency(Supply voltge)

50MHz(5.0V)

20MHz(2.0V)

0 10 20
(b)

30 time(msec)

% 1 A 2R o @) 12509 WG aviey
15msece] FFANE 7 2%, (b) 209
AYe 2Mse ST gE BY

7 Ay 270] BmsecolEHH, ZEAME FolF B
FE 10msecqt] €& F AN B2=9 w A
A 15msecd FF AlHidle time)& 7HAA Btk a2
v} I¥ 1heiMe Zol 28 59 IF Aol
20MHz$} 20VE YolH FF Azt glo] Fo47 ©)
23E bt Aol 2Foix Y £ Y3 AY 42
£ 2.0%/5.0°=16%= tolx|A Hrh

1.1 88 dY ZJ(DVS) 714

T3 A 23 7N 7 8% REL AN
N&HoA  27HE oA Al ZZA(deadline
constraint)y& WEAFBEM FF AYS o9A mIH
28 A= e AU, FF ALY 2HEL o=
FEolA FAsR=Yd wHA A F THE FEE
o g237 Y 2AFF(InterVS)[34,5610) Zzte
H2z S92 38 AdEe s vy gaay
BAe 598 FF AYS AHgshe v, g2z
Y 2AFH(Intravs)[7,8]8 B2z RN FF A
& ZFEs), St H2IdgME FF A o
2 9 eigA 2ok J2AE gaan 3 2AEY
710 F2 GFEHAAT, AAZ AN A== FH
S HRZMT B /A9 BAAHE BoFm iy,

Blaazt A 2AEYANE 05 Wel Blaz 27
FH7F B39 TF AL AN Wi NG =
AEHE L3 0S AAE FFdot 0, 4z
Hzzoith FF Aol el mHger AFHY
&) 2 g2z FAde HeE 5 78] 43
WY o}F Al=F(embedded mobile system)dlAE
e $8ZIP] v B2z 2dd M)k
T3 AYE e 18 9, o] FAL "azan A%
2AFY Jigel A4 NFY Aadd HEHE W 2
AER A4 95 d2a BP0 E e shd
9] B2z} AR AP A7k uiRrES AXE A
E g3 A% 2AEY 7ol FF AYL 5y
o8 ¥EA) B3ls 447t AR 8] Haz
W Hg 2AFEYL g2azt AYg 2AEYY oy
SARE FEIV A AMHAR(G. Bl AY
2AEYe e A8 A=2d wE Ad AR Wiz
A BE FF AZdle time)2 o] §st7] WE 2
AEY Tzahe] AYe 7S W AH KFFAT)
@A A Ha uyx ZEAE aA 3R £
OS7F 3 Ade IR V) wEq 71&9 0
3% g7t givks AT 73 gt

1.2 g49| olo|

B =82 34 dAzZHbard real-time) ${T 273



A8 A Z23dE ol 8% AHH 44

o] B A8 A 7HAverage Case Execution Time:
ACET)d| g HRE o|g3to 7|E9) gzl MY
2549 qux ZgAHL ZA =Y N2E 21
=& AANGh FHot A3 A)ZHWorst Case Execution
Time: WCET)E ZAZ 3d IAWE 2Z8s= 7189
g2z At 2AEHRIH 2, AXse daE
& T A3 Z(Average Case Execution Path:
ACEP)E °|83t9 A% &£=F 2T o7l 3
T AY AEY Brafay T2y s} S9
= 98 FEF9M A 2] F3yF o s
AF AYse ARE ougch AU duEFe =
23 A8 Aol 71 Mdd FEo] & FF AY
A2 oA Zhke] HAHgEo §iy] Wi 71E9
g FRY JH qUiAE F U EHRFHoz 7hhA
4 g Qo 71EY g2y A =AY BAE 4
AZE A=Rle] Az Aok 23S TEAI7)7] 8
A oo e Hio| 4 FHot A3 HZ(Worst
Case Execution Path:WCEP)Z S ¥ciz 7133tz
T AGE 2R, AUt ¢aHEe T2y
9 F& BEo] Hyy H3 ARZ FIddn rpFstn
A 2271 HAo) HEE FF Ay 2FsEME
w A2 A 2L FEEAl AZvE Ao A &
EAolth. MPEG-4 tl=n] Z2 W& A3 49 4
#, AN guEEe J|Ee gaad Ay 2AEHS
A 34% TN S AARTh
o] FAE ittt 2= 7
2AEY 71l st dHsta,
Azg d2ad Ag 2AEH9
s}t 43 M= MPEG-4 Y262
o83 AY Ayl ==y, 54dMe ZEF FF
Aol izt FFS A A B

B
o
2
2
X
i
of rir

2. 71 23 de ANEE Yu2E

A AN Bl2x3e) QoA Bl A 2AE
g d3gEe EFe A A 2AL wWEAFEA
=AY ARE HAIEEE 449 7|2 EE(basic
block)el H23 5 £5F @I3hs Aclth 7|&9]
Bzl AY 2AEY digiA 23Er)e] oA, &
ERME Ba=rt F9E stEde] EAEA s
A4 ZZAX(variable voltage processor)o] s}l
o2 Ze VgL @k (1 7 JdY Z2AAME
change_f V( foy) B EWI & AF3) o
PRl ZRAN 2B EE o0 olo] e AT

e

AN Z2aPRg 54 AY 24 ¢3AF 603

S1;
if (condl) S2;
else
while (cond2) {
83,

[30)

number of
loop iterations = 3

isfsﬁcond»?) S4; (140, 100. 60]
, H
if (cond4) S6;
S7; (15} e 1120, 80, 40]
NG
(a) (b)
298 2 gA ZEIaH,; (a) AdA HAAZL =233 po

(b) CFG G»
THF AP VpE ZEI Q) S Ve
7 A Z2AAZE A2 A 4 e Hul
T HAZ WY JelA Yo d&E RoE xHE
T Stk (3) 7 AY ZZAMIF 25 =9 EF
e wlE of, £83 FF AYS vz v 9A
g Alo]Eo] 28 HH, o] A7t Fto] b MY Z=2
AMe 435 HED

a3 2@ vebd AT Zo] 2Zusecd] WEAIZEE
7H B AN Z2ad PE SRR Z29
P2l Aol 58 1= (CFG) Gpe 218 2(b)ol Jet
ootk Gl A 44 =E(node) b PY 7B &
& vehgin 4 oA (edge)s 718 EEETY A9
2]&A(control flow dependency)g el zt
Yol e =AE Y M8 B 58 43
o 8 AlolE A Cplb)E JERATE bl A
b, 20 W | X|(back edge)= ZEIY P2 while
YHEES vEdch

Zz A while THEES] FHd §HE 3o A}
2o o 322 Folun 7P W, WCET £4
g AMEEe Hof 48 ZHZ(WCEP)E #How2

ste

B ot
(1 oo o

e

o

1 o] 7L 2 £x9 FF Y-S vk u), T2 A A3l
A& Jebdt Ed20 el Transmeta)Ate] Crusoest &

Zg A9 A4 A AAFTNE Ad AT £ AT
A71NE Bl Z2AMZ HETT /1A YTE & =F9 4

= 283 Ao WAA eHFsed g mdHS oORE &
ot §F 7bA FRe ZEANE ZF A9 5 AUtk
w}ZtA1 2K deadline)® B FAF AL A 23& AW A
A AN Ne"E R W, aFEE A7 Al 288 By
37] SsiA el2=e] Hob A8 AIKWCET)e] vl2] Aldsle
o, 71&o] Uegle Be& WCET £4 =7[9le AMHA7}
Fzol A W8 3 2 7]2HA F JHIE 22z
734 AAIZY 22aHE E4Ste] FHo A FE(WCEP) €
o e A|7he A Q&S A SFEET

2

=



604 HEFAFS=EA: A2 D olE A 20 A A 11 300212

Duorss = by, bup, by, by, bs, by, by, by, bs, by, by, by, b, by,
by, b, 608 TE T Slan, ojgel A jojF
160 Apelgo] Het M3 Alo]lF  F(Worst Case
Execution Cycles: WCEC)7} Rt} #ef ] 224
A7t Hd 80MHze] 5 Fu42 B, 2820
# P FFAZHdle time)g 'HANIA @on A
& 2usecell BWTh 714 AYAIzE diile] 23 Ao
25 AHEHed, oJAe b HY ZRAMNE
25 27l 248 we A3 A WExw 4y
Alolg e W3R ¢7] wEolth

gaay 2AEY HHe AZ T A9 F2 Abo)
o= A3 Al7ke) Aoj7} Avle Aol Akstm Yk 2
E 2b)ol e QA TEIHS BE 3249 A3 s
BEIL EAYTE HY HY AR pu,T 160 Ate]Eo]
2AT R2AFANA 874 HY ARE 80 Alo)Fo] A
AA ger) gk T aAS A u ojd ge A
2E A9Y Folgs A ¢ F AW 2 £58
o] A3e 4o uAE Y 4 gtk

£ 2388 934, Bz AG 2AFHe ot
A Azkel] i HA(static) TEIY BA WS
o] 8-3to] #-§F(adaptive) HIYE AHELFh 7B B
g poAe e HY Ay A}o|F<(Remaining
Worst Case Execution Cycles: RWEC) Cryp(b)E
b2RE Fddle RE HY AR A A} 20 A
29 3 Alolg 2 Fo3tW, WCET ¥4 =72
4 SRS Z4zke 7B EE b0 UisM, HHY
A Crupc(0)E T8 = Ak 23 2(b)olA &
(1= & 712 839 Cpppe(b) g Yehd Rojr)
while B EEF #E & 78 EB(S, b, b, b,
by dislM= while ¥HE-Eo] Ho) 31 ¥EH7) of
& g2 M Crupc(s)) ol YL AUth

AXE  Cappc(d) TS ©183H CFG  GpollA
Crupc(8)— C g lb)FC gy (6 A (b, 00F &
F Aok A& Eol, 28 2b)dlA olEF A=
(b1,87), (b by), (by,b)St (b3,8;)9 477} EA)
3o ZellA e 715 BAES] Ytk o] AgdlE
AR (8, 0P A A=rF HG AP A=) oy
o, gM EF 4% 9 FF AYE =ZY £ s
7Veidol ke AL oudith oA BAE dAE
A} 2" oAl (Voltage Scaling Edge: VSE)<]
FE2 degn ©oF oA (p,,5)7F VSERAYEE,
22399 Ao] BFel polM pE Z W) FE &%

rlo

% 27 AP TR R gud 48 S, 7)
2B 5 ool 47 298TY go} e YT
) 1/5( C upclby)oh e [ C rupc(b1)— C b1 M
|8 2307 B 22 £2x vdo A VSEE
BRH Ly ¥ 714 £F=2 7EH= ®, B3 VSE
E if % 2L ZAEWY CFG dA(dE E9,
(8,8, (b, b9 (4,890 AFse] Ly VSE=
CFGe] g &7 RE(AF |, (b0 &
g v

A48 VSEA uiE gEe 23 &5E: goz
dopsle FAPF0l dvh) Bo] Zo] EQEvtd @
ZRHe). dF Eol, ==Y Ao} 58] VSE
(B0l =Y W F2 5= B9 FHYeko
[C pupc(8) = C s8] — C LB THE FIEU7] W)
Bol) Wo] Ak 22 &5 S2 5 499 Fo, F
% &2 29 44BY PAE VIS b0l UB
SX CRWEC(bi)

C RWEC(bi) —C EC(bi)
W, s
= #7 8% (Speed Update Ratio: SUR)ol2ti 3}n
SUR(b—b)E VVERIITH

a8 32 2@ 29 QE A TP ths] e
Ay AY 2950 ALERe Wb ALHA A
£ o A4%A 5 £x9 Hbo] Wie AE viunst
o BoFz gtk A (b,5)04 22 £5= &0

Az 2% SEt

2 "o

& AA bobel Y &

MHz2%¢ 16 MHz(= 80 MHz xgitee )2 sk
FHdeola HYol AY A¥HA Ygrudzn sy
E o CL'Nc}de' VDbza'-?— 7]'@@ EB, E§1% 2138

speed (voltage) v deadline

soMbz @5 v [ 21 22 Dube by
o G psec 2 psec time
{a) without the intra-task voltage scheduling
spead (voltage)
sonuz 5y |2
deadline
16 MHz (0.72 V) b be b b l
0 2 psec time

{b) with the original intra-task voltage scheduling

28 3 g3 =AY dF 25 £29 1ge
Ha}



AY AL 22AdE o8 AAY 3

ol py=(b. by by, by b)) A2Z Y2 A, B2z
g A 2A8Y gndEL oyx LRE 60% Y
4 itk

oA RE VSE FRE] HEHoz VSER 44
HAE gerhe AMlY F58 oo 3l 7by dg =
ZAMANA FE 5 2 FF AL WA= ud
B o= FxY Azt B HHol FE AgFHy 2
Y F=E Y= 28 5 2 TF A9e Ad3n
HEA7171 98 BEolrt FUE AYEH] HE), 2
& &x9 FF AskE wHEAS 9 spgAzt A 2
Aol BAHY, SoE 39 4%/ W=y o 2
Wk FolW VSE FHIF AFFHo VSER Admcy
gaad Ag 2AFHAMT VSE TR (4,,6)904
Z2399 Ao TEo] bl bE VMR W o F
dFo] 2ojE AR & GF AlolE F(saved cycle)7t
Fold YAAthreshold) BT 7 opt (b, )8 HEH
2.2 VSEE AdHsted, olde] AR ge 2% &
= 9 FF A dshniey ZeEls N "2y
enjsl=e} TP = 27|18 F7HRC] UF g9
2 Fojznt

3. Z2IIYE 0128 EHAIWN Dt AFHER

3.1 871

z2adg olfd daal AY 2AFY duIgS
& 293Y) A WA 240N AP N2 H22a
Ul A 2AEY duelES Jddtsls) Ba g2
A} 2AEHAME Z2OWY Fo FBo| oE A
22 FY4E Zolgx 9&3tn o} wgeg VSEY
A EE SEE e, on 432 £33 3RE
FAZ 43 AZ(Reference Execution Path)eby Hz7)
2 g} o A A9EAA T ojgA Fz 2
B ARE HdU3i-vel gely Hy Anel Ao
A Aol WA Brk

At Az Ay A27 ARHE, By 249
< gz=art 458 3z 29 32 @ Hozxn 7
HAela 27) 55 A4y F8 £58 24H) BAE
Tl fsiA AA Yol A7 Fx ¥y RS A
ofuA Hw, 28 &£ox Az 4 A2 QJEA H
o Hel BZY o HH AlolF F£of zlo] gwE
ZAET, whof A A ARy 2 AY Azwd g
A7 A2 B £5E oAz 297 98iA
Fobxop gtk whwof qhef Af A3 Az Az 4Alg
ZAZETG A9E 97 BY 4 v 22 458 A

AN 22094 53 A 23 ¢S 605

Y £8E o)) 984 wRel A & Ak Y AW
ol Rx A% A9} OE AE AsA =R, Wl
Vg BERY Azse M2e Bx AW ARs) BE

2

A,
gy A3 2AFYe Y Zzas B4 UMY
£ olfstd, 8 &% AU 2Folqopsie
HAEY 2oy HAXE ) Ik Ol EF £28
A8 Akl (run-time) 23 M Hel® g
F 9Rle) AY 23 =2 AYsich dg 23 =
7t ArlE R YA CEGOA B71Eon) w2y
s £r) oA st

7129 gaay A AAEYY ASde 2oy
9] @ BEo] 0B Pee SPFCHE vpBAIZE Hof
27 7ok 317] wj B B} Hof A3 AZ(RWEP)
E Iz 29 A2 HdgEiA 2n B =2dAe V&
o] gl JAY =AEHE RWEP 2AZE40) ¥
2712 9t RWEP 2AEYdMe 8 4£57 2E
VSEA] gxdog sty aepd Aotels ¢ag
oM RWEP 2AERMe 08 yaes Jz Ay
BRE Agsty] Wi, €A Fx H8 A=y} Hus)
=7l W} 88 &= oW VSEdAE S&7tn o4
VSEoA& Jsdch 2822 VSEE Up-VSEY
Down-VSEZ FE3t}h Up-VSEdAME ZF& 257}
Z718 Down-VSE A 28 &5t #adk) 2
%3 Up-VSEE #% VSEZ degt} a3x goy
L7HE vgAzEe] ARA |t

RWEP 2AE4 L g zte 718 38 L2285
EolAE, o Wy By 7 Azs dasgs)
dst7] WBe] H#AH Hoez B 4 9o &
B 98 HEEe 2 2y B2 39 4y A
Z(ACEP)Z A1g3le Zojth Hy 43 RAze 713
Adg 7Pedol ¥ AR Foigd, A8 g =
299 ANg B3 Ay

WCEP ti4ld] ACEPE AMgste 8 571 I=2
I £ A AR BAsle A4 qsid HAFsge
24 B £254WM F © & 58S daz Fo
o} QubHel g adelMs 2RI A3 Ajzke] oF
B0%= TEOY I= AN ) 2099 B B
EAM TR, o]HF F=F & sfa(bot path)Fi
FEHI0L glzay 3Y 2AE9e) g AnE B
o 58Ho g & YAe 2HHeg & a BE
el WY ARE Fole o] falaith uieke) &
A& FAA 3E Haad g 2AEHE T I
x AR ALY, £% W7 agsE g sjio)

2 n



606 FRAGI=RA A2 9 o)B A 298 A 1l Z200212)

N

s xe wAel A9 flo ¥RPF FyE sk
(i1le] o5t &£x=9 W) ge A9t 22 34
A s AF ARE HUE £ Y 2AEF]
o 3 H2v) old AR WIME, Fx 4F BR
g S2E AMESHA W WCEPE Iz 4% A=
AL WHT o Be 22 22 9% 5 7]
o) A8 AndojA] ®r} ZgHoF Hr)

g P28 Fehis PHoRE o7 71X dhgel 9
AAT, B = olMe 8 dzo gkl ofuE 71
Z Jehlle ACEPE AME3ITE B =RdA Adse
Z29AL o]83 Hzad MY 2AEFAINT T2
o] e Bro] ACEPRE 38 Aoy &3}ty W&
o, Bz AY RE=2 Fo HF A3 ZHZ(Remaining
Average—case Execution Path: RAEP)E A3}, o
g Z2gYS o)8g g2y Ag 2ASHE £
E=FdME RAEP 2AE¥clgtn 72 it

2 sRdNe zaoade] ACEPE 27| $18 ==
#Be Jger zaadel Ao T& IHZ(CFG)EE
AA(edge)el A WEE ZH3e PHE LA
o] e s ox9 A WEE P HAY AlE
golE 2 olgstd B4 o= A= usA 3% T,
o] & wwgoz 71 AF AT FZ(ACEP)E
A3} ol#d YHe 8 H2(hot path)E F7] 9
A ZHE g8 AHEER Qe etk

AT F o 334 Zzodye fside 3
ANE ANE 7[HE AR 5 gith o FE B, F
Zo} AYH acyclic A2 WA =g Zzode &
E 7ol E Ao digt B8% SPEC traind
ref9] ¥ 712 4% dHolgE AMHES HY ARE T
A BejFEz QE H), train HoJEE o83 X B
729l 41.8-9%6.0%2 BE7t ref vlojHME LA
QrH12]. 2em, o3 59 A27t M Ad A=
9} 71.9-100.0%2 AR}t F, train HOIHE )&
zZaatdoA] ref HOJHE AR A AYY H=EF
QEE A Wrks Zolth oA TR rIYe)
22 AR gohs AE 24T 3ok
B =FA AMHEY Taaddy 7S o)X ZRw

olg3leE ARE offdh= ANE T2 7Y
ol vig] =eEMAy oAUt € £ Ut AT B =
Ede 73Y 3E4ES AN GAE o8 =2
B 71e AEsEen <] rYe HEEe =&Y
A Vg dgsie g R f43tn A%
gt} Ball 3 Larus(12]9} 7|%H¢ &% Z¢ 2
24 ex7} ZolEo] B £L A} e o dEnh

o L

&
2 b ohuofd op

o

X

zEvd @ A Az Ay Azt 23 8A
B =2AME Lim $o] AXNT A £4 71 (static
analysis)[9]& AHE-EFATE RISCSF 2] Ell o}7|9lR
o] 727} BASA ¥ wxe olHd A B4 7H
o] o= Ax HEAHolE: LA rh BE, BT
F&3AYME Puschner (1317} AAE A o] HA
2 A8 dHojels A4Sl AA S5 WS AR
g FE Uk

I8 4% y,ERE 288l BE AR T ¥
o A ApelEg JehllE Crupdb) 3% 713 RAEP
g 0]2% CFG GRYPE RoFm oy GRAEN &
2 AL F AL B0 ANFAM Ao deE BE
o] F& AL Yuigth 17 494 Hzol Fx AY H
B2E (Bub by bg, by by, bs, b s, b, b7 BT o]
2z Y A2E 59, Cracb)?t AETh A4F &
ol CRAEc(bﬂ)zcEc(bif)'*’cRAEc(bﬂﬂ "t RAEP
2AEFAMNE T-A e 2 AR Down- VSERT
ohjg o2 EAI® Up-VSEE ¢tk ¥ 5% RAEP
27410 Sjsj olRA 25 £x9 FF dge] W
= A& HoFm Yk #% == SUR # 15
(=7225)% 718 Up-VSE(b ., b)IN 14MHzoIA
2IMHzE vHEth 28 3(b)ol et RWEP 241299
Ag 2RF3) BlTste RAEPE o83 2z 24
232 55%2 AHE o 24 & Utk

the average
number of
loop iterations = 2

NG

1% 4 RARPE |83 CFG GFAEF

speed (voltage)

by deadline

by b, l
21MB2 (0.8 V) b, by

14 MHz (0.7 V) :

0 2 psec time

75 MHZ(135V)

1% 5 RAEP 2AEH S =9 At ¥



A3 N Z2AS o] 87 AFY A AN ZRadE 53 AYg 22 dnAE 607

RAEP 2#&%o] RWEP &AEgHT A ARE

#2A71E dele oS &AW, #4354 RAEP
g o83 HoHe B4 AAR &8 Z2aYe v
A A 21E AFNA £ F U 2 olf{E o]
1ol & A8 A= WA Az Ao 20
WHAFN A G) WZolth. & ], WCEPS} ACEP

7} A8 AlolF FollA AR & AolE Hole A
E AZleiRxt zzasie] dde] WCEPE Aurixn
RE AF, ZaWY Fh ZEAAMY HUEEE
AHESIE ) AE AlolEs WHEAIIAR 2R 98
34 B 5 ok olHF FAE HF@str]) HEA
2 AolM+= RAECE AMSIHAME RE A3 H=2
o A WA AY 21E BAR £ e A2
+ e ddat

3.2 &= d= 4

E =844 Agele ¢nHEFS 99 RAEP &
AEdo] viztAzE old £ Avke EAE HAs)
A wEA o] AAAA G § e ¥l T3
He 3Bz A8 A=2E £33 Az 4y A=7)
D=l b5 by, bl b b b
A2 =g JRAE #7] =201 polre dA &
7V ST3 71gskAL ek SxSUR(b b, )2 FoAE
bNX0 8 &2} TREAXNY A FE 459
MaxSEY Zttn b, w ke AR 28 &
U I oJfE FHHAIEAS Holgle ARl T

C b,
Ty=-Caadid o) MaxS< T C parclb 7t 3

7] gEolth. &, b, MFEH AdEHE A2 Fx
A A2E wep =2 ahe] IAPY o w7t o F
A M=[C papcb i) = MaxSx T 12| Apo]Eo] F7I2
daElefol ot mpAIte]l AR = AL H3)
7] 98HE £<iQl BE ko NAN Councld)E M
TE wEFolel gtk & F=x: B2 b9 b4
AEL 713 718 ES(virtual basic block)$l 6,3
7hsted WAL, C b)) M2 S 7M 718
@R &5 GG Ao A RE AEE 57
AR Aoz AFYAzte] AAZ APHA=

& Lo o v 2
or 2

i & xore

62 oA Fx AR F7go] o]FoAE A
E RoFm ity A9 CFG GHE7} Folz S ),
ACEP (by,b,,0,)7F 2 48 Z2= o&dt (H&
A HPAIRe) g Sl o £ AE 9

ujgth) 100MHzZt Hd 2% Fu4d W, A=
( by, bs,b5)= 05usecd] vtAZE A71A EsA o
EoH, 2 o%E (bb)M 2E £E7 120

MHz(60MHzx2)Z -&e}7tof 317] wi&o|th. 120 MHz
g AHgstA Retn Hu 2% 349 100 MHzE
g s D AojEve) shpaziezRE ol
W) a2l 2% 50b)ol BolEol b9t stolel b
25 5,3 AWM H8, Co)E 41 1)

At 218 5,2 A8 Capcld) S Crarclby) 7t 2t
7} 349} 242 ¥AHI = ¥F HET FFHPL 9

£ B0, (5,.5)°149 SURS 2014 143(-20)0z
W,
g 6 DE AT B2 (b, b, 00%

( by, by, b5)0) elA] RWEP A&y H#he] RAEP
2A%Y, a9n $99 Pz AY A2 olgshe
RAEP 2AZolMe 28 &= WiE #ad Aol
. 9% RAEPE o848 2AEHL A4 ¥y &8
o 74 2 FFE WAL & A2l H RWEP 2
AZLrc Ax A2nddx ZL&AotHad 6(c). ©
AL = P9 RAEP 2AZ3% 29 ngAzt =21
T AN 6(d).

deadline : 0.5 ysec

{b)

deadline
deadline miss
LOOMHz [++ooermeieimemiens 100 MHz |-

60 MHz = : 60 MHz

(1.5 psec 0.5 psec
© )

-~ RWEP-based scheduling wawe  modified RAEP-based scheduling

a9 6 8% RAEPE o8& ®Hl£aW £AEH: (a)
Qael CHT (b)) £38 GET, (0-(d) 7
2 (b, by, b9t (by, by, b)) WG A 7]
23y 259 dueEe 4% @ g

—— RAEP-based scheduling

3) 20 cycles — 100 MHz X%I\%



608 CEEL TR
1: Procedure Modify RP(IN G, IN MazS, IN D)
2 f* Input: CFG G, Max Speed Maz$, and Deadline D */
3 repeat
4 unsafeVSE = NotFound;
5 S := Cragclbo)/D; [* Calculate the stari speed */
.3 foreach p ¢ G /* for each path p in the CFG G */
7 foreache € p /* for each VSE e in the path p */
8 /* Change speed with the speed update rasio of the edge e */
9: $:= 5 x SURId:
10: if § > MasS then
11: unsa feVSE := Found; /* unsafe VSE is found */
12 goto line 17;
13: endif
14: end foreach
15: end foreach
16:  /* Calculate the number of cycles to be missed from the deadline */
17 MissedCycles := Get_MissedCycle(e, S);

18:  /* Add a virtual block to the reference path of the path p */
19: Add_VitualBlock(p, e, MissedCycles);

20:  /* Update SURs of all the VSEs preceding e in the path p */
21: Update .SUR(p, e);

22:  until unsafeVSE is NotFound;

23: end Procedure
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