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Abstract We address the problem of energy-optimal voltage scheduling for fixed—priority hard
real-time systems. First, we prove that the problem is NP-hard. Then, we present a fully polynomial
time approximation scheme (FPTAS) for the problem. For any €>0, the proposed approximation
scheme computes a voltage schedule whose energy consumption is at most (1+€) times that of the
optimal voltage schedule. Furthermore, the running time of the proposed approximation scheme is
bounded by a polynomial function of the number of input jobs and 1/¢. Experimental results show that
the approximation scheme finds more efficient voltage schedules faster than the best existing heuristic.
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HeEdh mAge g, 047 FRRZ by = (by, by, v, by)
# oo W&EHE EFAHY EDF-55¢ IAEFJY 7
of di#l 7 - UK T ,.-0 58 2E AYEL
?*E‘?r% by ol i A& A(background job)olz}
23 WA JPBE AR ol
’ﬁgl 3 °]%5}°1 4 =Zzagel) sukeiA 744
g HHo ¢ayEE 18 1094 BoEch o] €1y
Fo 9Ax %4 E*H-TLZ_M] s Hae A 2AEE

M=
T

TG, ol YnFE WPAAFL FUL SE=
Scoﬂ '%‘?} Re &EE _1—345]' T:ﬂ Sc“\f‘ E]"%jl}' %“O]
szt

Ao A 2AF sl wiAYAHY £=71 w
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5.2 FPTAS

o] AoMe 518 AAIF HH AL 2AEY

procedure OPTIMAL_VOLTAGE_SCHEDULE (7)
PATy= A axt, Sci={s1,52.---
foreach (s €S¢)

Vi {v.v2.-
E := {(vi.v;) | |t1.1)] is weakly-atomic}
foreach ((v,v4) € E)

1

2 N}
3

4

5: w((vievg)) i= W (max{Som Tuig
6

7

8

end foreach

Find longest paths between all pairs of vertices in V.

sn} ¥

hshluyh) - W(.Solp'lm(l), {riv1y]) 7* weight of edges */

* Note that G is acyclic. */

foreach (1 <i< j <N st [1.1)] is a concatenation of weakly-atomic intervals)

#* The longest path from vjto vy = (v, .vg,, -

'Wl)

is feasible for 9y, vl € Plrsdi) C il

where by = (by.by.--- by} %/

9: c:- the weight of the longest path from v; to v;.
7
10: Er e E(,;.";'I max { 5‘;;:”""“'](1).s},[li,lj])
15 end foreach
12: end foreach
13: for(i:: ltoN—-1)
14: for(j: 1toN—J)
15: Ejgeic =t
16: for(k: jt1toj+i)
17: Cirik: CQIESE I rycltpnnds € txtppl})
18: Ejpvikt Epalcjjmipl + Ex i
19: W (Ej i > By pip and Soga™0)
20: CEjgis Ejgeik o bk
21 end if
22: end for
23: byjvit {ta}UbypUby,,
24: end for
25: end for
PEN o ES opt) and éop( = o;l' Tintaa
206: Jopt© - U,',=, Tibbsal* Y 9% where by = (b1.ba.---

27 return Sgpf /*
end procedure

.hy)

J o 1s an EDF job set. So, 50‘:‘{"‘ can be dircetly computed by Yao's algorithm */

a9 10 AFAR F3she

HAo At 2AEH gzneE
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Y EFS 47t WA
g PN AsPr2 AEHTH ol 9 dPozm wold HAS was] (1+ul ohwe
Asdrz 2457 Wiott "t oduRE sxse ZAEIE AdsFes $PAE
Sc9 A7E 84 So|HAR AEE AH &~ 1719 l/es oMUz AfDHZHE

Sco =77}
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3t FPTASE fFEdth HAHS  th o 43dFe 7o dole exadA

AZo] AAsjo] =83 7w E sof sth FPTAS Lemma 25¢ Theorem 262 #3).
e thea Zo] AHed S & Sc WAl AREEho 6. A8 1}
FYARE BYAIOZ Bolman

S¢ = {min{S¢) - (1 +e- pp*

Ik:o,l'...,

ojul, ppe
or max{ip(%c)l ~xlx>0}

A3 FPTASS A% =437 A8 3 ¢4
9 A 2AF" 2R disl A 7P ATl
[ log 4+ max {Sc}/min{Sc}) 1} 202 4HA Quan® Hud FaA"[2e ulmd)
log2 = Yepdrt, o2 Ags dux ZHAMY HeH FYA J%
w3k Aol v rRFe FF
a3 118 A 2AEY ZAd g FPTASE B o #lE@ta 7R o1 33 A9

Fed S WA

S¢ & AHEsta 1, 12, 20, 219 WHEHE &=(CPU S8 (Vip—~ Vo) Vi ol ﬁl
#lg At 1y 109 HA dneEy wds  AITE PPIAAEH, ol Vst o«& ZZ 05V

procedure APPROX_VOLTAGE.SCHEDULE (J.€)

1
12:
13:
14:
15:
16:
17:
14:
19:
20:
21:

22

29:

30:

PRI DT

2h={n.an.an}
/2S¢ = {min{Sc}- (1 +8)klk = 0.1..-. [log) ,s(max{Sc}/ min]Sc})] where 8 =¢-pp*/

Initialize Gy := {} for | <i< j<N.
foreach (s €5¢)
Vi={vpova.-o- oon}
E:= {{(v;.v;} | [11.4;] is weakly-atomic}
foreach (v, v;) € E)
I 4 it t

wi(viov)) = W(max{Sop (1.5}l tj]) — W (Sopt” (1) Jt-1j]) /* weight of edges */
end foreach
Find longest paths between all pairs of vertices in V. /* Note that G is acyclic. %/
foreach (1 <i < j <N st [i.44] is a concatenation of weakly-atomic intervals)
/* The longest path from v to v; = (g, .1q,.-- ¥}
c:- the \\'cight of the longest path from vy to v,

J(q’“’”l ..\}.ll/.fj|)

Eigle): = - E(d ,,_| max{ 5,
Giji= GyUic}
end foreach
end foreach
for(i:- 1toN—-1)
for(j:= 1toN-1)
Ejjogim oot
for(k:..ji1tojii)
cp i CUT TP ry € 1) Ady € etj1})
= min{c € Cygle > ¢ prik}
Ejjaik = Ejale'} v Exjy
if (Ef-,“'i >Ej ik and

NV 3 Vof ,
il is feasible for Y 1w UI{J € P\ ry.dy) € it

~opt
Ejjri=Ejjug - bk
end if
end for
bjjriz={UbjaUby
end for
end for

I*ILIV‘\“fE) (opt)/
Te Uh | l[hn.bnn]‘ U 4% where b~ (‘b|.hg.--- .by)
return .\0:,, /* 4 is an EDF job set. So, 5(;{;. can be directly computed by Yao's algorithm */

end procedure

O 11 A¥e) AY 2AEY A 3 FPTAS
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1.3z 713t [15)

F 1 AAZE oZ Al AEe i 4F H
CPU Time(s)

Normalized Energy

Applications |MPEG4| CNC |Avionicsy CNC |Avionics|
#jobs 22, 289 1372 289 1372
£=0.1% 1 1 1| 44.71 4506.63

e=05%| 1.003| 1.004] 1.003| 11.67{1021.48

FPTAS|e=1.0%| 1.006| 1008 1.007 6.12! 631.15
e=15%| 1.012] 1013| 1011 5.16| 512.32

e=2.0%! 1017} 1018 1018 331| 313.15

Quan [12] 1.041] 1.062| 1.059 4.76| 580.32

APS Hal e AHEEHT e AN AJEEFA o
Aol MPEG4 9473}, CNCI[19], Avionics[20]8] 7]
A graE2HY AAFPTES dojulo] ALEstd.
E 12 o)d WF 418 ReFEth 4 AJF, P2z
A9 e [WCET/I0,WCET] 77kl Me Gau-
ssian X E @ dojz2 ZAASAT duA gE
e=01%Z #L wWe FPTAS/I 7 AY 2#AZ9
AR e NELo2 Hws sk E 1M B &
A50°] FPTASE Quand F2H[12]Hth W A|7F
d A A£R7F o He AYJ 2AFEL AN F
At AgolM FPTASSY A A= 23k IAAA
eRt}k 4 FAA & AT 4 JITHMPEGY 943
Aol digt CPU AZte Agsiaed Akl 01z
el o)A A& S0 YEAT WEeldh.

AAZE SZPA Ao E 50~1600708] HFLHES
dejz AAte o5 didez A¥atdth Quand]
FIzE[12]9 Aol 9¥E A 7P F8% 94
= AYE 749 AdEe Axdn FAsa o w3}
Al7IE ZAPEe sk A HA R AT
E(Class DE Z Jd9 wiEAzl, $377e] Zeo,
Z+Asks Z+2k 0,1000], [50,1001, [0.2, 1.0]90A49] 74
EXE wat Qo2 AAFHA (Z2AXY £x29 F
g 3 AT =AY 5 JeBE FAYHFe] A
A nydE FRE) F oA ERY 9IS
(Class 2)2 A A EF7F9 FAGITE(Class 3)& F
79l golE [50,1001HA 2k [100,3001% {300,
500le1M el TUEEE wet Y= FASACE Class
1, Class 2, Class32 Z12t A&, $3el, & A&
Ae M AAAREY wgdnk ¥ 2, 3, 45 A4
Class 1, Class 2, Class 39| W3 A¥AAE vehd
o BellA B g AR A9E e 4 A=vH AR
o wzt Quan®) Fej2="H[12]o] i FPTASe] &4
Zo] At}

X 2 43 FAAE(Class 1)l dig 249 23
Normalized Energy
Jobs sets I J2 Js Js s s
#jobs 50| 100| 200{ 400| 800 1600
e=0.1% 1 1 1 1 1 1
£=05%| 1.003( 1.003| 1.004( 1.004( 1.003| 1.003
FPTAS|¢=1.0%| 1.008| 1.007| 1.009| 1.009| 1.008| 1.009
e=15%| 1.013| 1.012| 1.012| 1.014| 1.014| 1.014
£=2.0%| 1.016| 1.016| 1.019| 1.018| 1.019| 1.019
Quan [12] 1.044] 1.047| 1.051| 1.054| 1.052| 1.071

¥ 3 $4% FYE(Class 2)oll 3 49 A=
Normalized Energy
Jobs sets Ji J. I3 Ja Js Js
#jobs 50| 100 200; 400 800{ 1600
e=0.1% 1 1 1 1 1 1
£=05%| 1.004| 1.004| 1.003| 1.004| 1.003| 1.004
FPTAS|e=1.0%]| 1.009| 1.007| 1.007| 1.008| 1.009| 1.009
£=15%| 1.013] 1.012| 1.014| 1.014| 1.013| 1.014
£=2.0%! 1.018] 1.016| 1.018| 1.018| 1.019| 1.019
Quan [12] 1.055| 1.062| 1.070| 1.079| 1.079| 1.127

X 4 $A43 AE(Class 3ol digk 49 23
Normalized Energy
Jobs sets I T 7, J4 Is Is
#jobs 50| 100| 200| 400| 800| 1600
£=0.1% 1 1 1 1 1 1
£=05%| 1.004| 1.004| 1.004| 1.003| 1.004| 1.004
FPTAS|&=1.0% 1.009} 1.007| 1.007| 1.009| 1.008| 1.009
€=15%| 1.014{ 1.013| 1.014| 1.013| 1.014| 1.014
e=2.0%| 1.018| 1.017| 1.019| 1.018| 1.019| 1.019
Quan [12] 1.094| 1.114| 1.1214 1.134] 1.142{ 1.137

748
2 d7dAe 7k A Z2A42 788 13 ¢
Aded AAT Azl g #HAof Ad 28" &

Ag 23|t A4, o] A7} NP-hardd-& 5%3}
Q. 249 ARt EZ=g 188 o o83, 4837
A 259 ) HAA fully polynomial time
approximation scheme(FPTAS)E AAlstgct A|AIgH
FPTASE d2l9] ¢>00] Wiaf o] amgo] H=e|
of HlEf (1+e)u] <ol =& TS e 4
9} 1/e9] a2 RERE Az Agkeic 4%
A A3 FPTASE 05%3AEY w9 &L i3
Azl A= F83] wzA Ao

AQkste FPTASE 83 AxFoixgt o7 9
oA B f itk AE B, AT F de Aol
N A= A JAEA eWF=r EBAE
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