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Abstract  As the energy consumption of embedded multiprocessor systems becomes increasingly
prominent, the energy-efficient real-time scheduling in multiprocessor systems becomes an urgent
problem. Most research efforts are based on the critical speed to reduce frequencies of processors
for reducing the dynamic power consumption. Meanwhile, off-processor approach is also used to
reduce the static power consumption. However, such approaches cannot achieve the minimum en-
ergy savings. In the other hand, the optimal energy-efficient real-time scheduling ignores the time
and energy overhead of switching the processor state and thus is not optimal in actual platforms.

For multiprocessors with the independent dynamic voltage frequency and dynamic power manage-
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ment, this paper proposes an optimal energy-efficient real-time scheduling algorithm for the

frame-based tasks. The proposed optimal algorithm determines the system workload cases and

the number of active processor cores in terms of the critical speed. Then we can obtain the opti-

mal scheduling according to the switching overhead. The algorithm allows tasks to arbitrarily mi-

grate across processors during their executions at the cost of the small computational complexity.

Furthermore, it is easy to be implemented. Mathematical analysis shows that the algorithm is op-

timal.
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5. i<-1 and M<—m;

6. WHILE :<<|T| DO

7. IF w,<s* and U/M<s* THEN

8

9

mr<|U/s*] 3
BREAK;
10. ELSE IF «,>U/M THEN
11. T;.speed <u; ;
12. U<U—u;s i<i+1, and M<M—1;
13. ELSE
14. 7;.speed<-U/M and i<—i+1;

15. IF m» =0 THEN
16. m* <= Check_Switching_Overhead(T,U,D,i,m*,s*);
17. IF M>m+ THEN

18. M<m—(M—m*);
19. ELSE
20. M<—m;

21. i<-1 and 1<0;

22. WHILE i <<|T| DO

23. IF t;.speed=u; THEN
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25. M<—M—1;
. u; * D
26. ELSE if 1+ >D THEN
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D N P
£ T R A AT A5 M A
;.speed
L
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S an (t T,..s'/)eed)mo ’
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1. M <m+~+1, U~U, j<i, E.. <0,
El. <0, E,. <00, Epu=<0;
2. WHILE j<<|T| DO
3. IF 4,>U’/M THEN
4. 7,.speed <—u; and E,,. < E, ., +P(u)+D;
5 U'~U' —u, j<j+1, and M'<M —1;
6. ELSE
7 t;.speed<~U'/M' and j<j+1;

8. E,[M +1‘;E,[M . +P<I\U7,/> ’M”D;

9. tge<(m*+1)eD—U *D/s*;
10. IF tg.>ty THEN

1. E;. . <PGHLPip o,
.

12. ELSE
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14.1IF m~*7#0 THEN
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21.1F E,..,=E'. ., THEN

22. mr<—m*+1;

23. return AEHEREL m 5

B0 L TR TR S AE m - +1 A b HE E L
56 4 ) FH & A & 30 If 18] 09 388 B2 0B A7 A 25 PRI T
1 1. Check_Switching_Overhead B K5 LTF
SRR A ) 1Y 5 4 G P A A 5 1 BRUA T S BE 5 2 AT
FIH 74D R REREMN E),. (B 8 4T).

U «D/s< (%% 9 7). Check_Switching_ Overhead 2
EMRAE tac 5 1R/ F W 75 7E B IR 25, A
745 20k B B0 T AR REFEMH E,. . (B 10 47 5
513 47).

B0 3. TR A AL S A m - b RS | RLSE
4RI T A J] S0 I 0] 1) 3 B G5 AT B A TR ] A
e, WA m- #£0, 3 4 Check_Switching_Overhead
LA AR EITE me AL FRER FIRARREREE E,,.
56 14 73155 15 17).

FETF LR 3 FE I Y BEAE(E , Check_Switching_
Overhead % 7% # /& fx K B #6 f min (E,. ..,
E,. ;s E b LA BE T v JF A AT 55 1 AT
LG B AL A PR RS E e (55 16 178 23 47).

4.2 EZEESW

BAL S5 T AL 55 BBCH n e ISR BN m B
MESFRELE N w, LB EARE L o

BF IR S AR BT ARG 2 WS 2 B RS 7 20 22 1)
(08 I8 LA RSk 2 155 18 B RIS 20 2B, g T/
T BT A R 43 e o BE AT 55 48 28 AT 3R BE 1) B[] 2
R O, i THZ 2 hiF AR T 68
BRI B D0 Ak 3L 8 A 51 I ) 2 2 B 38 Oy i L i DA
L 2 Wy AR By OGo).

BE TR 1 LA RS T HEF /e %
B IR On »logn). W 1 5 2 4 5
55 5 0 BRI R I ] 5 2% B O L IC AR O,
AR 1 M5 6 AL FI5S 14 2B Z B, o 4
AT 55 43 FC AT 3 B2 A I () 52 2 B o O G B3 1
HRER 15 B F) 18 B IS 2 BT AR SR A I [A] 52
FEEN OGo . WA FEF 2 1 RS 20 2B FIES 29 20
Z 18] FR) 41 BF v B BT A AT 55 20 BE B 46 08 1 AL PR b
WEEPATRIR T 28 B OGo) . 25 b 59k 1 R
]2 2= K O logn) +0() =0O(n «logn).

23 (A2 2% B - N SRR Ty /AR AR S5 T
Fri B2 0 O (n s w)  AEBEZIRZS P 5 H B9 =5
[7] 5 OGm
4.3 ERAMESH

Moy, = B FH U/ M= i R IE T FE R B8 ™
pRECME BT DA N LTF-M B8 25 1k W] 3k /% (2 8K AT 0
LUF-SO 532:45 2 /19 68 9 B 2 et iy Bt 1
WEH] LUF-SO Bk 7E w,<<s* H U/M<<s- W1E 5T
WA F AL HRIEBI 5 1 8 Check_ Swite-
hing_Overhead A] 43475 2 1Y 3 FpiE oL . HAEFE(E L

*v).



6 1 TRACHNGE - T4 BUR Y 20 Ak B8 e 101 RE S i R B 5 7k 1305

SRR T R A SO AR A5 15 BR A0 38 45 S B0 AN
[] , 231 D0 UE BH e OG5 RE A BE HREAE - B +1 4>
SE PR b A

4.3.1 m PNAEFRLR Gn- >0)

U;
Vo, eT’

¢

XFT'ET Eiﬂ”’)?ﬁ&%?&?m*—{ J/I\LI‘

BRER AT B T o AT A8 25 BRI s <Zs
XEHN U= D uUls =m W U/m- =5,

ve e’
U/m* =u;. J TR TP B AT 45 (9 8k 10 v) )
VEREAE 8 U/ m 8 B2 R IRAT - I AR 55 78 m- A
AR AR IS AT A 7 A S TR TR] REFE
E,. <~PWU/m-)+D *m- (2)
SIE 3. T'CT i AT 55 i AT 55 ) I %
R =1 328 15 5 FP HE 2 B A A 55 BT AR R B9 LR 38 D

WA U= > w A T i 57 m: =

Vo, eT’

{V;T’ iJ ARG ELBL U/ me g 3l R AT I 15

.
FIRIRERE E,,. SR

. EEXT AR TR R REAE A
I3 BCTT AL SR RAIE B b P 88 AR 15 17 I HAT ME— A 3R
Frde B B AR W R B m - DAL PLES { Py Pyyeees
P,y BA R AT B RESN RN (51 0sosoeeus,e bo T4
A4 B AR XS N IS AT IS R 50 (11 atyeeeat, b M

Vs, € {s1ys00 80 > 0=s; < S ﬂithj <
i=

m* D, LLZS NI 8] g =m 'D*th HE.=
j=1

Piae = to. WR tige =20, IR 4 7T LLUKE AL PRES IS BRR
ADHE N MEIRRAS s 75 W0, 4b BEER AT 40 F 25 IR A, BB
*jé Em" %\%j\‘ﬂn—F:

DIPG) ) FPuctor  ta >t

2 (P(sp)ot;)+ P * tiae s tiae =<ty
=1

ﬁZ (s;ot)=U D, I NFER B P ()
YRR B R A B AN S5 () AT

i(Puj) -4)21)(3‘1 (s, -m/irj) -itj:
i=1 i=1 =1 =1

m*

%:lzzjémx *D,fT LA UD/ tjzmlx.l
=1

=1

LU \ U P(s)
o= T UD/}Z;@ELW ,.smax}ffETE S

4 1Y B BCVE AT 2 s> . PCs) /s Sk s T o

m*

R 4D, =me - D aqL,P(UD/ Ez,)-
=1

=1

D20 MBCRME P () e me DL B 3 F
j=1

m* m* U
Z;(sj-t,):U-D,Z;(P(s,)-tj>zp(mf>-7nx .

D. B4 . W18 E,. >E,..

WAL U/ me AL m- A4 P2y Fas AT i
A7 A S R T i LA R B A AR B DR T U /m-
(1 o SR AT I S R 2 S BRI 55 5 R AR ).
WU/ m- Z A me A4k B 45 58 2 PRAT I o —
L. HEEE.

EE L T'CT i A 4T 55 # IRAT 55 AL
(A 38 38U HES L B A AT 55 B AR R A9 S8 D

u;
Z:ﬁﬁé\ﬂqxz\;vrlew JaU: Z M,9A62791§A§

- Vo, eT’

me— 1 AR T TR 5506 me — A AL PEEE b a]
WEEPAT B ATE m- — A AL BT 15 2 1Y
BALREAE minl{E,,. ¥ A/NFHE m- AR
PLU/m- Nl B RT3 B I BERE E,,. .

. BRI U/ s Z=m WU/ m- =5
KA 1<A<m— 1, U/ —2)>U/m* =>s~.

DWPEm —[U]<A<Zm— 1,0 1<m- —
AU #ETT U= m — X, BURHE 55 30K T 4b 28 2%
AEFREE J7 o AN AFAE T 2 AT R R M AT 55 0

(DR YAEZ 1<A<m —[U |, MR 5|
3 AH T AT 5 A m- — A AL B ER L
U/ Gne =2 Rl B AR D Z AT, A 25 1N
B[] O BSR4 B 0 BE AR R R R ML B E,. =

= >.D'(mﬂix)9%mﬂ: Ef”x,/\e

m*—A
PU/(m+—A))+U <D i E' eP(U/m})‘U°D
U/(m+—A) ’ K U/m* '

N HE P Cs) /s W™ o BCME AT AL, Y s> s B,

E.. ,<P (




1306 it (= . 2 i 2012 4F
P(s) /s JE0AT R s 14 7™ A% B0 0 32 1% pR 2. [ L 513 4. T ST A AT 55 1 AT 55 F) H %
E,. .=E,.. JEEE. A A1 2 186 0 R HES L BT AT 55 B MR R D,
4.3.2 m+1 PDEEEROn=0) B AE m- +1 A AL BEES AT i B 0 AT 3

B T T i 4 55 4 LTE-M 53k

m +1/\&IE%§%§}EEEI’JT}M?EV?9 NI

b ol T UEI A me +1 /\&IE%‘%UW:%?F'JFH

/I\Jﬂﬁ;ﬁDETIEﬂE’J BB AT ANAFAE 2 IR I 1] B
LLREFE M

E!. «me) D

R s ose s eee ?{7 T'ST i 45 4T 55 $i 18
R s P EE AT i + 1 A A0 B 5 1 04T 78
B AR IR tho<Gne +1)«D—U «D/s*,
H E..=Pi.*to. WH 5. =>19, BT LUK AL BEER
T BRODR 785 5 A HR AR 285 5 5 D) Ak B g8 47 Ak 5 PR AR
B ER T HAESHIRAR e <<s HU/s =
me B LAAT DO e 41 AN AR 388 B al AE I A0 25 18
IR 5] 4 o B — > Ak B g b A ATOIR 2 4 K b

3

s S

A, A —Ik. Iﬁt”ﬁﬁﬁ;ﬁﬂztzn?
jpm )eU *D/s*+ Py, » L >t
PG U D5 A+ P tes tin=ts
(4

HIE— WG DL AR e 1 AR BAR T A
A7 S A BE ARG Y T J3E 5 PIE J7 32 426 SR DRIE B A0 B 45 Y
AT S JBE S ME— 1 B LA T B e 1 A b B

{Pupz» P, +1 E‘ﬁEGTﬂﬁ?ﬁﬁ§Ui§yﬂ {51825
RS N 5 O I O VA e il =1 7 =3
{Z, NRTTIN b Hop V.sj {s1082 8% s Smr 11150
sjésmax,{51,52,"',5,,,fu}i{s{,s‘ﬁ,'"»s[ 0 H
{stesasmerasu o)A Ls os sy s ) ARTE S R [E] 2
tueCm-+1)+ D— Et,,ﬂE = P * to. Q1R

Lidle >las%BQ\TUJﬁ&IE%%Mﬁ&’Ikﬁﬁ?/\Hﬁ i R

A5 T AR B AR S AE T 23 AR S REARIE AL
mx 1
Z (PGsj) o)+ P tos  tiae =1

E, <+ (5)

m* 41
E (P(s;) o)+ Pige * tiate s tiae =<ty
i=1

Rk ATHREIER Y T'CT A {E 514
m 1 AR EE AT R, ﬁﬁﬁ;@ﬂ?ﬁ&%‘éﬁi,ﬂ;ﬁ
T S ERARREFE(E N minlE,,. ., E,, CEEE
%ﬂEhHMﬁ&Aﬁﬁmﬁﬁi&ﬁ mﬁmﬁ
e MR E,. kS s bl N
sy 8]

IR 5108050 s X Y 3B AT B[R] 51
(v sty syt o b WORAT LSS 5 A A0 PR 45 1Y 3
s<q§uwj%ﬁ?ﬁi%jliﬂﬁmﬁ§
0<Ts; <) » AR 2 3 A b A 100 v BT A5 A B HUAT T
A AT 55 B REAEAS RI REJ2 76 PR UIE AT I8 BE PR 260 1Y
I K BE

it .

() fBRBE AT B Ak B 25 AT 3R BE B 3R {51050 00,
Sy 1 ':F'%] /I\ﬂL?ﬁE%gE/JJEQS <Sj§8mux-

WERAEARWUAES AR B ER BAE S5k C, (|

R +1

1155 AT IO B9 2000 T OFF s, 1 3R AR Ry s
7T PR 457 8 8 S Ak 3 05 1 BRA T B S AR L U3 1 o
AIRAT B FE TR T {51y 500 woen 5108705000 00
bR BT U IS BE AR Y P — A [R] 7 T
iﬁ%%iﬁ'] BAE . i LA R AU B 5 Ab
Iiﬁg?ﬂﬁ RE O TS Y REAG AL
EHls;ot;=C,=s" 'l‘,ﬁ HEE R s I REFE(E A
E,<P(s;)- z‘j—Q—Pidlc —t,)=PC(s;)/s;*C;+Pige *

D—1t;) ; PATHE Hys - Eﬁﬁé%ﬁiﬂEﬁ«P(s*) ot +
Pue* (D—t/)=P(s*)/s* +C;+Pia.* (D—1;). K
s;>s S T RL ¢ <<e) . UM TR AT 45 AR E B3 ok
Dtk D—¢;,>D—¢;. Rt J& Ui . U5 P A7 B ol
7 J Ak PR 1) 25 PR (] KT break-even B JA], A LA
ph 9 BRCHR S A AR MRCER 25 5 TS 4 PHOA T 3 B o A2 i
— 5 ] LA H 3 BRR A T A B BIRCIR 2. SUAR 48 T FE R
B POWIMBRECER A P(s) /s 1E s=>s+ Bt @ T
B3 RO L BT P (s;) /s, > P (s /s i i A] 45
E;>E; . A HO AR B g AT E R T 5
(4T T Ak B e A 7 B 3] 3% AT DOKE LR 4 R g
FEA AR HL AL R A5 AT A s 10—
PR BT T B B )

(2) AR BEAT: 5 Ak B 45 AT B BE 51 6 {50050 00
we D PEESE G ON R BR R A 0<Ts; <Ts), 0=

t,-SD.
BRI (sl s ooty ) A F AT i 41 > 4b 30
1522 P A T 9 5225 294125

I‘Eﬂﬁﬁt,ﬁ?uzs;

m* 1 m* +1
U D 506, s,

=1 =
ﬁlﬁ%&ﬁ;ﬁﬁ{sl 9829 %% 9 Sy 41

D=U-DHH S <D
j=1 ji=1

m* 1
-D<<>)§/«D=U -D.
j=1

b HR PHAT S A BE 58 AR

&b
;i



6 1 AN

T 55 SO Y 22 Ak B35 £ 10 T HE S I R R0 1307

T vh T A AT 55 1 673K 06 SR A7 76 5 S8 4T 55 25 R
1E38. UE5E.

EE 2. T ST AT 55 4 BT 55 7 %
(1) A 328 15 W HE 5 L BT A AT 55 B A Rl B ORI D,
AR AE m +1 AL AT B AT 0 BT
NFN (51 sasoer s, 1) XTI Y 38 47 B [8] 51 3% 2y
{tistyser sty oo b IR ATETG B T v i A5 AT 55 #1k
WM T RS TE me +1 DRSS F AT
H/NREFREME N min{E,. .|, E. . }.

IE. RSB 4 RTETE S BT B B/ D REAE(E
(15 BE I B2 I, AT DAHE R A Ak 2R 4% AT 3 R R T
st BB B0 LA S 42 0 b P A ST 3ERE 3N T sl B
Ol BRI, X AL Vs, € {siasosrssue oty
N LR S TR R IR = |
{s1os20m a8, i) A {s s yoess b L RS ta. 5
LB RN K F AT PR G DL IR

(D WERFTA m- +1 A4 B35 DL s

I E PHAT I HE B ) 5 PR IS R 20 <<z DU) A0 SR AN 25
SRR RN E N P

24 Gb PRSP T RE B e Ry (st b eenst ) AL

KO FEER A 25 IR I IR B AR A 2 (3D AT B, <

m 1
2(p(Sﬁ')_Padle)'D+Pa<11e‘ (m*+1)«D. 45

me+1 A PR ATHE I R s B /R the =
(m-+1)+D—=U*D/s* <t BRI/ (DR HIE,. | <~

P(s) SiJrPdle‘((m*Jrl) D—M> Ay

PPy ne s

ﬁ@fﬂ%?@ 51’529"'95711*+1}EH-9
’Smx+1}¢{5*7

ﬂ:E];*+1<_<P(S")_Pid|C>

D. 4 4b Bl &5 A7
VSj c {51 9829 %"

9 Snx “+1 } ’ {Sl 9 Sp9 %0

m* +1
sty sty H sjgs*.ﬂﬂZ(sj'tj):U D, frli
i=
m* 41 m* 41 m* 41
DVt =U +D< D> t;+5°.U «D/s <> ;.7
i—1 =1 i—1

1

M tye=0n+1+D—>11,<<(m*+1)+D—U +D/
j=1

m* +1
s =tue. I B G AHE, . < > (PG 1)+
j=1

m* 41
Py + (m+1DD=>71,), % T E,. . <
ji=1

Pa)et;)+Py.s(m-+1)+D.

m* 41
Z ((P(s;)—
TIFE R E P Cs) S ™ o HIOR 7™ A% 2 3 326 199 o 4

M Paew &, Wi P(s)— Pudlh SR E F 1™ 6 B
R A 3 W PR R, A G(s) =P (s) — P ARIEAS T
() Kb 3 g A R BT T, P (s) = PO () + P™ , fi] Pie

b 3RS v A R A AT B Bh O P g S #E, B
PidleZPim]- lﬂﬁHTj G(s)=P(s)— i(lle:P]p(.Y)+
Pindipidle-

l;{yZ(» 1)) =U « D AR R E G ) 1 iR
Bk B u&ﬂlﬁ’ﬁl,

m ¥ +1 Z(S m* +1
2(60) =G 2;,
,W
UD/Z::
(6)
5
HT Ve, € ltstes sty ), 0=, <D, U
m* 41 m* +1 4
th<ZD—(rn*+1)-D,UD/Z >U/(m-+
j=1 j=1 1
.
<L UD/Z +1’
R . ~ s qu s Pmd* ic
o | R () = G2 OB = P

(P (5)) e 54 (Py.— P™)

RIS THOE '

.24 Py = P I}, f,(()) =03 24 Py, > P™ EH"
SO0 HBERTRL, £ () SR BB 5 10 7™ s L 18] 3ok

L %/'UD/Ztf_U/(m‘Jfl)HHL,JC(mEfJﬂﬂﬂu

WUl /MBS RIS Ve, € {1y sty s oo sty o1 b ot; =D, T
GIHE 2 WAL (sh s as o VR m 41 4
A 3554 AR SR ) 0 6 4
25 VR IR 8] A7 75 A ME— A7 AT 3 51 4% Bir A= (6)

£
S1952s

m* 41 mx 1 m* 41
E{}HHZ (G(s) -m:z} G(s,) oD:Z GG+ D.

‘E'Mk g E,. +1>E,,, ey ﬁKHTF/\ EFEH M
min{EW+1 EN ).

() WURPTA m- 1 A~ 4b B3R DL OG5 B s

I BE AT S LR B4 23 PRI 20 > 0, W) 0T BE A AE S

L0 Qb B FR T BRODR 25 B A B BECIR 285

AL IR EARAT RSN R (510 sh 0005, 0V H
Qb3 25T A5 PR B A AR AR X (D AT E,,



1308 it "

Bl

e 2012 4

L
&

m* +1

ST PO DA me 1A B AT

s B = G+ D - D= E Py

KW E,,.

7+P‘| <15 G40
%%ﬁ&ﬁﬁfﬁﬂ%%jﬁ S19829 %% 9 S 11 } EITJ’, jj {51 ’
m* 41

E_Z(s * ;)

* 41

't]'):U 'D<th'

j=1

< P(s )

’Sm‘+l}¢{5 L)

Sy a0t

U-D

mx 41
D,FJ?[),LZ(SJ \‘,T<
ji=1

m* 41 m* +1
Zmﬁf’ﬁn tae=Cm 1) +D— ) 1;< (m-+1) -
=1

D
I N E MG
m* +1
Z(P(Sj).tj)+Pidle.t0’ Lige =g
j=1
m* +1
E,civ=+ D (PG et;)+ P s
i=1
(Gm*+1)+D— 2 L=ty

AR tac 5 R &J‘Wﬁﬂ‘ 5 R E
(2. D) tig.=>ty.

mr 41
GZ(P(SJ) “1;)+ P to. AR

Jﬂﬁﬂj‘ Em* +1

; \ « U-+D
tiae<tme » TLL E . PG 'T+Pid1c Ly

lejz(s «t;)=U D MIENEE R P(s)
491 bR éﬂzriﬁu&ﬂlﬂ%u,

m* m * m* 41 m* 41

Z(P(s,)tj)>P<Z(s,--t])/Zt,)th

m* 41

P(UD/ Zz,-)
—
UD/Zz,

=1

TV €{t1ty0r sty o1} ,0=t;<<D, |

UD.

* 41 * 41

2t<2D—(m +D-D UD/Zt =U/(m*+1).

m* +1

Rﬂ?%<swﬁﬁu UD/Zt E[ —i—l’\m"‘}
A g R T, 2 = i, O
min } éZt :—En“ P(UD/Z )

m* +1

DA /ME UD < P(s) /s AR Vs, € {5 »

im
}9O£5j§5* u&{h 82000y Sy 11 | FE

S2 9% 9 Syx 41

m* 41

5} BTB D (PG5 )+, )>UD <P s/,
FE(

{S*,S’,"‘

BRI E,- 1 >E,.
min{Ean+1’ me+l}’
(2- 2) ZL'idlcétﬂ'

e DO RN RE

m* +1

BB tae=C0n-+1)D—> 1, . AL E,.. <
j=1

m 41 m* 1
DUPG) 1)+ Paes (Gne+1)+D=> 1) &M/ T
j=1 i=1

m* 41
E,. 1<) ((P(s) =Py *t;)+ Py + Gu+1)+ D,
ji=1

HF tie==0n"+1)+D—U *D/s* s tin. > 15,
Laletine s T LA E,. 1< P(s*) +UD/s* + P ts <<

(P(s*)—Py.)*UD/s* +Py.(m*+1DD. i E,. <
mx 1 mx +1
D2 PGD DEMRTE,. < >3 (p(s)) — P -
=1 il
D+ P (m=+1)+D.
A 3, % 5 (D) 25 LAY IE B ﬁT«
E,...>E,. . . Wi f /N AE#E{H H min {
E.. ...
25 I i AR TEEE.
EE 3. T ST P41 55 4 BB AT 55 F %

8 I 328 369 U HE 31 i A AT 55 B AR TR A #0k3 D.
A4 m = D u/s | U= D u,s Ame 2",

Vo, €T’ Vo, eT’
m>m+ YA€ Z"  1<<A<Zm—m-. W T A1
S5 AE me A A KRR PREE F ] AT A me A
AKEFRER E AT IS 2 A R NREFE R AN T AEm 41
AR BT A B/ NRERE minlE,. L E,. ).

W, HER AT A U/ s <<me 1,0 <

O
m+1

< A 1<A<m—m ,FEU7<7<S

+1
SFVYAEZT  1<DA<m—m HEHEET 2 0, T
EPFJT@FE%TMH—/\ A4 P g Eoa] I EE RAT BT AR
i) 5 /NREAE 9 min{
(D WHR min{E,,. ,,» E,. ,,}=E,. H,)JJm*—O—
A A PR AR LASE 43 A A 300 I IR] A e RE PROAT
A 73 PRI a] B B8 SRAT 3 BE A1 3 0 (st shas oo

m* A

S BRI DA E,. <> P(sh) D
i=1

*
m * A0 Em +/\}



6 1 TRACHNGE - T4 BUR Y 20 Ak B8 e 101 RE S i R B 5 7k 1309

m* 44

B D s =U AR T FE BB P (o) 1™ R 50 R L

m* 41

m* A
B (DAL DT P G0 =P (D) 5,0/ G +2)) »
j=1

j=1

Ulom Th U XAREE PG/s i

BRAECHE BT AT, 2 s<Ts* WL P () /s & s B9 4% F 3

e P Gne ) PU e 1)
JE WA B A T U/Gn+1)

U U
me+A m"—Q—l).
(m +DD=E'. Bl min{E,,. ,,E.. , }>
E!. , ,=min{E.. . E.. ., ).

()W min{E,,. . E,. ,J=E,. .0 T
AL S AT B R s om A DAL BRES BAF
FE22 B (R 1<<Am—me R s = Cm e+

UD _ e st (D)

§*

(m*+A)=

>

P Ef,,ﬂzp( )<mx+A>D>P(

A)-D—@>(m’+1) *D—
5%
. S UD
AL TR e <<t s W 200 <to K, PG )TJF
. " UD .
Pictitien s E,. 1< P(s >§7X+Pidlolidlc.l R E,,. >
* * * Ui.D
E o R thea >0, W E,. ;< P(s*)- 5 +
Pieto. AR e <tigen s MR s, <<t W E,,. >
E, R tae =6, W E, . =E,. . AT,
El;x ,,\zE,;* +1 ’FJ""[)J\ min{Efn* +A ’El:“ +A}2E1;* +1 2
min{Ef,,x FRN) E,:x +1 }

25 bl 15 min{Ef”x g B M}Zmin{Efl,x F10

E.. .} UFEEE.
EI 4. Check_Switching_Overhead 8 ¥ 7]

PLAS 3] B & AIK 68 FE {0 1Y &% P Ak PR 2% 8L, [A) B
LUF-SO % 0] LA15 2 B A #0775 B8 17 B

iE 87 A 5] 3 3 ® H1, Check _ Switching _
Overhead 8311 & (I RERE(HE, . 2 m =] D) u./s" |

vr,eT’

ANAE B g b BEFE e AR (R € B 2 W] AT, Check _
Switching_Overhead #2822 (9 BEAE (A min{E,,. | .
E, . i m +1 DA gs b REFE AR ; AR 4
B 1 FMERE 3 7] Hl, Check_Switching_Overhead &
L E M GEFEH Evn<min{E',. JE.. . . E,. } &
FiA m=>me DAL AR REAE(E . d A 2] A
A T ARBEAB(E E. 1 40 J 25 B0 2 B A0 Y.

C 1 T b A AT 55 #ic BRAT: 55 F) 1T S 10 3 i 4
U HES 24 AT 55 BRI R v =0 W), BUE Y

FIARDBEE ML T ST e M b2
LT AR = i, LUF-SO 86 5147 4

Tic o JBE A 55 B9 Ak B AR S LTF-M 55 3 4 ).
I T AR 4 I R BRI E P Co) Y BRI R ST L K
LTF-M 83 i i e W g A ol Fn gk i LUE-SO
FORAE s=s T RAY T RESE A B LY. Hu, <<
s HU/M<Zs i, LUF-SO & 318 A Check_Switc-
hing_ Overhead 53% ] LA 4R 4% 5 A 19 BE #E 8 - [A) i
PRAUE T'ST v A AT 45 19 W1 I 4. 25 | LUF-SO
SRV AT LAAS B B (I 19 Y BE R L HEHE.

5 &= fi

AT 24 368 LUF-SO 53 iy s L. DA
Intel Xscale b3 25§ 11T #E R 550 191, 5 A Ab PE 25 19
DIFERR BT A IR LR P (s) = 1.52 " +
0. O8WH ) {5 5 Ab B 48 3 JE DA sy R B 1 T — 1k
H0,1]1GHz spin N 0GHz, 500 8 1 GH2) Z [ {F &
B M4 2. 1 a0, B B s+ 29 0. 297 GHz,
TERBEHMIE s« FWIHAE P(s ) =0. 12 W fRix )4
T4 Eo 2 0. 8 m], Ab B 25 19 25 (N B #E Pige = 0. 08
W, | break-even B [d] 2,8 10 ms. 25 5 — > & T i
MSEEHE S5 T={t 0uts 7005, 0 | TEZ AL PR A
RGN EPAT DB m =4, A5 BA
AR JE 3 D= 30 ms. AW R A AT 55 & 2 4% B
FHEE AR 2L 3G 00 HE 51 B AT 55 10 B IR 1 B 3T
IF e B RN TR 3R 1 B,

® 1 EHEEG

155 4 C; u;
7 0. 0365 1. 25+
T2 0.018s+ 0. 65+
T3 0.015s+ 0. 5s+
Ty 0.012s+ 0. 4s=
75 0.006s * 0. 25
T6 0.003s* 0. 1s=

M LUF-SO S35k ] 51, 1 e 24 R F 56 0
KL o o BERAT 3 JE 71 speed. JEBF i T U=
Dlu=3s  M=m., L U/M=0.755 <s-. Tfi

VTIET

wuy,=1.2s >s, H uy >U/M,H It 7,.5peed = u, ,
U=U—u=1.8s" . M=m—1=3. RJ5 NG LA 5
O AP BAT B, i U/M=0.65° <<s* H u, =
0.65° <5 i LUF-SO Sk 1% m- =|U/s | =1.
M8 A Check_Switching_Overhead 2 3. &1 X} Bt



1310 it " Bl 2 i 2012 4F
ARSEEENGELS FHET =0, 0,101, 0L 2. T'CT a4 4Em - +1 b He -
7} sCheck_Switching_Overhead F LR HA ik DIORHEHE s+ 47 A7 4225 Wi [l 20 = Gm 4 1) »
REFEE M AT AL BEES K m DA MG ST 55 F & Fr D—U «D/s-. i} Check_Switching_ Overhead &

AT 55 AH B Y PHOAT R AR 4 2 FR 4 AT 01, Check _
Switching_Overhead 5712 H B A7 S IR REAG 1 1Y ik H
AT T A1 3 FE L

o1 T'ST PR AES L me +1 R FE R
- DASE A A R S B I ) 1 3 R 0B AT A A TR
[IFFEE. T w,<<U/(m>4+1)=0.9s", fr LA YV, €
T AE%5 o BIRATH K ©;.speed =0. 95+ GHz. [
M B Check _ Switching _ Overhead 2 3 R B 5
LTF 836 048 [F) J7 25 43 B BT A A% 55 9 AT s 2 Jr
LA RO (0 3 B 1 0 AN 1T 3 Ca) T /R AR R 2 (3) Tl

fEFEMH E,=P(0.95°) (m*+1)D=(0.04 «0.9° +
0.08) *60=06.5496 m].
J# )% /GHz A
1.8s%
1.0s*
0.95* ---------------- h 1
0.65%* | I
T, 1 T, 1
1 1
0 . ] . ] .
0 10 20 30 [ /ms
% /GHz 5
1.8s%*
1.0s*
0.9s*F-=-- [t r----r--1
3 1 1 1 1
0.6s* . : . : . : .. :
0 1 1 1 1 -
0 6% 10 20 262 30 1 /ms
Ca) LLSE AR A 5 91 il
AR A I B AT
)% /GHz A
1.8s
b (T :
06" A
1 1
0 : T e
0 10 18 20 30 ik iE] /ms
HE/GHz A
1.8s%*
L T
0.65% T E T E T5 E T i‘il?FJ
oLl I I <> >
0 3 10 15 21 24 30 11l /ms
(b) LAOCHE B AR A A 3 3 LT
i /GHz A
L8s*f—mmmmm - [ttt T--==- [ Bt
1 1 1 [
1 1 1 [
1 1 1 [
T S B BP o
0.6s% 1 | [
1 1 1 [
1 1 1 [
0 | ] [ >
0 10 18320 252830 Wil /ms
Ce) BLSE A FH A A JE 30T I 110 3k 85
AU AT

& 3 Check_Switching_Overhead 24 1 71 ]

WO T ST A AT 5 AT Bl s - GHz,
XoF IO B4 3 BE A & 3 (b) B, BT e =2 X 30—
1. 8X30=6ms,t,=10ms, JIF LA tie <<t5. R (D)
A[HIREREMH E; =P (s )UD/s* + P tige = 0. 12
1.8 +30+0.08 «6=6. 96 m].

Wi 3. T'ST s TG AT 5 16 m - b PE L
DA 58 4 ) FH 3% A 8 S0 Ik 1) ) 3 B2 G AT, A 25 TR
[ AFAE. R me 20, B DLAR 4 51 #1L 3 ] %0 A 15 5]
1 ome DA FEEY K HE#E{H » Check_Switching_
Overhead B340 B T' ST W B AT 55 (0 A7 o i
HJU/m-=1.8s* GHz, %} I (1998 B 1751 & 3 () ir
R RAE (2O AT HIBEAEME Ef =P (1. 85 ) *m* + D=
(0. 04 +1. 8 +0.08)+30=9. 3984 m].

AR LD E 3 RN &L 1Y BE #EME S5 . Check _
Switching _ Overhead & ¥ # & K % I fE ¥ {H
min{E} L E;, Ef ) = Ey i Ja & [\ 85 A0 4b BE 2 %K
m-=2. Y4505 T G FRHFATHEZ G,
LUF-SO 5308 BTG AT 55 46 5 BIAH R A M =3 4~k
PR FVEEE AT A0 8 4 ) TR, T AR SR LTF-M
BILWEEARRE S5 4 T, 0 LTF-M Bk 4% T
PS5 46 E B m =4 DAL AT K 4(b)
Jii7R.

T T T T T Ts

L4 4 | 1.25" || 0.6s" || 0‘5.\‘*| | 0.4s" || 0.2s" || 0.1s" |

Lo

cpuy cpuy cpu; cpuy

(a) LUF-SOSTLVLEAE3 A A FE 2% 1171 B 17 471
T T, Ty T Ts 3

I&‘%llﬁ ||O6\ ||07\||O4\ ||02\ ||O]\|

m%““

cpu, cpuy cpu, cpu,

(b) LTF-MSLILAEAN AT 2% 1 1038 5 5 471
K 4 LUF-SO &Ml LTE-M 8 kR 6

B4 AT HE R R — TS T HE R B R
INZAL S5 BRI R A R R — AR BEAS B P
{EL 718 Ak FHL 45 9 BRA T T EE L 2R A Ak B A B
SR FCPRAT B BE L JUAR T S & P, DA 4 Ca) AT L AR




6 1 TRACHNGE - T4 BUR Y 20 Ak B8 e 101 RE S i R B 5 7k 1311

% o AEAL PR S cpus b L 1. 25+ GHz 2 3 J3 WA IS %1
Oms F A %] 30 ms $47. T ST o i 4 F: 55 43 0 48
AEFRES cpu, A1 cpuy B 0. 95+ GHz b 3 B M B Z1
0 ms F|if %] 30ms P47, i LUF-SO J7 1245 21 11 5L
REFEM N Eivrso=P(1.2s)D+E,=11.0232 m].
i N 4 Ch) Bf A1, Bk TAE 45 o fE A 4% cpu, | LU
1. 25+ GHz 3 B Bt Z) O ms 2] %] 30 ms $047 LA
ST ST A AT 55 4 MAE e 3 AR HL SR 1 L
0. 65+ GHz Sy B N H %) 0 ms B %) 30 ms $h47,
Hit LTE-M 5355 21 S REFE(H A Even =
P(1.25°)+D+P(0.65°)+3 «D=12.4512m]. k.
LTE-M ® 3, LUF-SO & L Bk GE 0 1 R FE L
11%.

6 ZEFRiE

A SCEF X ELAG ST DVES [ £ 40 B 38 R 55 78
HIEM RSO T 2 — R ST
WA 55 55 8 1 e A 1 BB S5 B O B 5 ik LUF-SO.
LUF-SO 5812 s/ 52 AT 55 76 Ak B 45 22 6] (9 4T 22 1E
B o BT DL SR o 1 55 4 (W 4AUE T ok R AR BRUA T R [
B 32 B33 AR 0 DX S ok ) T R 6 1) I 9 G O
— B RG AL TR G800 O, B e e B Ak
R FE FL 1) 175 R A 3 88 > 250, 9K i A A0 R S 1 46 i )
FRE & 4 K 1 8 B A0 R FE Y 51, LUF-SO 8k 58
PR B L A% B /N, AR SC 28 0 R G 0 FRE 43 B E
TR .

2 % x M

[1] Jejurikar R, Pereira C, Gupta R. Leakage aware dynamic
voltage scaling for real-time embedded systems//Proceedings
of the Design Automation Conference. San Diego, USA,
2004 . 275-280

[2] Chen]J, Kuo CF. Energy-efficient scheduling for real-time
systems on dynamic voltage scaling (DVS) platforms//Pro-
ceedings of the 13th IEEE International Conference on Em-
bedded and Real-Time Computing Systems and Applications.

ZHANG Dong-Song, born in 1980,
Ph. D.. His current research interests
include real-time system and complex

system simulation.

Daegu, Korea, 2007, 28-38

[3] Aydin H, Yang Q. Energy-aware partitioning for multipro-
cessor real-time systems//Proceedings of the 17th IEEE In-
ternational Parallel and Distributed Processing Symposium.
Nice, France, 2003: 22-26

[4] Chen JJ. Energy-efficient scheduling for real-time tasks in uni-
processor and homogeneous multiprocessor systems [ Ph. D.
dissertation]. National Taiwan University, Paipei, China,
2006

[5] Chen]]J, Hsu H R, Chuang K H, Yang C L, Pang A C,
Kuo T W. Multiprocessor energy-efficient scheduling with
task migration considerations//Proceedings of the 16th Eu-
romicro Conference Real-Time Systems. Catania, Italy,
2004 101-108

[6] Funaoka K, Kato S, Yamasaki N. Energy-efficient optimal
real-time scheduling on multiprocessors//Proceedings of the
11th IEEE Symposium on Object Oriented Real-Time Distrib-
uted Computing. Orlando, USA, 2008: 23-30

[7] XuR, Zhu D, Rusu C, Melhem R, Mossé D. Energy-effi-
cient policies for embedded clusters//Proceedings of the
ACM SIGPLAN/SIGBED Conference on Languages. Com-
pilers, and Tools for Embedded Systems. Chicago, USA,
2005: 1-10

[8] de Langen P ], Juurlink B H H. Leakage-aware multiproces-
sor scheduling for low power//Proceedings of the 20nd IEEE
International Parallel and Distributed Processing Symposium.
Rhodes Island, Greece, 2006: 80-87

[9] Chen]JJ, Hsu HR, Kuo T W. Leakage-aware energy-effi-
cient scheduling of real-time tasks in multiprocessor sys-
tems//Proceedings of the IEEE Real-Time and Embedded
Technology and Applications Symposium. San Jose, USA,
2006 408-417

[10] Chen]J J, Thiele L. Energy-efficient scheduling on homoge-
neous multiprocessor platforms//Proceedings of the 25th
ACM Symposium on Applied Computing. Sierre, Switzer-
land, 2010 542-549

[11] Zhu D. Reliability-aware dynamic energy management in de-
pendable embedded real-time systems//Proceedings of the
IEEE Real-Time and Embedded Technology and Applications
Symposium. San Jose, USA, 2006 397-407

[12] Bansal N, Kimbrel T, Pruhs K. Dynamic speed scaling to
manage energy and temperature//Proceedings of the Sympo-
sium on Foundations of Computer Science. Rome, Italy,
2004 520-529

[13] Irani S, Shukla S, Gupta R. Algorithms for power savings//
Proceedings of the 14th Annual ACM-SIAM Symposium on
Discrete Algorithms, Baltimore, USA, 2003: 37-46

WU Fei, born in 1968, Ph. D. , associate professor. His
current research interests include information intelligent
transaction and distributed computing.

CHEN Fang-Yuan, born in 1982, Ph. D.. Her current
research interests focus on computer architecture and real-
time system.

WU Tong. born in 1979, Ph. D. . associate professor.



1312 i "

Bl

2012 4F

E

i

His current research interests focus on real-time system and
military high-tech.

GUO De-Ke, born in 1980, Ph. D. , associate professor.
His current research interests focus on wireless multi-hop

networks, real-time system. peer-to-peer computing. and

Background

With regard to dynamic power consumption, early re-
search efforts show that the optimal scheduling fits well in
workload balance among all processors to obtain minimum
energy consumption. Some researchers propose the optimal
energy-efficient real-time scheduling algorithms based on
global scheduling. However, the optimal algorithm is not a
perfect solution without any cost. This is because processor
switching will be at a cost of time and energy overheads.
Therefore, if energy savings is less than processor switching
overheads, it is obviously not energy-efficient. Nowadays,
researchers pay attention to the actual platforms with switc-
hing overheads. Furthermore, research does not take switc-
hing overheads into consideration.

As above mentioned, there are three main issues for re-
cent research; (1) Most algorithms are based on non-optimal
global and partitioning scheduling method. Thus the optimal
{easibility can not be guaranteed. (2) Although recent meth-
ods could save energy, the minimum energy consumption can
not be guaranteed. (3) The time and energy overheads are
not taken into consideration in existing optimal energy-effi-
cient real-time scheduling algorithms, which results that
these algorithms are no more optimal in actual platforms.

This paper proposes an optimal multiprocessor energy-
scheduling algorithm for frame-based

efficient real-time

tasks. The proposed optimal algorithm determines the sys-

datacenter networking.
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tem workload cases and the number of active processor cores
in tems of critical speed. Then we can obtain the optimal
scheduling according to the switching overhead. Systematic
mathematical analysis shows that the algorithm is optimal.
This work has done research on energy-efficient real-
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Our past work includes energy-efficient real-time sched-
uling in single-core and multi-core systems. The works have
been published in ACM Transactions on Architecture and
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ers and so on. We will continue our work on RTOS schedu-

ling on the actual platforms with unignorable overheads.



