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Abstract  High energy efficiency issue is one of the major obstacles for opening up the new era of
the long dreamed vision of computing as a green computing with large-scale cloud data centers. In
particular, with the global climate change and the ever growing dependence on energy, green
computing, as a high-end computing platform, has received extensive attention. To minimize en-
ergy consumption and to achieve the quantifiability and manageability of the high green service
level objectives for cloud computing environments, the analysis, quantification, modeling and
evaluation of the green service level objectives for cloud computing environments are investigated.
In this paper, the definition of green cloud is given and the principles for implementing high green
service level objectives are systematically analyzed by referring to the service level objective and
green computing theories. Based on the principles and methodology of green cloud, a multi-metric

energy consumption model M2EC is put forward. Theoretical as well as experimental results con-
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clusively demonstrate that the M2EC algorithm has high potential as it provides efficient green

enhancements and significant energy saving. It implements the trade-off between energy con-

sumption and green-service level objectives efficiently and effectively in cloud computing environ-

ments.
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1 vy (O EL0,1]
Hop, P, (max) 255 ¢ DR PO A
en ERMAPIRE T B KRB FE & e [0, 1 )2
Pl Cpry (O R P Gy () B S50 o B BUE
BRI R S5 e

Pl Gy () VP Qg (OB P, (py () Z ]
e R e 6 BT R 5 | AN BRI
AT en MBEFE E., | HAERE 1 4511,

1.0 T
AP, (1, (1)
=Pl (1,(1))

0.8 o r(H=0.7 o\ |
= ) P20.7)
s
E 0.6] O
= P..( &

N QOS] RO)
[al) cnij
HI]TE/F 0.44’._; B—8—8—8&888+8 DN % H—8—8—af
P \
w
0.2 >1\ 1
Pi0.7)
0 1 1 1 \8) 1
0 0.2 0.4 0.6 0.8 1.0

S (e, ()
6 Pl (uy (D) P Gy (O P (i (0) Z T3 5
R L W XA Lo sz, JRTRLE— 2240

ﬁﬂ‘j[to sl ’...’tN*l]Hj"H V[l‘k 7t}q+1]7k6 [0919”'7
n—1]1, 2 wi (te Lt ’lk+l])5/lijk L HoH v/lijkiEIl:Z:

BB ] A2 A L HL o, € LOL 1] B AL 56 @ 1K
Pa L s A R en, BRERE E., (D R,
Emu - (a ° Pmy]. (maX)) M (t,,flito )+

n—1

(A=) + P, (max))+ > (Gt 1)) (1)
k=1

. HTAE B R AR ony 1Y
HRETHFE R o (o (O) T RUA G P Cpny (0))
Fl P Gy (O BB SY AR 4

E. — j P, Gy (D) de

LR (g () A P G (D)

P ey )+ [P G ()

0

J
J
J

ae P(,,U (max)dr +

1
1

J (l—a)-P{.,,li(max)-/z,j(t)dt

‘o

Y
to
'
‘o
"
to
'
[O

(ae P, (max))e«(t,.1 — 1) +
|

j (1—a) P, (max)«m, (Odi
t

B A X B L2 o2, o JAT LABE— 202050 Ry n—1 4>
WP D TA] 205 20 to s ooe sty s by I HOVEE L1y
Lo )€ 10,1, sn—11, 7 2 #ij(te[fkvtk<1])5
B s F S gy S T N TA) A8 ARG R R B o, €
L0114
E., =(a+P, (max))e«(t,, —t) +

J (1= P, (max) g, (Odr

lo

=(a- P(,,’j (max)) s (t,  —t,) +

[ =P max) g, Hde+

0

Jzz (1 —a) -P“,U (max) . i, Yt 4 -+ 4+

t
1

J’” "((1—a) e P““u (max) «p;  )de

=(a+ P, (max))«(t,.1 —t) +
(I =)« P, (max)ep; ). (ty —ty) +
((1—=a)« P, (max)ep; )e(t; —1,) 4+
(I —a)« P, (max)ep; )ty —1,2)
=(a+ P, (max))e«(t, 1 —t) +

n—1

D A=)« P, (max)epm; e (t—1,1))
k=1 ’

=(a- PU,” (max)) e« (t, , —t,) +
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L
&

n—1
(1 —a)- PL.,,” (max)) » 2 (/lij;\_l c (=t

k=1
L5,
WE 7 Rrs. BE S B o 1R W
Pt oy OO QLR AW IE T T P Gy (o) A A
B AR A cn 10 SRR I RE TR P (0D R
g S I TR BN B R T e (o) R I
BT R en 1 SAHLRE R FE L P (e (0) B LM
AN AT AR BURAEY P (e (0 20T LA L

W pg DT R eny BB FERE Py (e ().

1.0

=5 v 2

j=} (=]
[=2] oo
o N

e (P, (max))
(=)
=

—k— 1,(D=02
0.2 —8— 1,(1)=0.4 ]
—©— 1,(1)=0.6
—A— 11,(1)=0.8
1 1 1 I
% 0.2 0.1 0.6 0.8 1.0
CIRCREE i

& 7 P, G () Fil P{,“,”,j (i (D) Z [R5 &R

ENX 6. ZRGHEFE (system energy consump-
tion). RFEFEFE Ey B X = I HE FREE b 8417 Sl
oI 14 R 5 25 0 5
B om AN B o A, B SBR[ & Num =
conum,, 1) s B H num, 25 1 NEHE
HO BT A 1 SBCH IR 4 B R GEAE I A X [A]
[to 1,1 JNIIREFE E., 415X (8) R,

m—1 num;

>0 E.,

i=0 j=0
m—1

(tymy — Lo) ® Enumi

i=0

HE T2 A Bt o0 B9 ER JAT R eny IR
HLAETH AE 1 P, (max) ] RUAR 4 1A 5 45 44 O
FE AR 2 T Al LA

m—1 num;

Z 2((0('13(.% (max)) (¢, —t,) +

i=0 j=0

(numg s num,

E sys

(8

n—1

A=)+ P, (max)+ > (it 1))
k=0

Esys - p—
(t,—1 —ty) e Z num;
i=0
3.1.2  RGkHE =

HF 5 AR D B3 A R ony, £E I 1]
Beleos ¢, JN B BRHERCRE C., 1T LARE AR S AX AR
FLAI R kIR A RGEBRHRCE Co. il i E X7

%,

EXT. ZRGHEKHEE (system carbon emis-
sion). REWHE & Co X miT B TR AT
BRI TR A B R T Y — PR L 2 — A
PRI m AR PO 2R HLYY SRR 9] B Num =
conum, 1) s e H num 28 i ADEE
RO RSB E IR A A B R G AR ] B
[to oty IR BB CRE Cop (D) R,

pIPINEH

C _ i=0 j=0

sys

(numg s num, -+

9

m—1

(L, — Lo) ® Znum,
i=0

3.1.3 RG{dERHE

HET 5 ¢ DB L RIS AT R on TR (8]
XTI L2052, JA B SE I 46 S 4 He, | PTLARE F AT G
S0 B D R A4, R G RE Hey 7T HIE
S8 4y

EX 8. ZRGfdE (system healthful). RS g
i He.y JE X8 2 T P85 AR B4 1 5 B2 IR 8] 7Y 14 96
SHEM—F R, S DR RS om A B
DA, B A7 S8 E m & Num= (nuwm, , num, , =+,
num,, 1) s FeH w2 55 @ A B PG B A B9
BMEH A EBA RGN B 0.0, JNM RS
fi#t 5 He,, M= (10) Fi7R.

S
E E He,,

ij
i=0 j=0

m—1

(Lo —Ly) e Znum,
i=0

He., (10)

3.1.4 RHEAET

TR R DB P oS A
o, AEB T BE Loy oty A B2 35403 B, T
XA B A REET Ec HE X 9 5.

Ro., (i sto)

Horp, G (s 1) AT S ony AR R] X A] L2 52,1 ]
IR L BURAR R, (2,1 o2 2T R onyy 7E I [H] X
] Leo sz, TN B BB B AR, T fRj A 2 DL MR i
to=laan sty >+ B ALCo (1 st BT AL
oy W SR B9 B BAS s Re ) (2o s o) KT R
TE 1247 W1 18] 9 BT BE 56 B Y B I A

ENX 9. BB ZT (system economics) » R4t
) S OGN 90 I 4 - 71 G S T e e N S AL ST
MU AR B — MR 2 — D SRR d o
Bl vhon A, B B 0] 5 Num = (o
snum,, ) s HH num, 5 i ADEHE PO

Ec (1)

cn;

num; 5 ***
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TR IR G S E IR A5 9 B AR B AT REAL VBT 1517

PR 055 s 8 H L I8 4 A R G2 AE B [A] X [A]
[Zoat 1][11[9/]/%% {%EC ﬁDTﬂZ)Fﬁ/T

m—1 "

PIDIH

ECSYS = e m—1 (12)
taoy — Lo)® Enmn,-
i=0
W QDA IS
m—1 num;
22(13 1) /Coy (L st)
E(‘ i=0 j=0 ’
sys

(tyy —Ly) e Znum,
3.1.5 ARG ARk

ETHEREE DS DR O
)ﬁ Cn E Hd‘ IEJ X I‘Eﬂ [to s Ly l] W E"J Ef%r éi ‘L&L SMmU

AT AD T4 RG] R Suy. AT HE
10 4 H.
Su,,, = ey (et (13)
Con,y Lyt )

Horr, Co, (o ot0) T AL eny TR RV BE L2002, 1 TP
(9 B BURAS s Re, (2,1 520 S5 AL cny 75 I [i] [X 1]
[zo s, JPN AT FER) T B B ARG 1Y Bl 25, o 1 i1k
I ABBE 10 = taun st >+ 00 AL C (1,01 580)
HEIEAT R o W KB AR B RAS S Re, (o t0) 2
T ey WK FEZ 5 BERCEE R I AT Ok 1Y 4 B
Wt

TEN 10. RZG ] FpLeE (system sustainable).
ARG ATHFEEME Suy B X = TR B A A
AV IR R] A A R 498 20 R ) T A i 1 — o 32 o, 2 —
UG om A BE O A B SRR e

Num= (numo snum, s+ s num,,—, ) » J f num, 255 i

AEHE O T AE T S BE JIRA A R G AE R
(B DX T2 52,1 PP AT SR E Suy,, 40 (14) FFR.

EZSM

i=0 j=

Suys = (14)
(g — o) 27”{771,-
WA LIS H

m—1 num;

2 Z (RC”,U, (L1 5t )/Cm,j (t,—1520))

i=0 j=0
Stt =

m—1

_ —to znum

i=0

3.2 BoEEE
ST AR
EN e R AN

4t B Gd v L5 5
LB RS ERE E.

DL 5 AN
Z GLt HE T

i Co RGN Heyo . RRETF Eco I X RG]
FrEtl Su. R TOZEPEBE 45 b 1o i X = (EL,
ColsHeyo s Ecyos Suy) . HEATEBESE b 3 900 i
n YK TLAEPE RESR AR 1) 4 X A BN ME M, =
(P s FEH R — BRI OL T R BEA m A TERESS
BRIRA M= (i) s o p RS § D EBESR
PRIGE @ UCHUE.

— MBI 5 - HE PR BE 45 b 22 8] (9 5 A2 AN
Gi—10 O T I BR A A B 4 46 AR =22 (] 5 B0 (19 22
Stk T EERS AL M, EAT B E 22 AR E AL AR B 55
SR T PRAERE B M, B BT A RN B RO 2 7 X
1[0, 1T P 5 B X0 H o 22 by i AL IS P 4E B M, ., E
AW 22 b Al b 2R

XERELFE M, o, HEAT B E 22 B A AR B 402X (15)
B

ie{ovlv"'sn_l}v ]6{091
- 1 w1 . .
/H\:EP vp-j:;'zpi_/%%ﬁlgsznxln E"Jﬂg’;] /I\AI.%F]E IElﬁ
i=0

FRIGIIE . S, 15 L= (16) i 7 , 246 M M, ., 1
57 MPERETE AR IOFRUEZE. BB 4 o A o 22 4 v Ak b B
EE@%E% M:szzz(p:j)nXm-

n—1
S.j\/ —
(16)

283 R E AL A F S L AT DU R AR M M, A
MPEREFE AR IIME N 0, 7 22 1o AHZ AN PR E i
A HAE TR B BUE N FEIAE X L0, LN R T AR IR
e M, P A R B BUE ¥ e X R [0, 1T, 5 2
Xt v 22 AR E AL S A A0 B M, 08 0 5 (L7 AT A
ZE b e AL AL B, A 25 b o AL b RS RO AR BE M, =
P D wme

’ “,7)1_1} (15)

—p)E i €{0,1,,n—1}

Py
Ploans — Py
1€{0,1,con—1}, jE{0,1,-,m—1} (17)
HA, B plumy=min(pl,, phys s plii) s B
Py =max(piy s prsss b))
m YEPE R T8 AR AL ) i W= (wo s wis o0
w, 1) HH w, € [0, 1R j iV Reds b5 AL E

m—1

szizl.
B2 o B 2K W S 2= P T LG 3o 4 4 ML, RAR
Ha i WO A A E AL, B GD = (Gd, .
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Gd, s+, Gd, DA Ll A8 EAFH, A VGd, €

GD.Gd JZAEX [0, 11N 1 % 22 5, R G 4 1) 4

2P SRIX n AL PR B B (A
GDT =M, - W' (18)

il

m—1
Gd;= > (plew)s JE (0.1, om— 1} (19)

j=0

Hoft .G RGEH S § U Ik 25 JE A R R
4 Znfiit

FEATT A, 25 T X R 2 B AR 1 B AL RN R
WALIEFE A 28 207 3 A il i FIFO K AL
P BESEE A M2EC Ji3 & Xk 40U AL 18] 32 530 4 S B X
5 BE oMb IE I R T X S T O PR B Y 4
1R 55 9% H br.

4.1 EZIBHAEN

TEL TR M WAL S 46 7 A o W I IR 55 19 i
P LK AL — B IR 55 ST B R 5 — Bk
G5+ 1 2 4 R 1) B B A 5 B S A T DL A R R
YT IR 55 45 7T AE 25 A5 10t B 5 2R Y AT R 55 A%
126 N TG % 1) H At 7] GE B 42 At Rk 55 19 Ik 55 4% b
Sk, LA & F P I IR 45 9% E pRE

SR AEAE LR IT #1972 v, A 23 52 Wi 3] 24 i
TR AL BT ETEIZ AT B R TR 55 — 5 i
LT B BEFELLT 6 NP5 HEH (pre-
migration) 25 1T 8 (reservation) . 7 #% DI (iterative
pre-copy) 3% Dl (stop-and-copy) . iT# (commitment)
FIELE Cactivation) , X 6 20 B3 ZAH A — € 1Y
R R] 5 PO o 30 445 185 10 55 AT B8 R HELBIL PP A A 2R IR 55
(4 58 U 8] o —J7 16D s B T RF 3045 R UL A 04 I 55
AT RE PR Ay /D i i 0% B IR T A Ok P AR R
TR o A v A B 23 52 ) 3 7E 26 55 19 Ml 45 o i
A L B S WG] 7 23T B8 1) e [R] B A AP B A AR 2
1184k, 52 BUAH SC AR B B /M A BE G = TR ER
B pysk s B Gd.

HEAUAL VM, A 203 78 1Y I 8] AR 2evne, 0T LLZH
Gk 3 43 0= (20) FE R B EAL (shut down) i
[8] A% A% lc{ffwl TR 42 (migration duration) B [A] %,
K tcif, LRI Cstart up) WL ey, . R %
B ) AR 5 32 47 T R ALz b /8 ni T AR 55 TG 56 1
H 5 LA B )RR A G,

ey, = tt{/dw + teyy +tevy, (20)
o SCHLRS ] BUAS 2oy, A0 BB T A 2y T
— FIREE 1 RE AL TIT 70K 2 — > [ 1 B 4t

IR R ZE T[] A cevy, 55 UBL VM, B ifs 20T %
(A SCAE RN Svae, LAY T R G2 0] F A 58 By, Z 1]
By R =k (21D frR.

sd
leyy, = Ay lc VM,
Svum
e — M 21)
! B VJVII.

fdﬁwi = A, leym, .
HE AL VM, 78 4T 7% 19 7E B LA peyy, W
pevu, = 0, 'J”

to

o, 02879 2580 8 5 HUE 0. 1,20 2 HE AL VM,
TFARIE % (R I ) 2, 2 KB AL VML 5 0T 8 14 1 1]
Ht=1 —Llym, s Uy, B VM, 1) CPU FI| 2.

B 2. WAL FE A N m B L
T BAEAELIT RS I B A R 2 400,.6, 5+
0, 8B E N 0. I 4 RGEARTEHITERE A Peyw, 1
2 (23) .

Peyy, = 0+ i (J: Uy, dt)

i=0

(22)

vy, dr

(23)

WAL TR E R N o B L
BT 4
Peyy, = ipcVM’ .
W22,

PCVM_{ = i pCVM, = i (0, .Jjw, Uym, dt)

i=0 i=0 0

SR A B SR B E N 0 )5 . B

0 =0 =+ =0,=10,
4
Pcyy, = 2 <<9i -J.t”' Uym, dt) = 0. 2 (J[ Uym, dz‘).
i=0 ‘o i=0 fy
Tt

4.2 EWNIBERE

LR RE LAY HARIE O T 2 — E B 2% (0 I 55
P H bR R BRI TR I 7% i AL I 5 225 & DL R
P S OL -

(DK 8 Fron s [R5 & pm AL T HAR K 77128
ARSI B v 1Y HA AR 55 4% 7T LA 52 I 55 A
pm; EHETEm &R, I Hiz m G R E
B A Peyw /N T IR 55 8% pmiist7i% m 6 HEAPLH)
BATHA Re 2O FTR IR 4 0] L% R B
HB m & L.

Re,, =t Peyy, s B,

{&W“>r-@-zxy

t

24)
'uVMldt>>,T21 !

i=0 0
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Hor o PR A5 2R AT AR AT B8 19 2 50 W] LUAR 9
iy BAASBE. M r=1 0, Bl — B om 5 BRI
BIRA Pevu /NT W55 4% pmiasttixm & ML
BT A Ry, WSz BT RS 420 m 5 R L.

L_VM_h VM
: [\ 1 |
’ VMM /Hypervisor ‘ ~
] T “AppZE (App +i(App )
@ ((os2)iCos iCos)
L_ VM. ! L VM1 L VM
’ VM]?/Shut\lvisor ‘ ‘ VMM /Hypervisor ‘
[\ | i iF |

B8 E&ER (R REIRE )

LR 28 m G RBEAL. IF HOCH ZAiE 171
IR 55 4% pm . FERERE Y B WA N Re, — T Peyu, s
R T AE—E R Lok R4k o 8.

(2) MRk % 2% pm, b T — D ECE ) ABARE
Ld,, s HE&ANRES I L R G0 IR 55 % H b SLOs,
2R N C25) FE 9 FioR , sE IR 55 4% pm, 2R
SRR LA () B 1) P RIS 7 05t 5 763X R A0 T
T B RS A pm, BB B ER m 5 UL

JLd,,,,,} >Ld, +e-o,e>1H
1SLOs,, < SLOs,
Hodp e J& AR & B HEATAEL TR 10 S50 o] DIAR 3
PR RGBT E . Ld S P05
GRS 2 B o BB 0K B RS
IR UEZE , SLOs,, J& R 55 4 pm A 5 11 7 R E
Ld,, T Frnl geH2 4k (4 iz 55 2 H A,

D Camo)| [(avp1) e

VM VM VM VM VM
| VMM /Hypervisor | |

(25)

VMM /Hypervisor |

| i || il |

E 9 HELRITHEGERBIRET)

L FEL T AE Wi 55 d pms b B9 R 23 B 42K m
& RSB 1] LLE 25 M B3 R 55 pons 1 PR IR 55 2
FUbs. SR . 7 24T 7% 09 e AL A 2L AR K H L 0 22
BT 28 = BE MR 55 9% H bs Z 8] 19 ¢ & A 2 — €
(R 55 2% H bR 1 B0 T - AT RE 2D 3t 3T 7% 1 UL KE
AR R B Oy B 2 — B R L, S
e Z B — A B AL TEBE A pevu, -

4.3 FIFO EMHAEE X

5ok S ik 55 g B ML B 74 (Fisrt In, First
Out, FIFO) J2& — F fa] 5 (9 A2 95 ik 55 3 oK 19 2 35 i
[ 34 Ay 12 IR 55 4 B K8 DA ML 14 B 32 oo — b I i i
T fR7 B | 5 AR 1) R JUL ML B8 B a0

Aor 1) (Aon

iV
A%

ole|e
U, U || U || U (o0s)
|:> VMO

VMM /Hypervisor
(s

Kl 10 FIFO i MHLIE 358 %

P 10 [T 28 FIFO. JE LML 3R BE 300 FU fiT
Hi P P35 3R BA S Qe 1 55 7 50 25 019 R 55 355K
BA Sk o BB — AR T App 0. 8858 App 01817 T
HERHLBA S Qv 19 BA Sk HE UL VM, . i T FIFO
K SUL LA B 510 B0 A 2 0 B AT AT 34 BAE AR WL 71 o B
FEL LM SULBL A 6 4% o A0 2 L4 192 JH il 400 WL 3 35
BA Sy e ] e 8 5 . R (T FTFO s 4010130 g
R R B GZE Gdewo T LIE K 2 55 10 3 A 43
B FIFO JE SML A B2 55 36 7T LA 3R S B vk 1
JiF .

Bk 1. FIFO WEE .

n . .
ki A : user queue Qu.,. » virtual machine queue Qy,, »

S 0S os |Cos

VM,_, VM, || VM, || VM,

physical machine queue Qp,,, five-metric per-
formance vector X = (E !, Cy!, Hey.s Ecy.s
Suy.)» and weight vector W= (wg, we» wp, »
WEe » Wsy )

i . green cloud degree Gdgro

1. If user queue Qu..., is empty at current time slice s,

then

2. Wait a time slice.

3. End if

4. While user queue Qu,.,, is not empty at current time

slice ts, do

o. Fetch the first application App 0 in user queue
Querss -
6. If virtual machine queue Qy,, is empty then
7. Monitor the virtual machine queue Qy,, until
new virtual machine available.
8. End if
9. Fetch the first virtual machine VM, in virtual

machine queue Qy,,.
10. Run the fetched App0 on the fetched VM, .
11. Allocate the VM, to a Physical machine PM of

the physical machine queue Qp,, .
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12. End while

13. Calculate energy consumption E,,. ., system carbon
emission C,., system health effect He,. . system
economics Ec,. and system sustainability Su.. by
(8), (9, (10), (12), and (14), respectively.

14. Calculate green cloud degree Gdpiro by (18).

15. Return Gdyro.

FIFO i 48U AL I8 B2 5305 10 i A 23 ) 2 T P B3
Quierss ~ REFUAPLIA T Quo VIR 55 215 A S Qp, « TLHE T FE
miE X=(E,!,C,!,He,.Ec..Su,.) M E 1] &
W= (wg» we > wi, s wee s ws, ) s FIFO 5 RUHL I i 8
P R 4k = B Gdvwo. 75 FIFO R LA 94 2 55
e B 4 B0 12,508 7 A P BAA Quers HHHR
EERH L A8 BA Sk 1 P i 95 9 KL 9 TC 21 RE UL BILBA
H Quis I BASK B HERIAIL 15 28 13 4300 5B R S
Fe Eq RGRAR R Coo . RGER Heoo . RAE
W Eco AR ARG 5E Suys # 14 i EZ =i E
IEE R R0 Gdeeo. FIFO RESUUL I FE 52 1 1) ik )
=R O).

4.4 M2EC EMMAEE*

ZHERERE B UM IH B 5 (Multi-Metric Energy
Consumption virtual machines scheduling algorithm,
M2EC) &3 F 1 I 3E & F BB 1 (First Fit Decrea-
sing algorithm, FFD) (1) A8, T ¥k e #F F T & ok
. i T FED 53 BA AR 4 i 3108 B Al 76 52 B b
3Tz 0 . 2 FFD B9k HA 380 35 1 v 4
fiE s PR RS X IR 2 HE AT A R I R A 5E
eler-sae sl M2ME H SO0 B2 37 Sk 2 s,

Bk 2. M2EC A L.

i A : user queue Qu.,., » virtual machine queue Qy,, »
physical machine queue Qp,. s five-metric per-
formance vector X = (E,!, C5's Hey.» Eco,.s
Suy.)» and weight vector W= (wg, we» wi, »
WEe s Wsy )

B« green cloud degree Gdyupe

1. If user queue Q... is empty at current time slice

tso then
2. Wait a time slice.
3. Endif

4, If virtual machine queue Qy,, is empty at current

time slice s, then

5. Wait a time slice.

6. End if

7. While user queue Qu,,, is not empty at current
time slice s, do

8. Fetch an application App in user queue Qy.,..., and

Fetch a virtual machine VM in virtual machine

queue Qy,, .

9. Run the fetched App on the fetched VM.

10. End while

11. Sort the virtual machines in the queue Qy,, by per-
formance cost pcyy in decreasing order.

12. Sort the physical machines in the queue Qp,, by the
remaining available resources in decreasing order.

13. For each virtual machine in queue Qy,, do

14.  For each physical machine in queue do

15. If the remaining available resources are more

than the resources needed by the VM then

16. Allocate the VM to a Physical machine PM.

17. Update the remaining available resources of
the allocated Physical machine PM.

18. End if

19. Break.

20.  End for

21. End for

22. Calculate the energy consumption E,,, » system car-
bon emission C,, system health effect He,, , sys-
tem economics Ec,, and system sustainability Su,.
by (8), (9), (10), (12), and (14), respectively.

23. Calculate the green cloud degree Gdyzrc by (18).

24. Return Gdyegc.

M2EC Hg L8 B2 555 1 A A 23 9] 2 FH - BA 3
Quierss ~ EFUHLEAFY Qv VIR 55 5 BRI Qp,,  TLEEPERE
M X=(E..,Cy s Hey s Ecy s Suy) FALHE 0] £
W= (wg s we s Wy, » We, s ws, ) » MZEC K SLLHL I 2 57
2 R 2k 5 Gdere. 15 M2EC FE UL B 5
B R 7 BE 10, SEE T O P IR 5 1 oK
AL S R IML L 5 25 11 X BIHLAS Qu,. He Pk fig
B e HES 5 25 12 X IR 55 4% BA 31 Qu, 5 1 BB B 5
s AL 13 20 21, ] FFD Bk py S A A . O
HE AL £ 920 e — A~ Bre 5 365 9 IR 554 5 22 22 73331
R RS Eo REBHACR Coo RGEE K
Hey . RRATE Eco AR R G HFEE Suys 23 11
HEAE Gdoee. M2EC HE 1AL IR 32 55032 10 1 17 52
Z=FEH O(nlogn).

5 LWHMERESH

KT AT AR M2EC [ AL B8 5k 1
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Background

Green computing as a new trend for high-end computing
is gaining significant momentum with global warming and
ever-rising demand for more energy. In principle, cloud com-
puting is an effective way to support green computing by pro-
viding resource consolidation with virtualization. As large-
scale cloud data centers reach enormous size in terms of
equipment, high energy efficiency issue is one of the major
obstacles for opening up the new era of green cloud
computing.

In most current cloud computing environments, the per-
formance and service level objectives are under consideration,
while high energy efficiency is ignored. This justifies the im-
portance of profiling, quantifying, modeling, and evaluating
green service level objectives in large-scale cloud data cen-
ters, so as to minimize energy consumption, to achieve ade-
quate measurement and management of high green service
level objectives in cloud computing environments.

In this paper, the definition of green cloud is given and
the principles for high green service level objectives are sys-
tematically analyzed by referring to the service level objective

and green computing theories. Based on the principles and
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methodology of green cloud, a multi-metric energy consump-
tion model M2EC is put forward. Theoretical as well as
experimental results conclusively demonstrate that the M2EC
algorithm has high potential as it provides efficient green
enhancements and significant energy saving. It implements
the trade-off between energy consumption and green-service
level objectives efficiently and effectively in cloud computing
environments.
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