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Abstract  To support ubiquitous IT services, data centers have become an essential infrastructure
like roads and power grids for cities. The megawatt-level data centers have devoured a lot of energy
while put much pressure on the environment. Researches about energy consumption optimization
of data center are concerned by people. Because of the lower environmental and economic costs of
renewable energy. Renewable energy is generally defined as energy that is collected from resources
which are naturally replenished on a human timescale, such as sunlight, wind, rain, tides,
waves, and geothermal heat. People are more inclined to use renewable energy and fossil fuel
mix for powering data centers. The new goal of energy consumption optimization is not simple
reduce the consumed energy, but to improve renewable energy utilization and reduce fossil energy
consumption. However, renewable energy is intermittent, unstable and dynamic changes, hence,

how to fully utilize renewable energy in a green data center remains to be a challenge. In this
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paper, the state-of-the-art of energy consumption optimization in the renewable energy hyper-
powered data center are reviewed. The paper first summarizes the basic ideas of the optimization,
concludes the approaches to improve the renewable energy utilization and reduce the energy cost
in the resource layer, computing layer and service layer of a data center, and explains the basic
approaches of matching energy generation and consumption; Secondly, this paper describes the
power generation model of renewable energy and power consumption model of IT equipment, in
the former the solar energy and wind energy are highlighted, and in the latter the energy
consumption model to the tasks, requests and virtual mechanisms are focused; Thirdly, the related
works are explained from two aspects: power restriction and load balancing, meanwhile proposes
the further research prospects for each optimization technique. The power restriction approaches
mainly based on “Dynamic Voltage and Frequency Scaling” or “On-off Algorithm”; while the load
balancing is a big topic, it includes temporal load balance (workload scheduling) which balances
the task scales among servers in one data center in real-time to adapt the renewable energy, or
spatial load balance (geographical load scheduling) which balances the task scales among the
geographical difference data centers to adapt their renewable energy locally and respectively. The
load in both temporal and spatial load balance could be tasks or virtual machines; Finally, according
to the existing research results, the best optimization effects that achieved by the software and
hardware optimization approaches are argued. As the goal of maximize renewable energy utilization.
The issue is abstracted as “power consumption-time curve” and “power generation-time curve”
adaptation problem, which could be solved by transforming the “power generation-time curve” to
match the “power generation-time curve”. It would definitely confirmed the “power generation-
time curve” if the “power consumption-time curve” could be freely transformed, however it is an
ideal situation. There must be context related constraints on energy consumption optimization,
such as energy conservation, SLLA invariance, response time tradeoff, load migration costs.
How to identify this constraint is a difficult problem to be solved. So that the problem of the
optimization constraints, including research ideas, problems and possible solutions, are given to
facilitate other researchers.

Keywords renewable energy; green data center; energy consumption optimization; energy

utilization; green computing

AL

1 5]

T

UEEBAE L IT P2k RERE R AR 1Y K 1526 ~ 20261,
AR © 2 ik R U AL T 7l RE IR AR B L OF 45
AR IR TR S R AR R Al S — B
HT s Et A, BUA REAE UL AL I 5% B 2 RE TR
4 T 3, BRI RE #E 5 5O 10 BRI R 232, 38 B A7
RE R 56 B T 3 B AR L (A RR IR AR RE T AN
LT T HEE ARG g Bt k4
IT 525 B9 FH P R4S R Bl HE 0 A7 SR AR 25 . & €8 I OF
2H 21 (Green Peace) '8 X S P& 0 1T W 7 X E“ 5
RERM P A BB (Green IT=Energy Efficient+
Renewable Energy)™ , 7543 | FH AT P A= g U5 A & 4R

J7SCE S RE R BY RE S ) NSRRI RE Y A AR
U — RREBURARTE [ 2R 5 b LUK SR TE 547 16 1 e
RS VRTINS N SN - S &N 3543 2 N N 6|
BRI KT b BRI 47 T K R U U2 — Tk AR TR
o0 N B e A B A BE IR L AN BV UK
AEJE e T 22 fie 7 B A9 RGBT X T R BE IR A Y
LY PRI S 70 AR S AL L IR 41 2 1 — KRB UL

FF 77 A RE A — IR BE IR AT A 23 o m] A BE TR
IR PR A RE R P R . nl AR g A0 5 K FH AE L K
T3 ATy A R BE IR BE 4 RE TR I 25 RE SR
EATAE FAR S AT LAOG $6-P 28 AR o] P 2R BE TR A 15 A
A KRR % BN A R R P& LT
AR TR B 0T N TR R A LB A RS TT M L i



2672 it B

Hl

¥ 1 2018 4

R D LR 2 A L AT A RE R A B L
R R 438, B, BE (Green Power) , 5 22 X b 3t , 3F 7] 7
A= BB IR 7 AE 1Y L BEFR A 4 €4 HL fE (Brown Power).
LR M REX MR BE A V5 Yy s A F IR B A 4 0
H, R AR AT AR+ PRLOE o A ATD S ] T 4 €51 HL

Ao R —FEZU RN ENY . AN EZA
IR 55 % LA BOBAR B4 s I A AUAL & — 26 il 55 & 1 4R
AL OICE A — R R A E TR B
BLRAA R ELAE T 4E . aREE oo a2 8
Jibk, SR TR 300 A AR R Bk AR L i
(Y BBl SRy 1196 ~ 1.5 0. 16 B Y, B b Tl ke R
JEdh . e 40 T FERER EEL 2t S
R 1.5 20 @, B0 vho0 = BEFE ) B 2 5 | /i 4%
UG I ey BE EE AL [ B b3 3l >R FH 19 B AR SF BR
DA RS i A8 B 0 ok el iR a5l o0 L B KAk R TR
L ENER XN N TEZ S A N

B Y2 B T 20 A I AN TR R R
L1 5 9% LA S UG B Rh » 38 8 0T P A AR TR R R R A
Chn R BRRE SGAR H B A0 XU 56D 19 9l FH AN IR AR B
R 8 22 1) Bl vh U IR TR 8 AP S8 B ER 43 B 58 4 ] i
HRE VR AL E . 41 1 GreenHouseData # 78 3¢ [E 4
B (1 XU RE AL H 2504 T o0 @5 FaceBook g 7E fk # X
A R BHRE FICH8 Hh o0 @ 5 eBay fit FRR R} A b Ok 21 At
A O @ Apple il F R PR AR R RE H
R IO HCHRE Hh 0 60 26 B L @5 Google i XL AR
B L FEEERE YR 5 AT E B AT b A A T R
BBV A L 9 5K L B b 0 O IR B E W T
A M T E L AT RL R R BH B XURES L R R
WO AR T SR S B o i FL R R BUR
o R Ak n] AR BB TR0 I L O $RAB B s o R
&L SRR IR & e i 7 5 g B o
LB AR AMET. To i NG 55 A 34 2 34 B3 A £
JE R AVEE b 48 ) SR AT R A= R IR R R AT
FEAE REURTE & L H 08 e 2 A0l v o0 19 T RE A AR
3 T A

AR SCH £ 3 v] FE AR BE TR IR A vl 1 s TP B
FEOUAL B IE. A UG SE T 45N T 465 2 W 44 )
P25 BB IR 5 1t v A0 2080 o0 REAG G AL 1 B AS S %
FHELAR 2R, B AR K™ v AR AL R H A5 A Y DG 7R
WEFE s LA A T8 o0 IR 2 HRZ iR 55 )2 1
Ak T7 2% s 55 3 715 43 S A 28 AT 15 2E R R A 7 AR AR
FECHE o AE AL 5 55 4 5 4 4 0k T 2 AR 1Y
REFEOLAL T s 26 5 19 4 41 Bk T 07 3 24 £l 1Y REAE 10
T 5 5 3,45 5 Ik 2 6 R N 2 1 i — 2 BE SR

JEEE 5 6 V4R BERE DL AL i 2SR 1) s f e 5 T
TR

2 LR

e AE FE A A o i DI B — > B R PE KL fE
—DRG LV B FE R OE 2 0 TR, W S
“Performance per watt”, A GEFE AL W 5% 1) &
B H AR A ) T AR G B e 1 PR BE A AR A RE RE A
b, TR A BEIER & 4k i B al o0 REFE L AL B 9
X3 H BB 1 SR L 25 I F BB R 1% AT R A M DL R X
B8 052 0 55 o D 53 A — A 20 5T 1 A B e O AR v
O REFEDC AL ZT » B P A K4l o0 vl P A BE 5 A ]
U0 4 £ L R T 7.

AR AR R YR 7 H O R B A A ERME S R E M
AR L 0 XURE 52 XU 1Y 52 ) K FH fE 52 i B2 AN
O B 52 I T L XE DA S50, 5 4 ol P AT PR AR L
H B EL Bk R ¢ € P R TG VR S AR A I A
HL RE AR L A I 2R B AR A Skt HL . LAOK FHRE S
151, 5 K B 8 78 B8 I 20 7 Hi, K T 5080 o0 19 BE IR TR
SRR 2 23 IR B — A Gk (L BE D s KB RB AE I
IR 200 7 v, /N T H A O 1 RE IR SR IS 4 0 i el
FHAR (o rL BB AN 2 . 2R, S5 AR 1) 1 100 A2 & 00 PR E K
SEA A HICH 48 0 f e 2.

FATIN A 7 7] FFAE RE PR TR & At v i 8 bl
o TR B I AR - R R 2 5 AT P AR BRI
4 7 - T] 7l Ze w5 UL I 1 S s ) o PRk 3
WO AETE W 43 1 R RVR 9% < TG A FE o L 4 e
RE A ST b 78 B (4 F BE. T H T 00 FRA M
DL ] P A BE R A9 77 FURR AL o AEL I FRATT Al Lo 4
B O AR RRAE , LA e TR TR 2. B0 b B
A TS 18 38 Ao B A A T % R -
(] 7t £ o /N A B S R 0 00 T AR LAY 294 € L RE

F 43 AT AT P A RE .

S)

http://news. 163. com/15/0325/06/ALHI939P00014 AEE.
html

https://en. wikipedia. org/wiki/Wind_power_in_Wyoming
2017

http://www. datacenterknowledge. com/archives/2011/04/16/
facebook-installs-solar-panels-at-new-data-center/

http: //www. datacenterknowledge. com/archives/2012/06/
21/ebay-bloom-boxes-will-power-utah-data-center/

http: //www. datacenterknowledge. com/archives/2017/01/
26/huge-reno-solar-farm-in-the- works-for-apple- data-center/
https://www. greenbiz. com/article/alibaba-leading-chinas-
push-cleaner-data-centers

ALK 2 R RE HEAT 6 AF . H AT E 24 3 Mg fE )y
2% F Al B ) 15 (Net Metering) DA B % /K fiff HL. SR T
X 3 Fh T IR 4 A B AR R K L HLAK A AR B

0 & e e © ©



12 4 KNS RA BB O BERE DL LT 2673

400 —FER-I gk — PR 2 (RO
i ‘ :
<
E‘S 400 V]f /
SRR
’ i/ U \ If
0 - ' L
0 50 100 150 200

A 1] /min

PI1 BRI IR 2 A m - I 7 pHy £ 19 A D i

A I TR FT P A= RE URTR 5 Bk vl ) B d0s o g
FELAL B AR AL R LAT 3 a5 @ d5c KAk T PR A= g
FHR s © S/ MEBB IR A s /MUK HE R BUA
RgExs ik 3 A HEs& A M, F 5% 1, =F AR
JE A BT . 850 A AT FEAR RE R /D 4 (5 RE TR
(19 5 P gl T AR 249 HL g AR S 3 LIk D s HE . (H
TERLEY & =FH XA P oh %, g A 3L d
T340 8 Ao B P 3 L RAR K (E B HE R R 2 AR 5 2
BRI 442 BE PR i 2 3 S50 WL B0 TSI 0 AR
A o AELRE A5 d AL 3R P AT A RE VR B RAK
(1 B HE . AR G T ST O L o N B R A 2k I AR
B ST B FA BE BT ST RERE DL AL A< SR REFENL AL
FUBR US4 O 77 HL RIRE Ll 2 19 DS 2 0 BE AT BF 5
Je— 2.

UnTEL 2 Jr 7 o 38 R 23 R PRI 7 3 S B0 L A
FE F 2K 019 DT I, — b B Dy 2y 24 4 o BRI o 9 R
SEML AT Sl 28 doe R AL BE TR T R % 07 96 A0 T 4K
P D BTIRE B T RECE LA T 5 s — Bl 0 3y
ity » o IV 3o R D vk O TSP A R 2t
LA B G LA I RE Y5 AIE « B U5 SR80 A T e
HE FLHIL A I B A G A% 52 B T 502 9 3k 2 40 mT o
1L AT 55 9 R BE A GE AL 52 B MR 55 J= 14 T x4 AT o
IR RSB AR SCRAE S 4 MG 5 14 Bl A
BRIk SOk e T A e nT DA s AR TR T
VORI 7 v it £ DL DS RC AR vl il 2k L SR AT S AN TE

>
Mo | Bt | erms ) | e | | e
Wl ————
5 RS TR R S
Y et
i3 || VEELAE 56 £ TR % VIR S8 |
[ e ———

| R 25 T HE L0 60 1 By |

TR, DA

R B AR

NS W
/_H

NI oF i
—r
T

B2 BERB AL 7 A A0 BT AL Y R K

AL P
3 FHRERERE

AR B J 7 F R R — AT AR BE R ) K
RE VA i AEFE feiod e A9 e 8. F 9 ] 152 RE TR 5 1t
FEL A RS A T T G BT BT A RE A 4R
B, BEAR D VT BE 7= o R, F AT ] 3d 7 22 AT 78 B
HhC FR FE R TR R BB R D B RE TR SR . R & B
TR IR W SREAR A O ik AR U
IR A B R D A SR R A
3.1 FFHE&ER

R BHAE L X FEHLAR A A O R D) R, 1
B S AR AR AR E R TR B R PR A Y O T
S A SEBLAS 2 1 P B RERE DL TL R L BB
5T Al P A RE TR =00 ™ F BE ) R AT T AR
A 43 g5 R DL K BH RE A XURE 114 1] B A S0 1 A
L SEPR AT ST P AT LX) ik 28 L R AT A L A IR Al
AZ R BRI AR 3 A B K BH RE X
AE Y 7™ FU BRSBTS i i s 20
G B R R G R R B ] R R
U AT AR B T R R R P R E R R A
FU AL RIS A 4 v g B A

(1) KBHfE

A fi] Bl B3R B AE HL 3 1) B 3 AT AR R Y
RO (o) FDG IR BE (W /m®) 7158, AS | 44 5 1 K
BH A Fh o ) 503 AN 8T 3 R D BRSRBE T T L
KIAFERCT W/ m®) 5. Lo 3 A iR B L 1 E
B PN BB 0N NS = TN VA TN SR AT AN
FEMSCHY O BH 8 55 BB #h T DK B 3l ) A X AR E L TR UG
KPR B B E O 1357 W/ m?,

VPV(3D) e 63.00%

IEERELES

0% o EEEN|R e vEd
i 29,00/ B S = R
o-Si mﬁ.@.&o/g)g%gr‘/ a IR

0 10.00 20.00 30.00 40.00 50.00 60.00 70.00
L eI

Bl 3 4% ok BH Al L b O R %
i BRI BH A8 23 T ) B 2 AR R g Y. TR
X F — 4 AL — K, FERAZ ZHMNE K BH 5% B T
Al (DA,



2674 it B

Hl

1R 2018 4

o
=B

I,=1.(D,/D)=1. [HO' 034‘:05(32207275 ” (1)

A (DO DNHMEE, D,y HMFHERE, LK
FH & 5, n S T 5B 19 R 2K

Bt J FRATTAIE 5 MR 1 AT 58 M 5 AT e 1 R O T
B F R B STRE LoE S LA e

@ &5 BE AR s SOK PH RE G 55 1T Y 2 £

@ A 0: K PG L5 IR 51 i K FH RE
B B 2 22 ) 1) e £y

QL EM @: [ H i

@ JRER A 02 78 R IE A B K BH - 1 3R G%E 2k 5 1l
BR AR T8 - 18T I B0 .24 K BH A TR 5 7E B BR AR
B LB IR 0=0" 4 D R —4ER LR, N .

B oo 284 + D
5= 23.45 ><s1n[360>< o ]

© Il w: BRI H AL 15%, 7 5 — K 24h
F8 I 221 %6 )«

(2)

w=15"X(n—12) (3)
20 BAT 8RR
I = I,sinh cos@ 4)
sinh = sing sind + cos ¢ cosd cosw (5)
cos@ = sin (g — B)sind + cos(p — B cosd cosw
(6)

WA B R E L Py h=90°B RS

EWE.m ' =sinh. B4 KO FTLIKE N -
I = 1I,P]cosf 7

P ] 4 BRI R A TR 0, W K AT HE IR Py —
0.532 1 0. 65 Z [l I H. Py i MUK o BEAT 5K L ¥fF
R PR,

H O AT L B SRS 2 R AR AS S K B i S5 i
e AE A ALY L TN O FH RE B v Y s 2 3R 01 R
MESE. SR 75 T8 2 J2 R AR R BH A S 10 52 i)
ATTAT LA SR T 10000 5 2k Xof 2K BH B #E 47 F50 0. K BH AE 3
N0 F8) B AR 7 VA T ol s — 2 K DK FH R 7 R b7 S O EE
g sl R AR BEAE S i A ECHE S I 2K BH g L Tl
DAY, 55— b g B 2R R AT AR B L SR 5 4 2
5 P RE 7 i . B O 2T

R SCHR AR 7 K BH AE 0 A5 7Y o 2% R R
PR LT 0K FH RE 1 i 2 1k AR 0P, SCRRL18 ] 42
H AL AL 35 2 (Estimated Weighted Moving
Average, EWMA) & 1 , EWMA B ELE R &M
JE 1A Ef g AT LA Y 00 K BA e F . (HLUR L YRR
W AR AR I B A T R 2 P A T A R R

ik 32.6%0. SCHRL 19— 2§ th R R 8 71
(Weather Conditioned Moving Average, WCMA) &
2. WCMA Bk 2% 8 T Filf JLR K P RE & B &= 1Y
A L X H 5 ETJLH B RS R R
W 22 B 1% 0T B 5 EAR 2. SCRRL20-21 J5A
NRBARE - BB E 5 = 28 5 U ., R E A
NE,(=B®0—0c,Hp E, ()2t W20 HiY
KFABE, B s ¢ B 2| FEAER O T W R FHfE . ¢ 2K
2 o 2 A L AT R sl B ok 4 Ak oA
B, FEH R A T ok f = J2 4 5 %6, SCik[22 ]
PR PIRE VR A R Be T 28 " HE 4L EZE PR T £
1S3 BE SA TR A 56 K BH B T i w5 {8
WA B v I i 2005 4E F 2010 4E K BHAE M
SRAEAE AN SR E R L R TG AR 7 16 VA T
5222 BEe 70 6 h J5 A9 KA BE. 5 Z B IAY 2,
SCHRL23 007 HT 0 A & 44 00 B4 9K 30 53k . N L2t
W2 CANN) , 3 H5 1] 8 /L (SVMD | k- i 35 4B (ENND
22 T LM [l (MILR) S Y1 25 0K FH fiE T 455 584, Jf:
KRB B2 A S E

D 43 It T L 4 T SR AR O B OK P e
SCHR (24 {8 FBLAR 7 20 H AR AR ST 9 il 4R 4 T3
SR U SR AL R, SO bR T 2 Il 4
AR A B SR T AR TR A4 B /D ek LS
AL T A R R W] = )2 B i A B D R R K
T I 22 1) DA S 5 K BH ' B B 2 () A5 AR e 19 4
DA T B DA R XL 2z ] DA B O BH O BE R
JESGAROC. A0 SCHR[25 R Fl SVM B <R
V), 22 T ASE D of: g B 4R g T 27 Do, Sk (26 4
T T TR0 K BH g A H SR Y B/ e S
] AL A A B A A BR T B 2 X
J 0 X A R BE A B B S TR A R
B, m AR TIOI  JCAE EAR Hl A £ R A Y
R I [ 42 55 K BH RE.

(2) A

RUREFIX A B G AR KU S I B 72
PRI e 28 8 R AP35 KGR , anBs - 38« H P340 T 7 1.
WG AR S IR B v EE ARG AR K. 25 A X (8)

_ LAY
v = v X (M)
A v & B b AL RGE » oy S 5 B b AL B R, @

o 228 6 L » R T i o AL R R T R OR R AR E R
YRS R 0. 125,0. 5], a MHBAANZE 1 iR,

(8



12 4 KNS RA BB O BERE DL LT 2675

£ 1 AEBERET R o B

Ho T 25 TR P Bl K AEY e
a 0.1 0.14 0.2 0.28~0.3
Hb TR 2 T S (1735 513 A [
a 0.12 0.16 0.22~0. 24 0.4
A fE B A 32 202K Bl e i Ak o e RE L R ik
T XU RE I R /N B R T 5 S i B A A B RE. AR
I 32 I
E = lm'v2 9

2
Ao om AR B (kg) s o g X (m/s). % I8 X
T Y A BRG] (o) YR Y AR
PRIV = Aot IR 2 o U3 480 I8 ) 57 8 i 0t m = pV=
pAvtypﬁééh%E(kg/ma)vT%:

1

T . 6 L B0 0 L

10 A AN 131 NP NS R B BRI NTTR AR
S JEE (— B ) A JE RG34 37 77 1 IE L.
171 KT LI ARAT ) D) R B LRI AR 2. 5K
TIBLE e AR ARAT I T B 70 04 . Bl T R 45
PERLR 1000 RIRFR 53 19 XREA — R R AL i 4
FIHE A& S LR B FE. 45 L E Syt DR X
DA HAE L E A BUEE Bl —feAE 0. 1~0. 5 Z [A].

P — v’ AE (12)

AR A BH AE  JRURE 11 19000 00 5 A 42 2. XL BE i
0 [RIRE  Sh WFP J 0 < D7 S0 R & o 500 1 e ) e
I S R TR I STR AN U N W /N T 1
T R T AR SO g A I e T e ) 9
BB ST LA 3 Ay A 30 903000 e 0 L i T 0 A
 Je iR T 5 2 38 - 3000 450N i IS i XU . S
k[ 28145 & 1 HE 43 Bt AHE SR A5 A L SR FH i/ i vk A0
TS AR SR TIN5 2 T ST, AR ETE 9% ~
14%. CHRL29 TR 60 d A4 R H 4 AXUHL 37 % H
I N SR Ao 22 0 4%, n LA R R 2. d A R T
Bl

R 3 T RO S R A G L 1 B 0 REFRE T 1
WFFE. SCHk[30 1R $1& w8 Iy T I0AE 32 SR FH e adk £ o
TREU AL A5 20 5 m SR = AL LA MERE Y 3 A
SR & Ry B e A OF I A2 b XU 3 12 h JEL R
J3. SCHRC31 K 48 B 30 min [i] B iy XU 1R 1] %5
Hia 58 A IR 4B e A A X BE TR Ol TS

IO AN [ 2575 i S 2 AN [v) B[R] 7 3000 235 3R 10 o A
PE R 205 vE AT LA 1~ 3 h i XU g A . Sk
[327]R F/N ik A5 #e (Wavelet Transform, WT) , }1{2)
H (Similar Day, SD) Fl {5 /&% f# 2 K % ( Emotional
Neural Networks, ENN) 2 & 9 8 55 J& 31 (%) )X B T3
W VIR A BE S5 B WT + SD+ ENN, i il J#
MR Z 10~30min, JfA & R4 1 700K B2
3.2 FEEER

A LA 22 BlokL BE 25 R R0 Hh o0 B L R -
FETHRAL 00 258 B2 a5 T V2 B4 10 B8 o0 1A g
6 5 BT IR 55 4 19 REAE s 5075 1& R UL Y RE
SRR P SR W BEAE s SRS IAE 55 O REAE. OF
FEN FRIE AT TR G [ e 545 3 1) REFE AL 5 %5 4.
1 T J5 SO A R REAB AL Iy i M WF 50 B AT 55 L3
SRAHE AL » P AR 15 T 240 2 B AT T REAE AT,

1155 RAU A TH AL B AT 9201, A6 1T AT 55 fE
FERTTIEA MR, — R o R & T, — Mo &y
. A R BT UL 55 o R S AR S Y
IBATARAS 0 CPU  WAF FIRE B0 TARIRZS L Al AT
55 BEAG s &y VR I 23 A AT 55 ) i S AR R AE L Al 55
1155 BEFE. J5 & ok M98 90 IE A RN 2 BE
FEAG . 78 SCHR L3 e X 32 400 A8 1 B T 2 1 43 #r
SCHRL23 JIA 4 2 AT 75 22 3 AN B« 45 4 AR L fifg
5 LR thAT » TG AE 55 SR AT RE FE A BE S8 A0 T X I 1Y
JIT A 46 2 PRAT REARE Z A T I 322 55 T 4R BB ik i AR
AT B BRI REFE Z AL A1 (13) BT

E\mal,xystem = E ol fetch JFEunal,decode JFEloml,exemne (13
H E oo HAE G5 BEFE » Evuiean N 152 3R EUAE
FE » Eroul decose WIS REFE » E vt excene B T8 2 AT
REAG. AR AR 2 I 7 230 2o SR R T 18] N A, IR I
B B BEAE I AL A5 T U5 18] N A7 BHiE B RE#E.
e 2 FRIBCH EAE AT i X (1) A 53

E total_fetch — Epww + N mem_cyc (14)
A+ Noer_ese 278 AF AL BIAR 25 I8 09 77 i J51 391 1)

B

TR EAHADIL AR5 HERE Y BAD. Google 47
WK Google SRR 19T 51 E2 1000 WO,
TR R K 2 5D TR L 0 R A5
HIE A SCRRC33 481 T — F 52 S K
FEAOBU. MB350 08 19 651 CPU 28005 67
0 L2 B AFV UL Conn) A 95 B Co)

@  http://googleblog. blogspot. com/2009/01/powering-google-
search. html



2676 it = . 2% i 2018 4E
A CPU JE IECH AT (C o) - HAR T 5K BE BEFE 3 2k BLAILAT B 0 18 IR 55 2% 4 52 R 45
G A A 2 (15) 7 PR REFE S AT AR AE R Y 4R DT .

Par P G P G P G2 15) iy TR
C il s Chntn 1 C it IR Catne s Conen P Copp 9 1 B ne R
(B SO AR T 10 RS MR RE LA 5 17 ) SO
M D 2 W @ EVifE Y CPU 8 ®/@ 4 U Bl s o R P RATE L
F 1KB)/E Web ik (100 KB~ 1 MB) Web i =k &Hﬁ%ﬁ?‘ ol LA A
(Apache) ; &/ © f# i1/ K4 1) OpenSSL RSA Jii/ wcrp R O
fift %%, (D TPC-C (MySQL); ® TPC-H (MySQL); {ﬁ‘&‘%%%k I T
@RUBISY; @ WeBWorK"™". [ 4 if 7% % i £ )7 P T’
LR g3t T TPC-H 53K fE ! ! i
TPC-H i PR i i
s STV 55 R05W T ! e
5 DC Authority {& 2 % 4%
3.3 INGE5RE
" AR A 400 77 rb IR TR 1 KR 43 31 FH oK 2 A
55 2 TR B 7 el - ) 2R R - ) gl
01 2% LLE— 25 B 19 4 10 DG 0 19 .y T A B U
7R 1 AR R A O gt X L e A
BRI VO L PR DSBS 2 B A T5E R 3. 1 W IR

558 60 65 70 75 8 8 90 9
iR IhZ /W

Bl 4 TPC-H w747 F 0 56 g 1A 700 745 14 R A B [

KE FUALREAE A AL RL BE ML SCHR (35 145 Hh T 1
PIHLREFE 1Al 33 A 5L

Ey= Eou + Epon + Faa + Eoae

= Aepullepu + Y epu + dumem Nirem + Yiem +
Aol ot Vaisk + Eaic
= Aopullepy T Amem Umem T QioUio T ¥ (16)

FE s @ s Yepn s Qe » Vimem » @io s Va2 B H G 2
B E e AL S 0 AR AFBEFE s wou N RE UL
di I CPU H s Noicew R HE #AHL B LLC (Last-
Level Cache) R 2%, b Ty HEUAL LS 7% 8 19 5
TFTEL s T i 5 I — A G Nz F by, o 7 B
J B RO

SCHRL36 JIA R #4248 T LAARAS i i 7 e 45
SR D E LA BE b A B 7 AR e REAE . 1 £ A
Lo JUAT DAARAR R 5 5C T MEAUAL I s 1 7R A DA ot g 41
PLEEFE T 25 2 Al 5. SCh i —“DC Authority” f&
FREEH LR R G5 RO L BR A BEATE 42 e 68
SF— LB RBFE 29 T H A K AR BE M A AT M BB N BB
WK 5 Fron . DC Authority Wiz 17 78 84 o0 1)
REAUMILIC B 5 5 A0 AT 2R R R A ML L A B R AL

F18 2 BH B 0 XU BE F T 5 3k TR0 7 e gt 2R i B 1k
AR B AR rh O YRR FR 2K

BUAT WF 5 v 1) 7™ F A R g SR B L Bk AN AT
TH- A 16 VAL Bl T ) 96 3 A 6 LB ML, 2 A 3 52 B PR AL
RE R R AIE T80 W] P R 52 IR 1Y) AR S X
77 LR TR (1 3 B T A AT A AR AT SR A [ A0 ) A2 2 k.
T TR A 1 [ B A8 5 2 e JO30 of 6 . ] X B U 45 35
A % B4 7 PR TR AR ML AT 38K 14 75 SR R AT il 4 A iR
JE AR o 2 — AR A B 5 0] . T AT 0 5 R
3 R R A R BRI A G L B T TR ok B
N TE Y BEATLPE o SR B AL A L RSO 42 20 i 4L
SERIRIAE. PC AN L AR R AR R N B R B R
SCe bR SCRE ST B0 TR BB B DA R B 3
fiE 2 BEFE DR AL I 50 T 22 1 SR 30 91 iR 45 T P A g
TR PR IE AR F s o0 1R SC R R X
8 A7 BBV N A R T RERE R AL ST, hdn . ik
KIARE = A Sl E= £ (o), B % g .oz
770 8GR n FIBF R n =g () T 1R
L E= (g ' (n)) REWE B 4f #b 2 AF P g
FFE L Z R A R, a0 o] 2 5 3k 58 b g
FHOGHY bR SCUR T IRATE Se 7% B0y n] .

@ http://rubis. ow2. org



12 4 KNS RA BB O BERE DL LT 2677

X T REHUBEL TG S TR AT 55 i 2 R U
HLIR REAE A S 52 R A7 75 0T [l e AR A0 24 i
S0t s S B B 28 M L B R ULBILAE A Rl AT 55 2k
AT b 2% PF R AT AR I A% s A S 3 LA RE R 09
e P A] X L2 0 8000 0 B T 5K X L3 T A
W e A SR Al AR BRI DRI L A2 Bk A —
CUnA8 Z 51 P 25 Pl ), ] 7 A g 5 ] S0 A
PEAS AR CUn R B AE D 19 B 7 5t o o R WL B A fiE
B RS T P RE R T SR DL FRATTIA O AN
R 0 A 5 TN R ARG - T 2 SRR BE % B
A B RT o R R T 97 28 P00 o AU REAE DAL . BIF5E A 5
AT DU S BUA B 3 0 A R R L O i RERE I AL
T SR AT . A, AT S T B 2 2% B8
A2« ) R N i) LR B A 7 K T TR 8 P
HL BEFE DL AL 5 2 5 2 19 25 1B 07 38 1 RE B AL

4 EEH

DI ARAE BJE T B A Y — MR LR TR
HLL.CPU GPU FUH A 5 B & 1 4 » X 8635 4% 1T LA

PV Panel

Power Supply Unit

iR B AR S DB T L il dn . — & PC
BLIY AR A2 80 W, 23 8 Ty % HAT 50 W, i Ak B
DA 10 WL THEAL Y D A 487 JL{ K408 o0 BE IR
T R R LA IE (] 8BRS £ 1 AT AR R I L (HAR
W&t B RE Y4 k.
4.1 BHEAR

TR ) E 27 & DVES (Dynamic Voltage
and Frequency Scaling) il i 55 #8 J& = #L., §i & LA
SolarCore™™ Jy {3, J5 # W LA Blinking™* S 5%,
M GreenGear™ M %54 T W4,

SolarCore"*™ J&—A> 2% D ¥ il R G484, it
55 45 W R 7 >R TR Sy v T RN K BH R R b . G e OB AR B
SV I R R B a2 47 . 9 Bl i DVEFS #21i 2 #
JIR 55 %% D) 2. SolarCore A] fiz KAk K FHRE R FH 2. 4
K FHBE 7 H A AN A2 I, 8 3k DVES B AR ik 55 4%
A ez M. & 6 2 SolarCore Ty 845 il {4 & 45
. Z R Gk AT A 3 e I 56 CATS) 75 K FH BE H
I HL W 2 (8] 34T TG 4% 1B $F . AN ] T L U CUPS) #ff £
o b, BG4 ATS )46 3] 23 St g 9 B, A
i/ AC/DC ¥ fe 4.

Load(Multi-core processors )

_________ ~—- - |
| : | |
I~ | | v Tunable Vol Vo
I\ Vi : » AC/DC Power-conservative = |
| 3 Matching Network ore ore ore ore
I I \ 8 |
I = | | Bypass _ - - ; o T e T
ore “ore “ore ore
- = e 1/V Sensors 7 \
E § VRM RM VRM VRM
= N
. ATS H UPS . . ‘ A
By (o i | (Y hesd COler gy Peformanec
SolarCore : table g Initialize/Start I SElILEE I
Controller | < S—_—
: J. '<% Check DVES mode _DVFS model
i J SeDVFS L register __ |

[ 6 SolarCore {4 2 %5 #4157

“TARR” (Blink) 2 il 55 #% 16 = 2 A% 1916 BROR
7RI AR T AR 0 AR I BROIR A R U 4 ) — R B S 4
U Blinking W Al 55 & 4 ¥ 8 7] 8k 2 A Ak He
B2 N U vl R VAR YA I v R (R 1B € el
1% RE 578 3 o ] 17 R 6% 8 R DA R A AL B A3 22 il A
PR IR W X5 b J2 Tt S AR DN PR A e ) A i 45
Blinking i# 13 ## % CPU 1y 5 25 K % (Duty Cycle)
A5 Tl IR 55 s 0 16 BRAR S 140, iz 55 % LA 30s SR
Ja RAR 30 s, 78 jbFE Al I, R P o 75 26 R 1) 1&
o D3 AR 55 i B9 TN RR 7. 2% SCR TR R =X 43 A =X
Zi At BlinkCache {2 1 41 %€ . Blinking iy 2Z 4 it
T4 IR ER SR M YOS R 7 AE 0 IR 55 g R AR 4
TRAF I Z AL m A WOE IS5 A T BT A 1

W SR AR o3 A 298 A7 B TE BT 0 Al O AR
55 A Z (B IE A 5 IR 25 S ms "k T A IR 45 4 AE ¢ i)
PSR S I AE T — ¢ B[R] P 3R 3800 5 0 28K b 3] 5 ™
R 1A B 55 4 1) 5080 152 5 19 0 O BB 1 ST Y
6, M T,. BT Blinking, SCHR[40 ] #3t 1 [A] B A3L Hg 36
5 T oy A S0 R 5 BlinkE'S, 925 3 SO [R] B
FRARAT R BE L SR R A R & A4S 18] hi Bl A A 1/0
PERE. Z U . 43 A7 2NBHE & GreenCassandra-'™ i
T P T A R DA B N 2 ]
A B S5 O 2R 45 ) 4 8 FE 1l L 0 2 [ K RT 2 g
5 T s 5040 A 55 W 2 SLLA S SR I g B[]
GreenGear® 454 DVFES HI{A B /e g 48 25 &
M I AL B % S0 e i T E ik 5



2678 it B

2018 4

2% Beefy Server I A IR 4% #5 Wimpy Server® [y
pps k. X HT & R DVFES Jy ik 48 61 2 %, % e
R AR B / v JEE 1 7 ¥ 425 1) B 30 ML T 28 I 55 4%
Ly A4 M ALAS 6] o AT 55 7T DATE W5 26 ik 55 4% =2 (6] i
#. GreenGear REfE . 25 3% i T £ 2 6 I8 F1 BE I A7
fit %% ESD(Energy Storage Devices) f{#i J &, T
HL 1 b 7 F
4.2 INgERZ

AT A 41 1) B FR A O v AT LA R 2O BoiE
o ST 2 = 1 115 & V1P LTS = R £ 1 Rl 11 S
A7 I T T 1) B 1 AR G A0 RE AR AL AL T vk L S8 40 A
FHASE A 3y 414 37 2l oK il i BEFE 20 . UL A e il
%  DVES FlR 55 4 89 I AL

TC e SR J ] Fh o) 242 1 O i . B RBE S AR TE
LN @ i 72 450 RGEMERE T B iEK 1Y
M 107 F ) 58 5 @ Sl e e il 3 1)1 1T 4. %
V4% BEAE 7 £ld O REFE 1Y 40 %0 L I, {H H 1 R o
DAF il CRJ SR AR 0 9K 2l 14 78 1 &) IR 2
PRI BE T B AE PO BRI R O AEH T
M i P [ 0 SR 14 52 B R A 5 D 2 AT A RE R I
() A AT Y I 322 07 125 2 280 491, A R A R > 1 e 3
ANAT L A R 0 R B4 ESD. BRI 35 AL

7 E A5 e 2 B — AR E I 5840 R T A
1 2y 28 5 3% Vi Y D) S 45 ) O 125 AR 8 AR A B4 ROCR.
H 25t R A i (] R TR 2 A8 I S B B s S
AR WA AL B8R b B O L B R REJE A
il N R A IR A HLL o, 96 [ 22 1T A w) S H K
b oA T RES AT BEAR PR R A 5.8h
(g 1 RE S ) v A AR 22 B o # R b e
T AU 5 XE LA $R A3k K Y 375 b 25 (] A7 8 K B g F vl e
H. RGNt B 0 T R AT AT Sk Ah AT
A BER AR B RT UK S BOE AL B B A R TR
A TR 1) B2 o7 7 (i) A R B D T 7E B 3R A B0
T DA 7 ORI

Ty 324 Ty vk SR AT A 18 R v oty 2 fo LA
M2 400G o 15 2200 I 18 5 95 o 9 AT o7 7 o il
FORIARE v i 24005 R O 2 MR R4S AT A g TR
TCIERRN ARG 7 R 2280 a8 O R R
Z M RE IR AT IR A v 32 A0 ol 5 7 i it R R
Al fiE.

2 i LR 2 B b X B — A RE IR Y
SR AR IR R At i A DA R B BRI R A
SR JE T ) SR A S AR TSRS FRATT AT LA

€

SO

L5 llJ‘i% /
—:.—T

i hT P A RE VR

I Yiam

S YR FRAE R IR

s 4 L Y, ESD

EEP
g
B 7 R e 1 e VR 25 A4

Wt d, 148 ¥ (Electrical Management) fl IT 45 #
(IT Management) 2 [a] H 3/ # 13 #8 ( Coordination)
J7 . BT A S U A RUOR ] WO A 2
8] 1) 22 B, J7 X 38 B G DL S R 5 s e A B
ZIRYES AR 10 sigx ™4 2000 W By 37,0 IT
RN TAEH R 2 30 min (Y £ i) 25 4R 1
AR AW Z (8] J& 15 AT LLUCC | DA K andel 8 2
DCC o G fuf Bip A, 3k 6 R 2 W LABI 5% 04 [o) R W4T /Y
A0 SEU B A 9 A 5 R 55 T = 4 a1 A 9 R A o L

3 171
5 e

TE A AUR 24 40 38 L 11 28 (Workload) 2 45 1144
BLZR G0 T Ak 38 A (0 — i il 2 k. B0 AL
FERE AR A JEL . 84 2 A B AR TE 20, IEZE AT 1Y)
IO7 FRRR P BRCH 22 A 94T 45 R R UL B vT AR O 71
A B0 rhoo SO P SR AR L DL 2 B
R B s R 55 g PR T A T B0 P A AT 45 LA [ SaaS
2R, 4T MapReduce 1T 45 LA i PaaS %K . i #
HERIHL LA WA B TaaS R 55 i 3K . H0H b0 5 T L3
Fe 2 1T 353K, 45 me g B [8) K1) 43, 0] 6 % Bz AT 55 43
g BB 28 B AT 4%, 40 Web 38 2%, D % 43R 45 72 70
155, W b B AR 215

TE SLA Fu i (35 Bl P9 385 2R A o 137 5 ] 7T A&
4t ShAS PR B0 P R Web I 5T 2 1 B 1)
BN AE 1s PIRAE ZE B H] 3R [ 25 50 P iR o 22
AR UG P AT AR 2B B & L4 B el o8
LR B A 4 W HE Py 33 3K FRATTAR 22 28 38 5K A B[] |

@  XFE Mirco-Serve, i 1 it 55 4 » H CPU 225 8% 3l Al ik A 5C
RGBT RRAERE CPU.



12 4 KNS RA BB O BERE DL LT 2679

(Y RAEE. BEAh s P R S TR A R A 2 SR T
SRHRAT L E PRI 38R T AR 23 A 284 T 3t B A0
AR R FRATTAR Z TSR AE 43 ] B R
EAFIE B2 - T 28 3R A A7 A 25 1) B R
PE 23 52 B[] 1 29 5.

H S g UL )R SR A IS 1) A s 18] ) SR T
A I R L HE R R IE AR S BOR B a R 1 E
IR R AL RS O B 0 SR A
[F1) 12 [ L B8 A o 2 T 52 0 R840 PP 0 BEAE - LA DE I
ARG B AT A R R X 28 T 9A G BR N K 15 O
TR BAR AT A3 Sy I [R] S48 4 i R s ] 6
i ARG I B AP

TGV A2 I (8] $7 28 249 4 300 e =5 [R] 97 2 04 4 L 3 16
Xk G AR AT 3 Ay THT Fia) 157 P A A 55 A0 T 1] 905 ) R A0
L. AT 55 A0 R UL AR 2 R gl 0 9 28 (R DL 5 A0
X G BRI M B A A R 2 A S5k 2 PR,

R2 ESHEBENEMUNAHBERRR

1155 T B3 HE S 97 4 Ay
T 1i] S T 1 5 R
£ BE B S 2 i R BE 1) 970 R34 i
(oA RL LR O DAL/ 97

TR I I i A AU/ R RS Oy i 3 R

115 Bt % HE AL HL K
SN i R R A S A 22 L R R A A K
{55 REFEHRAE 22 5 K JE AUUBIL BB R A A1 22 57 /1y
AW WA WD

PRI o A 75 7 A 45 6 (] 0 5 [R] 97 48 X 4 5 v g
W DX AT: 55 B 30 R AUATL £ 2
5.1 MEfAHEEE

B[] 171 2% 3% fif ( Temporal Load Balancing) , ¥
o] PAFR N 112 8 E (Workload Scheduling) , 245 78
(7] — K398 o PAY I 3k S92 A 98 R B R/ DA I (1]
AP BB TR Y REAE L A6 T k. 3% 5 ¥k 78 4 R I SR
FER[A] F Y 2% V. B0, FI P 3 5K AT RLAE 22 b 42 iR
AT AT LA AT 55 BA S v 28 O /N3 38 F AT 55 AT LA
P4 IEAEPRAT B AT 55 0 1k i e I8 1 7 PR AR 1Y R 4D L.
PR RE S5 A R AT T A R VR R L R AT RN s I L AR
P AR e HE TS B 40 45 B S (] 8 b i 2 50 SR,
T SLA WAEAE T 5K B A BR A B[] 9 58 L.

I ) £ 28 45 A7 % A4 Oy 125 4 455 AT 55 O EE T R
“RE AL B BT 38 5 R AT 55 AT WY DA
T2 s RIVAA 7 ART IF AT AT B AT 55 5 I 5 e i kg 4ELPIL
T JE O PAT PR LA 34 i 8, 0 BV A 5 s i) Bt
W AT HE LB S LA K A el 5l 285 3t 386 fin 0 9 /D i
L. AT K 73 B A P

(D L5 i 3K

E R O P B 3 AT e AT 55 R R R 52
BH. AT 55 98 AL A S I Ao 49 4 T P A R U AT
oK I3 G JBE A HL IR A GR AR B RUAT: 55 AT 55 9 BE RS
TP A R ALV S B 0 TR DR S L R Ty
0 - ORGSR A B0 AT 28 RE IR S O 2
T Trace B WU B o0 AT 55 TR AFAE s O 1 7]
FEA RE IR 7 R ] 52 LY AT: 55 5 0 e T 3 R 7 22 7
55 0T s @ 507 14 AR BRI 2 i AT 7E A i
SLA B T 4B AR 55 04T » 75 W6 5023 38 HL 0
T R T s © X T A R 55 . Jl A B AR 55 5
o IS g 7 BT [ 32 % 1 3t A1 4 0 37 5RO ok
RBEFE. SE 0 MU A IR AT A RE U . © X T2 iR %
A RIAL 55 ik AT A R R JRORT A R s 8] JBE Ok i R
AL AT A BE DM R b IR B AT 55 RIHE SR B AT 55
e BIF T I F L AT BB S 52 T RAT: 55 1Y) SCHK.

SCHRES0 JE R BT 78 1R A& AT 55 9 12 R) AL $2
PR BE 5125« QD AN oo 7 S 3R e AR M 55 o i
AT E T FEARBEIRRA s @ A SLA /9 R G 1 . i
IR BIREE i M T Al A= R R L sk A i S g R i R B
(] 3230308 FH 9 V0 48 A5 - BE IR BAR L 28 36 A 1o 16
HL R LT A R LB T . GreenSwiteh™™ R 0
AT AR RE IR AT AR AR O 0B T RO R D
BUA BEVRAT Bk - 725803 0 T A 55 R AE A T3 LU
AR O BE IR AR SR I F A S XHT 55 AT R
it 52 AT 55 T T FE A RE DR L FR. X T 5 H BT 55 R 2
e e BB G 4 E T AL AT 55 19 R/ RE R L X T E R
5 RAT 55 MG R . ePower' ™) Jg— il 81 14 3 52k
R B PR3 WL 7 1 3 A AT 55 B R B Y AR A
{55 B FRAT I 18] A BEAE - JL 0T H b 2 de R AL AT
A BE TR S A R B RO Y 1R RE I i 2 QoS
(35 3K LE 1. ePower SCH5F 544 1 2. REWS (1 S {b 1k
AT 55 19 B BT IR 23 TE - T LA 43 AT 55 16 BT A nl e
BT IR 2 5 TS R I B TC. ePower MAZ L J2
DA IR L O R BERL BY | 58 B RUT: 55
L 5 FIHE 3R 25 AT 55 19 39 R DR GIE. SCHIRL 53 THF 52 8
B T AT D R R I 4 T B TR O A R A2 AR L 4
SCRAT — AL F 2o dls o0 2 ik B 2 1 /9 &
Agent R GE L IEA LA 942 £k . AT AR 5 BE IR A% A
1 55 14 e KR SO IR (8] ] B2 A2 55 2% SC Rt 7 o 9 2
R AL R B R R ) 2 IR 2ok I AT 5 5 AR
B T T L X AR R 11 RE YR s AR JEE AT 55

SCHRES4 T8 3 BT 50 48 3R 7 2 AT 55 9 % [
FOL. 2 SCHR Y — A AR T A  RE RS 1 3 RE UM T



2680 it B

Bl

1R 2018 4

o
=B

RT3 23R Z (] ) 6 . Bl G ST 1 AE SR
2« 2 P A B U A5 R AE 3R R 442 TR A BB VRS S
FESR P b A 6 54 vk T LG i B AR R R g 5 1 e
-7 GreenPar ™™ J& S (4 50405 .0 b i M B 1T 55
(HPC) 1) B #2 )% . GreenPar 8 B HPC LA i K4k
b ) FH AT A RRUR L SR/ Nk AR € R U A A [ B
SF SLA. 40 B4 RE UK 78 /2 B » GreenPar R {IEAT: 45
JIT R R A I TR 2 0 BEUR DL PR A 55 R
5. 2448 (0 REE AP S BT . GreenPar W] DL 7E SLA £y
T D EPE L. GreenPar B IEHMNMMES S5 RIR
8 0 B AN [ 152 TR 2 199 96 U5 0 L SR . ReinDBE
2 — Tl S 45 (6] B AT 1 A B TR Y BOHE E R 4. O HLaE
T AT 55 A 3R A 9 /4 €6 BB VR A9 1 SO i IR
T8I0 AL A RE S B A Lt TS L R T
GreenSlot HE4ES™ DL &5 m] 145 RE U8 1 6 H %4 H
b o 32 4 —Fh BB 2 8 1) Map #l Reduce it &b #AF:
55 R 7 % AT 55 S 3R & 0T PR BB U AT R B BRUAT
TSR ZRUAE FE A 2 F BRI 2 U035 5% P A AU 1) B 2
PUTIES. 3 F Hadoop YARN i JouleMR™® 2 —
AN AT P A= B YRR R 1 S L AL BRAE SR % S0 S AR
HRR” o B 4 HERE 4 58 A AT 55 o, 5 ) A AL
I R AL 5 MapReduce T 55 1 g I 8% % L 7T 7
Az B UE AL N | 20 285 BE 5 O M R EE Tt (5 ] A 8. DL AR
H27 2y B bR B AT: 55 9% 5 43 E AT DA g R KR 2 feff
FH W FEA B VR

B b3 SCHR LA AR o 35 23 BF 58 DN 30 )25 T ik e AT
55 % R FEA BE YR ) 35 M ] . SCHERE59 TIA S = iR
%5 W ARG SLA K REAR b b 2 1 nT P4 RE VR A9 1 A
PRI ) 7 28 SLA, I 4 H i 001k 4 65 g U 1) 48R
SO AR F B SR B 1 S T 2 g B [ (] B
gk a SLA, R UL, f 28 34 4 580 3 0 O R0E. Sk
L6082 7 RE R 38 I 41 1 28 il 4% (EASC) . X &
— P BB B g B L R T EASC i 5
(14 07 FF B2 7 B 78 45 Bl b BB VK O T2 17, AL A 8hid
O () B ) P A R VR S Hb 3 A DY AN N TR ) S 4]
7~ EASC (43 F A A0 3 3 P 3 2 S 401 3 55 1 I8 ]
AT 55 BT 1) R 55 28 02 A 5 DL & TaaS il PaaS 5.

(2) gAML 2,

1 A] PR AR U TR A A5 F I BHE o0 R R AL
BUAL D B 38 38 3 9 R UL s A T RS T 52
AR BRAE P HL b AT A L ok B O B REAE L
TE IV AT FAE AR IR PR A R FULAIL R R AULMIL A B AT I
Z8 Ry sf ) 7 B R A L 9% S B R .
B FE Ik 555 4 W IR Hl o ik A Rz 4t

P B DXOIAE T < 0 5 T 1) R DLBIL 57 280 /5 5 T ()
PR 5 17 & 30 R SO B | 5 2 3 R A ) 4 g
il 2572 HSCHE v B R KL AL B Y U
& M AL ) il AT A% - O il a4 S A U)K B 0
N, —2H 2] DL A TF Oy, — 2 W2 5 AR 55
(14 + FE AU BLTE X 9 20 ) B AL 2Z (8] A B LA 3k 3 4 2 3L
K5 @it i AL B, Lk B 4 2 4 1R A 45
IR i PP BEFE.

iSwitch™ " J& — i ik 4 IR 45 74 R U5 FE 4844
iSwitch 2 ] FAE GBI 0 I8 1 78 PR 2H IR 55 4% =2 [
By 25 VT AL 07 2 — 4 IR 55 A% AR G A {0 L BE ARt
HL T 5 — AR EE S o B BRI H . R R AL IS B4
A Y AT HE AR BRI AN I IR AT 55 0 7% 248 €4 R IRk
55 A MR AR RE VR AT R DI AE SS E R B S A
RE AR 55 5 21 o A AN J2 JE UL PLE B 9 JF 8. Yank™™) 42
Fy 5 iSwitch ZEfL. Yank A 45 5 2 52 AR 55 4% 4t
P-4 4R LR S 7 BB 5 4 3 Ok i R i R 4 AL
K DLE N RE R 55 ok . HLIA W Y 1 3K A R
Yank B4 IR 55 45 50 0 Bk 25 IR 55 #% ( Transient Server,
TS) %15 IR % 2% (Backup Server, BS) fl$5 4 IR %
% (Stable Server.SS) =28, Hh TS f1 SS 7]
VAT BRI, 86 P g sk 7E TS LAl 2 A%
WAL, BS Sy Sy TS 57 fg #00HL A A7 R A Y
B SREIEAS R, TS g 5G] L 5 i R i SS M BS
RS RE AUAIL I AR 22 SR iR 55 . SCHRL63-64 15k F £
A5 14 0 B 23AR H ORI A B SO RO 9 R AU
BIL. 38 3 S S R S A B AR P S A K
Ji 5 K W AL 4 000 2 4 7 — 1> 45 7 19 BT DA DT
FCRT AR BETR. 258 2% 8 1T B4 M8 205 45 1 2
FE L Tl G B AL o) 8 O3 5 2 5 R R g
RIT R 2 0]
5.2 ZEAEHBE

23 [a] 11 %% ¥ ffi7 (Spatial Load Balancing) , X F§
A 3k £ 2% R B (Geographical Load Scheduling,
GLB) 5 0 £ 5 b 5 1) 208l o0 Z 1] G 8% DA S
PR E H bR, 33y vl T — 2R 1 5 [ Al
4EH .Google .FaceBook 4§, B T4 £ 2 BRAS [F) A9
] 58 F b X G B0 Hhots » B T b BB R
A [ B P DA [) 8 i 3 nT 5 2 R IR A% A T 7
[ — B[] 25 77 A AN R R AIE . HL R T BOA 28 0% it TR 4%
by, Ty RS A () PR O 3 4 S A R S s 45
5 M HL B e T 24 67 AR AL R G 0 19 s 1)

2 18] 97 280 K A6 A0 b 3R e A A Ay A B4R AR T Uk
HIRE R Y R G PE. 2 ] P 32538 R 5 o X 2% b X %



12 4 KNS RA BB O BERE DL LT 2681

Fr rp O A [ 74 AT A R VR T R L R TR A A R
TR R 0 38 340 15 25 5 37 SR 40 2 380 — i 3 1 5k
B rp o0 b B B Hh O 58 B R AT 45 5 A6
IR (81285 F P DA d5e R A mT A= g U5 1 1 T S s 2 g
VST A0 B HE R L TR B 6 T W BT 45, T
PATEAT: 55 AT B Bty DR A B30 v o0 i 6 22 At
B DA T

23 ) f B M 1 2 pe ) £ R A . m PR AR R
I HLA T EI AR B HE RN D £ SR B ok
AE 2% 8B L BH o0 YT B L SLA IR R B
AT K 2 B SR HT =& JRIF.

2% (] 0 28 34 Ay 1) ELAAR 7 vk AL i R 4 R S AT
S50 RN R ML CE S AR 1 A 8 o R i R
R PHAT 0 B LA 38 6 2 RO R el OB A K P
K M 7 255 7 7 K K SR R 1) B AL 5 ) A
e R AU ML TE B3 v ) 1 I R e A X A L
RV s H FUAATLAE B5A F O [8] A0 Ae] 43 FE » A B A ART Hsf ]
HiE R ML A AT AL AT K 3 A R

(D) 155 1

SRR - AV 15 by B KR O AT R AR R YR Y AT
P FEBE o0 Z 84 R SR 5B (R A RO 5%
ik Ay T 1] 1 2R AT 55 119 25 [ B 48 35 i AR A 40
R KREMESTIH. GRS EETETBNE
BT - O AR KA B0 B — A EHE e
AR RR IR 5 O Al T3 SR A e Rz I (8] R AE A XS
NAT 55 B RE VR T oK 5 @ 5 1&g B8 v oo Re R AT
P CREIEAN 45 B O PEBE QoS AT S5 T B AR S
PRI 2R il 2 43 & o W mXE A% SR L 1 5K 3 & ) R AT LA
7 B SR FH 0 980 7 1SR i L UG o 2 H RS 29 SRR
A B BE LD A 10 R A o B3R B B TR SR A

TR I8 2 29 U Ak Ta) 380 1% 3K i 7 k.
sCloud ™7 2 B Hb 3% %5 3% o .00 AT 45 ik B (Placement)
FE S 7 3 o LA S PR S A AT 45 T JE ek | mE %
B R ALEE o ik i (Goodput). sCloud B 3& i
b A = 55 AT 55 5 B B0 o A SOBHE oo f T B
853 T 45 B B0 o b A 6 3 sl sk
AE AT A QoS oK 5 ¥4 vh O 1T B At AL FRAE L.
0K bR ) Bl 5 R 2 A Ak R) R O OR FH AR
PE R 75 SR A VB R BT 55 3T B 19 #h 52, sCloud iR
P AT 55 Ak 5 1AL SRS L 35 T T A B oo T AR
RE TR AT F 2 S Pl AR Ak i A . SCRRL66 ][R B
ST Z A AR R L A Ak AR T B o 1
T HE il o, ELAR 24 A 3 < e ) TR L R R A BB R 1Y
[ B A1 0 A 5 O TR 55 #8 B0 L QoS 2R %

SCHG AR 0] R4 e kg A ) 28 Y ) - ) R I A Ry
VA BRI R (MILP) ] 857 3R . 1% SCAE &
N E— W5 T 4 ESD By B M8 508 oo AT 45T
B 1), [ B (4 0 A5 1 T S TR Ay 45 37

43 SCHR R FH BE AL G 4 1) B0 . 7 2k 55k
EcoPower " 5 B 15 Hl 35§, 2= 540 .0 v 30 55 80 1Y
Ty 232 8 AN B3O 3 L R T R R AIK = BHE oo il
1A [ Bl 2 P SR 1 QoS. i SCRE 1A )
R 52 o 7 B % B ML AT 4k 1 75, 2R F Lyapunov
RACFRIS T 7E L das il 50 oK e S ik PR e 4 i ]
i E W A MERE b B, SCHRC69 4 5 b 8 584 o
BRI M7 G R 2 2 T AT S5 R R G R R Bl
O A B = Ry SR A A — R, DA R T PR
A TR I 2%, B AR A €20 B VL o AR . e L SCk
IO AN 8T W 45 T8 AT 55 3 B AR AR 1%
SCHEF R R o S AR 8 . SCEEN AR L AT
TR RRUR B Vo B AR AT 55 BERE AN 90 45 75 98 43 1)
ST I S K 1] R 52 Oy B AL DG AR 1] L SR IS
F3F Lyapunov 4k B8 5 11 78 28 ¥ il 53 725 oK it
B A BB AL AR Be /MBS (SCMAD .

1
Data Center i Q)

Cooling D |:| DD -«
Power: 00 0 o Batch Workload
— 99 O D D ’DD Arrival
l IT and Cooling * |
Power
Renewable Utility

Generation Grid

S AT AESRCR L S

WA s SR I HC B A 5 vk (DA AT LA i o 25 3
TR 0 A Tl L. SCHR 70 1R 1 300 % 32 24 0 gl 285 PR A
X AT 55 85 5500 v 0 I A T A A8, S R S 29 2
1 3 v BEAR K 32 O U 118 32 2 5 =L Scrp i B 6
LS PO B AR R ] AR RE TR AR AL 2 A Y
— LTI KA [ S A S 2 RE TR AN AL R T
ST R TR 55 g i A ) (Overlay Energy
Circles) "8 A1, 5k HI 2l 25 A7 ) ] SRAE B B ¥ A AE
FAEHE ORI AR SR B R AR L
I 2] 1) 30 2 00 v O 1 B B (I S5 1 R8I
AR SR At mT P A B IR A T d Ak A9 fiE B A 4. SC
BRL71 05T Web 1 3K 76 5 3t U8 48 b0 ob Al B 2R
R T J25% 0 11 67 28 0 A ) A B S K B 2 A A A



2682 it B

Hl

1R 2018 4

o
=B

5 R BRI IR BN 2P0 28 n]
AR AT R ARE PR AN AR . 3k A U M A 25 Rt
o BRI 2R I e ke 5 AR, 36 20 A
SCHR IR AR LI 5 8O 0 G [ Grid5000)
b SRR AR S U W RO AUk A R

(2) FEAUML T 2k

B R AL AL D BB o 28R SR O R B
SR PO R PR RE LA T R L AR O D Z 1]
T BT B R ALBIL - B A T 1) R FBUBIL A9 25 T £ 3 4

i ARV N R AALCER S8 7. R AL
HI 1935 5K 73 A AL 5 B E T 5K Mgk de £ 114 1B DL BIL
E SR 5 TR AUULCE A% A1 AT 55 G R A R
BN AN S SR A 1 O vk (H T R UL AR 55
R AE T 3500 HP I A% R UL B A X L 220 DRI R
HRr W ST HR G I8 T T A% A A A I 4% TR A & 3
RE TR T AT AR ORI WU T 5 R L R RE TR L R 4%
B AL AR IR AL 203/ A5 1 A U B | () AU ASE
TYFISR A S5 2 — I 4.

x3 UBEHRRRANBHEDOCEMNMHESIBAERAR

XK RUAE WG A LR KT R B PR SR
) o VMR TR o o e A F 24 Clook-
KIAE L WAN. KL AR VR otk UL g SO SO0 R ¥ 2% Cloo
[72] N = UEAT R LR - % . PRI ML ahead horizon) Y % .
LR R R LR s o o o)
o oo gy, PRBVSURGERE S R AR LOLIAE Oy 2 £ , e w
(73] g R LU R BB EEPLER TP N ppy e LI
R g KRB B OB O R K92, 5
KHTE . S 4l T 9 A B RO RO
(4] ekt ek RIS o Lo LU e Ak e g
B = KRR A LRI
i WAN. B HEE. BB WA VEIR. M e Do SRIREILBLBCI N g s momm A gk
TR R B B SLA s b SRR Ton  Shmemiesi s
o e AN GRS e e o8 RABRIIBMIEAE B gy g
o e fNE T wwloni  wRREBRET L AR
o o P BRI S
PO e SO e T Y T Lt VLT e AP e
o) B WANRE L BB LS SR RO ORI BRI e e
Ups - BH{CH Heff 0 0 AOUBLIE B 72 Rl
N o TRERBT IR, o o BRTE ARSI R
r79] MBI TIN5 MERRI o g gl [0 R MPLE BRI LN i oo s a0t
it it i 4 B GRE R
N . N S " NP-hard ) o NN
KIAE L WANKE O e b AECRITOVRIERE ESIA T RO gl 5 TR it — 24 75 82
AR NI S RV S e S RS I NS iral L P
. WANEE ML e e AR T AT MR WIEI (A PRI A e
[s1) M. AN g AmENG BEOUIRRI-E Loy s aom AR E K. ENE IR
¢ = et H i 5 AR BN Rk

3 WL ICHRL72-76 LR T A A HE AU HL
LA L M SCRRL77-81 IR H T 3l &0 i LT 2
k. WA IREE I E TR BB B dls PO T B8 5 1k
(38 A, SCHk [ 78, 80-81 13 H 1 5 ¥ 3t 1
WAN BRI b SCHRE8 LT L 354 T 75 18 1 R 41
HLATIE RS AR 3 10 SCHRL7 7 0038 FH T OB 47 I 2% 31 5%
BEAh, SCHRL73-74,76,80-81 13 %5 i 2 RE IR ) 28 T
JEAS A H AR B 25 18 RE TR A R A F 5 B O 4
T T SCHRL72.74-76 LB HHIE L3 AE T H %
JE T M55 ik 2 A A HE BB B A I AR I X AR 55
S RIEAE IS

5.3 IZNGERE

BOHE 0 AE BE 1Y D IR B R SR T DR I T

Kot mpoL G A8 g3 A R] DL TR] 2 o R a0 BEFE
T AR G 10 97 28 A 5 3k T LA A e A R Al
rhC B A H - I ) gl 2 DL DS JC 7 H - i )l 2k
7 A3 IR0 A Wl S A8 TR B T 97 2 A I (]
23 8] b (89 70 DRIk 33 Sy B [ 67 488 249 1687 1 2 ] 4
I

SGE R AR R TR B ] B A O Tk
W HE R O % IEAL S5 T3k AT 55 i R A R AL
e KA RIS S — A E B R AIE DR O AT AR fE T



12 4 KNS RA BB O BERE DL LT 2683

F T B 2 B i A U AT R S B T R AT 45 Y
AT ] 3k 2 SLA. SR i & 4 BF 58 % 58 T H A AT
SR @ % IR R WL 72K, B BF 5 4% RE AR RRAE
K AL Ry TEHL” RSB 1 R AR S 3 i 4 26
Ry TRT PR AH 7 30E — 25 25 B R ML I 2h A RERE R
D) S5 [ < e a7 5 vk o TR IR R L AL 67 28 8
S — FORLRLJEE 9 67 338 45 0 vk s O Bl o 1T A 3
Fr 22 Rl B2 RE R ESD A2 St A L R R IE fig
VR 22 Ky AT L 33k R T DR Ak 7 R A A SR ML SR
BRI 0 IR AN BEAR 4 Hb ) AT P2 i R A 3t 3K
YA s @ W SRAT S5 AL Tz AR B S
PR RE 505 2 M Lk N A AT R — R R AT S
MapReducefT: 55, U FE 5275 s R A 20 © &
B RE R AR BE VR Y SLA, BRI S AT AR
RE R e 1 R e O ik

5 T AR R VR RN 14 2 ) B R A O TR A
R R O BE A FOE 0 o 1 B 2 404
H P 3 K & B 2 AT T AR R VR AR L AE AR/
IR 7 A AR 45 24 3R 2% A 1) B3 w0 1) T BB 1 L B
Z s @ e TR S 0 AT 55 RN R SLAL T S DL 4K
IR AR B TR Y 25 St BRI A SR A R 4
3 R 28 BE R SR i 2 1 B o 5 A 5 R R UL AL
T RS W) 25 3T B 2 B 4 A B A A B8 0 s AT 55
R BUML T BEAE T S 3T, i i 7 O A A [
% P, R IE R 1 AR S W RE A AP AR VR © 15 b I
B v 0 22 R) T T B T E TR B DRI AE 55
TS (1 B[R] B AR 75 D) AR Dy 32506 AN & 28 1L AT
555 T 7 J& 2 o SR 75 220U 5558 o B e K sy
By 0] KA B AN IE AR, BN TR B
B mon R D @ B R HET L
ST B R BT A A LT G AR 3 fE R AE L BUR
TR DA R AL R S 1) 0 (D b B S Y B b
i H L B 55 S 06 48 A TR o TR Ik A S 4 R T 45
Hb G B A TF I 67 8 Trace B4 55 15 B )5
HEHEL RE R Z RS R T R AR T 5K
P v O [0 SR 5% K AT 55 A UL A% 1 B S AR
ME LA ADL.

BT R A BT FRATT R Hh A0 A3 A 0 B O R R
A B9 B 22 00 U B IR |y & RN T
B AR it 3 b B AR B R ] AT 55 6 A 5
JEAT 55 J2 5 28 2L AE 3R j UL HIL 97 2R AN 2 B T AL 56
BUFAS RS FRATTT 2225 JEAS TR] 4 M 199 17 2 58 4 M
7B 0 7 1% AN R BB AE. DT 55 f 3k ]
145 AT R K 88 T 5 e B a5 ALt

BEUR K AT 55 U [a] B0 09 R 05 A 55 1 R AR
SR AP I R EE AT, R P A S5
R AL DU 5538 14 58 #E 1 Ak 75 1 (R AR RO R B
B, HL7ESCBRIE I EF 6 1 25 B AT 55 B 3k 35
T3 W 5 TR 22 WA 55 R L W] DL SR A TR
P oL B RERE A AL 7 ¥, W = TR L M RE T B AR
507 I8 SRR [ ep ] R 5 1 B0 v oA X
ARG o A BT o A PR B % S
JE S HFAN TR 26 R 1 854 e, an OLTPLOLAP,
TAL I NS ) BB A AT DL R SR R
o7 FH B B o0 BEFE AL 7 i, An T P R TR
%5 HEBE W 45 5

AN B B FEAR 2 25 SR 8] A0 2 8] VR A 1 B
BRI 7. A R) B 2 A A 2 b sl b AT AR
RE T 7 A2 o B[] 97 28 3% 2% 08 b o] B AT P4 g
T8 R . Wi 456 Al 47 5 20F - Je 23 1] ) I ] £ 2%
Y flir o mi S b [ 5 2 ] 4 303 . X TR A R
AR AR AR SR A IR 4 B 3R B R o e
— e 23 3T ZINAT 5 A5 0 B HE R AT R R R TR O
AN Y S 0 B s ) 0 80 K89 A6 1 AT o] R s ) B AR /)
Ao W] P VR AR AR SR K TS 4 B[] A 28 3 Al )
SOARK. H G AT UL 25 ) 6 2803 48 s 9 25080 o b —
JBE 23 ST 20 BRAT B0 F8 o B[] B 28K 34 A i 2 b %
B 0 Y TR o K R E AN T S AT B 3R
REFE L. X T 5 &, Je AT 25 o] 4 3k 3 1 46 W] T %
JE 22 B0H rhoO e AT PR RE TR TR AL L AR S HEAT 23 )
BRI A A B2 R AT Ak T A B R A A2 L AT B ]
b ] R AR 47 b v B L ELA R T S (R T
ME LR UE B0 o0 22 18] A 6 S T B R R R
JE 2240 i 7 0 7 DA R R BEAR AR

B Ja s AT RN B o e — AN A BT S R
55 i A R A5 B A i SR L IR LR TR I S A
FRC A 56 B F 5T AR T R R A S — S R
(05 BV 6 WA A] b T 30 BF 5T IF R L R S
Fr o] P A B R A B o BT B O A iR
far i FV AT LALE R P 8 A8 S 38 SR RS RN 3 SR RFAIE
AE R B AL AT 55 R B AT L R LI R SR,
fA] [ R SO W A e G R0 W s 6 SR L ] A W s R
IX e A % R BF 5T

6 fRALAREH

S SCHL L 3R R d RO REAE G Ak LA T I 7] B nl
P RE TR, 52 B ] FE A RE TR A d5e A % TR T



2684 it B

Hl

1R 2018 4

o
=B

il 5 hy FE v - I ) 7 e R 7 v - ) ) £k Y DS T
[B] . AT P AR BB IR Y BE Ak 245 5 BCHE v 1Y RE B
SR Z AN 2 AFAE 26 S5, FATT A0 A 728 4 o 7 oK T L0
JEREHE LS. I8 4, BROR Gl AR 4 1) 29 o S5 AR AR
WAL T 3K — mi b AE B 5E 25 . A %6 L - B ]
M R AT B Hy B A2 e 0 — 5 BB 5 H - I TR 2R
SERW) G AHXAAF G SR IE O REAE UL AL — & FETE
PR A A RE R <P AE L SLA NS, i 7 s ] AL A
BTN ESE. XN —E 5 B 3CMe.
A R 33X — 249 TR g — A A AR i T 1 X R

W LOF g (OFRFR" 7 o - B [A] 7 FFE v - i 7]
ek, & X pRE w () =max[ f(1) —g (), 01N t I
ZIIR BT B AE BB YR . PREK (1) = —min[0, (1) —
g I ¢« BFZIHFER 48 Ll B8 U T B (el AR AL H
Fr R B X A7) B

T
0= J Lw, (Dw () + ws (1) () ]dt (17)

Horf s w, (0 S ] FRAE RBUR & LI AR s w0, () MR B
REUR 9 K HL AR s — 8 3 2 O T (8] ¢ i) ok 85, {H —
AT AR H AL A7 (O =g W Q RF G £
AR I LIRS T2 g (0. WEF LA
MESR M BR L g () 3 £ (o) Z (8] B 25 . SR S X Fh
S IR R T B T A R e, T N AR Y S Q
S F I AR RO

e 5 Z A 2 5 n] AT DL 4 R <R L eR AR
A B R i ) R - 5 R g (O AT LA
BRI A FREE A H="{h, (1) hy (1) 5=+ h, (D)}
AT TR —A B2 PR AR & H ] 52 S0, R A e
YR EFEAE g(O M H Z[8] bR SCH G+ T fif
BYR()EH,g(t)=Th(t). NREF | I I %p £
KA E B AR ) £ AR D) 3R ] U 5 T T i

AT T A BB 58 R4 A B P R
7 SRR 1Y 40 R FIR 2 IR Ak e R ST R E A
AT 45 72 TR R o0 BE AR R AN AR Y. TR A fuf
i g () g (OFE T W] L MR TH AR AN AR,
XMk fE H o, BT b (0O BERERLEE T ST
T ToF A FE by O REFEMAEE T ST T T, )L 0

Ti T}
J h,(r)df:J B, (O de (18)
0 0

HAI WL, H={hy () s hy (2) y ==+ s, () b FRAEAS
REAE LA T 19 B 2 P AT B ] 0 05 2 3K (18D, #5 K 4h
A7 B ) A Ry s oo I SRR IR A IR R S
Bl thoD O BEAE-TEREOC R VM G, X T 45 E Tk,
PATIS[E] T [RFE AT DLRAEPATYERE . E, 0 T B[]

A REIR AR L E O T I ) RO L RERE L B =
RCT) R REAE-TERER R IR A2 E;=E, . ARG
e T=k "(Ep =k "(ED SRR ITRA) .

T =k (JZf(t)dt)

Wk T A g (OFEAFR T LIRSS £, 40
R T HM.ZHXAD R Q /R T 5. #%E
T J& g (o) {9 A2 450 25 7] T ] 76 AR 43 X 8] L0, T']
For A Eg ik — R AL al LA € B3 5 SC 90
RN

SR+ I A BE TR A A A O BB S AR E AT AN
A8 7. RV 7 f3 38 AT 0 1 3+ S AL AL 2 i
UL 25 TR s TR BT IR 7 2 7 A 23 TR RE#E s ELOC AL 7
5 AR AULE S AL 55 8 8 45 L L 2l R AL Y 2
B HAEBIN B RE B REFE - PR RE T OC A L XfE L) fR] R
(I E=kRCT) RN s B0 H AT 5 iz 55 HLAE
RE 2 (0] I J0 <7 8 58 A8 A 95 (R A 1 24 2R 1) R AN
SR — ] AU BEA KD B« FATTIA A 1 A 2 SR A i
FE-PERESC AR VA OG L AR 22 401 [ 5 38 A0 R T
e,

(19

7 HRIE

Bt i L7 e B A B i L B RO R 4
N AT A RE At R P A RE TR A I R B s o
O REFE DAL T7 4 DN 2 i ] FF A BB JEURI T R 7R
/48 (5 BE VR R A B Y RE D HE R A R B A
BRI S KA o BEFE BRBE AL AL AL B — D AR & 1 b
FE. RBORBEB ARG (19 18 T 20 PO 1 B LS 4
AR JE T RE R TR PR S EE 2a T A Bl
FHL RE TR A 2 PR o A 1 A ] A R R
I HL D 58 RE RS AR RE TRURUAR .l R 1T 3 22 T A0
SRSt i FE A2 e P e e T R A KT R
/048 (2 RE U 1Y P RE DR D T AR Ak 1Y HE
LG A BRI T R AT S H AT T
LIESR: ¥ 3/3ibk b

ARICERIA T AT AR R a] PR AR RE TR A I A B
L REAR I AL 1 3 ZEAT 58 R AR SO SE il i vl
A RE TR AL AL B RURN TT 5 45 FE HLBE L B A Zh R
) R 07 A8 A A R A R R BT A L P B
— o T BUA REFE LA TR A7 7 1 i) 8, 382 H 1% 85K
(g Bk — BT 9E S dRcJm » A SCHR T REFEIL AL 293K
X R 25 1SR A 1A B A S8 B A 35 TS SR AT A
F [ JURT AT BE B9 i e Ik s ABERF SN R B 2% B



12 4 K

AN IR B oo REFE TR AL W I it

2685

KA R I AR A I R I o (H % SR ATS SR Ak
T B B U5 AR A R B A Bk Ak A O i 1n)
SERAMTSE 3K o [ P9 A 5 83t 50 R gk (it 3 it
FEE AL TN AT 5T A ).

[1]

2]

[3]

[4]

[6]

(7]

[8]

(9]

[10]

[11]

2 % x #

Ebrahimi K, Jones G F, Fleischer A S. A review of data
center cooling technology, operating conditions and the
corresponding low-grade waste heat recovery opportunities.
Renewable and Sustainable Energy Reviews, 2014, 31. 622-
638

Romero M, Hasselqvist H, Svensson G. Supercomputers
keeping people warm in the winter//Proceedings of the 2nd
International Conference on ICT for Sustainability (ICTS).
Stockholm, Sweden, 2014 324-332

Song Jie, Sun Zong-Zhe, Li Tian-Tian, et al. Research
advance on code oriented optimization of software energy
consumption. Chinese Journal of Computers, 2016, 39(11):
2270-2290(in Chinese)

CRA PhaE, 2 TEREAE. 1 1) FO A 09 S0P RE A 1 AL B 9 5
JE. FFEPLZEH . 2016, 39(11): 2270-2290)

Song J, He HY, Wang Z, et al. Modulo based data placement
algorithm for energy consumption optimization of MapReduce
system. Journal of Grid Computing, 2016, 1. 1-16

Deng Wei, Liu Fang-Ming, Jin Hai, et al. Leveraging
renewable energy in cloud computing datacenters; State of
the art and future research. Chinese Journal of Computers,
2013, 36(3): 582-598(in Chinese)

R4 X7 485, 2SR O B RE TR T . BF
ARG R, 2013, 36(3): 582-598)

Deng W, Liu F, Jin H, et al. Harnessing renewable energy
in cloud datacenters: Opportunities and challenges. TEEE
Network, 2014, 28(1): 48-55
Barroso L A, Clidaras J. Holzle U.
Computer. 2nd Edition. San Rafael, USA; Morgan &. Claypool

Publishers, 2013

The Datacenter as a

Gupta P. Google to use wind energy to power data centers.
New York Times, 2010, 19(4). 19-24

Banerjee P, Patel C, Bash C, et al. Towards a net-zero data
center. ACM Journal on Emerging Technologies in Computing
Systems, 2012, 8(4). 27

Zhao L, Brouwer J, James S, et al. Servers powered by a
10 kW in-rack proton exchange membrane fuel cell system//
Proceedings of the ASME 2014 8th International Conference on
Energy Sustainability & 12th Fuel Cell Science, Engineering and
Technology Conference. Boston, USA, 2014 7-15

Sharma R, Christian T, Arlitt M, et al. Design of farm
waste-driven supply side infrastructure for data centers//
Proceedings of the ASME 2010 4th International Conference
on Energy Sustainability. Phoenix, USA, 2010.: 11-19

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

[21]

[22]

[23]

[24]

Ministry of Industry and Information Technology, National
Energy Administration. National Green Data Center Pilot
Program, 2015(in Chinese)

LA AfE BALES, ERAEER. BRSO E P ORAE LT
VeI %, 2015)

Brandolese C. Source-level estimation of energy consumption
and execution time of embedded software//Processing of the
11th EUROMICRO Conference on Digital System Design
Architectures, Methods and Tools. Parma, Italy, 2008:
115-123

Noureddine A, Rouvoy R, Seinturier L. Unit testing of energy
consumption of software libraries//Proceedings of the 29th
Annual ACM Symposium on Applied Computing. Gyeongju,
Korea, 2014: 1200-1205

Patel M R. Wind and Solar Power Systems: Design, Analysis,
and Operation. Florida, USA: CRC Press, 2005

Noh D, Wang L., Yang Y, et al. Minimum variance energy
allocation for a solar-powered sensor system. Distributed
Computing in Sensor Systems, 2009, 16(7). 44-57

Zuo Ran, Shi Ming-Heng, Wang Xi-Lin. Introduction to
Renewable Energy. Beijing: China Machine Press, 2007 (in
Chinese)

(FegK HaWIE . £ 7 B
th AL, 2007)

Holt C C. Forecasting seasonals and trends by exponentially

A PR RE R AL IS, JE AT HUB L

weighted moving averages. International journal of forecasting,
2004, 20(1): 5-10

Piorno J R, Bergonzini C, Atienza D, et al. Prediction and
management in energy harvested wireless sensor nodes//
Proceedings of the 2009 1st International Conference on
Wireless Communication, Vehicular Technology, Information
Theory and Aerospace & Electronic Systems Technology.
Aalborg, Denmark, 2009: 6-10

Goiri I, Le K, Haque M E, et al. GreenSlot; Scheduling
energy consumption in green datacenters//Proceedings of
the 2011 International Conference for High Performance
Computing, Networking, Storage and Analysis. New York,

USA, 2011. 20

Goiri I, Le K, Nguyen T D, et al. GreenHadoop: Leveraging
green energy in data-processing frameworks//Proceedings of
the 7th ACM European Conference on Computer Systems.
New York, USA, 2012 57-70

Hossain M R, Oo AM T, Ali A BM S. Hybrid prediction
method of solar power using different computational intelli-
gence algorithms//Proceedings of the 2012 22nd Australasian
Universities Power Engineering Conference. Bali, Indonesia,
2012 1-6

Long H, Zhang Z, Su Y. Analysis of daily solar power
prediction with data-driven approaches. Applied Energy,
2014, 126. 29-37

Sharma N, Sharma P, Irwin D, et al. Predicting solar
generation from weather forecasts using machine learning//

Proceedings of the 2011 IEEE International Conference on

Smart Grid Communications. Kyoto, Japan, 2011: 528-533



2686 it

)

Hl

5

1R 2018 4

[25]

[26]

[27]

[28]

[29]

[30]

[31]

[32]

[33]

[34]

[35]

[36]

[37]

Sharma N, Gummeson J, Irwin D, et al. Cloudy computing:
Leveraging weather forecasts in energy harvesting sensor
systems//Proceedings of the 2010 7th Annual IEEE Commu-
nications Society Conference on Sensor, Mesh and Ad Hoc
Communications and Networks (SECON). Boston, USA,
2010 1-9

Zeng J, Qiao W. Short-term solar power prediction using a
support vector machine. Renewable Energy. 2013, 52.
118-127

Ma L. Li B, Jie D, et al. Research on short-term wind farm
output power prediction model based on meteorological data
collected by WSN. International Journal of Hybrid Information
Technology. 2013, 6(5): 219-226

Chen N, Qian Z, Nabney I T, et al. Wind power forecasts
using Gaussian processes and numerical weather prediction.
IEEE Transactions on Power Systems, 2014, 29(2): 656-
665

Bo G, Chao A, Xinyu L. Study of wind power short-term
prediction of wind farm based on NWP and fuzzy neural
network. Journal of Theoretical & Applied Information
Technology, 2013, 48(3): 1668-1672

Wang H, Hu Z, Hu M, et al. Short-term prediction of wind
farm power based on PSO-SVM//Proceedings of the 2012
Asia-Pacific Power and Energy Engineering Conference.
Shanghai, China, 2012. 1-4

Bai G, Ding Y, Yildirim M B, et al. Short-term prediction
models for wind speed and wind power//Proceedings of the
2014 2nd International Conference on Systems and Informatics
(ICSAD. Shanghai, China, 2014 180-185

Peri R M, Mandal P, Haque A U, et al. Very short-term
prediction of wind farm power: An advanced hybrid intelligent
approach//Proceedings of the Industry Applications Society
Annual Meeting (IAS). TX. USA. 2015: 1-8

Stewart C, Shen K. Some joules are more precious than others:
Managing renewable energy in the datacenter//Proceedings
of the Workshop on Power Aware Computing and Systems.
Santa Cruz, USA, 2009. 15-19

Stewart C, Leventi M, Shen K. Empirical examination of a
collaborative web application//Proceedings of the 2008 TEEE
International Workload Characterization

(TIISWC’08). Seattle, USA, 2008 90-96
Kansal A, Zhao F, Liu J, et al.

Symposium  on
Virtual machine power
metering and provisioning//Proceedings of the ACM Symposium
on Cloud Computing. New York, USA, 2010. 39-50
Dupont C. Renewable energy aware data centres: The problem
of controlling the applications workload//Energy-Efficient
Data Centers. Berlin, Germany: Springer, 2014. 16-24

Li C, Zhang W, Cho C B, et al. SolarCore: Solar energy driven
multi-core architecture power management//Proceedings of
the 2011 IEEE 17th International Symposium on High
Performance Computer Architecture. New York, USA,

2011: 205-216

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

[49]

[50]

[51]

Sharma N, Barker S, Irwin D, et al. Blink: Managing server
clusters on intermittent power. ACM SIGPLAN Notices,
2011, 46(3): 185-198

Zhou X, Cai H, Cao Q. et al. GreenGear: Leveraging and
managing server heterogeneity for improving energy efficiency
in green data centers//Proceedings of the 2016 International
Conference on Supercomputing. New York, USA, 2016.: 12
Sharma N, Irwin D, Shenoy P. BlinkFS: A distributed file
system for intermittent power. Sustainable Computing:
Informatics and Systems, 2015, 6. 69-80

Katsak W, Goiri I, Bianchini R, et al. GreenCassandra;
Using renewable energy in distributed structured storage
systems//Proceedings of the 2015 6th International Green
and Sustainable Computing Conference (IGSC). Las Vegas,
USA, 2015 1-8

Cioara T, Anghel I, Antal M, et al. Data center optimization
methodology to maximize the usage of locally produced
renewable energy//Proceedings of the 2015 4th International
Conference on Sustainable Internet and ICT for Sustainability
(SustainIT). Madrid, Spain, 2015: 1-8

Commission C E. Renewable energy-overview. California
Energy Commission-Tracking Progress, 2015, 7(5): 112-167
Depoorter V, Oro E, Salom J. The location as an energy
efficiency and renewable energy supply measure for data
centres in Europe. Applied Energy, 2015, 140: 338-349
Chase ] S, Anderson D C. Thakar P N, et al. Managing
energy ACM
SIGOPS Operating Systems Review, 2001, 35(5): 103-116

and server resources in hosting centers.

Krioukov A, Mohan P, Alspaugh S, et al. NapSAC: Design
and implementation of a power-proportional web cluster.
ACM SIGCOMM Computer Communication Review, 2011,
41(1): 102-108

Ahmad F, Vijaykumar T N. Joint optimization of idle and
cooling power in data centers while maintaining response
time. ACM SIGPLAN Notices, 2010, 45(3): 243-256

Moore J, Chase J, Ranganathan P, et al. Temperature-

aware resource assignment in data centers. Proceedings of
USENIX, 2005, 32(4): 121-129

Moore J, Chase J S, Ranganathan P. Weatherman: Automated,
online and predictive thermal mapping and management for

data centers//Proceedings of the 3rd International Conference

on Autonomic Computing. Dublin, Ireland, 2006 155-164

Krioukov A, Alspaugh S, Mohan P, et al. Design and

evaluation of an energy agile computing cluster. EECS
Department, University of California, Berkeley: Technical
Report UCB/EECS-2012-13, 2012

Goiri I, Katsak W, Le K, et al. Parasol and GreenSwitch

Managing datacenters powered by renewable energy. ACM
SIGARCH Computer Architecture News, 2013, 41(1);: 51-64



12 14

KON A PR H O

ERE AL T 9T i S

2687

[52]

[57]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

Cheng Dazhao, et al. Elastic power-aware resource provisioning
of heterogeneous workloads in self-sustainable datacenters.
IEEE Transactions on Computers, 2016, 65(2);: 508-521

Masker M, Nagel L., Brinkmann A, et al. Smart grid-aware
scheduling in data

2016, 96: 73-85

centres. Computer Communications,
Adnan M A, Gupta R K. Workload shaping to mitigate varia-
bility in renewable power use by data centers//Proceedings of
the 2014 TEEE 7th International
Computing. Washington, USA, 2014 96-103

Haque M E, Goiri 1 Z, Bianchini R, et al. GreenPar: Scheduling

Conference on Cloud

parallel high performance applications in green datacenters//
Proceedings of the 29th ACM on International Conference on
Supercomputing. New York, USA. 2015.: 217-227

Chen C, He B, Tang X, et al. Green databases through
integration of renewable energy//Proceedings of the Conference
on Innovative Data Systems Research. California, USA,
2013. 112-119

Goiri I, Haque M E, Le K, et al. Matching renewable energy
supply and demand in green datacenters. Ad Hoc Networks,
2015, 25; 520-534

Niu Z, He B, Liu F. JouleMR: Towards cost-effective and
green-aware data processing frameworks. IEEE Transactions
on Big Data, 2017, 33(10). 178-189

Hasan S, Kouki Y, Ledoux T. et al. Exploiting renewable
sources: When green SILA becomes a possible reality in Cloud
computing. IEEE Transactions on Cloud Computing, 2015,
5(2): 249-262

Dupont C, Sheikhalishahi M, Facca F M, et al. An energy
aware application controller for optimizing renewable energy
consumption in cloud computing data centers//Proceedings of
the 8th IEEE/ACM International Conference on Utility and
Cloud Computing. Limassol, Cyprus, 2015: 195-204

Li C, Qouneh A, Li T. iSwitch: Coordinating and optimizing
renewable energy powered server clusters//Proceedings of
the 39th Annual International Symposium on Computer
Architecture. Washington, USA, 2012; 512-523

Singh R, Irwin D E, Shenoy P J, et al. Yank: Enabling
green data centers to pull the plug//Proceedings of the
USENIX Symposium on Networked Systems Design and
Implementation. Lombard, USA, 2013: 143-155

Wang X, DuZ, Chen Y, etal. A green-aware virtual machine
migration strategy for sustainable datacenter powered by
renewable energy. Simulation Modelling Practice and Theory,
2015, 58 3-14

Wang X, Zhang G, Yang M, et al. Green-aware virtual
machine migration strategy in sustainable Cloud Computing
Environments//Proceedings of the Cloud Computing-Archi-
tecture and Applications. Kolkata, India, 2017 212-230
Cheng D, Jiang C, Zhou X. Heterogeneity-aware workload

placement and migration in distributed sustainable datacenters//

[66]

[67]

[68]

[69]

[70]

[71]

[72]

[73]

[74]

[76]

Proceedings of the 2014 TEEE 28th International Parallel and
Distributed Processing Symposium. Phoenix, USA, 2014.
307-316

Gu C, Liu C, Shi C, et al. A green scheduler for Cloud Data
Centers using renewable energy//Proceedings of the Interna-
tional Conference on Algorithms and Architectures for Parallel
Processing. Springer International Publishing. Kuala Lumpur,
Malaysia, 2015: 476-491

Gu C, Huang H, Jia X. Green scheduling for cloud data
centers using ESDs to store renewable energy//Proceedings
of the 2016 IEEE International Conference on Communications
(ICC). Kuala Lumpur, Malaysia, 2016 1-7

Deng X, Wu D, Shen J, et al. Eco-aware online power
management and load scheduling for green cloud datacenters.
IEEE Systems Journal, 2016, 10(1) . 78-87

Guo Y, Gong Y, Fang Y, et al. Energy and network aware
workload management for sustainable data centers with
thermal storage. IEEE Transactions on Parallel and Distributed
Systems, 2014, 25(8): 2030-2042
Erol-Kantarci M, Mouftah H T. Overlay energy circle
formation for cloud data centers with renewable energy futures
contracts//Proceedings of the 2014 IEEE Symposium on
Computers and Communication (ISCC). Madeira, Portugal,
2014. 1-6

Toosi A N, Qu C, de Assuncao M D, et al. Renewable-
aware geographical load balancing of web applications for
sustainable data centers. Journal of Network and Computer
Applications, 2017, 83: 155-168

Hatzopoulos D, Koutsopoulos I, Koutitas G, et al. Dynamic
virtual machine allocation in cloud server facility systems
with renewable energy sources//Proceedings of the 2013
IEEE International Conference on Communications (ICC).
Budapest, Hungary, 2013 4217-4221

Xiang X, Lin C, Chen F, et al. Greening geo-distributed
data centers by joint optimization of request routing and
virtual machine scheduling//Proceedings of the 2014 IEEE/
ACM 7th International Conference on Utility and Cloud
Computing (UCC). Washington, USA, 2014: 1-10

Wang H., Wei H. A greedy approach to cost-aware virtual
machine allocation for 100% green data centers//Proceedings
of the 2015 International Conference on Computational
Science and Computational Intelligence (CSCI). San Diego,
USA, 2015: 647-650

Ahvar E, Ahvar S, Mann Z A, et al. CACEV:. A cost and
carbon emission-efficient virtual machine placement method
for green distributed clouds//Proceedings of the 2016 IEEE
International Conference on Services Computing (SCC). San
Francisco, USA, 2016. 275-282

Zhu T, Wang H, Wei H. Cost-aware virtual machine allocation
for off-grid green data centers//Proceedings of the 2017
IEEE International Conference on Pervasive Computing and

Communications Workshops ( PerCom Workshops). Kona,



2688 it B

Hl

5

1R 2018 4

USA, 2017. 291-295
[77] Mandal U, Habib M, Zhang S, et al. Greening the cloud using
renewable-energy-aware service migration. IEEE Network,
2013, 27(6): 36-43
[78] Giacobbe M, Celesti A, Fazio M, et al. An approach to
reduce carbon dioxide emissions through virtual machine
migrations in a sustainable cloud federation//Proceedings of
the Sustainable Internet and ICT for Sustainability (SustainIT).
Madrid, Spain, 2015 1-4
[79] Zhang L., Han T, Ansari N. Renewable energy-aware inter-
datacenter virtual machine migration over elastic optical
networks//Proceedings of the 2015 IEEE 7th International

Conference on Cloud Computing Technology and Science

SONG Jie, born in 1980, Ph.D.,
associate professor. His research interests
include energy-efficient computing, big
data storage and management, and cloud

computing.

Background

With the explosive growth of data, datacenters have been
widely adopted in both industry and academia. Considering
its low environment and economic cost, it is better to adopt
renewable energy to generate green power for datacenter.
However, renewable energy is intermittent, instability and
dynamic, which bring great challenges for utilizing green
power. In a datacenter, green power is wasted when it is
generated more than datacenter’s consumption, and brown
power is required as supplement when green one is generated
less than datacenter’s consumption. The unmatched power
generation model and power consumption model is the key
reason. In this paper, we review the state-of-the-art of
energy consumption optimization in the renewable energy
hyper-powered data center, and summarize the basic ideas of
improving the renewable energy utilization and reducing the
energy cost.

This work is supported by the National Natural Science

Foundation of China (No. 61662057), named as “Research

(CloudCom). Vancouver, Canada, 2015; 440-443
[80] Zhang L., Han T, Ansari N. Revenue driven virtual machine
management in green datacenter networks towards big data//
Proceedings of the Global
(GLOBECOM). San Diego, USA, 2016: 1-6

Khosravi A, Nadjaran Toosi A, Buyya R.

Communications Conference

[81] Online virtual
machine migration for renewable energy usage maximization
in geographically distributed cloud data centers. Concurrency
and Computation: Practice and Experience, 2017, 34. 74-92

[82] Akoush S, Sohan R, Rice A, et al. Evaluating the viability of

remote renewable energy in datacenter computing. Cambridge,

UK University of Cambridge, Technical Report: 889, 2016

SUN Zong-Zhe, born in 1991, M. S. candidate. His
current research interests focus on energy-efficient computing.
LIU Hui, born in 1981, lecturer. Her current research
interests focus on sustainable computing and computational
fluids dynamic.
BAO Yu-Bin, born in 1968, Ph.D., professor.
research interests focus on big data storage and management.

YU Ge, born in 1962, Ph. D. , professor, Ph. D. super-

His

visor. His research interests focus on database theory.

on Energy Consumption Tuning Techniques of Cluster

Powered by Renewable Energy”. Given characteristics of
renewable energy, a hardware environment, task attributes
and other contexts, The project aims to achieve the bi-objective
optimization of “improving the renewable energy utilization
and reducing the traditional energy usage of datacenter” in a
time duration through energy consumption tuning, which is
based on power limitation, resources allocation and tasks
management, on the premise of invariant context. This work
is also supported by National Natural Science Foundation
of China (No. 61672143), named as “Research on Energy
Consumption Complexity and Optimization of Out-of-core
Algorithms in Big Data Processing Platform”. The project
focuses on the characters of out-of-core algorithms in Big data
processing platform, studies the design and implementation

techniques of lower-energy-consumption out-of-core algorithm

according to its EC complexity and its runtime environment.





