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Abstract: With the growiné demand for data management, it is a great challenge to reduce and throttle the energy
consumption in data centers. DBMS is a vital software in data center to deal with volumes of data, thus, energy efficient
query processing and optimization is one of the critical issues to be solved. We proposed a novel cost model to estimate
energy consumption of a query plan, and we investigated the effects of different optimization goals on query
optimization under different hardware configurations. Experiements demonstrated that the results of performance-
oriented and energy-oriented query optimization are same under the traditional hardware configuration, while the results
turned out to be different under the new hardware configuration, which indicates that it is practical to improve the energy

efficiency of database systems. \

Key words: energy consumption; cost model; query optimization; query processiyg =
gl fif R P AT T ) A T PR T LI 1.

e K P 3R 58 P B AL AP TR o ST M, 3L
EEHE A I 1 R, 7S 08 2 GRERE i . B 4
SRR TR (R AT K, WIS 42 el b0 0
Fe o T 1 B DBMS 230 O D, B
WAL ER AR A Forh — A IR AU B A
B AR A AR R 5 S AE A g A A7 (SCM)
B, B T AL AR R, A R R R T
HLEs. SCM [P 2 b 8 25 4% (SSD)AE 52 5 P RE A& 1D
2%, MAHAZ N AA(PCM)I) 100ns 4111, BEAERE /N, it
) 2020 4F, HIGAEEBOC R, Fk, 7E80AE

@ KLTH :HF 8RR H4:(61070042); W T4 A REFEHE4:(Y13F020110)

A A 1R]:2013-09-09; W EIME SRR B 11):2013-10-04

178 AHHA « 53k Software Technique * Algorithm

vk DBMS [ RERCE LA e, AR T
B RE VPSR, A A AR B R A R A AT Y
RERE; ETFRIEICR, R REREAE UL HEAT LAk,
ARTL T3 SAEAN Rt J2 U VAl 2 0 A B I B) A g
#E, 5%¢ DBMS H ek E i AL 1 T4 k.

2 AHSRTAE

SR E S LRE AL REEAT T PP
Ky G L. M5 w0 TE Gk T R g el
Tsirogiannis' B G o M7 T 308 IR S5 2% (A R ke, &

© TEREBIK AN

http://www.c-s-a.org.cn



2014 4 #5235 05 4 M

http://www.c-s-a.org.cn

N AR IR - AR

L7 4575 N Sh 285 ) T WA Sh 28 10—, 7R4E 1 RE I
Bz,

K% CPU RERUMERTH, JLREREZEIEAN REEh T by
Lo R RS, PR A A i Bk, H AR AR
ML AR T B, B A P P9 A 2 R T K,
WTERERE 2 1T LAy SR 48 10 46% ), 1745 Bk
BERE IR AT BRI, EE0h 97715 B DR T — L8R5,
Pisharath 25U 158 53 56 32 A7 50 12 16 9 A7 SRR IR A& 3 &
VARE, BT 40%I0 AR RERE; ST FH BT e 7
S PN AETT LA A 40%[0 REFEREIIN. 1748
AR P R A ok AR TR g L2030

Lang 5 Patel™ 75 BEACHA 22 )7 T P T — 6
My, Hrh Sl 1 78 DBMS Hil i b 4% s F /47 2 42 )
(PVC) i H 3k A 2 KEIR 45 (p-states) 2K - (i A #6551
s S0 2 LIRS — i SO A FA SFIE T A
LG AT B2 A IR LA BORAE HIRE R0, RIS 36T
Fika kSIS AL, HE Ik AT (0 T4
HekE. 2 AW ATALBA R T BT, 75 H BT
TAEEEF AT RE 45%. Lang 25U SR I # #IH ) CPU
BABL PRV I VOB % [ 2558 1 BT 7 ) BORA
ELHSRE, 5 HH Al B 10 2 VRIS — 2 2 i R
[, 62 1 P 7R P A £ o ) AR M A i i
AT g, AR S 7 [ A b HEAT I 7 R
FIEH M 1% BRI 208 10% L ERIRER T4

Xu"UE PostereSQL. (1A [ KL At 42
T ODREARREAL, DREVE A AR A TS A e
AN SR | 04 LA TR ASE DT ) S RE 50K DA 2 1y

AR (R D RE LU A AT B R I 1), FC A A AR 22 30

KM C=PT"=ET", Hr' P RFELE, ERERRAE.
T ARZRIF I, n 4645 (0 S6F5 T R T4, 24 n=0
i, AU HU5 R, BT ME; 20 = oo, 4R
fh g I, BERERCAAL 40 = LI, £/
At DAL A MBS, E S S ) R 2500 £
HeSzso W], PRI n o] LLEAT R 5 P AR
K. CPU B 5 5 SURAE Ui fread/fwrite) f7 41—
SERIEITAY, 474 CPU REFE, 76 Xul'IFTie vk eh
WATHE B LADIRE VAL o L 486 0 AR
SR 58 4 L AL FE 2 5 TR LT AL KO 1A T3 4B 51
TILA R 0 SR TS IC AR, JUE & X
ARG, {EERER R KT ESE, W Aa=Bb,
3 BT CALIA P, AR TEAL KD i S B

[ 10 VK. BTBL, ZWETEAL RN R A A TR
TEAL 55527 T AL TR 2 B0 iy — M (A
WFRM, R SRR AR SRR
fif, FLHCARHPRRYIE & SOR A 8.

L TR, T U0 BOR P BRI 5 e
R, H2H T A T 45 A5 v b B B8
IPREACI VPR A, B T I AEAR MBI AT 2 AL
— ST B S e o M A P A M B T
TFYE. 7 RCEUR P R8T, AHCPU AIBESE I ke
SRR, N A (P RERE R D

AL CPU. pifr. 17E R
SIS BT I 1) b B B b 745 5
S 8 QoS e P 1) i S AE I BT 1 S

3 APl R B AL SR S
3.1 KM%

ASSCACH PIAtoRE 23 531 2 RS I TRL A RE A A, i
AROT R, VP Al A (1 REFE AT I [ AC 0T, DAk Al vt
R, IR AR AL PP 2R K 5 MR TR, B )
S, B AR 1 s

AT

mﬁ$m::>

4} =
<Ew&g1«» fritfAL g::

\ M

K1 A

fEA WAL BT PR B, XTI A, AR
WAL AL VO JmEOR AT, 120 CPU FEI,
XEAFEAE. T iU s A AT, B
FS DR MBS DRI € S H ST 2 fa ol 5 ik
G b T A RPIRZS I R G DDA BhaS A 4R K
PRS2 AT AT 25 A R G = AL IS D, S Ay
ANEEAE, LR BEREACT B RS A REREACHT, T
FAN N BT KT AW RE R > A2 5 v ) &5
AL DA AT RS B R B VO I EAR
PR B R0 VO IR . =4 R FEAAN,
B3 BTSN A RS R ST REFEAN .

Software Technique * Algorithm {4 A « 5k 179

© TEREBIK AN

http://www.c-s-a.org.cn



N AR IR - AR

http://www.c-s-a.org.cn

2014 4 23 5 4 )

A SRR B v R vp ™ A 1 v TR) G 3R S R/ A
SO IR ERAL AR REAEARAY. I CPU.
WA Rl RGEEAN[FRRAE I D) 2, 3 L&A 1)
FE O I TR RVPAL BEAS FAR A I REFE. (ERENLREFEN
PR, R CPU. WAFFIFAHiE R RERE. R
E=E tEyenTEdist, Horp Ecpus Eem~Eisk 57~ CPU.
WA FIBESE () REFE. 7RI TRARHT (AL SR, T A2 DL
SPRIV I IEIR, o TERE, Tgge=9 T8 I [H]+ i 4% S 38 +
FERMAEIR, 5 SEFRH, A i TR AR 518 I [R) A g
IR R UL B AL, T LA ZABEANTE, FTEL T 1
TE IS B+ AR 5 Npge 75 VT 18] I TUTHTEG Taii= Npage
* Tpage BANVI ] Npoge AR TUFITHT IS TA). 7ERE AR AN
S, P Fos RGN, Egge = Pask ™ Taie %

TRRESATIN Ty WD P22 WAL RS G, 75 S0y 4

fif#ZR 4% SSD 5l SCM I, ARSCRIFFHRIFT R S5k
Posn il Pocy KA SLA DO SR 11 e

75 CPU ARMNIIBEAG T, SCHRUSRI ) J7 v 1k
51 CPU AT % R (BOA . E8) I 195 44, Tl il
5450 H AR 4 I TR AL SR A 52 CPU SAAT 10 i ).
(XA AR BB CPU R AT AN [R5 1E (1 I 052,
W R B SR BV BRGSO P RER TR s %
THRRAE, Ak LLEOR B A5 R[] CPU $4E: (5 24
PRI, A SCEIBEE I 2307 CPU T A )48 44 1
SERIRFA AR, AR ER CPU BT HEA 2o
(I )R BEAEARY . A SR8 CPU [0 75 4%
BRAE, WA ERIENS R CPU HUBRME Y B i, &
oo WS FRAEERAEDY, 07 bR R WA TC ALY

(key, pointer)f#{H 2 NZAF AT LR, HA KIS

TCALBENGEAT 1M A8 45 ) 2 4 2 4% e A il skt AT AL
e, ARSCIE S T2 R IR, AERE S VOHE:AER, CPU A
b SERERT GO e 58T CPU S B AN 1),
Pk, #E00IH 1O W 355 5 CPU [N [ FIBEREAC A
TigsH CPU HEAT IR, HR#. 2. WAy FIRAT
BT N (R B T2 5, 950N Treaas Teomps Towaps Thash
N Toaver FoH Toa 375 A BE 132 N — U0 B4 22 2% A7)
CPU FER I IH], Type 7 NGEAE T N — T EUHE 20
B CPU RESR ISR, Ty, RARANIH] K FR Z 0] — 0
AR LU BRI CPU FE B IR IR R), T 78— VRIS A5 B A
i CPU FE 2% ¥ i) (7]

Pk, CPU WA AR (R I AR A XN T =2
*(Npage(R) + Npage(S) )* Treaq H(2 * Np + Ng ) * Thaen + Ny

180 #AFEA « 573k Software Technique * Algorithm

* Ty HNpagelB) + Npage®) + @ st * Nyl R) *
Noage S)* Toe » Forh R BEMSA 0L, S hk
K, Npuge )RR KFR X WILIEL, Npw NsKzm R IS
e B H. P, &7~ CPU TGS IN. Eopi=Pops * Topu
IR CPU TE T, IR N (1) BE

700 P 72 3 g e, o — MO b 7
RAS, B (0N R AR 0 T, A A ]
B REFEIRADT, 7 ELAEREA T W B, R A
M A AT S B, PIAE LT B TR R 3h S, W
17 (00 AL B AT S Ml T DA d A
OB, AN FEAE SRR b 4 1 A 47
AT A7 B BRFE A SOR PR B 7 e 57
5 Yo I T 7 2 1 PO A7 R AEAR Y, B T — A
TR, TSRO I 5 1 P AR AR, bt i
AEHE SN 25 VR 0 AR B REAR M . 78 A R R
(SPART R, POAEIIIN A Py S T8 R AL, P A7 PRSI
() ey BHEAN 25 40 0 2 BN 1), M SEERCREAN S 2R 11
TR E T 4G, ) CPU IR [l g5 Ko ik, Fr AN AT
(0 o5 TN e = Tk + Topuy WAFBEFEARMT N2 E e
= Toem ¥ Prnem-

3.2 BWMLE TR

SR FH A0 A RIS SR 2 B B MR O 2E D
R, BRI B R \

1) B Ry, Ry, o, ROEFEMTEERMK R, 2
ARSI (SRl K0 MR IER: (R, -, R
e/ HERESRIRY TR LM R WA, A
S 7 e R RO 45 A ELRERE S S 0, BT i1
t0 K, Conergy({Ri})=0; LI 11 52 /N B FE S S Sy H e A AR
5, Strat({R;})=R,.

2) MR S IFES, i ) 4 A R 2
I 7 R P D B AE I AL A BTN
S(S=2 to k) ) T £ Z{R,, = RJ. i it K
Min{ Canergy(Z- { Wi} Conergy((Z- (W), W)}, JF - 3K
Wi=argmin { Cenergy(Z- { Wi+ Conergy (Z- {W;}), W)} (W
€ Z) 1 5 /M, 2 BB e R O 2 TR T A h
Z-Wib, AT AR W E I (1 B/ R RE S
Strat(Z)= Strat(Z-{W;. }).W; .

3) TEHHE Cenergy(2)W, Cenergy(Z-{W; 1) Tt 51
[FIRE, 7ETH5T Strat(Z), Strat(Z-{W,;}) itk 764
FER S, BT T Strat(Z-{W; )2 A4
S

© TEREBIK AN

http://www.c-s-a.org.cn



2014 4 523 % 5 4

http://www.c-s-a.org.cn

N AR IR - AR

4 HEREVEY
4.1 SLIBIRE

ASC I v SIS e B IR, ARUR SRS B
(1240, #BJe 10 I B RS 2. S0 i Al A R85 an
PR, FELR, RO T REZAT, ZRT R
RORAT L5 I R I, ik s Ee A3 1 CPU I

SCM, KHHHEMFEA 2G. 5G H1 10G.
42 KEHER
TESEEG 45 A b, IR LA A 5 AL vl Eiok
For, BeABACH LA WV RE N RE R R, AL AR
H. gijunk 4 s,
F4 QAR

‘ 4o T . pee ik W | BN | BN | BONRERE | b AEREI
A, A0S CPU $RATHE A 1IN HON CPUSTIE | BUR | | BT BUNIETE /
., ke WATHE 2 HINTAL, AR Wit JON | AR | EBRNUE | A SO | EERE | )
TP A B RE I (JE CPU“SE B INHA]), &A1) 2 (G)
el e . 2 SSD | DCBA 59854 EDCB 104
£, 132 LU B SR, E % AB
o 2 HDD | DCBA 59854 CBA 45625
X1 SLRHESH | K
W e AR T (w) AT E(w) 2 SCM | DEBA 59854 EDCB 65
CPU Tntel(R)Core(TM)i5-240 | 95 30 L £ . A
03.1GHZ 5 | ssb. [ 'DeBA 149650 EDCB 260.4
AAE kingston DDR3 | 3*2 3%2 i E A
1600MHZ 2GB 5 4 HDD | DCBA 149650 DCBA 114203
[y WD5000AAKX 6 5.3 E E
[ 22 Samsung 830 128G 2.4 > 5 SCM DCBA 149650 EDCB 162.8
AN L . E A
i 10 SSD | DCBA 299304 EDCB 5215
4 E A
K 2 CPU 4R A N [AIFEMRS 10 | HDD | DCBA | 299304 | DCBA | 228332
BAIZEL | Tread Teomp Tswap Thash Tsave E E
' 10 SCM | DCBA 299304 EDCB 326.1
I 7] (us) 2.05 0.1015 0.1067 0.102 5.59 E A

#3 TPC-H $udiitk
*
4, | part | partsupp | supplier | nation | region | lineitem | orders
A B C D E F H

VO I, {7 fh RGN HDD i, Ty =
5000 1 s/U8; ZA7fE RGN SSD I, Thege = 104 1 /3L,
HAEERGN SCM I, TR 73 i SC[19] 7 I Hdli #5
H Toage = 0.1 10 8/T1, DIZE 0.1w.

S P ROR R L TPC-H ARl Sds PESEHE I i,
N T ISR SR A, A S0 7 AR
TPC-H 11364, SR BOERAE 3 iR,

SEEG T ARG B Q) 1 Qu A

Qq: select * from A, B, C, D, E where A.partkey =
B.partkey and B.suppkey = C.suppkey and C.nationkey =
D.nationkey and D.regionkey = E.regionkey .

Q,: select * from A, B, C, D, F, H where A.partkey =
F.partkey and B.suppkey = F.suppkey and C.nationkey =
D.nationkey and C.suppkey = F.suppkey and H.orderkey
= F.orderkey .

S BN B AR A A A ORI SR /it
TN ARG, f74# S 5T HDD. SSD LA RZ UL

NS 4 T DA B 1474 A RO HDD,
U S5 /N DA VRl B B /N B R AR AR ). 3 ol
FRER AR R, RIS, SRR, 1
AW, BEREIHEE Y S L 2G KM i
Q) M, I VO fE4mt ik 2] 824 #5, 1/0 fEHu h¥e
S TRERY 95%. X TR AT QM Qo K4
(Y V) i 200 RE R KU il T, 2 W TR
PRSI P A g L
FAEREA TN SSD, 51 Q (1955 /NN ] V-l ik
ANBEFEV QIR I, A St — A5 B A R [ VR
CPU FERIHI /O FERT, #3313 5 Frrsin.
K5 Q AFEMLS CPU A 1/O A% L

B/ | NI | N BE | DN BE
Bodm | A7 RE | AR | AR | RE AR | REAR Y
K| T CPU | FI/OR | T CPU | FIOR
(G) I ) I i I i)
2 SSD 239 17.1 2.16 18.2
2 SCM 2.39 0.26 2.16 0.28
5 SSD 5.99 42.9 5.39 454
5 SCM 5.99 0.66 5.39 0.7
10 SSD 11.99 85.95 10.8 91
10 SCM 11.99 1.32 10.8 1.4

ML LUE H, /D EEFETER] EDCBA | /O
IS 1) 5 f¢ /NS IR] %)) DCBAE 19 /O I IAIAH EL, 0%
K. BT ATEAE G s e rh, TR R AR A6 H br R,
231k [H] DCBAE (W& . (H2/Ef Ak T 6
A4 HAR R, B+ EDCBA (£ CPU i Fi] s [R) 45

Software Technique * Algorithm KA1+ A « 5k 181

© TEREBIK AN

http://www.c-s-a.org.cn



N AR IR - AR

http://www.c-s-a.org.cn

2014 4 234 B 4 W

/N, FECPU FEAER >, CPU FERERIIR /DR E KT 1/0
I [ R BEAE. T4k 0] EDCBA ¥ & i 5 1

M EA A A AR TR, KL E R
B RARE DN, SRS 5 &l Frblfes e
A, E Rjetiotsez, HamikAEs /NG VO I a1
K, AT ARG RAKN SSD ki, L4 e ke
KB/ AHZRLE CPU NS A EE T, sbirRIAA T8 T
B2 CPUATHIINT ], 548 T8 2 1) CPU ReFE, X1
BARTERRE, & LA

Q, MG &5 v, S5e/ IR Rl B /N BEAEAR A
TH&, #6524 DCFHAB, W& #A Z 5. XZEFAE Q,
R AREAN ) HCH B AR, AR SR /NI TR Rl 25 7 Sk 4L
KK 1O BRI, 1O 774 i REFELE BEAE Tk 32
U I 50N B TRDRT S /N RE AR AR VR A E b
— 3, IR AR [ A gl L. ‘ -

%ﬁ%ﬁﬁﬁs&mﬁ??ﬁ%#ﬁ%ﬁﬁﬁﬁ
PR, BEAESE /DDA, FOR — PR R RER
JE Gt AR ST T, T8 S5 5 R I A /N B[R]
T S I /N REFETE R MG AN R 1), X MR R
K E I e RE AL nTAT IR,

5 /NG

ASCHIEFE T Bt e A AL PR BERE IR R, 257 T 9
RRERVPE AT, WEARRI AT TN RS
HovE, LS RE 18 R R T A i
ACIRTRIATYE, D BRI AKAIT TR 1 (1 AE .

S 3Bk

1 Freitas RF, Wilcke WW. Storage-class memory: The next
storage system technology. IBM Jou{nal of ‘Research and
Development, 2008,:52(4/5): ,439—448.I

2 Greenawalt P. Modeliﬁ'g power management for hard disks.

Proc. of the 2nd International Workshop on Modeling,
Analysis, and Simulation of Computer and Telecommuni-
cation Systems. 1994. 62—66.

3 Douglis F, Krishnan P, Marsh B. Thwarting the power hungry
disk. Proc. of Winter USENIX Conference. 1994. 293-306.

4 Carrera E, Pinheiro E, Bianchini R. Conserving disk energy in
network servers. Proc. of ACM International Conference on
Super Computers. 2003. 86-97.

5 Colarelli D, Grunwald D. Massive arrays of idle disks for

182 AHHA « 5k Software Technique * Algorithm

storage archives. Proc. of the 16th International Conference
on Supercomputing. 2002. 1-11.

6 Gurumurthi S, Sivasubramaniam A, Kandemir M, Franke H.
DRPM: Dynamic speed control for power management in
server class disks. Proc. of the Symposium on Computer
Architecture. 2003. 169-179.

7 Tsirogiannis D, harizopoulos S, Shah MA. Analyzing the
energy efficiency of a database server. Proc. of SIGMOD.
2010. 231-242. '\

8 Deng Q, Meisner D, Ramos L. Ac;{tive ‘.l'ow-power models for
main memory with memscale. IEEE Micro, 2012, 32(3): 60—69.

9 Kurpar K, ‘Doghi K, Dimitrov M, Yung-Hsiang L. Memory
energy management for an enterprise decision support
system. Proc. of the International Symposium on Low Power
Electronics and Design. 2011. 277-282.

10 Pisharath J, Choudhary A, Kandemir M. Reducing energy
consumption of queries in memory-resident database
systems. Proc. of the International Conference on
Compilers. 2004. 35-45.

11 Ayoub R, Indukuri KR, Rosing TS. Energy -efficient
proactive thermal management in memory subsystem. Proc.
of International Symposium on Low Power Electronics and
Design. 2010. 195-200. ;

12 Tolentino ME, Turner J, Cameron IéW Memory MISER:
Improving main“memory energy'efﬁci;:ncy in servers. IEEE
Trans. on Computers, 2009, 3(58): 336-350.

13 L"a‘ng W, Patel JM. Towards eco-friendly database
ﬁlanagement systems. Proc. of Conference on Innovative
Data Systems Research (CIDR), 2009.

14 Lang W, Kandhan R, Patel JM. Rethinking query processing
for energy efficiency: Slowing down to win the race. IEEE
Data Eng. Bull. 2011. 12-23.

15 Xu Z. Building a power-aware database management
system. Proc. of the SIGMOD PhD Workshop on Innovative
Database Research (IDAR). 2010. 1-6.

16 Xu Z, Tu Y, Wang X. Exploring power-performance
tradeoffs in database systems. Proc. of 26th International
Conference on Data Engineering. 2010. 485-496.

17 Yuhui D. What is the future of disk drives, death or rebirth?
ACM Computing Surveys(CSUR), 2011, 43(3): 1-27.

© TEREBIK AN

http://www.c-s-a.org.cn



