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Abstract.As far as the performance optimization of computer system is concerned, in the early years, hardware
performance is well studied and then software efficiency is gradually focused. Also, the study of energy
consumption optimization follows the same way, and software oriented energy consumption optimization is
highlighted recently, for the energy consumption grows rapidly and the energy issues in IT industry is much
harder to deal with. Evaluation and optimization on energy consumption of algorithms, which are abstractions of
procedures, is becoming a new and hot research topic. However, most existing researches focus on specific
algorithms or runtime environment, and they are closely related with the programming languages or hardware
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features. And there are some researches on energy complexity, but their models are just for specific environment
such as only for parallel algorithms of multi-core environment. Therefore, they are not universal solutions.
Referring to the time complexity, we propose that the energy consumption complexity, which represents the
energy consumption features of an algorithm, as well as a key measurement for evaluating algorithms. Firstly,
starting from the classical Turing machine, we design an improved Turing machine for analyzing energy
consumption of an algorithm, and define its energy consumption complexity; we define the abstract energy
consumption in this part, make the energy consumption of program into the dimensionless energy consumption
that can deal with the energy consumption issue of an algorithm; and then we define the set and polynomial
relationship of abstract energy consumption to make the abstract energy consumption comparable; and then
combining with our definition of status transfer energy consumption and inertia energy consumption, we finally
propose the energy consumption complexity of algorithm on the improved Turing machine. Secondly, we
analyze the relationship among energy consumption complexity, space complexity, time complexity, and
interleaving of calculation statements and storage statements, and then deduce the first by the latter two; the
space and time complexity only have constant or linear effect on energy consumption complexity, which is
meaningless to a definition of our new concept; but with the definition of cross factor that we propose in the
chapter of Turing machine, we can combine these two complexity together, and deduce the energy consumption
complexity with the cross factor; the cross factor is also an function of the input size n, and the fundamental of
the deducing process is based on DVFS and other equations on energy consumption, so the energy consumption
complexity has great difference with other complexities. Finally, we validate the energy consumption complexity
by experiments; the experiment was done on a cluster with java and the test case we used was seven distributed
algorithms that their theoretical time complexity, energy consumption complexity and cross factor are given;
with the experiment and the theoretical complexity of those algorithms, we validate the effect of cross factor and
time on the energy consumption, and we validate the correctness of our energy consumption complexity model.
The energy consumption complexity is theoretical fundament which is contributed to designing energy efficient
algorithms, choosing proper algorithms, and energy consumption on algorithms.

Key words  Green Computing; Energy Consumption Measurement; Algorithm Energy Consumption; Energy
Consumption Complexity; Cross Factor
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BREFE S M MERERE A, NSV RERE R 24N
— A5 ] R N AR DL R A8 SR AR S 1) 22 T A
AT B X RORASFE RS REFRE, JE# X R ERERE . X
FOESMINIREA n, ZXEAN o, FILREFER IS
E(n,0) 5 R E A BEAE DL B9 REFE BB SV 1
O\ FISLAE K T 14K e 3

HE X 4 51, a=R(n), HILEEREFEERE
E(na)RRXT n KRE, T RARIEHN E(n). AEFER
J BE B T 3t 2 0 NT L R BV e TR) B A R R < S
W 8 BIE I R 4 FE T(n) RIREFES 24 % E(n)
(o Rk SR — B, RUOAIR S B 58 o i 34
A7 B TR RO BE AN [RIB 22 T, 1 228 S s ST
R(N)<T(n). Si%IT ] 52 2% FE RN REFE B 24 1% % T X
B AR, Rk, T(n)S EM)IHFARZM .

B, RERESE T IIRIRLAN (], 25 N
i, ISP SR R 5 A B v M RERE S R 2
AT — 5. WA LERER, NG R L
A DLSE AE BERE F TR sE R B, BVARAEES
S RAL R NP 8, i/ REFER R AL AN P
B, AR, VRN IRARE G, A R R R A
EH A AR REFERE . R, A5 SHF
TG AR B 2 FE i dt 0L, 1 Sy i [a) &2 44
FE R REFES IR M 2 5

FR, # ORISR R Re AR R 2 B AN TE) R 4%
FE R TR R, B4 FE R 70 L RERE B 24 FE I
B 7 A 52 26 FE ik 7, L AT DA 208 s B 33
(LR R SRR FEE5Y), AR ERFE R AN
BT X Fh o BT 7 72 5 BLAT SR REFE A A B 1%
—H: CAERERE (PAT IR — E M E L AL
SLEREAE Y B “AERLETERE (BT ) Q&AL
fE LN % R E LR A o R — A
7] ) 22 A S (R S 8] 52 2% BE ARSI, AT DL b
REFES % B IOARPN I, B REFE ARG KAR) M 5
o

i, TSR RERE R 2% BRI [A] 2 %
frE B B R, H 55— AN SR I ] SR
A BE AL SVAI (W] B A B 5 BEAE R 2% 2 1A (1) 2Ry
oA, AT LA G A5 il 5P 1 RO B0 R A
FRFEEIE . AT 4RI — T

4 REREREHSHA

REAE &I RAL A2 7 pR B 18 B R HLEE AT
frfE— DR, XA AR 2%, IR ILA
THENUEE R Bl R LR IR E B, SRRk
REFE R 2% E AR IR A o A1 R 1 X T S LSRR AN
RAM BRI LAy 4 G SR REAE R . N C
RISk A (8] % BE I () B2 2% R AN A8 SCREN
Fo T =B X REFER AL, JE 0 E AT
ZIRRER AR, DHEFRAME L.

*1 fF5AA

HERIN 5

B 1) 52 2% 2 T(n)

a1k =F/ s S(n)
REFEST AR E(n)
X R(n)
ST BT R I SR W

THE LT 2 power(W)
CPU MRZFI{E FH 2 fo
BH (CPU)iEH] U
TERE(1/0)iE A I

PRI E 2 E E(n). I E A4
T(n). ZEERE S()FAEXE R(n)
Z A HIR £

WA 24 T(n) 518 T RS &R
REFER 24 E(n) SHEFE E MREEER
B f AE R o Z MRS & f=scal(w)

LN E RMAEFAR o MEEKER  o=idel(R(n))

E(m)=f(T(n),S(n),
R(n)

T=g(T(n))
E=h(E(n))

R LHIH T AT LB EER S A L #
SE I Rl R B AR R B A YR LR,
A E(n)=f(T(n),S(n), R(n)), % HEMs T X f B FR X
2o MR RERE R % FE mT 100 7] T A«
41 B EFE

A/ ) W A3 ) 52 9% BE A 75 2 T R ) e R
AR, JP A (aAd KN 2 75 2 5 i SV RE A
PE BB AR, BT WA TAERES,
— & T HIE U7 S BOR S (dle), R HE
i B ) AR 25 (Loaded) . i VH #E4EHF N 17 5
Frig B a/NRe s, a2 N A7 5 5 B s i
HIVHFER RE & .

HUEAl L, SRRy, — R
BNAAEER WAF I, BRON 11O ThE, XM R
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NUIRSH AL REFE TP AT LS REFE; RS
BNAINE, BRFEINE, XN RURS T
FEREFEH AP G BERE; TR, BIE G E M
— . (HRNAZRAThRMK, i@ DD3(8GB)M
I IhZAE 4-8 TURF 2 [R)7575h, DDR4 K KIH
BEZEME 5 . Mo EIEPATI W72
TS RAS, HURFESEbR A, AT DR A
Y NAFINZAA 11O DAL Th R 2, BN

=

Ho

73 A) B 2% B Y o 8 SRR AE 1B AT 1 AR o i I
At 2 [ o g A\ UG g s m e . %,
FEREAF AN RTIR T, N AF 2 BRI REAE
SRR RN, AR E, &
) 2R XS A BT R TE RO . Hoik, R IR
W DLRAE N AP SR B RE L, 1 A A7 B4 A
SKEBRELEAER R ZR B, 1/O T A AR E

HI T AF S DR AR, BRI 1/0 DB AL
NEE. Ba, WAAKIREFEF IR T HIkMAT
LTI s B AT O~ RSl 1 =Y D e oy = =03
(UREI, Ak AL R BRI (8] &2 2% X REAE
ARFERRmT . EJF X AKG) T, FE a BN
WA B 5% Th A B/ B AUUAS € 1 T S LALAF
=,

i bk, HMANAARNER, BanAF
REFEA S FAPATI TR AHS, (AL S(n)X E(n)I5E
WA LY AE T(n) X E(n) g2, WL A
E(m)=f(T(n), R(n))-

4.2 RHEIEHRE

TR T H LR VR L 2 B RLE S, Fik
A7 I T RN BAT REFEZ T IR 6 RV IE 57 “RERESE T
I () AR IRAR 7 X — P H e B, %0 RS
AT MBHERL, 5 H T EArEy, W
I A REFE 5T 2% FE RIS ] 53 2% B IRV 7E ORI, J2 oK
fi# E()=F(T(n), R(N))KICHE. HIM R ERILIE
R TC RS, AR S B8 B B THE T 2
P AT NI R N R R, SHkAE
THE ML FIPAT B T\ BEFEST B S VA 7E B R AL 1)
PATH E\RERE, TRV TR AR

THENLE R A BUE T2, VR AT 2 18]

4 Gottscho M, Gupta P, Kagalwalla A A, et al. Analyzing Power Variability of DDR3 Dual Inline
Memory Modules, Available in https://www.researchgate.net/publication/262915126_Analyzing_Power
_Variability_of_DDR3_Dual_Inline_Memory_Modules

5 http://www.samsung.com/global/business/semiconductor/file/media/DDR4_Brochure-0.pdf

6 5K 11 23R L 1% SN Dy iR BAE I ) T IRy, A ARG T R AL e U X

Sl WM ENI RS HE W, A TR
[ N THEHLREFETHE A 2K
E=power(W) =T 4

Hrh, power FIRTIHHEMNLINFR SRESE 2 [A]
PIRRER Z o SCHR[25]46 HTHE AL ZE A CPU il
(155 RN P=Pg, P, Hrf, Py NHEE, Forkk
CPU ISP HAM R DI ZE; Py CPU DI R4, f
N CPU &, i CHR[261A NI EANLIIERE CPU
R o M1 CPU MR fAHIR, 5 K%L power (f, )
=a,FP+a,of tagwtas (a1, @y, as, as KI5 H &
, HihEaE a FOAGE. S DRE/NEGT
A E FITFENLALE TR . ) KEBD BRI K
Fr CPU LIS ARV DR E . Rt
Ab, R UCATHENLE CPUL M. WAFLL
S Hg A 0 TAE RS Y8 A2 T AL Th 26 A0 5% I R AIE &
P, 35 scik26], ML R A CPU AR f
#. CPU i Fl R ESHUN ..

ETHEHEE AT DR 2 AT, &K
NG TFEN BT ARG A EHL N,
R RZIVR. R W E 2B R AR
o BRI SRR AT 0 TR) e ¥ FE 1) R £ 55 I6F T 1 56
RHAARBRMEEIEMK . FAX@)rit&
GERRUKETH. EREFEEREMNE SRS, &K
SCRAEE IR TR, N W R N R UT
I ] P~ 39 08 BB A AR R E M, Rtk
power(W) RN TN TR . ASCAE 4.4 54ks:
RS
43X E

THE MLV B A M R, T A ] BLay S iE
FAEA MBI e, HiuzHiEm) 24 CPU
Xt AT N R AT IS AR ), AT R ) 2 FR
U7 0] N AF BRI ) o SR R HLSVE I AS
X, LR 5is BB A RIAF g 15 A B0E
AR, EMPEFER)Z KRR, AEER
B RRAE, i H(FE)IE 0] 5 B — k70
(BR)IER), WRARMERZL KRR, FMRAER
XK FR. KIRFEE RN, & OHEHEERA
NP Hyia FAE A FIAF A5 A B A XU . 28 XA
FAFE, BRI E AR, P
FOERERE, SRR

(1) FEJFERFE: CPU MIhEY5 CPU MK IEA
%, HE CPU Frequency Scaling:#1 CPU Frequency

Thttps://en.wikipedia.org/wiki/Frequency_scaling
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R FARGAEE A E LSS 9

Governorsti AR, 4 CPU i F R AR I KE == 3l FEAIK
P LA RS, L, 43T IE S A7 B )
W, 28 WEAK, CPU £ ib T i85 WK A,
Scaling HEARKIEMER ;s 10 4A7FE 15 A F1E G A
HARATHPATING, X E R, CPU 7 NN ] 1R
Ji, Scaling HiAMELLSLiE, CPU — EALT miAiiR
RIRRE. FXSNH, FIEE CPU T
B BRI AT B B R AT F B, AT ElAS YORE I S
X, AR A AR CPU A A 2 2 A () 5% R Al 5
Hlo

(2) REJRA: 28 X PE 2 3 A7 R AR
2, FEEIMOVIEERIE, HFESSMIREE .

(3) LRkHFE: CPUMIIZEYE CPU i % IEAH
Xy PATAAEIERIN CPU fi R AL, CPU ThX
a2 B&%. Bltn, 24% CPU i FH 3 FRAG I 3540
B KM, DIFEEM T, (B2, BRI YS
AR A B A O, 15 AE 6615 A B PAT BT
TR HEz, FREHEERXELR, LR
N REAN, AN A i 8 ) SR R e
M, XXEHEAE RS, MARSET
CPU 1 F AL 18] (0 73 A

EX 6: XXE a(THENEIE). THEHNEE
ZE X a=R(n) & 5%k vz HAE A RIF g 18 A 52
X R . W VLB OE AT A <ILU,
LUy, I 6USdH R, U REBEIEME, | RELF
B A, AR ABRAEZER B WIS AT 51
Hi<l, USIBHA TR SR k(k>1). TEFIANFUE N
NI T, BANEIEPATINENRZ X T knik, &
FOEW R Z 28 BN T(n), & X EVE AT I TR
T=g(T(n)), A1 kn SNIESHAERFILEfif 5 ) 58 IR
e, WAZ XHE AN knfT=kn/g(T(n)), ZHEE N
THRMLEIEAS SR

g O % O
mj/ Eg

n

d = =
o

kn/T(n)

X niT(n)
Bl RN ERER
1 2RI T BRI A X R, 5.0 1
5.4 45 SKIIER 1 A2 XL FLSRERE (R

8 https://en.wikipedia.org/wiki/Governor_%28device%29#Computing, 2016
9Liunx $24Lf) CPU Frequency Governor A, CPU fii il % [ KA (] B 75 2 Rb 2 50 o

4AESTE

MM E LS, AR A R
E(n)=f(T(n), R(N))#ES E(n), Hrh T(n), RNIAT
KOeREL, RIHE S S B T | R AR .

B, EAKAEEIEMATRT, T8H
PRI R 2% B T(n) 538 AT 18] T U SRAF1E 2R 5%
A, 0N T=g(T(n). A, HEMBERERE
EM SHERE E WEALEXRR, WH
E=h(E(n))-

HIK, L power ZRRTHEMNINR S5 IRM
KEBEMREL CHR[25] 1) power(W) B& £ tn 2
X FR:

power(W)=power (f,w)=a,f+a,wf+asw+as ®)

HHr f 5 CPU #ii%, o N CPU fiHZ, aja,
as, as WNEEMFHCI R E, HdHE a BIAW
f7 A5 D) 2R N B AR e 1T EAL AT T
., ARG R o IR RARE B .

BR, IAREELEXEEEELT CPU
Frequency Scaling 5 R 520 CPU SRZE AT Z, B
MREFE. R o FREEAKKT, CPU Frequency
Scaling K 2 F&AIC CPU A5 f. 11 22 X R(n) M 45
BEARRI Al R 26 A, ASXBERR, o FREEBUICI AT RE
BN, BRI AT e N o AR TE RS XY
I FE Ro, #7534 R(N)<R, I CPU £B&4H, H.
f=scal(w); 4 R(n)=Ro I, f=fraxo HHILFT UL, CPU
TR o SZXE RNZEFERERR, &
w=idel(R(n)), FULATLIGHIZE1®: n 5 power(W)
ZIAAFAERBER R P, fH1S:

power(W)=power(f, w)=power(scal(w),w)

=power(scal(idel(R(n))), idel(R(n))) (6)
=P(n)

BE, AR6)T R(N)= kn/g(T(n)). HCHL g0
A1, scal ERECNHIRIGINANERE 2 R(N> Ry
i, idel BEUE NH R, 4 R(N)<Ro, A LAHAE &
&1, i o=idel(R(n))=0(r>R(n)), X idel &%k
A REARE R idel % A (6)H 1) power
B, scal BN idel BRI 034 9 O S0 R 2K

BJ5, HARG)An:
P(n)=power(scal(idel(kn/g(T(n))), idel(kn/g(T(n)))

(R(N)<Ry) (7)
P(n) = Pmax(R(N)= Ro)

10CPU  frequency and  voltage  scaling code in  the  Linux(TM) kernel.
https://www.kernel.org/doc/Documentation/cpu-freg/governors.txt
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B 3 T LLE R DY AN SEEBAT I [A]
IEAAAEIA, (HREFEZEFEIIR . YEIEHAT I 2
30 #hif, LCS HLHIAEFELL Floyd Si%ae#Em
29.9%; [[BH, InsertSort & i:BEFELL MergeSort
FILREFE R 16.6%; FEAC_EIA YA FE I
RS, fEHATIIAZ 15 #0, BRI RE
FERUEEAA, (HEEFEZFE KA1k, LCS Hikm
fe*ELL Floyd BikAs#ERIH 22.1%; [F 3,
InsertSort 5L AEFELL MergeSort 53 At #6 =
12.3%. [KULAT AR AN N 4518 QO a)AH [F )
LB REREIFA —EMIF, ASREfE R H HIE
PAT IS [ R FRALPATREFE: QAR EIENIREFEZE
FWAERE R, M RER N A,  BE
FAEPATI A E], REFEZE R IMERAL . @XT
[F]—ANEE, i el e ARSI ek s e AT
], REFEIFARSEELEIARAk, INFIA) A2 20 P v
REEFEERE ., FRUEH T RS ILREFERE 24
5 T A B[] 2 % P8 Sk R AE S ) 1) e R AR AIE 22 57
P
5. 38 AREFR R RE I

UF—MNEIE N REFE R R 2 E(n)
ABEN: ST H—HE, EBAEAS RSN
T, BEFEMNEHES EMITHEMELS 2,
E/E(N)2 T N . X nEA U EE®D),
Horp B 2 Sbrig T Sykae Rl 28 . wH E(n)
VAT REFEMER AL, A EEM)SYST IE
e R E(yftitalok, M EEMmET 0
B EMfETHLN, W E/E(n)EIZ#TE K H GV
Wesh. FEHESRIAREREE R RAEE 4 5 4EH
1 E(n) =H(T(n),R())R(N)<Ro) I 77 125

SCHk [28] 7585 F I 5 A VAN SR I AR AR
(R IETE . A St X 1] 52 24 5 8 nlogn 15035



12 THEALER 2017 4

IUAAAS A 4 N R T (AT I (8] T FIASE] T(n)
Z ARG, % 4 A Histria bl & =F T/T(n)
o=

% 4. BITHHERA)
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100 22 .002200 .000022000 .0004777
200 56 .001400 .000007000 .0002642
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Aiming at solving the energy issue in IT
industry, software energy efficiency optimization is gradually

focused by researchers in recent years. The researches on
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software energy efficiency optimization are done via reducing
energy consumption of a given task, such as the optimization
on software structure, code, instruction sequence or algorithm.

Algorithms are the description of solution to the problem, while
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code is the implementation of algorithm. The study on
algorithms in energy consumption is more abstract than study
on code, so that the generality of the result is higher. The study
on energy consumption of algorithms is valuable, although
researches on energy consumption of algorithms are few at
present. Starting from an improved Turing machine for energy
consumption analyzing, a model of energy consumption
complexity is proposed in this paper comparing with time
complexity and space complexity of algorithms.

Recently, there have been few studies on energy consumption
complexity. Some researchers proposed their energy
consumption complexity model in some particular environment,
such as a model for multi-core parallel algorithms; And some
research also use Turing machine in energy consumption
complexity study and deduce the relationship between energy
consumption complexity and time and 10 complexity. In this
paper, researchers start with improved 8-tuple Turing machine

for energy consumption, and define the energy consumption

complexity combining with state shift energy consumption and
inertia energy consumption. The feasibility of our Turing
machine is also discussed in the appendix of this paper. With
the theory base of Turing machine, we define the cross factor,
which exists in real computers theoretically and shows
consistency with the DVFS of CPU. Combining the cross
factor with space complexity and time complexity, we deduce
the mathematical equation of energy consumption complexity —
the relationship between input size and energy consumption. In
the final part of this paper, experiments analysis of energy
consumption of several algorithms is discussed. We verified the
existence of cross factor, and prove the correctness of our
energy consumption complexity model.
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