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Abstract The existing rule-based performance optimization approaches at software architecture (SA) level don’t fully
concern the improvement range of the rule and the uncertainty of the count and the order of each rule usage in the opti-
mization process. As a result, the search space for performance improvement is limited and the better solutions are hard
to find. Aiming at this problem, firstly,a group of the random search rules (RSRs) were designed based on performance
improvement tactics so that each RSR can explore the larger performance improvement space. Then the combination of
the order and the count of each rule usage was involved in the definition of the random search rule based performance
optimization model named RRPOM and the evolutionary algorithm was designed to solve RRPOM. Further, the random
search rule based method for performance optimization at software architecture level (RRMO4PO) was proposed. Final-
ly,a WebApp application was taken as a case in the experiments for comparing RRMO4PO with the existing methods.
The experimental results show that RRMO4PO can obtain the solutions with better interpretability by using fewer rules
and fewer times to modify the SA elements, In addition, the results also prove that both system response time and cost
for performance improvement can be decreased more efficiently in our approach. In the best results in our experiments,
the average number of rules with improvement effect and the times to modify the SA elements are reduced by 33. 3%
and 52. 9% respectively,and the system response time and the cost for performance improvement are decreased by 30.
5% and 73.6% respectively.

Keywords Software architecture, Performance optimization, System response time, Random search rule

FIH5 H:2016-10-27 R 1E H . 2016-12-12 A0 EER B RBFE 4 (61305079, 61370078, 48 B4 A SR Bl 2 £ 4 (201501235,
2017501498 , WA HFIT JK 2830 H (JK2015006) , BRI 23R T2 15 5K T o S 30 % FF i3 42 (SKLSE 2014-10-02) %¢ B .

RAEBA976—), B, 181, RIS, EEM5 T M ETE RO KM B3 =18, E-mail: youcongni@ foxmail. com; 2 #2(1992—), 8,
WA, FEHFSEIT 3 T R KR, E-mail: lisong_{inu@foxmail. com; Bt H8(1976—), B, {4, P10, FEHF S 1 R THRE
AT R R A RRQA1979—), %, WL, BRI, FEAF ST M R B T R TR,



511

BUACHE , 45 T REALIR RAU B F R R MR PR R AL LA D7 ¥ 157

1 3]

HRE R R RGE RE N — N EERE, NS
ELBN R AR . A RS (SA) BT
B BefA T HE R BT AT AN T LU R R SRR A R
155 FRGE e L A TR A i f Ao (IS R AR DR L A T SE 3 4
o7 BT AR BE T 0 A 48 S I » P T 80 2 K 1 A i SR
R R B Y. JEER, ERBEET LR K
ET AN SA JZ A ShtERRIEILTT 5 .

EHTIUR KRBT R SA EHEREM (LI & A S EUL L
AR TR R R ARSEAT R M. X UMLE,
PCM®) il East- AADL™) 25 R [l f) SA #4535 75 , 7] i i 1d
-‘&ﬁ-"@m[sj ‘GADOJ ‘ﬁ%ﬁm ‘NSGA—II[@ . SMS—EMOAB"”]
FEARBITIE ZE B, MRS T —2ETILRE KM SA 2
PEREIL AT . TOR BT ERETEBUE RS RER
23 8], R BLEAT BIFPERERY SA. (HIURE &tk s 5%
S T AIRE I E A AR ST B R
T S AN, JUR BT S R ek Z &
BARREIAE ST . 15 SA B9 ARME LLTR A MR 28 B AR B A1
AR, BET RN B 2 SA J7 BRIV AL FE. 2 T 07
HIE LN R R SA J2 ) T Bk BB A0 Bl ot R
WU AEERR AL AN, B R B S IR A B T s i
AR IRV, T Bl A0 0 WU 4 50 SR BE (BB LG ) o 5 | ¢ [l R )
SAJERBATHE. 7 5h, TR B I EE Bt T E
Fi IR — R B SR W 2 3 T 00 SCR AL, D38 R e fe i 1
BEBGHTT SR . T U B4 J7 1k T SR R A B i e O P A
BHETT S XM T R BB AE RN W R SA i IR ] A I 8 FH 4%
ZERUIN , F- ELisk S B LA 28 K B i JBE SOt 5 A B T R 99
R, AR EA RAEMERERR AR RGN R ED B945 R SA.

FEFET MU B 77 v » 44 MU ) T3 W B (6 P RS8R
PRI 59N [R12H 65 P AG AR BE R 1) SA 22 i 7 RE it T
Rasia], Bl PB M Bt T 7 S tERR ORI . BR4E
AR Z RATEA 2 0, B4R r sk i BEd 1A 2
Tl AT e 26 17 55 T LT 7 14 1 B s % TR] o o 7 A 14
G 872 42) AT BUA I T U ) J5 B K 2R 58537 1B
A3 R v 2% LI i o i B 68 S VORI 8 RO ) AN fe
e, B AR 23 [ 52 BR T X LASR O At B M BE o 07 6. &
it bR MR, A% SCHEFATHT A TAED S iy Beml b, ABME
R GEne LA R AN S B AR, R T — R T REDLIE R
B FY) SA JE AL BE J5 % RRMO4PO, 7% 3CHY) 3 2 53 ik
I

(DETFIHE AT 3 FLEE LT —HBEPLIE R
MU AR SA JZ 1 E HOHE SR W S 3 R A1 ML i 44 BB T
hzS AR T A BO .

O T —FhEETREHLIE RN A SA ZE R
£ RRPOM., %A% R T ffy 20 10 4% 1000 £ £ ) O 65 o P
FFAUE BT R 5 2R Gk L et 1] Fn ke AN P Ak B AR 22 18]

i

I T AR KA FE ZHLH ) RRPOM KA fL
KRGS, FTEBO AEBK 28 (8] 98 R Pareto AR PEREBH
E B

(4% WebApp 26, ¥ 74 3¢ RRMO4PO 75 5 L Al
TN PBH#EAT T LY, CRGEREN, &
PB J7#k , 4 3¢ RRMOAPO J7 B e (8 FH A i N 58 > ik 4
B0 SA JCER T FRBUSE 47 R R4k 1) ) st A b RIS T R e
LA TRV RTSGHARAY . 2B IF R B LT , -3 Rl A ek AR
FIELI A BRI 318 2 SA JTE MR PB 7k 43 B
IR T 33. 3%6F0 52. 9% , 5 I [R] BsF , K 2R 5w o i i) A S AR
B Ay BIFEAR T 30. 5% 73.6%.

ASCER 2 TR T AR TAE; 35 3 Wikt T —4 AT SA
EHERESCHE R BEALIE RN 28 4 e LT ZETREVLIE R
WP BB fL A A RRPOM; 25 5 952 ) T RRPOM % 1)
BEARAREHE 6 AN T RO MR R &5 B4
EIFFREAK,

2 HXIE

THEENA SA ERPEREITAS (SA J2 B RE et 1R
FETHLI A SA JZHERET LS HIE T,
2.1 SA EHIMHETTME

FT BB TER T I B T SA FEAT R B8R AR, AT
BB T HEBA I QNI 43 B HEBA W LQNUS) | B #l. Petri
R0 BEALERRAR R A AR AT ek S B A K L ApT
TH,FAEHERE 3R T —2 SA ERHEREITAM k25,

ARl SA J2 B BE P 75 vk 7T RE SR FHR [R) 9 1 RS A,
BRI R R EE A AR, R e P R R GE Y SA 2
6 RS AR AR () — AN S5 SR S T X0 12 T RS 28 S 43 s
TFFRHTAN AT » 35560 H A BL A1 RE TR A 1R 4 5 B m PRAS R &5
FRIRER TR B AR G0 45 T M RE R A (N 2R G i 2 B ) 7 ek A
BEIRAE R ARSI R GEmA Ry B TA]
2.2 SA ERytEsesustnin

S ZEHHRMELE, AMMELHRAT L SAZK
PERERCHE A, F A BT AT T R G0 M S B SR e,
SCRRL13 KRR A A SA B SRmE T 3E AT T A HLEK
A BN AR T M FBAK SA #5315 5 FRe e M
W) 17 B SA M RE SRR
2.3 ETFHME SA BEaEGRL T =

FETFHIE) SA EHEREILAL T B 1 BE B0 A0 iz AL
FEAT AL BRI R AT B AR . BT SA SRR — B iZ
B8IR1A , [R] B 7E 12 I % 8 00 0 i Z Al |, Cortellessa F1 Tru-
bianiFE AP R T 12 FdERE R B R, Xu FAMETF
LQN BAIZF Jess HEZRE L T —HAYEE T SA BBIES
MR ], Bachmann 28 APV 5@ it 44 % 1& SA 7]
B, & T — 4 HERE G M. Cadoret %5 A2 i [4] %
AR SR SA #iRIES & X T —H e,

1E SA EYERBBCGH R i SR, BT R Ak o ik
WV T AR RIS . XS E ) — R SR 7R A R



158 i B/ AL B %

2017 4

TEH 5 Bk R Y st 25 B o 8 R B AR PR RE AR AR IR SA.
LR AL B s 3 2SR AP 3k ST A AR AR i R B AR
S PR R AN

FEHT I A SA ZEHEREMR AL T7 B b, AL PB g7kt By
SE SCH RN T 1] LQN LRIV AR Ae 58 F BRI SA BB
o T PBITEEA B8 F A R AR N A SRR E
Jitk. TR 2R PB J5 vk i ¥ B8 ok #0000 44 BE AR 1k

(DPB J5 ¥k 52 S Rt M

& PB J7 kv, 1 B ek M0 94 30 2 oy T 5t L ) A
BO TSN . A SN SE 3 A, FE T R BRI W IR B
AN 24T 7 | A B B S50 0 L 8 5 A S A AR A B R
FI%CE EEHECER T AR . TS AL 4 %,
FREUF BT 05| F) F G0 L A 8] B TR

R 4 B e M U7 25 B B 9 S B BE . PB D5 ¥ 45
ZE RN Y BT A HE AR S — U LU 4 — ATt
R UK — B IR BE T X BL A KA . o T BCE St
AT BRI, F i PB J5 5@ 45 B & st #
£ B Ao ke HE AR B O T 2% 388 T ke AL U g BA57 S A R
HIES WICER 14 ],

(PB 7 kit it RE A3 vk

PB 75 EE AL R e iR A R TR BE L S 18 2 R
HRIET LQNo BEEI AR IR RE5H SA. IR
FRAREE L, S 6 F) G B ook I » DA O B AT s AR K
Ro WRABARZNME 1R — IR,

LQNo(SAo)
& K | (rrm)*

g g

B 1 PBIMHERLE

TERI A TG B O 3 A% TC B o HE A U A4 B0 7 31 (o
7o s )W S P 2 AT AR P O 2R, T AR B — A
Pic B R B SAL FRRE AR 2 — R R I 4G SA. 1EE
L BRI AE S 3928 — 51 R, B ek 4 2Bt ol

ras7ssrs R SRR AT —RIELR SA b, IR —4
BTG G 1) SA SR 4r BT X 4 SA &4~ SA 435l ik
TR E UG, #ETA5 B) — A3 1) SA; 5 XX 4 SA #47
AR EBESITF I —A SAE R T — 5 RIEM SA. Witk
DLES M B I B AT AR B BN BE R AT A ek 5 2 1k
HE.

SCHEkL14 4 R Gama oy B [E) A0 Rt G R E R R o R
HIBRTN FE bR, 32 0 T SRR S5 R0 R Gome By B 18] A 55
PR . B M gie SO MRS S &
FYATES R [ B FTE S R B 1 B, =
D Wcost(D P~ . FER (D P, B K roor BHER M E
R 0; MIXTARMRES &S node; i & » & WAL Z5 s B M 5
BN ANTRERBE, B w Mamply 53320 5 5
PSRN FNEE & ANTCER BB E BE, W) node; WA M
R D Y cost(node:) E X

cost(root) =0
N
cost(node;) =k;1'w,— Xamply (@))
cost(D= 23 cost(node;)
node; €1

N TET ERAICTT k5 PB J7 ¥k B LR X e, #5R
SCHEARH L S 2R G2 0 B A TR AL S P PB J7 ¥k, 3 5K R
PBL #1 PB2 J5¥% . 7& PBL #l PB2 J5 ik, WARSS i Bk 45
REERUBEAR O b BT R A6 R R EL o 0 B T LA A o
Phh LQNo BRI — A B AP RE G T 5 sin™ I ELYS 1 B
o B4 R B FEIHEAE N TR sin” BBGHEANE.

3 FT SA RHERERGHRIREALIZ KA

8 3 o A SR 10 o D7 SR AT BEHLAL AR B K B A
17 % SA 2P RESCHE SR R R 17 S0 R BEDLIE R M
W, 2T HE ST 3 DMLEIR A LUK SE RN

R LI TEERE P 6 AREEHLIE RN, 1x 240
18 5 BE AL B8 B IR | BE AL 0 B YR A 22 T MRS L BE L
R 10 BT IR AL B 2 7 vk L SR G H B B O SR AR R
230 T SR P 6 ZRBEALIE AL B 5E SC, X LN
i3 BEPLBCR H AR B O R L R RS A B A S5 M T Ok
IR AR AR Ak B AR G0 R R4 . 3R 3 B T AT
HPRE T 5 ZRBELIE R AN . Sx e LN T BEALE AT
TLRTT G AL R85 IR MFHAT . TR R G
o7 P [B] e FR) P B P R

F1 MEBEWEPERBEHLERAN

- WAL 2 AL
anE k%4 o T
r ABEHE PARBEAEWAEE, EP LHFT 444 Coms igg;iﬁMﬁ%éﬂ‘*’*%ﬁ%%M*ﬁ‘&
- GBEH CHERR R IR R KR S b A HUALRE D C B2 0% (B B4R T 3 £
- EHEE  PREARRHNAEE HUHLR A P AL TE A 8 B AR T LR
- ESEE  PREARREHAEE WAL P B 5 B, BB T LR
g B CURMARAS KA, EA — A4 H Coms 5 XXE p Coms HALT A 24 CL EHAE Q2 FAH

75 FIR ClREREREHAL

/AEEL
HALE A Cl S B EERTHEIR




511

BUACHE , 45 B T REHLIR RA AR R 50 2 Pk e AL Ak T %

159

F2 SHAETRENIE RN

- WAL A

s ey pa —
" WAE C EMARER S EAT LNEREAR HUHLR D Cal B3 790 oo Kk B e B
s 5% Cal BHAKER S EAT 1 WAA ) MB35 7
7 P Cl R % R A A C2, AL CL F 50 —SHAEH C2
"o BARME  Cals BHAHEAT 1 — M A Q%‘;;E@ff;/“ Cal, 3t 4 Cal MRS 7 44 5
ni REBHAEE  CREREEMEKEME, L CH— 8 THHEH Coms JA Coms H HiHLA 5 — 4 84 C2. 1 C2 %4 C

12 ZREFERY  Cad REWNLERHHKERSWEA

R E %8 44 CL Fu R 4 4 1F C2, SE ML R E 4 1 s
FEH C1 fn C2 A T Cal W38 A 7 g 38 A O

x3 ATARE TR EEHLIER AN

L ¥ 1

FEALE A

i

1

13 RYRE s R A Cals
Ty HERFATH

15 Phif B 12

CRERAFRBHAN. L CH-MEER]
R4 Srv v B b B A TR A, B Srvs Z Srv iE R B2 Loy

M4 Srv iy BB EA T, B Srvs Wi K BB LA -4 N Cals PHNEE-NARENEA SR L EER

RERA
FALE A C oy LA, B18T LR
A% C 3t A Srvs H B HE T AMREHN

— AR % CcH#
- s gy CRERERBEAE BECHABAAPH—ATURD A Acs PHALEE — L3 1F, 3 6 %L RBFRK
16 PR A G B B4 Acs YA
17 RAEFH KA Y Cl A —4A 7 %% 4% Coms Jh Coms ¥ MLY% 44 C2, 3 C2 £ C1

1K 3 UH 17 KREHLIE RN BA BT 0 8
Pt B T4 5 SA EEUE B TEHR M R NS AT R
IR B T 2R VM AR BE RN bk A LA B 22 5% IR L e B AL
ERAN LR LW E—ENER. 5o ZH T SA
EBOE T IR N A AR BE ST AR RSB ik 17 2B
PUERMN ) — o 8 T5 PB Ik (S AR TR
IR AT SE X L, BATTSE B T — T LQN A BEHLIE
FIY . X TFHRERH SA BBIE = iR 19—~ B AR A
i SA T » HH i REEE BOE LR E 19 SA JuR , BUEL AL
PERERH LR AE X Bl SA JBGE = T SE BLAY BEHLIZ 2 M v
P I A AL B AT

4 ETHIEZAUWA SA B sEs
(RRPOM)

ERAPLAE 2 i 2 8L B, 4% SA Bk & ok
it B R AL 7 5 B A RRPOML, T i 45 H RRPOM £
BRI PRAIE X . JRSCHH SA0 RARMIRII AR RSN,

EX 1 M1 E o ARKXSFEHLIE RN FAT 55, 3+ H
w T | (I<<n) 5 RN B 22 SRt 0 FH I IR SR

EX 2 E SR exe TN »: B B AA RS
¥ SA; b, NTIRBEETEE E . Hi, E iGN ITHR
HBBUOTE 2 F B BUR MERR. & » H&ERTHE
W E; AZE D,

EX 3 BB modi FonEBFEILREE: THEAN
TCE MR R G SA; HATIE B0, TR 1S U i B4
KRG SA . # E: Hzs4E O, 0 SA, 5 SA; #iF.

EX 4 EBXUABEE (i, SA;) =modi(exe(i, SA;),
SAD RN 7 BV RR RE5H SA; b, ATi3RAS 45
RIR RGN

EX S5 ETHHERANE SA 21 HEeeth ki &
fife X 198 = (2) fis o

HEX O,z BARMMGES, E: =exe(xi, SAi—1), H
SA;=t(x; , SA;i—1) (1<<<D),

Bow M h: GO MERE § FHNAE X hR L RFH
PRI UECANSEBR ) B O W X K L X h BT R
zp M h: COMBUETEEIT 2R (D) —K (G, Hi,i, 2.k,
L Y320 BAREL.

X=((x1,SA¢sE1) s (x;5SA; 1 E) s+ (21 SA 1 »

E) ) @

I<Su (3
1<z <m,, 1R @
0<Th (XD <wi , 1<G<n 5)

BN 6 &R (X, SA) Fa X h g BRI A
FAZ] SA b, TSRS SRR R 54 . BRBE (X, SA)
{958 AN (6) BTz .

T(X,SA0)=1t(z;,SA-1) (6

EX T FRAEXRE TR S AR (D PV i
(EAO) 2. @it (8) & LI inpt ALK X 4%
JR NI ) T AR X

X={((21,SA0+E1) s+ (x;ySAi—1,E:) sy (2, SA/ -1 »

E) > @)
inpt(X)={(x;» SAi—1,E;) | (x;, SAi-1,E:) € X NE; #
0} ®

EX 8 # i A fo A RIFIR R 2R G0 R B 1 AN ket
PR 9 R R, T T AL 2 MU 1 e A1 Al P R T LA
R 3R (9) & S P E AR Ak 7 B8, X4 R 1Y Pareto 5
fE Opt AT (10) & L. R (10 iy QR E M2,

D https: //git. oschina. net/login, % 3 [ i 77 2 F1# #5437 1 : reviewer Hl reviewer2016



160 it A OHL A

2017 4

KADAH T K (10) BF XF B {9 7T f# B () Pareto H AL i 4
Opt* .
SA,=7(X,SA)
Minimize F(XD=(f1(SA), f2(SA))
Opt={X| AX' € QA Vi(f/; XD A F5(f; (XHK
X)) N je{1,2}} ao
Opt* ={X* | X* =inpt(X) N XEOpt} an

5 RRPOM #EVERU RBEE

RRPOM #5 #4 (¥ 38 1k 5K f# 55 v5 19 SR AE 42 5 NSGA-
T2, IO 258 v AR R 5 | 38 % 5V FE oy
SKARSE D BRAGH — D A
5.1 AME4RFD

B 2 4 TAME X gD, B 3 B, RKEE R
TR —B X (R ZEMWES FH1, i85 | ML E LB
SH X' (R, HEERERNE B X (Pp) BI85 F51,
08 i AMLE R AR X (P . X (P38 M AR E T
FHEE X ROMNSHEHIAT RGO T CEE. Ba—
B REBATRIERN strtPos N7, strtPos 7 A F & SCA AL
FFIIX (R BB —frFF G AT . BT8R MK XY strtPos BN
0, %4 X' (R) U BAR R IAT IR » X 1) strtPos AR I
o1,

(€)]

X(R) X(pr)

Pg | .

B2 AME X5
S TARE X (R Ho Il )68 F R B AR % 32 L RRPOM A%
Arp (3 R (5) T LI AR A A 45 2L T R i ALY
FFHLFIAT 0 SR, 0 SRR FENMEM SA B ERA
%, B ADERGL . BN 0 £ R RIS T
BrAEE 0 BN B2 ARV IR AL I A3 FR .

t(0,SA)=SA a2
uo=iuk (13)
k=1

FE X (R KE U BATCE o TS i SN SE Rl
PRV B T i 3K (14) — R A6) E X

U'=u, 14)

0/ <, 1<kl (15)

hi (X (RO <w; ,0<i<n (16)
5.2 HEFIRIE

AL P AR SR B A AR SRR R TS T X (RO
WS FHB . S5 M3E X 5E UG 5 5HAEMER strtPos
VBB R B AR AE RO B Y AT strtPos "H Y E/ME. 5
VeRIET B E ALK T RIES L8R 5 1A 2 =X (16)
B, Bk, W R E B X (R EJE 142
PR, IRIF R B B R (16) LR . Xt F ik R B0,
BHE R0, Bl X (R, f1 X' (R), #BEHHMME 1,2,3
A0 FIT A BB 7 31 B, I ELIX 4 4% 00 B B KR B4yl ok
ul=3»u2=2»us=3»uo=8»ﬁ%5‘iiﬁiﬁj§ 4, B3 éﬁHjT
RRMOAPO B ¥:5F Xo 'F X, " HEAT28 it 2

1 2 3 415 6 7 8
xwy [T[2]373[2T0]1T3]
X 223 [31T11]3]
(@FX
1 2 3 4i5 6 7 8 1 2 3 4i5 6

7 8
xRy (11 2]3[3[3]1]1]3] *®s !
Xy [2]1]2]3]2]0]1]3] s [2]1]2]3]e]0]1]3]

(b AR BE
Bl 3 RRMO4PO BN E FiHHELBRNET
5.3 ERNEK#E

Bl 4 25 T AMA X HIE B RER AR . ek X (Pe)
5 O AL BN 5 strtPos A7 BT 4 i) (4 28 B8 J0 3 44K Ui F 2
SA, H, T AE BLERSA SARIE M X' (R strtPos B4 I/ fif
MU LIS SBT3 B B AL, R RARE LR 4R (¢
SE X' (Pe) FEHUCHRT SA; BUEARYESE R SA, 8 M AR Ak
BEAHT PP A SR R IR S 14 W R it 1) 1 ke AR A » 3 T 75 204
1 X' HwA~ BARE.

4 R ARIESA

i:=strtPos l

| KA RSABATIFAE IR A 4
N | R R A R AR

Y
MAXC(Ri) o B AL 7
PATAN r;

X(Py) FHE Y BSA R
"

B4 SfE R EER AR AR

6 ZBITFR

R BRI TS PB LS AT X, DURAE AR 3C
Tk B R . T T S 3 6 Y 1R R K X L ) E B TR AR
SRIGI 48 WebApp R4, B 45 LR M BE , B Ja B /R SL
BERIEFIZ T
6.1 IIEAYERE R IFAEIERR

2 W T PBIFEMIfE A, Kb 4% PBL A1 PB2 7
T T8 » 43500 %ok A Aol 72 r b R AR A8 496 760 2R G i o
[E1IE 515 P b P74 SR AR SC 1% B 3iE 1) AR 3 Z A X PBL AN
PB2 P75 6 B IT .

% 1(RQL 5 PBL Al PB2 kML, A U B RE
T AR IS 4 F) 2R 8 M R o ) S SEARRARA O A 2 e [ 2%
VR B UEAR ST 5 S 7 REAS 3 K38 2 2 [ RIS AR 1) A .
H T4 3077 ¥k 4 )2 Pareto S ff#4E . T PBL A PB2 J7 ik
M AEA R SR T W B AR R LR B A S IR AT
1% . B AREHIMA SO IR R 4R S —A LT PBL AN
PB2 ZREUE A » BRI S vk S gk Xof S F) 28 48 Wi o A [ 41 250
A . R, 32 N1 N2 BI85 53 0 BE i A SO 13k
WA 204U T PBL A PB2, T4 HEMM
HA5E X

B s AT PBL J7 ik Bk PB2 J5 ¥R 48 10—
¥ s SRLE) BARMER R T (ry o) o Horp, r Bl e 43 5IRR



511

BUACHE , 45 T REALIR RAU B F R R MR PR R AL LA D7 ¥ 161

RGEHW R B FEBGER M . R prl T pr2 4 B AR s
HOIRE - e B RE, & s A s 43312 PBL 1 PB2 sk
BHE MM, T S B4 0115 2 1) Pareto f#4E, W N1 F1
N2 53 RRA ST AR F PB1 #1 PB2 J7 B A 4~
¥ Hom L AD MR A8) FiR :

p=A{s[s€ESNA pri (D<pri (s1) A pra (D<pry (s1) }

an
N1=|p|
p={sls€SA pri (D<pri(s2) \ pra (D pra (52) } 18
N2=|p/|

% 2(RQ2)  7EA T PBL #1 PB2 i, A 05 i
T ARBUE AT AR R 7 8 2ok Xof 2 [ R I 1 25, B A SO Wk
IR PR AR R IR, BB AR5 50 N e W i e

FERBUSAR AR v 72 b, P 3598 P A st 0030 0 F
WHL avgImpRINum FIF-HEH SA JEE R avgMd f-
Num SRR S HFahR BB AT A (8 %/ 03 B f e ok
LT, HF PBL 1 PB2 J5 sk H 1 2 5, BRI avg ImpRI-
Num Fl avgMd f Num & EA17ERBURAEM ) 11 72 g 0
{5 FAA BOHBCR N i BB SA STR KRB, A3
F:5 PBl Xt At , avg ImpRINum Fl avgMd f Num )
THE N (19 F1= (20) FizR, Wi 5 PB2 X LAt avgIm-
PRINum Fl avgMd f Num #3184 40 2D fk (22) B
R R(1D—KQ22) W, imprNum () F1 E(s) 4y M FE R 3B
HIfFE s v 08 A ORISR B 0] B YR BORMB B SA ST E IR
B Ao W AQADFR A8 E L,

62 imprNum(s)

S?IT a9
GE E(s

STT (20)
62 imprNum(s)

WZT QD
62 E(s)

ﬁ (22)

6.2 ROINA

1E WebApp R 5 b, B P @8 ) W28 U ()38 B AE Web

fR4%-#% WS L BT I, Web AR 45 %8 i 2% A0 4b 35 $6 T 1 A
T VA AR E WA R R T IR %47 Appl A1 App2 -
Bk 45 IR 55 T 5k 2l 45 A 45 3L 7 2 4 il 10 3 38 A R A8
PEFEMR%2% DB #1 DB2 b i$EE# RS . WebApp K%]
#h LQN BAEGNE 5 B o

User E User

e S e

WS_E WS

[1.00,0] {1}

App2
) {1}
DB2
{1}

Py

B 5 WebApp REIKBIL LQN HE

& 5 Hhik 4 TE User, WS, Appl, App2, DBI #1 DB2 &
XT 6 FERABEIR, Hh G S B T E T SR IR
METRTFEE . X 6 MR IR B BB A A R R
& AEFRES L, 40 Appl F1 App2 WIRGEEREBA/E P2 4bBRES
o BRI IR SRR R RS /A B TR RR
T2 A User_E W) Z=15. 00, FIF AR P8 1 3 48
& HIER 22 18] st 18] 8] B ; T AR U2 A O 5 s G 5 i w4
B AT R A DRSS 1955 — B BRI S — i ity b 2 B
], 4 A DR L2 B 55 B, 85 B BE AR BEES[R] 2 0, A D
Z IR E 2R A ik s, §k A M EHE S P BT
Sy AT A B A O RBEAN B Bk S 1 E
6.3 LIEE

PB1 1 PB2 J73 5 F B0 45 0 00 iy e s i 8 e
HRM AR EIES W CER(14]. T4 B A SO 8BS
RN EARAE LS B BE , USRS k.

(D BEHLIE R 132

FT A B BSCER( 14802 1 7 F0 0T A 0 M RB el Oy
KBEHARL1-R3IHW risrisrssrrsresra Al rs 3 7 ZZBEAL
B, S 00 %k B F PBL AT PB2 5 B 7 A AL
725 57hp s 708 » 78 s 7hp » 7hp il r3p » I HLIE B ATHY BN B,
#r55 PB1 1 PB2 J7 ikt R . ARE 4% 2 B0 AN WebApp % ]
HECER TR A R AR KA R E T 7 ABEDLALIN
B RRE Ik 4 FrF.

F 4 WebApp S35 A BEHLIE ZR AN B H B A B

I r 7y 0 7 LTS VIS ¥
(il 3 3 12 1 3 6 6
(OWEHBE LB E

WEASCHE AR W P A HARME RIS PBL AN
PB2 #[F, #BR IS 2 PAHE TSR R (D, XFARCHEL
A, DY L XFREAMAK BE 5 roor HREE SRR FRSK A 0
B )18 55 W node; ST RN F ARG H LS i NMInE ()
SAi-1,ED samply WIFEIR E; HIGE k FHS0HE I8 B , HAT 8 1t
PiitE. BEEE Q<G<OPERITE LICREE K
BRI R 5K E: Thot & & WIE 5 E1E 27T K15 am-
Pleo FINARSCHEACE B HIFIEER /N S XHERR AR AR A
AR B A BBR 30,0. 8,0. 6 1 200,

)RRk

MSLIBFTASCE AR B 30 K, I IR BE I B B R AR IR
A5 MR, R e B S K 0. 05 BRI T TRk e 3t
T, FEBMER N, Y poalue [H/NF 0. 05 B, BB A 3C
FER TSt .
6.4 LR

T iE 434 H WebApp 5241 RQ1 #1 RQ2 BN E) A& )

(DRQI ML LR

& 6 () FIE 7(a) 24 1 T 4 3¢ RRMO4PO J5 8 7T AFRERL
Lt PBL 1 PB2 J5 ¥k AR 9 %, - BN R 5 BRI SL 56 1Y
pvaluefE 7] LAFE H , X LEff£E 2R Gum g B[R] A sczE AR b 8
ZRTF PBL A PB2 k. &5 5 6(b) & 6(c) XE 7
(b) (& 7o) LI 45 SR — 3.



162 it B LR e 2017 4E
w ch_App i chApp‘~~~ chAp;i _ , chAp{)~ _ chA;Tm
. : " 16 T 2
A fa u 5§ A
2 Z sn ‘K <E
Z 15 iéz é 1 T %6 B % B
8 ’;‘o X
10 Bwl T 6 <5 T TsE
IR | B il !
RRMO4PO RRMO4PO PBL RRMO4PO  PBL RRMO4PO  PB2 RRMO4PO  PB2
@{LTF PBL RYf# (b) R G Lt ] (O BHA (@) {8 A B AR A R B (D) B SA JTF 9K B avgImp-
% N1 avgImpRINum RINum
6 RS RRMOIPOJrik 5 PBI 7k ok B 9 73 RRMO4PO 7755 PB2 A
‘WebApp WebApp WebApp
o 2 = =] = = % 8 RUEM T PBL Jrak o, 4 300 A PO 2
0 | L &2 PR BRI B IR BOF 394 R 6, B3N F B8 16 ROt
S E E% _ gs %, X% PBl FEEMKT 33. 3% 52. 9%, K, h1FE 9
0 ! £ " - T LLE A SO B P YU A SO R 0 6 ¥k, B
2
s + LT THREE Y 17 YTTH, X8 PB2 kAL T 33, 3% A
RRMO4PO RRMO4PO  PBZ RRMO4PO  PB2 .
ORT PRI (b RAHRH OBERH 34.6%.
H9 B N2 8 RRMO4PO 5 PBI1 75 : (A i ] ek b 4%

B 7 A3C RRMO4PO 7k 5 PB2 7k ek
%5 RRMO4PO 5 PBI1 F1 PB2 e 724 %) L4845 T BEAT Bk FI5E

B pvalue {8
#ix PB1 PB2
7 40 v BL R TE 1.212¢—12  1.212e—12
KR 1.212e—12  1.212¢—12
TR A RN W - -
%% avgImpRINum 1.21le—12  1.212e—12
1.210e—12  1.211e—12

4B % SA Tt & Mk # avgMd fNum

6 IR 7 Il AV T A IR Pareto fifdE
A 14 MR T PBL HTPB2 k. WK 6 AlE—4£F
Y+ AR SC T 9 3R B R 45 v N B TRD R oS0 HE AR A 1 3 0B
24, 71ms#H1 5. 62,45 F PB1 i 30. 5% H166. 9%, B 7 A
LLF H 45 305 R BRI 22 G v o7 Bsf () R0 et AR AN B 35906
23. 86ms F16. 61, 4T PB2 J5¥: 20. 1%F1 73. 6%,

P A R

FHEH& SATEW
AL ok
avgImpRINum K ¥ avgMd fNum
RRMO4PO 6 16
PB1 9 34
# 9 RRMO4PO 5 PB2 J5 ¥k iR 1] i R Lo 3k
TR A RHERRYW T SA T E B
A 8% 3t KK o
avgImpRINum ave un
RRMO4PO 6 17
PB2 9 26

& 10 FE 11 233145 T PBL A1 PB2 44k )E 45
R LQN AR, T 12 2430 B 3REUY) Pareto ff4E 1 BEAR
F PBL XAETF PB2, HEA 548 7 55 0k N B[] 14 7 Joir et o 149
255 LQN BEAY,

User_E

(0.4,0.4)

Appl_E

# 6 RRMO4PO 5 PBI J7 ¥k fik (3918 2%
FERMBUABNL  RGHBEE/ms RIS
RRMO4PO 14 24,71 5. 62
PBL 0 35.5518 17
# 7 RRMOA4PO 5 PB2 J7 ¥l i ik 3918 2%
ERMEABK N2 RGMBEE/ms KRG
RRMO4PO 14 23.86 6.61
PB2 0 29. 88 25
(2)RQ2 %R

SFFASCHT AT PBL A1 PB2 ks, 3 5 rp R fIse
1) poalue [HFRW T AT BAE -8 A S8R K M
W B SA JTTR MRS - BT PBL 1 PB2
Tk, ZEES 5 8 FE 9 RIS R —3.

WebApp WebApp
N b =
§8 4 g 30
= 1 15 EL‘]
4 T
N 1
RRMO4PO  PBI RRMO4PO  PBl
Ca) FH8 A BRSSO AR OB (b) 1Bk SA ST 9K Blavg Imp-
avgImpRINum RINum

B 8 73z RRMO4PO #i:5 PBl i ik

[0.5

0.5]

Appl
5

[2=15.00]

Loy

WS_E
[0.4,0.4]

UserCPU

(0.4,0.4)

(0.4,04)
A
DBI E | DBI P,
G [0.8,0.8] {1}
10 PBl FEULRE RS R LQN iR

10— & 12 g BBAARIC TR MERAHXT F & 5 Brs
MR LQN BLA 2 2 W AE BUG , A G E. B 10—
12t 4330 A 21,21 #0117 AN TRE B U, X3 PB1, PB2
BARXHEZBUT 4~ nK. 75 WE 12 5E 108 11
X HE AT AT H R PR 10 T 3 B s 1 iR B2 AR [R] T PBL AN
PB2 J74k 3K UL B 1451 J ) £y s i B 5 e B A IR AR AL
G553, MeHh,7E PB1.PB2 FIA SO B3R IUE 10— & 12 452
LQN &R B v, XA st OR #4718 5% . PBL AN
PB2 FREBUI I F I R (ro s 1o s o s 1o s 720 T s 15 5 73 5 7y ) K (1




511

BUACHE , 45 B T REHLIR RA AR R 50 2 Pk e AL Ak T % 163

Tas Tas Tas Tos T3y Tas T2y 1500 A T B F XTI, AT XF
RRMO4PO J5 ¥ BTk BUT 51 (1 % LW #4740 5, 3k IR 5 PB1
0 PB2 5 AL B X R 56 RAFATIE L, B E R HIF I R
(7557357257457 0 XTELIX 3 AL FI R LA H 4450
A PR A PR Bt S X AR fb 45 S = AR 8% . PBL
N PB2 5K 784375 FE I H0 U 45 FFT A6 1 e i B L
NP e P YR, R TG R BB 32 BR 9 2 [R) 48 R B AR 1k R it
FE, W53 PBL Al PB2 J7 ik KRB AR BUR A SO ik AL 1Y)
PEREBHE TR

User E User

(0,1) @

WS E WS
[0.4,0.4] {10} P,

(0.4,0.4)
(0.4.0.4)

App2 E | App2
[0.5.0.5] {2

DB2 E DB2 i
1]

[0.1.0.5]

(0.4,0.4)
A

E DB1 °
8] {1

El 11 PB2 FEEALfb4 R LQN R

User E User
[7=15.00] {42} UserCPU
()]
WS_E WS
[0.76,0.24]] {7} P,

(0.76,0.24)
(0.76,0.24)
Appl_E App2_E App2
{1} [1.075,0.175] | {1}

[1.0125,0]
(0.86,0.14)

(0.81,0)
DB2 E | DB2
[0.1506] | {1}

DBI1 E DB1
& 12 RRMO4PO F A fb 4 5= LQN %Y

EERIE SCPAEIE RS SA JZ 1 BE ot SR AT REALIL
AbF 5 SCT REHE R A AE I 25 6 ) — ZH BE LA ; 76 LAl
2 s S AL I 4 AN [ o PRI P AN ) o PR O O A1 Ao 5 R
RN AR T —Fh SA JZ ) 1 BE AR AL AR LI BT T B 9 38
PCSRAFETE  LIHE— 25 18 R MU 28 45 1) PR RE A 25 1] . Web-
AppSRAGI R SEY 25 SR 32 W 380 5k B AL D) R0 2 R et
23 8] (¥ 3 K o A SCT7 vk ARG SE A B MU BB D U e SA Tt
2R T IUSE G T A T A4 10 T B 7 2003 I 17 2R 8 Wi 2 1]
FRHEAHY . ARACTATHE 2R GEnk L s 8] ) BOUAR A5 | A B A
SCR I WAL AR P A A A 18], F4% 248 3005 #5 B 2
B SA @ELE T, LItk — 59 RA SOk 13E FITE .

2 £ X

[1] BROSIG F, MEIER P, BECKER S, et al. Quantitative Evalua-
tion of Model-Driven Performance Analysis and Simulation of
Component-Based Architectures[J]. IEEE Trans. on Softw.
Eng. ,2015,41(2):157-175.

[2] CORTELLESSA V. Performance antipatterns: State-of-art and
future perspectives[ C] // Computer Performance Engineering.
Springer,2013;1-6.

[3] KOZIOLEK A. Automated improvement of software architec-
ture models for performance and other quality attributes| OL].
http: //www. gbv. de/dms/tib-ub-bannover/776654306. pdf.

[4] AMOOZEGAR M, NEZAMABADI-POUR H. Software per-
formance optimization based on constrained GSA[C] // 2012
16th CSI International Symposium on Artificial Intelligence and
Signal Processing (AISP). 2012:134-139.

[5] AMOOZEGAR M,NEZAMABADI-POUR H. A multi-objective
approach to model-driven performance bottlenecks mitigation
[J]. Scientia Iranica,2015,22(3) :1018-1030.

[6] MARTENS A, KOZIOLEK H. Automatic, model-based soft-
ware performance improvement for component-based software
designs[J . Electron. Notes Theor. Comput. Sci. ,2009,253(1);
77-93.

[7] SAED A A,KADIR W, WAN M N. Applying particle swarm
optimization to software performance prediction an introduction
to the approach[ C]// 2011 5th Malaysian Conference on Soft-
ware Engineering (MySEC). 2011:207-212.

[8] BUSCH A,KOZIOLEK A. Considering Not-Quantified Quality
Attributes in an Automated Design Space Exploration[ C] //
2016 12th International ACM SIGSOFT Conference on Quality
of Software Architectures (QoSA). 2016:50-59.

[9] LIR,ETEMAADI R,EMMERICH M T,et al. An evolutionary
multiobjective optimization approach to component-based soft-
ware architecture design[ C]// 2011 IEEE Congress on Evolu-
tionary Computation (CEC). 2011.432-439.

[10] TRIBASTONE M. Efficient optimization of software perfor-
mance models via parameter-space pruning[ C]// Proceedings of
the 5th ACM/SPEC International Conference on Performance
Engineering. 2014.63-73.

[11] LI H,CASALE G, ELLAHI T. SLA-driven planning and opti-
mization of enterprise applications[ C]//Proceedings of the First
Joint WOSP/SIPEW International Conference on Performance
Engineering. 2010.:117-128.

[12] WILLIAMS L G,SMITH C U. PASA (SM): An Architectural
Approach to Fixing Software Performance Problems[ C] // Int.
CMG Conference. 2002 ; 307-320.

[13] KOZIOLEK A,KOZIOLEK H, REUSSNER R. Peropteryx: au-
tomated application of tactics in multi-objective software archi-
tecture optimization[ C] // Proceedings of the joint ACM SIG-
SOFT conference-QoSA and ACM SIGSOFT symposium-
ISARCS on Quality of software architectures-QoSA and archi-
tecting critical systems-ISARCS, 2011.33-42.

[14] XU ]J. Rule-based automatic software performance diagnosis and
improvement[ J]. Perform. Eval. ,2012,69(11) :525-550.

[15] DU X,YAO X, NI Y, et al. An evolutionary algorithm for per-
formance optimization at software architecture level[C] /2015
IEEE Congress on Evolutionary Computation (CEC). 2015:
2129-2136.

[16] DU X,NI Y, YE P. A Multi-objective Evolutionary Algorithm
for Rule-based Performance Optimization at Software Architec-
ture Level[C] // Proceedings of the Companion Publication of
the 2015 Annual Conference on Genetic and Evolutionary Com-
putation. 2015:1385-1386.

(F#5% 174 T



174

it LR

2017 4

[12]

[13]

[14]

[15]

[16]

[17]

BRI 2010, 27(11) : 4080-4086.

HOLME P,KIM B J, YOON C N, et al. Attack vulnerability of
complex networks [J]. Physical Review E Statistical Nonlinear &
Soft Matter Physics,2002,65(5) ;: 634-649.

WU J, TAN Y J. Study on measure of complex network invul-
nerability [J]. Journal of Systems Engineering, 2005, 20 (2):
128-131. (in Chinese)

RB RS ERMEH RN EMRT]. RETE¥HR,
2005,20(2):128-131.

WU J,BARAHANA M, TAN Y J, et al. Natural connectivity of
complex networks [J]. Chinese Physics Letters, 2010, 27 (7):
078902.

WU J,BARAHANA M,TANY J,et al. Spectral measure of
structural robustness in complex networks [J]. IEEE Transac-
tions on Systems Man and Cybernetics Part A, 2011,41(6);
1244-1252.

DEAN J,GHEMAWAT S. MapReduce: Simplified data proces-
sing on large clusters[]]. Communication of the ACM, 2008,
51(1):107-113.

OUYANG M, FEI Q, YU M. Survey on Efficiency and Vulnera-
bility of Complex Network [J]. Computer Science,2008,35(6) :
1-4. (in Chinese)

(18]

[19]

[20]

[21]

[22]

BRFREL, 2527, . E 2 TRt 5 M St sx 23k [T
HEHLRE, 2008,35(6) : 1-4.

TAN Y J,WU J,DENG H Z. Progress in invulnerability of com-
plex network [J ], University of Shanghai for Science and Tech-
nology,2011,33(6) :643-668. (in Chinese)
G, AR ARk, M AP B s R )]. Rig3ET
K2R, 2011,33(6) : 643-668.

DU Y H. The research of graph algorithm based on cloud com-
puting [D]. Beijing: Beijing University of Posts and Telecommu-
nications, 2011. (in Chinese)

ML BT ZHETFEWEEEHRID] tE LA X
AL, 2011,

CAIDA . Topology : Macroscopic Internet Topology Data Kit ( Ark
ITDK ; restricted) [EB/OLJ. (2015-10-01) [2016-03-15] ht-
tps: //topo-data. caida. org.

/NI 25, BRCSR. B4 M 3 R K M. Jb 3. i 4
KRR AL, 2006:10-11.

XIE C,MAI L D,DU Z H, et al. Research and analysis of Paral-
lel computing system speedup [J]. Computer Engineering and
Applications, 2003,39(26) : 66-68. (in Chinese)

W, F B, BENE, 4. RTFIMTIH B REHINE LR S
ST RN AR 5 R , 2003, 39(26) : 66-68.

(L& 163 1)

[17]

(18]

[19]

[20]

[21]

[22]

(23]

[24]

[25]

KOUNEYV S, Performance Modeling and Evaluation of Distribu-
ted Component-Based Systems Using Queueing Petri Nets[J].
IEEE Trans. on Softw. Eng. ,2006,32(7) :486-502.
TRIBASTONE M. A fluid model for layered queueing networks
[J]. IEEE Trans. on Softw. Eng. ,2013,39(6) : 744-756.
DISTEFANO S,SCARPA M,PULIAFITO A.From UML to
Petri Nets; The PCM-Based Methodology[ J . IEEE Trans. on
Softw. Eng. ,2011,37(1) :65-79.

TRIBASTONE M,GILMORE S, HILLSTON ]J. Scalable Differen-
tial Analysis of Process Algebra Models[J]. IEEE Trans. on
Softw. Eng. ,2012,38(1):205-219.

KOZIOLEK A, ARDAGNA D, MIRANDOLA R. Hybrid multi-
attribute QoS optimization in component based software systems
[J]. 7. Syst. Softw. ,2013,86(10) : 2542-2558.

HUANG X,WANG W,ZHANG W B,et al. Automatic per-
formance modeling approach to performance profiling of Web
applications[ J]. Journal of Software, 2012, 23(4):786-801. (in
Chinese)

B, B4, K0, 4. TR RERINT I Web R H 3hik B
BT, k24, 2012, 23(4) 1 786-801.

LIC H,WANG W M, SHI Y Y. Performance prediction method
for UML software architecture and its automation[ ] ]. Journal of
Software, 2013,24(7) ;1512-1528. (in Chinese)

AABAE, £, AR —Fh UML #0428 #4 1 BB T000 7 3 &
HE BT b2, 2013, 24(7) . 1512-1528.
NAVARRO E,CUESTA C E,PERRY D E, et al. Antipatterns
for architectural knowledge management[]]. Int. J. Inf. Tech-
nol. Decis. Mak. ,2013,12(3) :547-589.

SMITH C U, WILLIAMS L G. More new software performance

antipatterns ; Even more ways to shoot yourself in the foot[C]/

[26]

[27]

(28]

[29]

[30]

[31]

[32]

[33]

Computer Measurement Group Conference. 2003:717-725.
MEIER J D, VASIREDDY S, BABBARA, et al. Mackman, Im-
proving. NET Application Performance and Scalability[ OL]. ht-
tp: //www. bokus. com/bok/9780735618510/Improving-net-ap-
plication-performance-and-scalability.

CORTELLESSA V,MARTENS A,REUSSNER R, et al. A
process to effectively identify ‘guilty’ performance antipatterns
[C] // Fundamental Approaches to Software Engineering.
Springer,2010: 368-382.

CORTELLESSA V,DI MARCO A, TRUBIANI C. An approach
for modeling and detecting software performance antipatterns
based on first-order logics[J]. Softw. Syst. Model. , 2014, 13(1):
391-432.

TRUBIANI C, KOZIOLEK A. Detection and solution of soft-
ware performance antipatterns in palladio architectural models
[J]. ACM SIGSOFT Software Engineering Notes,2011,95(9):
19-30.

CORTELLESSA V, FRITTELLA L. A Framework for Auto-
mated Generation of Architectural Feedback from Software Per-
formance Analysis[ C]// Formal Methods and Stochastic Models
for Performance Evaluation. Springer Berlin Heidelberg, 2007
171-185.

BACHMANN F,BASS L, BIANCO P, et al. Using ArchE in the
Classroom: One Experience[ OL]. http://repsitory. cmu. edu/
sei/3441.

CADORET F,BORDE E, GARDOLL S, et al. Design Patterns
for Rule-Based Refinement of Safety Critical Embedded Systems
Models[C] // 17th International Conference on Engineering of
Complex Computer Systems (ICECCS). 201267-76.

DEB K, PRATAP A, AGARWAL S, et al. A fast and elitist
multiobjective genetic algorithm: NSGA-II[J]. IEEE Trans. on
Evol. Comput. ,2002,6(2):182-197.



