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B E MARHALAMOREHEX, eMEEE 0T EXAERMA RERA — N BAFB RGO, EFREHE

RBRHERMBERRAMIOEFAERBET —AHIRA. ABT XABRKSRAETHEIRRERAR , AL TR B3R
B MBBIAFRANEEREETILAMNBORNAANEFEE; EFATRAE JavaRALARE B AR EL
B JPAC, JPAC TR T4 4 KA Java R &M, St EATILARNENEEFE,

KER EARMS, R4 A%, R4 EE,JPAC

Metrics for Large-scale Software Systems Based on Complex Networks

WANG Shu-sen GU Qing CHEN Tao CHEN Dao-xu
(State Key Laboratory for Novel Software Technology , Department of Computer Science and Technology , Nanjing University, Nanjing 210093, China)

Abstract With the aggrandizement scale of software systems, how to measure the complexity of large-scale object-

oriented software systems has been a challenge for software engineers. The theory of complex networks recently studied

has offered a new perspective on solving this problem. We studied the phenomenon of complex networks in large-scale

software system,and proposed metrics from three different levels,i. e. , unit-level, module-level and network-level. We

built JPAC,a tool for characterizing and measuring the complexity of Java systems. JPAC can be used to analyze the

structure of large-scale Java systems,and compute software metrics based on complex networks,
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HEETEREARGUBH - M A TR ER, B4 KM
FRUTIRIENKERE, EREARZHMAB KRG TE
B FH RN R TR — N ERHRRS, B
FEEE R, ERAEN it TEm " . EEAB T
FFIT R TR A TS ShEEAT T A G A B T A A A
Wit FEERATRENER, NREFF R PHER =05
FHOBAKMATHRBRBEH AR, Nt duish 75
KEERNR. RENEEXRERE, W C&K ¥
B MOOD i S EEXE TR, MREANABME 1,
RERZEWRROE R, WBEAE RS BEERNS
%, REFRUUEERIT SN REF RO BESALE, 3T
FAREEM S, TRELDRE IS, T 8A RIERDR
HERMGSTHNER.

IR RIS ER MR N KRR AR RN R R E
T —EFRIA . BIRRY, REL SRS AR In-
ternet. WWW SR R G5 18 F B S 30 B 91 B RO = 2% 4% 4
BE™T A A M FBON  TEAR BESN . EH S bR R A
SIS S RESEU N E IR %, TR LA WRRE, BT
IR T X SR RTE AR R S AR . X EBFET4E
¥ AEYFE YEENEROETET — 2N,

FHE B 38 .2008-04-01

HREW, KA RET OFELRRMEARSS.
REVR A RGP I R B P BE 39 850, X X S8k 4 LT
UREMNZENZEXRER, RARENEAFHENE
ZMEIE . F B R MR B B R A T34
TR ST RS SRR AE , T LUSE I sh 3B FndE 4K
HFREE.

ACH AT RAEE N REKGRENRBEREH
A, RBLX S RA B B A R A IFIE. STET RN
SIL L, ATER BEHRR NER 3 IMARNRERBET
RAMBRHRERENEHER S 2BOINB T HENE
BRMABRKNRETROERMBHE: S 3 WONBTE
FTREMBHKAGER ;S 4 WAINE T KE Java BFE R
REHGRMBER TR JPAC, JPAC AT LI 5347 Java RIG R G
W R R G5 HY B o B STk WS R RO R BBk I R LRI 5
HEER FIHTBETRANSHEHERE.

2 REVERH RGOS MK FE

2.1 HEFEM%

FANERNEIERETLRZIANZE. RERRFT
RELRZAXEMES R, MARFEHES SRR L
B, AR R R E R RENARER, K&
BRI R I : PIL& B $h $h S5 DR X8 B P 4% BT 1 I 4%

AR ER863"T H (45 : 2006 AA01Z177) , L H4 A AR RS RAPFART B (45 : BK2006115) ¥ 8.

EWF BERLE R R NKA TR, Email. wangss@dislab. nju. edu. cn; Bl B BI#E®,CCF &5, IR R 4w i+ 85344740
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0D FELIRTAIBT S A, 1 TR BN A = B
A BRI T Mg HHRIMER., BEJLE, BTt
BHEEABEMNBEE NN AR B2 ZNEARRER
LR PR B R ML 4% , th AN R BELI 45, T R 5
B FER R GIHRE . RN MR B R G T
W, R IR O B 24 45 (complex networks) .

1998 4, Watts % & L K B B 3 M4 8 B A /M A
71751999 42, Barabasi f1 Albert ¥ B iF S L AP RE
Ze W45 105 B B A IR R AT . TR AR A I 4%
TG BEATL A5 FRL I DO 45 7] LUK - 359 B B V15 0 B8 AR AE A
B R H X KGR I AR R 4 . TR A2 E T2
e RS A 50 5 Gk B RS 4315 i A D HGESS D4
WAEMPAE RERES. WEWPRERR, AR PFL
B 7B ELA M R AR S HHE . SR ETERWE
R R E A — MR EE N L EA R BT
Fa.

B2 M 4 BA R L SN P 4 FuBE AL 45 A Rl R SE 11 45
fit, Fo A B EE /Mt A AL (small-world effect) FIBARE
it (scale-free property) . JEHIFRATH 4 & 2 M2 5 Fh 4T
ER BRI R L. TEEENE, 2R EIR S
B P4 R AR AT B, T “ B e M 48 "V S — A% B 42 i R 48
TALA ., JETE P ERATR R R4 B B oA .

C2.2 KBEE RGPS F R R EHE

Bl R Ge P ATAE AN RDRLE 9 585, 1017 ¥ (functions) 26
(classes) .32 [ (interfaces) & J (libraries) 4413 8L T (compi-
ling units) .5, (packages) %%, XLEBAF AT BIFERE
RERXF, WHEZENEAXR KM REXR,
RFRTZENEERRES, IXEREATURENZ
V8] 4 28 T 26 ZR A, AR BT M TR, U E T Z R 32 B %
B B AR, B AL, B 2R BB R LR R R B
F) BT 2 B LR TR 56 B s & R M 45 i R e B R FETE
1.

Potanin " 557 T JLAN KBS % S0 31 R 58, LA
WENT MR 2 B H B R R AWEME. BI15
TIAFANERSRETHFRARG RS, G4 C++,
Java, Smalltalk %, X S5 RGP MM EHREA A BNE
ZRZHFIE . Valverde 259 BF5T T KU IR 4K 14 19 B 444
REWE, AR, R Z A K R A P4 Bh R H
HZeWBERE . Myers!' 42 H 34 HME B (Software Collabo-
ration Graph) ) I 44 S50, B 52 FF R AR 44 h i AR R AR.
Wheeldon U D KM Java BGEHAREB . RRXEWH
W%, BT 12 FORR T R 0 W 48 5 B oA R
M. RAEE AR RSN TS, SR F R R i, 5T
KENER C/CH+REH AAREMR. Tamai F 82 1)
—AGEIHERY, it T R B R 280 B 0RO s B RS
I A R T P A AR B4 . Concas R T
Bt AU Smalltalk IHF F R RBKMRE HET KR F
SR . UEERA AW SR E, BT EBRHR
N AR RFERRRGEWE BRI PRI 2K
PR f B R X B A,

3 BETEAMENKGER

3.1 #RGER
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W R BRI R SR A R TR T EE
T, BTEENRICEEEBNEERNRBR/IETFRZ
—o REFREKMEBE B TR R h & TS ST T
AR A B T A R Bt

e 4i g McCabe SRS A B — R BN R MG LR 7
BRI AERBERETHEREM I BEXBORER
BIFHE M . Boehm MM T & B P k4 IR &
HIBER, 45 T 60 NEEE R, R EHEA TN &4
RE FEERRH TRERBERNERER, HEER
TR R B S 0 E TR X 5
ABEACETEAR , NS BB T B AR TR 4. Waters #0
MecCall 042 1T k4 BB E R (factor) , HEN] (criteria) F|
8 (metric) B 3 BRUCNK A RE EBEA. TR
BERER UL, BARTREROXR. MMNNEERR
R, BRERA R KRB, T B AT FE TR, 2
BACERRARYE, AR B R R IS .

E BT [ X R BRI T B BV A SO ST R
B LR i E B E N A T S B R XT R e . A
U, B Y — BB S H RN RAGHER . BRANE
PR CEK P M MOOD k™, XEER FEXE
T AEEXMABERE LSRR RIE 20,
BRE M BERANSE, REEREERITSN
B R BB B, SR BT & O T E 408 5
Geit, MBA REHA B RIS T RN E &

3.2 ETEZMEHER

HTHRGREPFRERBHREZNA R, H iR 22N
BERVFFIEL B LA BHRO RS, FRMER
— B RK R AT IAFRE MBS IR FMERIE . R
oAb 9 5 2 P25 QL BLAT X S0 B S R A R R A R £ St
BATTLUNTER ERR NERE 3 TERERBBM RS
HWZHRHME. B 1 /N T=RERER,

TEL
B PHES. REFM. AHE
=
N
BB
Ly

<5
L2 8
EAf. THRERM. THER. BALY

Bl =ZEEEREY

AT ESRTE BIVEXERZME G=(V.E).V I
BES ENONES.

(DIELERMER

TLERWRERN RSN, AFE TR, A
FES T BT .

BY ZREBERYENBREANBE. BRI HRLS S
WEERE. SANEREX EIRENEENETSH]
MWRAETRBE  ZREEEERMA.

FEHEEE MG REOREEEREFEANERZNE
FLEZEMAMEE., BTSN EEEERZRERR
b A T R R S BE B AR 2, 8 XD . X FHE#EE
B, 2% BB TH S R 3k, i AR AR (),



_ 2dG,)

di=ﬁ‘7"— [@D)
1 1 1

g“ V] ,»Z;,«d(i,j) (2

B R R T A ERGF L E ., TSR
BN MRS T RENR S HE TR RN R
TEEZSRIL R R TSR BN PLERS.

B & R ¥ (Clustering coefficient) 455 RERBH¥
HRMEPEENRERR, MRS EEREE. HE
SCHE SN R LRFEENAR S TRAENBERIRZ
tb. BEE i n KRB, XEEEHZEE m KD M
HRRIRERECH

__ m
Ci—n,-(n,»-—l)/Z (3)

CBERRRE TSRS S R, A L
BRZEPAERE., TAaREREB X, HFrRERHZEHH
PR R, R BRI A RS .

I+ % (Betweenness centrality) M4 P {EE TR EE
ZRIFEEL—KBERRE. W TFREREA, BLE L/
BREREIRE, WX A EERERE, B2 L8880
IR

B,= O'(llauyzl) (4)
“F oli, )

Hb o, DIBEER ) Z RS RE RN EoGu, )
HBEH i ZRE w WBERENM.

NMPERVGEENEERE. MERX . RULTZER
HIBE B R , TR LIRS R BT B 26 e e 28, 1%
FHEEREES.

AMFESIT R ETE:

4t ¥ (Betweenness centrality) MM ENL ST AN
AgcE AR, BX (D, AMABRDERTHNEERER
.

OBEREHER

HEEHMREEXMEREBRNREZ 108, REL

BRI 45 2 I0 1 B B At X IR, B IR P B ST AR R A 2, 4
R E DA B . A ME A W& 3 E v 2
Mg LR, BRITEFR KRBRG RS, th ZHK
HRGEEAH B XIS, Fik, RATAT ABERE E UK
R,

#ikiE Newman 5 Girvan HF R BT BB X
Bk (Modularity) 3T EARD? . MEXRETUTHAE
Z(ORRAMNGESZRMNEDNRAEES; (OMRRNLE
AR B R AT AR . B E X ARG,

M=§[%——(§i)z} 5
o L= | E| % G 8880, 0o,y = | W EE

0,otherwise

L= €r§6r8(v,w)%?iz CRETAMBAKEH, =

L

uér%EVa(v,w)ﬁ*iB: Cs Wﬁﬁ%“ﬁﬂ@ﬁxﬁﬁo

(5T, BEH At X A 32 8 EG -5 4B 368 L B BE AL
B X b AR Y LBl 2 22 . 4 X Y I 1 30RO, 41 X[
BB M R R, 4 X 4R AE BB B . M B K%

TRARK HL A 301 I8 Tk 8 i X 8B,

MTHRERAET S  ERNHEEEREREERRER
WA LRI AR IS S R F E R E S R —1
FEBRHBRA R —TENREBRENANES. ST
BRE MBI, M FHERER , 3R o AR R

MEHE BERARNEINEEITRRESHEREMN, A/
BEH Al e — UL O S S A S o A E.
R ] fE R 5E & BN S, B4 S ESUL A
Bl AT ZIE A S5 S AR, P LE L S8 2 fH (2
score) KR (6) .

zi:ICi_KC (6)

Horh e ARG TERR C P o R C, WA
G50k BOTIIUE 0, HEBE Co BT 45 2500 o BOATIE TS
%, v

% BIR/INETR T 45 85 i FEREH 1 S5 LA 45 o 0 15 12 7R
B, = BODELK , UGS A PR A T O LB 4
BN RBERR = W/, 295 S b AL T
HERIE , 5 SRR,

HAl SAMANSEEERS SR (participation
coefficient) JREX . R i KB E5RBELN

P=1-3 ) ™
ol HHE i R C WM ke R R
B SRR, IS )7 B HK, Py B, R BTH

AR AR AL T RO RN, P K,

KB E R,

GOMERMER

MR MERESRFENER. TAITIRHER
ZRRG RGN BIRLERE

Eaf P ECHEFERR b WG EHMEN
BEABINROE., BTN EE DT, KT
FEBON R R, TERVE S, T8 &0 ERNBERA
T6), PR LR AL B9 BE 4345 iR M\ Poisson 4374, T ZE L BRI K
BIRLE b, i World-Wide Web, Internet, JDK 3% B 4545,
PR EIAXEE RN ELITHRAFERSF PO~ BTR
B M TR B, BRI S M 48 B TR et .

BRRESARBT MENBEEER, HLERERS
H—NEENER. S8y WADRET RMERBIEEH,
— R E ,y BYEA (1. 0,3. O[],

EHREE  MENTEBRIENA SN ZANRERZ
WBHE, REREHTHERER TR SR ZE M FHE
By RPARZRMETERE., EETHRXRERNE S, F
W AR AN PR EETREAXAER
R, PR EER  HORE BR 2 B R EHEE,

THRERY NN TFHRERYPEFTAEANERE
REBME, R T MR RE,

HXM FEHEXRABRBANGS AT SERRX
B4 R IE , T JC R B B BB K 45 BT 7 5 BE B/
BIGE SAE . RIS S LS BTk,
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4 XE Java BFEFMEMAMERTER JPAC

4.1 ERMETH JPAC

EZ=W % Al LB R T T H A Pajek (Program for
Large Network Analysis) i JUNG(Java Universal Network/
Graph Framework) ., Pajek Tfi 8858 &, (HA H B & & KR
#il; JUNG BETF Java P RIL aT LR R, 2— IR
BRI R I Java APTHEZE,

T BT IBIIRMER KR Java AWML HFFE, T
TIFETKE Java BFEE M EHMARE R TH JPAC, H

ZHME 2 PR,
Input
(.java or .class)

XML#R

EREWE I::;J>| Y B RRE
M2 JPAC 5HE

JPAC By A2 Java TRARIE SO, G TRED (. java) 5L F
G class). JPAC ZE TR MWLM G, LB LB AT
K Z RIS R A R — 1 H L B JSCG, T
AR ZARR, JSCG il f T RINIIFEN R REMLS
s . A JSCG JG . JPAC ¥ 45 #3115 8 A XML U477
Ak, EF XML X FHRERNE R, JPAC 1] LU X L 25 1
{58 Bk, tr] AT FHEAT 5047, a0 A7 2 22 R AR 1E
HEETEANENSER IFEERHEFA XML X,
JPACAT L e E BRE R 545 ME R E—&, £/ " L
B,

4.2 BURFERMERE JSCG

KRG RER B E TRMEERA R, R85
BARE AR LA L— PR IRFNE , Fxd AT 5087 B R
U RALEWEI B F B L b ##. Christopher
R. Myers ## T Software Collaboration Graph (SCG)M?, 4
BRTHRAREHEMEZ MPOHERER, B—FEIL T %
BREETRMBER .

TE SCG MEAE FIRAVEN. TS Java BT MMEE L
1,58 ¥ Java SCG, 57 JSCGI®?, ZE M H R — 1.4
OBEBEEA N RE O RERELEZMPHERXR, X
BEEEE 3 MAHE X R 4K X & (inheritance) L HL X R
(implementation) , 38 £ 3% % (aggregation) , H X E X R EF
H#, F it JSCG B—F mE ., ARHESRBRmER Y.

EX JSCG(Java Software Collaboration Graph) £&—*
B .JSCG ={V,E},HH V = {v | typeof vE€ECLA}

CLA = {class,inter face,enum}

E = {(21,v2) |2}, v2€ v (vl rv2rEREL }

REL = {inherit,implement,aggregate}

ERA M, K% REL 1% F th v1 87 v2, REL #
BISR RV ERY, AT LU LB B h— N R, ] LI %
BH A BT EOR BN RIEARITR R AT ST

B Java SES A G EER—NF I T
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AT TREE R . RATE T EVEAT 7 kg
JSCG, "L R A TR 7585 - 1D W 750 i S04 e %
A JVM, B JVM F RIS 65 2) BN F T304 i
BEEE R RBUS R R 522 [0 M6 R E TR Z [ %
o BMEARFHIEI, HRIR.

32— JSCG W afil-F . JSCG M B3R, /I LA
RT3 o) 52 2 W 45 1) L AR AE#EAT o it F4rdr . JDK
B GE ML BT LU R 7 SR B 7 /K JSCG. #ATTH JPAC
TE4#r JDK &R (1. 2—1. 5) B4 JSCG, Bl JDK R4+
MR ZMERR ITH DK R —LEREHE.
class A {Dd;}
class B extends A {}

interface C {}
class D implements C {}

=——-= s T
BAXF XRX %
E——

3 JSCG Witz

4.3 {HEEREMIJPAC RERTR

JPACTHIUTE R B W — s ERE. &AL JDK
1. 5.0_06 ), M H 3L JSCG S E  FFiTE R T E =M%
EEE.

4 BR T JDKL. 5.0_06 i JSCG #EHyIE . B 455y
MEBESHPLEAX. GEEEEDL R ARNE
FrpEEB R, B8 UENENEAG REEE
XML 3, e 4 A B A e R e R 3k,

H5RBRT IDKLS5 0 06 fERE. RELEETA
BB ER SRS B AR E . BT LUE B, R BRI
LT — 4228 TR B 2R, I Matlab 333 8 i 28 (U0 $ak
FOPTRIA  BEE R INE 1 s, yout, yin, yall =34 §1
XRLE 3R A B AR X E ., X
B X B A I SRR A P(kYock™ 1M yout, yin, yall 4
B} AR TR A BEARBE R B S AR R

B4 JDK1.5 006 1 JSCG 4519 B 5 JDKI1.5.0_06 ERME

# 1 BRT jdkl. 2. 2,idkl. 3. 0,jdkl. 4. 2,jdkl. 5. 0,
jdkl. 6. 0 AAKIARY java ALY JSCG B4R EHE, W aT LA
5T JDK 5 KA M REREAL R .

F 1 JDKS AMRRAH) JSCG 51 s

JDK R &% .22 1.3.0 142 150 160
#FEH 1128 1236 1777 2138 2363

i # 2496 2751 3877 4708 5251
THEH 4.4255 4.4515 4.3635 4,4041 4, 4444
HEARE K yout 2.4154 2,4763 2,5506 2.6331 2.5877
NEREAK vin 1.0374 1.0722 1.0840 1.0721 1.0736
BERE % yall 1.3139 1.3394 1.3682 1.3339 1.3510
P 2.9225 2.9567 3.0958 3.0259 3.0215
THERE 0.5803 0.5762 0.5655 0.5695 0.5657

(F#% 302 1)
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5 Pajek, JUNG 5 K8 4% 53 87 TR AH L, JPAC SR A
XML SCHREERS G 5 B, B B 205 I &, 8 1
P TEAT . JPAC ShARIRK, FT UM AR Java RGEHILEH ,
H AR 2k R4 X R RO BE AL 4, LB B W R
JPAC T LA B2 T4 22 M 4 10 45 13 R AE , 35 PR BLE K 3
Ay B MR R G5, IR BBk LR O MR X B R A, S
XX AE R O e 2 ) 5 SR A B E A, T DA ST A R B A
SIS TR B R G AP A ST TR L
R

GERIE QTR AR A R R IR R TR U
FMEE . ETEROREER B TREHNERR
EFEBRZ—, WEEERA RN 0 RWAT, KRG
£ U 8 0 T R R 1 ot 0 K ML A R 0 L B — AR
BTt

A S0E FIE 2 W 45 S R B X A T, BFST R 5 B
RO RBE AL . BB 2 M BT 1
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HA4HHT T DK B AL

T THERPIFUR TS M RS 3R R
ERATHE IS T LR R, ROTTUHE &
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A8 TAE e 7T LA F 37 2 M 1 AR B S 3R B K1
i C ]

2 % x|

[1] Fenton N E, Pfleeger S L. Software Metrics A Rigorous and
Practical Approach. Second Edition. Boston: PWS Pub, ,1997

[2] Chidamber S R,Kemerer C F, A Metrics Suite for Object-orien-
ted Design. IEEE Trans. on Soft. Eng. ,1994,20(6):476-493

+ 302 -

[3] Brito e Abreu F. The MOOD Metrics Set// Proc. of ECOOP’ 95
Workshop on Metrics, Aarhus, Denmark, 1995

[4] Strogatz S H. Exploring complex networks. Nature, 2001, 410,
268-276

[5] AlbertR, Barabasi A-L. Statistical mechanics of complex net -
works, Rev. Mod. Phys. ,2002,74:47-97

[6] Dorogovtsev S N, Mendes J F F. Evolution of Networks: From
Biological Nets to the Internet and WWW, Oxford; Oxford Uni-
versity Press,2003

[7] Newman M E J. The structure and function of complex net -
works, SIAM Review,2003,45;167-256

[8] Potanin A,Noble J,Frean M, et al. Scale-free Geometry in Ob-
ject-oriented Programs, Comm. ACM, 2005,48:99-103

[9] Valverde S,Ferrer-Cancho R,Sole’ R, Scale-free Networks from
Optimal Design, Europhysics Letters,2002,60:512-517

[10] Myers C. Software Systems as Complex Networks : Structure ,
Function, and Evolvability of Software Collaboration Graphs.
Physical Rev. E,2003,68

['11] Wheeldon R, Counsell S. Power Law Distributions in Class Rela-
tionships // Proc. Third IEEE Int’1 Workshop Source Code A-
nalysis and Manipulation. 2003

[12] Tamai T,Nakatani T. Analysis of Software Evolution Processes
Using Statistical Distribution Models // Proc. Int”1 Workshop
Principles of Software Evolution (IWPSE). 2002,120-123

[13] Concas G M. Power-Laws in a Large Object-oriented Software
System, IEEE Trans. on Soft. Eng. ,2007,33(10):687-708

(147 20k, E3 B HTEXMENBHEEREERAR. T4
#,2006,34(B12),2371-2375

[15] McCabe T A. Complexity measure, IEEE Trans. on Soft. Eng. ,
1976,2(4):308-320

[167] Guimera R, Amaral L. Cartography of complex networks: modi-
les and universal roles. Nature, 2005,433(7028) ; 895-900

[17] Newman M E J, Girvan M., Finding and evaluating community
structure in networks. Phys. Rev. E,2004,69:026113

[18] Newman M E J . Modularity and community structure in net -
works // Proc, Natl. Acad. Sci. USA,2006,103:8577-8582

[19]) Br#E, THFR B FEHM%EE IDK RIBEHWE LT R. NA-
SAC, 2006

[20] TE/URLZEM, BROEE. E LM S B AL Jbat . ik
WAL, 2006



