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Devwudfw

Dv zh pryh iurp ghyhorslqj surfhgxuh0rulhqwhg wr remhfw0rulhqwhg surjudpv/ wkh frp0

soh{lw| wudglwlrqdoo| irxqg lq ixqfwlrqv dqg surfhgxuhv lv prylqj wr wkh frqqhfwlrqv dprqj

frpsrqhqwv1 Pruh idxowv rffxu dv frpsrqhqwv duh lqwhjudwhg wr irup kljkhu ohyho djjuhjdwhv

ri ehkdylru dqg vwdwh1 Frqvhtxhqwo|/ zh qhhg wr sodfh pruh h�ruw rq whvwlqj wkh frqqhfwlrqv

dprqj frpsrqhqwv1 Dowkrxjk remhfw0rulhqwhg whfkqrorj| surylghv devwudfwlrq phfkdqlvpv

wr exlog frpsrqhqwv wr lqwhjudwh/ lw dovr dggv qhz frpsrvlwlrqdo uhodwlrqv wkdw fdq frqwdlq

idxowv/ zklfk pxvw eh irxqg gxulqj lqwhjudwlrq whvwlqj1 Wklv sdshu ghvfulehv qhz whfkqltxhv

iru dqdo|}lqj dqg whvwlqj wkh sro|prusklf uhodwlrqvklsv wkdw rffxu lq remhfw0rulhqwhg vriw0

zduh1 Wkh dssolfdwlrq ri wkhvh whfkqltxhv fdq uhvxow lq dq lqfuhdvhg delolw| wr �qg idxowv

dqg ryhudoo kljkhu txdolw| vriwzduh1

NH\ZRUGV= Lqwhjudwlrq/ Whvwlqj/ Frpsrqhqwv/ Lqkhulwdqfh/ Sro|prusklvp

4= Lqwurgxfwlrq

D qxpehu ri uhvhdufkhuv kdyh dvvhuwhg wkdw vrph wudglwlrqdo whvwlqj whfkqltxhv duh qrw
h�hfwlyh iru remhfw0rulhqwhg vriwzduh ^:/ 9`1 Wkh hpskdvlv lq dq remhfw0rulhqwhg odqjxdjh
lv rq gh�qlqj devwudfwlrqv +h1j1 devwudfw gdwd w|shv, wkdw prgho frqfhswv uhodwlyh wr vrph
sureohp dqg vroxwlrq grpdlq ^43`1 Wkhvh devwudfwlrqv dsshdu lq wkh odqjxdjh dv xvhu0
gh�qhg w|shv wkdw kdyh erwk vwdwh dqg ehkdylru1 Dowkrxjk devwudfw gdwd w|shv fdq khos
dfklhyh d kljkhu txdolw| ghvljq/ krz zh whvw vriwzduh pd| fkdqjh1 D pdmru idfwru lv wkdw
vkliwlqj iurp surfhgxuh0rulhqwhg vriwzduh wr remhfw0rulhqwhg vriwzduh fdxvhv xv wr vkliw wkh
frpsoh{lw| lq wkh vriwzduh iurp uhvlglqj sulpdulo| lq wkh vriwzduh xqlwv/ wr wkh zd| lq zklfk
zh frqqhfw vriwzduh frpsrqhqwv1 Wkxv/ zh duh �qglqj wkdw zh qhhg ohvv hpskdvlv rq xqlw
whvwlqj dqg pruh rq lqwhjudwlrq whvwlqj1

Dqrwkhu idfwru lv gxh wr wkh lqkhuhqw frpsoh{lw| lq wkh qdwxuh ri wkh uhodwlrqvklsv irxqg
lq remhfw0rulhqwhg odqjxdjhv ^7`1 Wkh frpsrvlwlrqdo uhodwlrqvklsv ri lqkhulwdqfh dqg dj0
juhjdwlrq/ frpelqhg zlwk wkh srzhu ri sro|prusklvp/ pdnhv lw kdughu wr ghwhfw idxowv
wkdw uhvxow iurp wkh lqwhjudwlrq ri frpsrqhqwv1 Wklv lv ehfdxvh frpsrqhqw lqwhjudwlrq lv
gl�huhqw lq remhfw0rulhqwhg odqjxdjhv ^6`1

Wkh sulpdu| glvwlqfwlrq ehwzhhq wkh w|shv ri odqjxdjhv glvfxvvhg lq wklv sdshu lv lq
wkh phfkdqlvpv xvhg iru devwudfwlrq1 Surfhgxuh0rulhqwhg odqjxdjhv xvh surfhgxuhv dqg
ixqfwlrqv dv wkh sulpdu| devwudfwlrq phfkdqlvp1 Lq frqwudvw/ erwk remhfw0edvhg dqg remhfw0
rulhqwhg odqjxdjhv xvh gdwd devwudfwlrq dv wkh sulpdu| phfkdqlvp1 Lq dgglwlrq/ remhfw0
rulhqwhg odqjxdjhv xvh wkh lqwhjudwlrq phfkdqlvp ri lqkhulwdqfh1 Qhz w|shv fuhdwhg e|
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lqkhulwdqfh duh ghvfhqgdqwv ri wkh h{lvwlqj w|sh ^<`1 Lqkhulwdqfh gl�huv iurp djjuhjdwlrq lq
wkdw wkh hqfdsvxodwlrq ri wkh lqkhulwhg w|sh pd| qrw eh suhvhuyhg/ wkdw lv/ wkh qhz w|sh
fdq kdyh dffhvv wr wkh lqwhuqdo uhsuhvhqwdwlrq ri wkh dqfhvwru w|shv1

Zkhq frpelqhg zlwk lqkhulwdqfh/ sro|prusklvp +zklfk uhtxluhv g|qdplf elqglqj, fdq
vwurqjo| d�hfw frpsrqhqw lqwhjudwlrq1 Zkhq d fdoo lv pdgh wr d sro|prusklf phwkrg/
zklfk yhuvlrq lv h{hfxwhg ghshqgv rq wkh w|sh ri wkh remhfw ^43`1 Wkxv lqkhulwdqfh dqg
sro|prusklvp surylghv qhz irupv ri lqwhjudwlrq wkdw pxvw eh ghdow zlwk zkhq whvwlqj
remhfwv/ qhlwkhu ri zklfk kdv d surfhgxuh0rulhqwhg frxqwhusduw1

414= Whvwlqj remhfw0rulhqwhg vriwzduh

Wklv sdshu suhvhqwv uhvxowv iurp dq rqjrlqj uhvhdufk surmhfw wkdw kdv wkh jrdo ri lpsury0
lqj wkh txdolw| ri remhfw0rulhqwhg vriwzduh1 Wklv sdshu suhvhqwv lqlwldo uhvxowv wrzdugv d
vroxwlrq wr wkh sureohp ri �qglqj huuruv lq wkh sro|prusklf uhodwlrqvklsv dprqj lqwhjudwhg
frpsrqhqwv1 Wkh jhqhudo vwudwhj| iru wklv vroxwlrq lv wr irupdol}h/ yld qhz fryhudjh fulwhuld/
urxwlqh dvshfwv ri whvwlqj dw wkh lqwhjudwlrq ohyho1 Irupdo fryhudjh fulwhuld r�hu wkh whvwhu
zd|v wr ghflgh zkdw whvw lqsxwv wr xvh gxulqj whvwlqj/ pdnlqj lw pruh olnho| wkdw wkh whvwhu
zloo �qg dq| idxowv lq wkh surjudp dqg surylglqj juhdwhu dvvxudqfh wkdw wkh vriwzduh lv ri
kljk txdolw| dqg uholdelolw|1 Vxfk fulwhuld dovr surylgh vwrsslqj uxohv dqg uhshdwdelolw|1

Xqlw dqg prgxoh whvwlqj +ru mxvw xqlw whvwlqj, lv wkh whvwlqj ri surjudp xqlwv dqg prgxohv
lqghshqghqwo| iurp wkh uhvw ri wkh vriwzduh1 Lqwhjudwlrq whvwlqj uhihuv wr whvwlqj lqwhuidfhv
ehwzhhq xqlwv dqg prgxohv wr dvvxuh wkdw wkh| kdyh frqvlvwhqw dvvxpswlrqv dqg frppxql0
fdwh fruuhfwo| ^5`1 V|vwhp whvwlqj lv whvwlqj dssolhg wr dq hqwluh lqwhjudwhg v|vwhp1

Whvw uhtxluhphqwv duh vshfl�f wklqjv wkdw pxvw eh vdwlv�hg ru fryhuhg/ iru h{dpsoh/
uhdfklqj vwdwhphqwv duh wkh uhtxluhphqwv iru vwdwhphqw fryhudjh/ nloolqj pxwdqwv duh wkh
uhtxluhphqwv iru pxwdwlrq/ dqg h{hfxwlqj GX sdluv duh wkh uhtxluhphqwv lq gdwd �rz whvw0
lqj1 D whvwlqj fulwhulrq lv d uxoh ru froohfwlrq ri uxohv wkdw lpsrvh uhtxluhphqwv rq d vhw ri
whvw fdvhv1 Whvw hqjlqhhuv phdvxuh wkh h{whqw wr zklfk d fulwhulrq lv vdwlv�hg lq whupv ri
fryhudjh/ zklfk lv wkh shufhqw ri uhtxluhphqwv wkdw duh vdwlv�hg1

5= Gh�qlwlrqv dqg Edfnjurxqg

Wkh frqfhswv suhvhqwhg lq wklv sdshu duh odujho| lqghshqghqw ri odqjxdjh1 Krzhyhu/ wkh
h{dpsohv/ whuplqrorj|/ dqg pdq| ri wkh vshfl�fv e| qhfhvvlw| pxvw eh uhodwhg wr rqh ru
pruh odqjxdjhv1 Zh fkrrvh Mdyd/ dqg wu| wr srlqw rxw zkhuh wkh uxohv zrxog fkdqjh iru
rwkhu odqjxdjhv1

Wkh ixqgdphqwdo exloglqj eorfn lq remhfw0rulhqwhg surjudpplqj lv wkh fodvv/ zklfk lv
wkh phfkdqlvp e| zklfk qhz w|shv duh gh�qhg1 D fodvv hqfdsvxodwhv vwdwh lqirupdwlrq lq
d froohfwlrq ri yduldeohv/ uhihuuhg wr dv vwdwh yduldeohv/ dqg dovr kdv d vhw ri ehkdylruv wkdw
duh uhsuhvhqwhg e| d froohfwlrq ri phwkrgv wkdw rshudwh rq wkrvh vwdwh yduldeohv1 D fodvv
gh�qhv d w|sh wkdw doo ri lwv remhfwv vkduh1

Wkhuh duh wzr w|shv ri uhodwlrqvklsv wkdw fdq eh xvhg wr frpsrvh fodvv w|shv wr irup
qhz w|shv1 Wkh �uvw ri wkhvh/ djjuhjdwlrq/ lv wkh wudglwlrqdo qrwlrq ri rqh w|sh frqwdlqlqj
lqvwdqfhv ri dqrwkhu w|sh dv sduw ri wkh lwv lqwhuqdo vwdwh uhsuhvhqwdwlrq1 Wkh vhfrqg irup
ri frpsrvlwlrqdo uhodwlrqvkls lv lqkhulwdqfh1 Lqkhulwdqfh doorzv wkh uhsuhvhqwdwlrq ri rqh
w|sh wr eh gh�qhg lq whupv ri wkh uhsuhvhqwdwlrq ri d vhw ri rwkhu w|shv1 Zkhq wklv rffxuv/
wkh w|sh ehlqj gh�qhg lv vdlg wr lqkhulw wkh surshuwlhv ri lwv dqfhvwruv +wkdw lv/ ehkdylru dqg
vwdwh,1 Wkh gh�qlwlrq ri wkh dqfhvwruv ehfrphv sduw ri wkh gh�qlwlrq ri wkh qhz ghvfhqgdqw
w|sh1



514= Sro|prusklvp dqg g|qdplf elqglqj

Sro|prusklvp shuplwv yduldeoh lqvwdqfhv wr eh erxqg wr uhihuhqfhv ri gl�huhqw w|shv
dffruglqj wr wkh vwuxfwxuh ri wkh lqkhulwdqfh klhudufk|1 G|qdplf elqglqj shuplwv gl�huhqw
phwkrg lpsohphqwdwlrqv wr h{hfxwh ghshqglqj xsrq wkh dfwxdo w|sh ri dq lqvwdqfh wkdw lv
erxqg wr d sduwlfxodu uhihuhqfh> wklv dfwxdo w|sh lv lqghshqghqw ri lwv ghfoduhg w|sh ^43`1

515= Frxsolqj0edvhg whvwlqj

Wkh zrun lq wklv sdshu lv edvhg rq suhylrxv zrun e| Mlq dqg R�xww ^;`1 Wkh| suhvhqwhg
dq dssurdfk wr lqwhjudwlrq whvwlqj ri surfhgxuh0rulhqwhg vriwzduh wkdw lv edvhg rq frxsolqj
uhodwlrqvklsv dprqj surfhgxuhv1

Frxsolqj zdv ruljlqdoo| sursrvhg wr phdvxuh ghvljq ^8/ 44`/ dqg wkh ruljlqdo sdshuv suh0
vhqwhg xs wr wzhoyh ydulrxv w|shv ri frxsolqj lq olvwv wkdw zhuh rughuhg lq whupv ri vhyhulw|1
Iru whvwlqj/ rqo| wkuhh xqrughuhg w|shv duh qhhghg= sdudphwhu frxsolqj/ vkduhg gdwd frx0
solqj/ dqg h{whuqdo ghylfh frxsolqj1 Sdudphwhu frxsolqjv rffxu zkhqhyhu rqh surfhgxuh
sdvvhv sdudphwhuv wr dqrwkhu1 Vlploduo|/ vkduhg gdwd frxsolqjv rffxu zkhq wzr surfh0
gxuhv uhihuhqfh wkh vdph joredo yduldeoh1 Ilqdoo|/ h{whuqdo ghylfh frxsolqjv rffxu zkhq wzr
surfhgxuhv dffhvv wkh vdph h{whuqdo vwrudjh ghylfh1

Mlq dqg R�xww*v dssurdfk uhtxluhv wkdw surjudpv h{hfxwh iurp hdfk gh�qlwlrq ri d ydul0
deoh lq d fdoohu wr d fdoo vlwh/ dqg wkhq wr wkh xvhv ri wkh fruuhvsrqglqj irupdo dujxphqwv lq
wkh fdoohg surfhgxuh1 Wkh h{hfxwlrq sdwk iurp wkh gh�qlwlrq wr wkh xvh pxvw eh gh�qlwlrq0
fohdu/ wkdw lv/ wkh yduldeoh pxvw qrw eh uhgh�qhg dorqj wkh sdwk1 Wkh xqghuo|lqj lghd lv
wkdw wr kdyh d kljk ghjuhh ri frq�ghqfh lq wkh uhvxowlqj vriwzduh/ doo ri wkh gh�qlwlrqv ri
yduldeohv lq rqh surfhgxuh pxvw eh fruuhfwo| xvhg lq wkh fdoohg surfhgxuhv1 Wklv dssurdfk
lv fdoohg frxsolqj0edvhg whvwlqj +FEW,1

6= Kdqgolqj Sro|prusklvp dqg Lqkhulwdqfh

Wklv sdshu h{whqgv wkh suhylrxv zrun lq frxsolqj0edvhg whvwlqj e| xvlqj frxsolqj wr
ghwhfw wkh idxowv wkdw uhvxow iurp wkh sro|prusklf uhodwlrqvklsv dprqj frpsrqhqwv lq dq
remhfw0rulhqwhg surjudp1 Wklv lv grqh e| �uvw h{whqglqj wkh FEW frxsolqj sdwk gh�ql0
wlrqv wr doorz iru wkh dgglwlrqdo uhodwlrqvklsv lq remhfw0rulhqwhg surjudpv1 Wklv uhtxluhv
wkh gh�qlwlrqv iru doo irupv ri frxsolqj0ghiv/ frxsolqj0xvhv/ dqg h{whuqdo uhihuhqfhv wr eh
prgl�hg1 Qh{w/ d vhw ri whfkqltxhv dqg irupdolvpv duh gh�qhg wr whvw remhfw0rulhqwhg frx0
solqj uhodwlrqvklsv1 Ilqdoo| wkhvh whfkqltxhv dqg irupdolvpv duh xvhg wr gh�qh d vhw ri whvw
dghtxdf| fulwhuld1

614= Frxsolqj lq wkh suhvhqfh ri sro|prusklvp

Lq wkh iroorzlqj gh�qlwlrqv/ r lv dq lghqwl�hu zkrvh w|sh lv d uhihuhqfh wr dq lqvwdqfh ri
d fodvv1 D uhihuhqfh srlqwv wr d phpru| orfdwlrq wkdw frqwdlqv dq lqvwdqfh +ydoxh, ri vrph
w|sh1 Wkh uhihuhqfh r fdq rqo| uhihu wr lqvwdqfhv zkrvh dfwxdo lqvwdqwldwhg w|shv duh hlwkhu
wkh edvh w|sh ri r ru d ghvfhqgdqw ri r*v w|sh1 Wkh lqvwdqfh uhihuhqfhg e| r lv lqglfdwhg e|
ro1

Surjudpphuv fdq gh�qh qhz w|shv lq surfhgxudo odqjxdjhv vxfk dv F dqg Sdvfdo dqg
remhfw0edvhg odqjxdjhv vxfk dv Dgd ;6 dqg Prgxod051 Vwurqjo| w|shg remhfw0rulhqwhg
odqjxdjhv vxfk dv Mdyd/ F../ dqg Dgd <8 dovr doorz qhz w|shv/ exw surjudpphuv fdq jr
ixuwkhu e| jurxslqj xvhu gh�qhg w|shv lqwr idplolhv ri w|shv1 Doo phpehuv ri d jlyhq w|sh
idplo| vkduh d frpprq ehkdylru/ zklfk doorzv lqvwdqfhv ri dq| phpehu ri d w|sh idplo|
wr eh iuhho| vxevwlwxwhg iru dq lqvwdqfh ri dq| rwkhu phpehu1 W|sh idplolhv duh fuhdwhg e|
xwlol}lqj lqkhulwdqfh dqg sro|prusklvp1



Hyhu| w|sh gh�qlwlrq +l1h1 d fodvv gh�qlwlrq, gh�qhv d w|sh idplo|1 Phpehuv ri wkh idplo|
lqfoxgh wkh edvh w|sh wkdw gh�qhv wkh idplo|/ dqg doo w|shv wkdw duh ghvfhqgdqwv ri wkh edvh
w|sh1 Iljxuh 4+d, looxvwudwhv wklv zlwk irxu w|sh idplolhv/ hdfk gh�qhg e| rqh ri wkh fodvvhv
lq wkh klhudufk|1
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Figure 1. (a) Sample Class Diagram (b) Sample Control Flow Fragment

Lq RR odqjxdjhv/ phwkrg fdoov fdq rffxu lq wzr flufxpvwdqfhv= +4, zlwk uhvshfw wr vrph
lqvwdqfh/ ru +5, zkhuh wkhuh lv qr lqvwdqfh1 Lqvwdqfh phwkrgv duh fdoohg zlwk uhvshfw wr
lqvwdqfh yduldeohv/ dqg fodvv phwkrgv kdyh qr lqvwdqfh1 Lqvwdqfh phwkrgv fdq pdnh wkh
lqvwdqfh h{solflw/ dv lq r1p+,/ ru lpsolflw/ dv lq s+,1 Iru wkh fdoo r1p+,/ p+, h{hfxwhv lq
wkh frqwh{w ri wkh lqvwdqfh wkdw lv erxqg wr wkh uhihuhqfh r1 Iru d vkruwkdqg
frqyhqlhqfh/ zh vd| wkdw p+, h{hfxwhv lq wkh frqwh{w ri r/ ru r lv p+,*v lqvwdqfh frqwh{w1

Iru wkh fdoo wr s+,/ wkhuh pxvw eh dq lpsolflw remhfw uhihuhqfh1 Wkdw lv/ s pxvw dsshdu
lq wkh surjudp wh{w ri d phwkrg wkdw zdv fdoohg wkurxjk dq h{solflw lqvwdqfh +h1j1 r1p+,,/
dqg s pxvw eh gh�qhg lq wkh vdph fodvv zlwk r1 Mdyd dqg F.. doorz wkh lpsolflw remhfw
wr eh uhihuuhg wr zlwk wkh nh|zrug _wklv%1

Dq remhfw +lqvwdqfh, ro lv gh�qhg +l1h1 dvvljqhg d ydoxh, zkhq rqh ri wkh yduldeohv ri wkh
remhfw lv gh�qhg1 Dq lqgluhfw gh�qlwlrq/ ru l0ghi/ rffxuv zkhq d phwkrg p gh�qhv rqh ri
ro*v yduldeohv1 Vlploduo|/ dq lqgluhfw xvh +l0xvh, rffxuv zkhq p uhihuhqfhv wkh ydoxh ri rqh
ri ro*v yduldeohv1

Djdlq/ frqvlghu wkh fodvv gldjudp vkrzq lq Iljxuh 4d1 Dvvxph wkdwZ lqfoxghv d phwkrg
Idfwru|IruZ+, wkdw uhwxuqv dq lqvwdqfh ri Z1 Iljxuh 4e vkrzv d frqwuro �rz iudjphqw/
zlwk dq lqvwdqfh ri Z erxqg wr r1 Wklv lv d orfdo gh�qlwlrq ri wkh remhfw uhihuhqfh r wkdw
uhvxowv iurp wkh fdoo wr wkh phwkrg Idfwru|IruZ+,1

Zkhq glvfxvvlqj wkh lqgluhfw gh�qlwlrqv dqg xvhv wkdw fdq rffxu dw fdoo vlwhv wkurxjk
remhfw uhihuhqfhv/ zh pxvw frqvlghu qrw mxvw wkh v|qwdfwlf fdoo wkdw lv pdgh/ exw doo ri wkh
phwkrgv wkdw fdq srwhqwldoo| h{hfxwh1 Ehfdxvh ri sro|prusklvp dqg g|qdplf elqglqj/ wklv
ghshqgv rq wkh w|sh ri wkh lqvwdqfh wkdw lv erxqg wr wkh remhfw uhihuhqfh1 Wr dqdo|}h wklv/
zh lqwurgxfh wkh whup vdwlvi|lqj vhw=

Gh�qlwlrq 4 Wkh vdwlvi|lqj vhw ri d fdoo wr d phwkrg p wkurxjk dq remhfw uhihuhqfh r
frqwdlqv doo phwkrgv wkdw ryhuulgh p/ soxv p lwvhoi1

Wkxv/ zkhq frqvlghulqj wkh vhw ri lqgluhfw gh�qlwlrqv ru lqgluhfw xvhv wkdw fdq rffxu dw
d fdoo vlwh/ lw lv �uvw qhfhvvdu| wr ghwhuplqh wkh vhw ri phwkrgv wkdw fdq vdwlvi| wkh fdoo1 Iru
hdfk vxfk phwkrg/ lghqwli| doo vwdwh yduldeohv wkdw duh gh�qhg dqg xvhg1 Wkh uhvxow lv wkh
vhw ri gh�qlwlrqv dqg xvhv iru hdfk vdwlvi|lqj phwkrg1 Uhwxuqlqj djdlq wr Iljxuhv 4d dqg



4e/ wkh l0ghi vhw iru wkh fdoo dw qrgh 5 lv wkh iroorzlqj vhw ri rughuhg sdluv=

l ghi +5> ro>p, @ i+Z == p> iZo=yj,> +[ == p> iZo=y>[o={j,>

+\ ==p> iZo=y> \o=z,> +] == p> iZo=yj,j +4,

Hdfk sdlu lqglfdwhv d vdwlvi|lqj phwkrg v iru p dqg wkh fruuhvsrqglqj vhw ri vwdwh yduldeohv
wkdw v gh�qhv1 Lq wklv h{dpsoh/ [==p gh�qhv vwdwh yduldeohv y dqg { frqwdlqhg lq fodvvhv Z
dqg [1

Dv Wdeoh BB vkrzv/ wkh fruuhvsrqglqj l0xvh vhw iru qrgh 5 lv wkh hpsw| vhw/ dv qrqh ri wkh
vdwlvi|lqj phwkrgv iru p uhihuhqfh dq| vwdwh yduldeoh1 Krzhyhu/ frqvlghulqj qrgh 6/ Wdeoh
BB vkrzv wkdw wkhuh duh wzr phwkrgv wkdw vdwlvi| wkh fdoo wr r1q+, wkdw kdyh qrq0hpsw|
l0xvh vhwv +exw wkhlu l0ghi vhwv duh hpsw|,/ zklfk |lhogv wkh iroorzlqj l0xvh vhw=

l xvh +6> ro> q, @ i+Z == q> iZo=yj,> +] == p> iZo=yj,j +5,

615= Gl�huhqfhv lq frxsolqj sdwkv lq RR surjudpv

Zkhq sro|prusklvp lv xvhg/ lw lv gl�fxow iru surjudpphuv wr nhhs wudfn ri zklfk phwk0
rgv duh fdoohg/ dqg li qrw fduhixo/ lw lv hdv| wr doorz gdwd �rz dqrpdolhv dqg rwkhu lqwhjudwlrq
idxowv wr fuhhs lqwr wkh lpsohphqwdwlrq1 Iurp d frxsolqj dqg lqwhjudwlrq shuvshfwlyh/ wkh
wzr sulpdu| lvvxhv duh ghwhuplqlqj zkdw fdoov fdq eh h{hfxwhg lq wkh suhvhqfh ri lqkhulwdqfh
dqg sro|prusklvp/ dqg zkdw h�hfwv wkh fdoov kdyh rq wkh fruuhvsrqglqj vwdwh vsdfh1

Doh{dqghu kdv dqdo|}hg krz phwkrg fdoov duh pdgh lq remhfw0rulhqwhg odqjxdjhv dqg kdv
lghqwl�hg wzhoyh fdvhv wkdw pxvw eh frqvlghuhg zkhq dqdo|}lqj frxsolqj sdwkv ^4`1 Wkh
wzhoyh fdvhv fdq eh sduwlwlrqhg lqwr wkuhh fdwhjrulhv1 Fdwhjru| L fdvhv duh zkhq wkh fdoo lv
pdgh lq dq lpsolflw ru h{solflw lqvwdqfh frqwh{w1 Fdwhjru| LL fdvhv duh zkhq wkh fdoo lv pdgh
lq qr lqvwdqfh frqwh{w1 Fdwhjru| LLL fdvhv duh zkhq wkh fdoo lv pdgh lq qr lqvwdqfh frqwh{w/
exw wkhuh sro|prusklvp pd| eh lqyroyhg1 Fdwhjru| LL fdvhv duh qrw h�hfwhg e| lqkhulwdqfh
ru sro|prusklvp dqg duh kdqgohg e| wkh ruljlqdo FEW gh�qlwlrqv1 Fdwhjru| L dqg Fdwhjru|
LLL fdvhv uhtxluh h{whqvlrqv wr wkh gh�qlwlrqv dqg dgglwlrqdo dqdo|vlv whfkqltxhv1 Vsdfh grhv
qrw doorz d ghwdlohg dqdo|vlv ri hdfk ri wkhvh fdvhv/ wkh| dsshdu lq wkh whfkqlfdo uhsruw ^4`1

7= Remhfw0rulhqwhg Fryhudjh Gh�qlwlrqv

Wklv vhfwlrq ghvfulehv h{whqvlrqv wr frxsolqj sdwk gh�qlwlrqv wkdw duh qhfhvvdu| wr vxs0
sruw remhfw0rulhqwhg odqjxdjhv1 Vhfwlrq 714 surylgh dgglwlrqdo frxsolqj gh�qlwlrqv qhfhv0
vdu| wr dffrxqw iru wkh vwuxfwxudo dqg vhpdqwlf shfxoldulwlhv ri remhfw0rulhqwhg odqjxdjhv1
Vhfwlrq 715 lqwurgxfhv wkh gh�qlwlrq ri d frxsolqj vhtxhqfh dqg dvvrfldwhg frqfhswv iru xq0
ghuvwdqglqj frxsolqj sdwkv zlwk remhfw0rulhqwhg surjudpv1 Vhfwlrq 716 ghvfulehv frxsolqj
sdwkv wkdw uhvxow iurp lqgluhfw gh�qlwlrqv dqg xvhv ri vwdwh yduldeohv wkurxjk dq lqvwdqfh
frqwh{w1 Vhfwlrq 717 h{whqgv wkh ghvfulswlrq ri lqvwdqfh frxsolqj sdwkv wr dffrxqw iru wkh
srvvleoh suhvhqfh ri sro|prusklf phwkrg fdoov1 Vhfwlrq 718 eulh�| glvfxvvhv frqvlghudwlrqv
iru frxsolqj0edvhg whvwlqj fulwhuld iru remhfw0rulhqwhg surjudpv1

714= H{whqghg frxsolqj gh�qlwlrqv

Wkh ruljlqdo FEW gh�qlwlrqv pxvw eh prgl�hg lq d qxpehu ri zd|v wr dffrxqw iru wkh
ydulrxv fdoolqj frqwh{wv wkdw rffxu lq remhfw0rulhqwhg surjudpv1 Lq wkh iroorzlqj gh�qlwlrqv/
p uhihuv wr d surjudp xqlw/ lqfoxglqj phwkrgv wkdw dsshdu lq fodvv gh�qlwlrqv1 Y6 lv wkh
vhw ri yduldeohv wkdw duh uhihuhqfhg e| p/ dqg Q6 wkh vhw ri qrghv lq p1

ghiv +l, lv wkh vhw ri yduldeohv wkdw duh gh�qhg dw qrgh l/ dqg xvhv +m, lv wkh vhw ri qrghv
wkdw duh xvhg dw qrgh m1 D ghi fohdu sdwk +p/ l/ m/ y, uhwxuqv wuxh li wkhuh lv d gh�qlwlrq0fohdu



sdwk iurp qrgh l wr m zlwk uhvshfw wr y/ zkhuh l> m 5Q61 �uvw +s, lv wkh �uvw qrgh lq sdwk
s dqg odvw +s, lv wkh odvw qrgh1 sdwkv +l/ m/ p, lv wkh vhw ri sdwkv wkdw vwduw dw qrgh l dqg
wkdw hqg rq qrgh m/ zkhuh l> m 5 Q61

hqwu| +p, lv wkh hqwu| qrgh ri phwkrgp/ dqg h{lw +p, lv wkh h{lw qrgh rip1 vljqdwxuh +p/
q, uhwxuqv wuxh li wkh vljqdwxuh ri phwkrg p pdwfkhv wkdw ri q1 ryhuulghv +r/ p/ s, lv wuxh
li phwkrg p ryhuulghv q/ zkhuh fodvv +q, @ fodvv +r, a fodvv +p, 5 idplo| +fodvv +r,, a
vljqdwxuh +p> q,1

fodvv +p, lv wkh fodvv wkdw frqwdlqv wkh gh�qlwlrq ri p/ dqg fodvv +r, lv wkh fodvv wkdw lv
wkh ghfoduhg w|sh ri remhfw uhihuhqfh r1 idplo| +f, lv wkh vhw ri fodvvhv wkdw ehorqj wr wkh
w|sh idplo| vshfl�hg e| fodvv f1 Qrwh wkdw f 5 idplo| +f,1 vwdwh yduv +f, lv wkh vhw ri vwdwh
yduldeohv wkdw gluhfwo| ru lqgluhfwo| frpsulvh wkh vwdwh vsdfh ri fodvv f1 lqvwdqfh +w, lv d
ixqfwlrq wkdw uhwxuqv dq lqvwdqfh ri w|sh w1

l ghiv +p, lv wkh vhw ri yduldeohv lq wkh vwdwh vsdfh ri wkh fodvv frqwdlqlqj p wkdw duh
lqgluhfwo| gh�qhg e| d fdoo wr p pdgh wkurxjk vrph lqvwdqfh frqwh{w1 Irupdoo|=

l ghiv +p, @ iy 5 vwdwh yduv +fodvv +p, m <m 5 Q6 � y 5 ghiv +m,j

l xvhv +p, lv wkh vhw ri yduldeohv lq wkh vwdwh vsdfh ri wkh fodvv frqwdlqlqj p wkdw duh
lqgluhfwo| xvhg e| d fdoo wr p pdgh wkurxjk vrph lqvwdqfh frqwh{w1 Irupdoo|=

l xvhv +p, @ iy 5 vwdwh yduv +fodvv +p, m <m 5 Q6 � y 5 xvhv +m,j

715= Frxsolqj vhtxhqfhv

Frxsolqj vhtxhqfhv duh sdluv ri phwkrg fdoov pdgh zlwklq wkh erg| ri d vshfl�f phwkrg
i dqg duh pdgh wkurxjk d frpprq lqvwdqfh frqwh{w dffhvvhg wkurxjk dq remhfw uhihuhqfh
r1 Ixuwkhu/ wkhuh lv dw ohdvw rqh frxsolqj sdwk ehwzhhq wkh wzr phwkrgv zlwk uhvshfw wr
vrph frpprqo| gh�qhg dqg xvhg vwdwh yduldeoh1 Dq h{dpsoh lv looxvwudwhg lq Iljxuh 51 Dv
vkrzq/ phwkrg i frqwdlqv d frxsolqj vhtxhqfh v�c& wkdw vwduwv dw qrgh m zlwk wkh fdoo wr r1p
+wkh dqwhfhghqw phwkrg, dqg h{whqgv wkurxjk sdwkv wkdw hqg dw qrgh n zkhuh wkh vhtxhqfh
hqgv zlwk wkh fdoo wr r1u +wkh frqvhtxhqw phwkrg,1 Wkh qrghv frqwdlqlqj wkh dqwhfhghqw
phwkrg dqg frqvhtxhqw phwkrg duh uhihuuhg wr dv wkh dqwhfhghqw qrgh dqg frqvhtxhqw qrgh/
uhvshfwlyho|1 Qrwh wkdw wkhuh lv dw ohdvw rqh sdwk ehwzhhq wkh fdoo vlwhv wkdw lv gh�qlwlrq
fohdu zlwk uhvshfw wr r dqg wr wkrvh lqgluhfw gh�qlwlrqv pdgh lq wkh dqwhfhghqw phwkrg
wkdw kdyh fruuhvsrqglqj lqgluhfw xvhv lq wkh frqvhtxhqw phwkrg1 Vxfk sdwkv duh uhihuuhg
wr dv wudqvplvvlrq sdwkv1

D sduwlfxodu frxsolqj vhtxhqfh v�c& lv zlwk uhvshfw wr d vhw ri vwdwh yduldeohv wkdw duh
gh�qhg e| wkh dqwhfhghqw phwkrg dqg vxevhtxhqwo| xvh e| wkh frqvhtxhqw phwkrg1 Wklv
vhw ri yduldeohv lv uhihuuhg wr dv wkh frxsolqj vhw �r�c& ri v�c&/ dqg hdfk phpehu ri wklv vhw
lv d frxsolqj yduldeoh1 Wkh frxsolqj vhw iru wkh vhtxhqfh v�c& vkrzq lq Iljxuh 5 lv=

�r�c& @ ifodvv+r,==yj

Wkdw lv/ �r�c& frqwdlqv h{dfwo| wkrvh vwdwh yduldeohv uhihuhqfhg wkurxjk r wkdw duh gh�qhg
e| wkh dqwhfhghqw phwkrg dqg xvhg e| wkh frqvhtxhqw phwkrg lq wkh frxsolqj vhtxhqfh
v�c&1

D frxsolqj vhtxhqfh frqvlvwv ri wkuhh sduwv/ hdfk frqvlvwlqj ri d glvwlqfw vhw ri sdwk
vhjphqwv gh�qhg zlwk uhvshfw wr wkh hohphqwv ri �r�c& 1 Wkhvh vhjphqwv duh xvhg wr jhqhudwh
wkh vhw ri frxsolqj sdwkv iru v�c&1 Wkh iroorzlqj vhfwlrqv ghvfuleh hdfk ri wkhvh vhwv lq ghwdlo1

71514= L0ghi sdwkv

Iru d jlyhq frxsolqj sdwk lq wkh frxsolqj vhtxhqfh v�c& / wkhuh duh d vhw ri sdwkv lq
wkh dqwhfhghqw phwkrg wkdw ehjlq dw qrghv wkdw kdyh odvw0gh�qlwlrqv0ehiruh0uhwxuq ri wkh
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yduldeohv frqwdlqhg lq wkh frxsolqj vhw �r�c& 1 Iru hdfk vxfk qrgh o/ wkh sdwk wr h{lw+p,
lv gh�qlwlrq fohdu zlwk uhvshfw wr wkh fruuhvsrqglqj frxsolqj yduldeoh gh�qhg dw o1 Wkhvh
sdwkv frqvwlwxwh wkh lqgluhfw0ghi sdwk vhw +ru l0ghi0sdwk0vhw, ri wkh frxsolqj vhtxhqfh1 Hdfk
ri wkhvh sdwkv lv uhihuuhg wr dv dq lqgluhfw gh�qlwlrq sdwk +ru l0ghi0sdwk,1 Irupdoo|=

l ghi sdwkv+f>p>Y , @ i+l> h{lw+f==p,, m l 5 QUGG4 � +6,

+<y 5 Y � y 5 ghiv+l,, a

y 5 vwdwh yduv+f, a

ghi fohdu sdwk+f==p> l> h{lw+f==p,> y,,j

zkhuh f lv wkh fodvv/ p lv hlwkhu gh�qhg ru lqkhulwhg e| f/ dqg Y @ l ghiv+r>p,_l xvhv+r> q,1

71515= L0xvh sdwkv

Wkh lqgluhfw0xvh sdwk vhw +ru l0xvh0sdwk0vhw, ri wkh frxsolqj vhtxhqfh v�c& lv wkh vhw ri
sdwkv wkdw duh gh�qlwlrq fohdu zlwk uhvshfw wr wkh sduwlfxodu frxsolqj yduldeoh xvhg dw m1
Wkdw lv/ wkh vhw ri sdwkv lq wkh frqvhtxhqw phwkrg u wkdw ehjlq dw hqwu|+u, dqg hqg dw d
qrgh m 5 Qo vxfk wkdw m kdv d �uvw0xvh0lq0fdoohh ri d yduldeoh lq wkh frxsolqj vhw �r�c&

l xvh sdwkv+f> u> Y , @ i+hqwu|+f==u,> m, m m 5 QUGGh �

+<y 5 Y � y 5 xvhv+m,, a

y 5 vwdwh yduv+f, a

ghi fohdu sdwk+f = =u/h{wu|+f==u,> m> y,,j

zkhuh f dqg Y duh dv gh�qhg lq htxdwlrq +6,/ dqg u lv d phwkrg wkdw lv gh�qhg ru lqkhulwhg
e| f1

71516= Wudqvplvvlrq sdwkv

Iru d jlyhq frxsolqj vhtxhqfh v�c&/ wkhuh lv vrph vhw ri sdwkv W wkdw frqqhfw wkh dq0
whfhghqw qrgh p dqg wkh frqvhtxhqw qrgh u/ vxfk wkdw hdfk w 5 W lv gh�qlwlrq fohdu zlwk
uhvshfw wr l ghi sdwk vhw+p, _ l xvh sdwk vhw+u,1 Wklv vhw ri sdwkv lv uhihuuhg wr dv wkh



wudqvplvvlrq sdwk vhw +ru w0sdwk0vhw, ri v�c& / dqg hdfk w lv d wudqvplvvlrq sdwk +w0sdwk, zlwk
uhvshfw wr d vshfl�f frxsolqj yduldeoh lq �r�c& 1 Wkhvh sdwkv wudqvplw wkh ydoxh ri d frxsolqj
yduldeoh iurp wkh gh�qlqj phwkrg wr wkh xvlqj phwkrg1 Irupdoo|=

w sdwkv+i> m> n> r> Y , @ is 5 sdwkv+m> n> i, m m> n 5 Qs �

ghi fohdu sdwk+i> iluvw+s,> odvw+s,> r, a

<y 5 Y � ghi fohdu sdwk+i> iluvw+s,> odvw+s,> y,j

zkhuh i lv wkh fdoolqj phwkrg/ m dqg n duh wkh dqwhfhghqw dqg frqvhtxhqw qrghv/ uhvshfwlyho|/
r lv wkh remhfw uhihuhqfh wkdw gh�qhv wkh lqvwdqfh frqwh{w ri frxsolqj vhtxhqfh v�c& dsshdulqj
lq i/ dqg Y lv dv gh�qhg lq htxdwlrq +6,1

716= Lqvwdqfh frxsolqj sdwkv

Iurp d whvwlqj shuvshfwlyh/ zh duh lqwhuhvwhg lq doo ri wkh lqgluhfw gh�qlwlrqv wkdw fdq
uhdfk lqgluhfw xvhv zlwk uhvshfw wr d sduwlfxodu lqvwdqfh frqwh{w1 Wkxv/ zh ghvluh wr lghqwli|
doo lqvwdqfh frxsolqj sdwkv wkdw h{whqg iurp d qrgh frqwdlqlqj d odvw0ghi0ehiruh0uhwxuq lq
dq dqwhfhghqw phwkrg wr d qrgh lq d frqvhtxhqw phwkrg wkdw frqwdlqv d �uvw0xvh0lq0fdoohh
zlwk uhvshfw wr wkh frxsolqj yduldeoh ri lqwhuhvw1 Zh irup wkhvh lqvwdqfh frxsolqj sdwkv e|
wdnlqj wkh furvv surgxfw ri wkh l0ghi sdwk vhw/ w0sdwk vhw/ dqg l0xvh sdwk vhw iru d sduwlfxodu
frxsolqj vhtxhqfh1 Irupdoo|/

LqvwdqfhFrxsolqjSdwkv+i> m> n> r>p> q, @ i+g> w> x, � +7,

g 5 l ghi sdwkv+fodvv+r,>p>Y , a

w 5 w sdwkv+i> m> n> r> Y , a

x 5 l xvh sdwkv+fodvv+r,> p>Y ,j

zkhuh Y @ l ghiv+r>p, _ l xvhv+r> q,/ i lv wkh fdoolqj phwkrg/ v�> v2 5 Qs / r lv wkh remhfw
uhihuhqfh wkdw gh�qhv wkh lqvwdqfh frqwh{w/ dqg p>q 5 fodvv+r,1

717= Sro|prusklf frxsolqj sdwkv

Wkh lqvwdqfh frxsolqj sdwkv ghvfulehg lq vhfwlrq 716 gr qrw wdnh lqwr dffrxqw wkh srvvl0
elolw| ri sro|prusklf ehkdylru uhvxowlqj iurp g|qdplf yduldwlrq ri w|shv wkdw fdq eh erxqg
wr dq remhfw uhihuhqfh1 Zlwk wkh srvvlelolw| ri sro|prusklf ehkdylru/ d jlyhq lqvwdqfh frx0
solqj uhvxowv lq rqh sdwk vhw iru hdfk phpehu ri wkh dvvrfldwhg w|sh idplo|1 Wkh vl}h ri
wkhvh vhwv lv ghwhuplqhg e| wkh qxpehu ri ryhuulgghq phwkrgv zlwklq d jlyhq w|sh/ hlwkhu
gh�qhg gluhfwo| ru lqkhulwhg iurp dqrwkhu w|sh1 Sudjpdwlfdoo|/ wklv kdv wkh srwhqwldo wr
uhvxow lq d frpelqdwruldo h{sorvlrq ri sdwk vhwv1 Wkh qxpehu ri sdwk vhwv lv d ixqfwlrq ri
wkh ghswk dqg euhdgwk ri wkh lqkhulwdqfh uhodwlrqv1 Krzhyhu/ dv dq rswlpl}dwlrq wr uhgxfh
wkh qxpehu ri vhwv/ wkrvh w|shv wkdw gr qrw kdyh ryhuulglqj phwkrgv zloo kdyh dq hpsw|
w|sh vhw1 Wklv lv srvvleoh vlqfh dq| frxsolqj sdwk wkdw frxog eh h{hfxwhg wkurxjk wkh w|sh
zloo qhfhvvdulo| dsshdu lq wkh sdwk vhwv ri rwkhu dqfhvwru w|shv wkdw duh phpehuv ri wkh
vdph w|sh idplo|1

Wr vhh dq h{dpsoh ri sro|prusklf frxsolqj sdwkv/ frqvlghu wkh fodvv klhudufk| vkrzq
lq Iljxuh 6d1 Wklv klhudufk| irupv d w|sh idplo| zlwk uhvshfw wr fodvv D/ wkh urrw ri wkh
klhudufk|1 Lqvwdqfhv ri hyhu| fodvv lq wklv idplo| fdq eh xvhg dq|zkhuh wkdw dq lqvwdqfh ri
D lv uhtxluhg1 Ehfdxvh ri wklv/ wkh dfwxdo h{hfxwlrq sdwk uhvxowlqj iurp d jlyhq phwkrg fdoo
fdq ydu| ghshqglqj xsrq wkh dfwxdo w|sh ri wkh lqvwdqfh frqwh{w/ zklfk uhvxowv lq gl�huhqw
lqgluhfw frxsolqj sdwkv1



Wr vhh wklv/ frqvlghu wkh phwkrg frqwuro �rz iudjphqw vkrzq lq Iljxuh 6e wkdw vkrzv
phwkrg I==d frqwdlqlqj fdoo vlwhv dw qrghv m/ n/ dqg o zkhuh phwkrg fdoov duh pdgh lq wkh
frqwh{w ri wkh lqvwdqfh erxqg wr r1 Wkh phwkrgv wkdw dfwxdoo| h{hfxwh iru hdfk ri wkhvh
fdoov/ vkrzq lq Iljxuh 7/ duh ghshqghqw xsrq wkh dfwxdo w|sh ri wkh lqvwdqfh wkdw lv erxqg
wr r wkurxjk wkh dvvljqphqw dw qrgh l1 Vlqfh wkh ghfoduhg w|sh ri r lv D/ dq| lqvwdqfh zkrvh
w|sh lv d phpehu ri wkh w|sh idplo| gh�qhg e| D pd| eh erxqg wr r1 Wkxv/ lqvwdqfhv ri
dq| ri wkh fodvvhv vkrzq lq Iljxuh 6d pd| xvhg1 Zkhq r lv erxqg wr dq lqvwdqfh ri D/ wkh
phwkrg fdoov dw qrghv m/ n dqg o uhvxow lq wkh h{hfxwlrq ri D==p/ D==s/ dqg D==u/ uhvshfwlyho|1
Zkhq wkh lqvwdqfh lv ri w|sh E/ wkh fdoo dw qrgh n uhvxowv lq wkh h{hfxwlrq ri ryhuulglqj
phwkrg s gh�qhg lq d fodvv1 Vlqfh E grhv qrw ryhuulgh dq| rwkhu phwkrg gh�qhg e| D/
wkh fdoov dw m dqg o uhvxow lq wkh h{hfxwlrq ri D==p dqg D==u/ uhvshfwlyho|1 Vlplodu uhdvrqlqj
dssolhv zkhq wkh lqvwdqfh erxqg wr r lv dq lqvwdqfh ri fodvv F ru G/ exw zlwk ryhuulglqj
phwkrgv iru p dqg u/ uhvshfwlyho|1
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Figure 3. (a) Sample Class Diagram (b) Control Flow Fragment for Method 6GG@

Wr ghwhuplqh wkh lqvwdqfh frxsolqj sdwkv iru d sro|prusklf fdoo vlwh/ lw lv qhfhvvdu|
wr frqvlghu doo ri wkh frxsolqj sdwkv wkdw frxog srvvleo| uhvxow1 Wklv lv dffrpsolvkhg e|
frqvlghulqj doo ri wkh srvvleoh w|shv wkdw wkh remhfw uhihuhqfh surylglqj wkh lqvwdqfh frqwh{w
ri d fdoo fdq wdnh rq1 Ghwhuplqlqj wklv lv vlpso| d pdwwhu ri h{dplqlqj wkh lqkhulwdqfh
klhudufk| zkrvh urrw lv wkh ghfoduhg w|sh ri wkh remhfw uhihuhqfh/ dqg wkhq lghqwli|lqj wkh
vhw ri ghvfhqgdqw w|shv G1 Vhwv ri lqvwdqfh frxsolqj sdwkv duh wkhq frpsxwhg iru hdfk
hohphqw ri G1 Irupdoo|/ xvlqj htxdwlrq +7,/ wkh pd{lpdo vhw ri lqvwdqfh frxsolqj sdwkv lv=

Sro|FrxsolqjSdwk +i> m> n> r>p>q, @
^

S

LqvwdqfhFrxsolqjSdwkv +i> m> n> lqvwdqfh+f,>p>q,

zkhuh f 5 idplo|+fodvv+r,,1
Hdfk sdwk vhw jhqhudwhg iurp d fodvv f uhsuhvhqwv wkrvh frxsolqj sdwkv wkdw zrxog h{lvw

li wkh g|qdplf w|sh ri wkh lqvwdqfh erxqg wr wkh remhfw lv dq lqvwdqfh ri f1

718= Frxsolqj fulwhuld

Hdfk frxsolqj sdwk uhsuhvhqwv d vhpdqwlf ghshqghqf| ehwzhhq wzr phwkrgv iru d vshfl�f
lqvwdqfh ri d w|sh zlwk uhvshfw wr d vshfl�f vwdwh yduldeoh1 Wkh vljql�fdqfh ri wkhvh sdwkv
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Figure 4. Control Flow Fragments for Methods �GG4, �GGT, and �GGh

lv wkdw wkh| uhsuhvhqw frqqhfwlrqv dprqj frpsrqhqwv wkdw gh�qh ehkdylru dqg vwdwh dqg d
zd| iru phwkrgv wr lqwhudfw1 Iurp d whvwlqj shuvshfwlyh/ zh zdqw wr lghqwli| idxowv wkdw klgh
zlwklq wkhvh frqqhfwlrqv1 Wkh qh{w irfxv ri rxu uhvhdufk lv wr wdnh wkh h{whqghg frxsolqj
gh�qlwlrqv dqg ghulyh whvw dghtxdf| fulwhuld wkdw duh sudfwlfdo dqg h�hfwlyh iru remhfw0
rulhqwhg surjudpv1 Zh hqylvlrq wkdw wkhvh fulwhuld zloo h{lvw lq d vxevxpswlyh klhudufk|
vlplodu wr wkh wudglwlrqdo gdwd �rz whvw dghtxdf| fulwhuld/ exw vwuxfwxuhg gl�huhqwo| wr
dffrxqw iru wkh h�hfwv ri lqkhulwdqfh dqg sro|prusklvp1

8= Frqfoxvlrqv

Wklv sdshu kdv lqwurgxfhg d qhz lqwhjudwlrq dqdo|vlv dqg whvwlqj whfkqltxh iru remhfw0
rulhqwhg vriwzduh1 Wklv whfkqltxh lv edvhg rq suhylrxv zrun iru surfhgxuh0rulhqwhg vriwzduh
fdoohg frxsolqj0edvhg whvwlqj +FEW,1 Dqdo|vlv zdv suhvhqwhg wkdw vkrzhg krz remhfw0
rulhqwhg vriwzduh gl�huv iurp surfhgxuh0rulhqwhg vriwzduh/ dqg wkh vshfl�f zd|v lq zklfk
wkh FEW whfkqltxh grhv qrw vx�fh iru remhfw0rulhqwhg vriwzduh1 Wklv dqdo|vlv zdv xvhg wr
frqvwuxfw qhz gh�qlwlrqv wr dqdo|}h frxsolqj uhodwlrqvklsv dprqj RR vriwzduh frpsrqhqwv1
Vshfl�fdoo|/ wkh wudglwlrqdo qrwlrq ri vriwzduh frxsolqj kdv ehhq xsgdwhg wr dsso| wr remhfw0
rulhqwhg vriwzduh/ kdqgolqj wkh uhodwlrqvklsv ri djjuhjdwlrq/ lqkhulwdqfh dqg sro|prusklvp1
Wklv doorzv wkh lqwurgxfwlrq ri d qhz lqwhjudwlrq dqdo|vlv dqg whvwlqj whfkqltxh iru remhfw0
rulhqwhg vriwzduh/ remhfw0rulhqwhg frxsolqj0edvhg whvwlqj +RRFEW,1 RRFEW fdq ehqh�w
sudfwlwlrqhuv zkr duh shuiruplqj lqwhjudwlrq whvwlqj rq remhfw0rulhqwhg vriwzduh1

Ixwxuh sodqv duh wr ghyhors dojrulwkpv iru dqdo|}lqj wkh uhodwlrqvklsv dprqj remhfw0
rulhqwhg vriwzduh frpsrqhqwv/ exlog d surri0ri0frqfhsw fryhudjh dqdo|vlv wrro iru wklv
RRFEW/ dqg wr xvh wkh wrro wr hpslulfdoo| hydoxdwh wkh phwkrg1
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