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A Feature-Oriented Approach to Variability Management
and Consistency Analysis of Multi-Viewpoint Product Line Architectures

Kwanwoo Lee’

ABSTRACT

Product line architectures include variable parts to be selected according to product specific requirements. In order to derive
architectures that are valid for a particular product from product line architectures, variabilities of product line architectures must be
systematically managed. In this paper, we adopt an approach to variability management of product line architectures through an explicit
mapping between a feature model and product line architecture models. If this mapping is incorrect or there exists inconsistency among
product line architectural elements, variabilities of product line architectures cannot be managed correctly. Therefore, this paper formally
defines product line architectural models in terms of conceptual, process, deployment, and module views, and mapping relationships between
the feature model and the architectural models. Consistency rules for correct variability management of product line architectures are
defined in terms of consistency in each of product line architecture model, consistency between different architectural view models, and
consistency between a feature model and product line architectural models. These consistency rules provide a theoretical foundation for
deriving valid product architecture from product line architectures

Keywords : Product Line Engineering, Variability Model, Feature Model, Consistency Analysis, Architectural Views
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» DConnectedccp(cl, c2):

T AE HAIEVE o, 7}
EE B4 AR AH Ao glow & gk 1
g gow AL uEE o4

DConnected ., (cl,c2) =
JrerenTyeren*((cl,x),(c2, ¥)) € CCC

m [Connectedcep(cl, 2): F Nd HAEYE I3} 249
of ZHHAR AABA Ayt TS wdk 1¥A

fa4

ow ARG W

aul

IConnected .., (cl,c2) =3, _, +Ci(cl)=c2

neN

C."(¢)=C.o0...0C.(c) (o:function composition)
C.(c) ={x| DConnectedCCP(c,x)}

m Connectedecp(cl, &2): F Wd HAEXIE cl, 27} A
T AR ANFE A om & wkgk o

97 gor ARL

)
°

Connected .., (cl,c2) =
DConnected ., (cl,c2) v IConnected ., (cl,c2)

m DConnectedycp(ml, m2): & 28 X
7} BE AFE #AE B dAEHY 9o

o
a8 o ARG wEsE §4

DConnected .,(ml,m2) =
EIstJ(mI)ElysPJ(mz)'((mla x),(m2,y)) € MUR

m [Connectedycp(iml, m2): + EE HIXYVE ml, m2
Abololl AN AAB/A Y st e wksh 1™

A o AAE wghele
IConnected, ., (ml,m2)=13,_,C,," (ml) = m2

A71A ' ClS FAEHA s AXUE x24%
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® Connectedyicp(ml, m2): & B% AXYE ml, m2 7}
AY £ HHACE AR AZdHe] o He v
3k a¥A god ARS wEkEtE g4

Connected,,.,(ml,m2) =

DConnected,,.,(ml,m2)v IConnected,,.,(ml,m2)

» Mutex(flf2): '+ 574 fi3} 27} 2& AFES AsiA A
g9E 5 9ls ), F& wEste 34 ot F 540
Zol Aded 4 gl 4¥E F 54 Alold sjgdd
52 gdAdg e A Aol Ao AfolnE oy
¥} o] Aot

Mutex(f1, f2)= (Ex(fl,f2) e CR)V (Ex(f2,f1)
Vv HXOR(Z,S)ECR S {f1, 12}

o CRe EA R4 Ao +4 739 gL 9nd
o (2138 #Z=2).

m Plo): Nd AXYE ¢ XE

® Blo): M HEVE o d¢ A%

m Feon(o e HERE co &8 54 I3
A x

d

" Fuyopm)hd HEVE mel t3d 54 I3
® MappedCCP(p): ZZA| 2~ E <

AxdE A%

MappedCCP(p) =
{ceCCPIM,, (p)=(c,[InfeF]

B Fppo(p):Z2A|2 AEXAE po] A4 dgd 54
FF Z2Ax HAFXUE pol d9dE Y HEIES

o UeE 54 9T 9

Foro(P)={f €F M ,,.(p)=(c, f)nce MappedCCP(p)} v
Feon ()| ¢ € MappedCCP(p)}
® MappedPCP(n): == AXUE pol| 33 ZZAx

AxdES] {3

MappedPCP(n)={p € PCP|3, ps*M ,,(n) = (p, [)}

" Fyop(n)i=t HIEIWE nol A3 dod 54 A
®E 3 2 AEdES )

Fyop(m)={f € F|M,,,(n)=(p, f)r p € MappedPCP(n)}
{Frro(P)| p € MappedPCP(n)}
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vclECCPvpléP(CI)HL’ZECCPHPZEP(L‘Z) .CI #

2 ((cl, p1),(c2, p2)) e CCC

lél
olof gtk =, el
A ALZHE oo WA, co BE LEEE ¢ of

W A9)sk feRAZ Aok Feh.
vceCCPvpeP(c)ElbeB(c).p € MB2P(b)

TE 2 TEAL Y ujA op7|E Ao A
1. ZRA2 ol7|dAjol AR g8 ZaAA AZXUE
7t & oA EAE u RE ZEAx AFXVEE
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2. WA ol7|dl A ME g2 X HAXUETV}L & 9
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oF Bk %, ool BE FEUE mio] HaH, ml
o BE 27 ddEselst e off mE FIVE

mle] & AlF e Folx 29 AABATE AHdf ok

gt

vaeMCPvileRl(ml)ElmZEMCleﬂePl(mZ).ml #

m2 A ((ml,il),(m2, i2)) € MUR

3 EE AXVEY AT 52 27 dHHo|~ Foll B
AIUES] 73 g5 A &= Aol glojof 3

o 2E AXUE mol dsiA, me BE

vmeMCPvinterfaceeRl(m)uPI(m)EIimpelMP(m) sinterface € M, (imp)
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TE 4 1 BHY Z2A~ B day
L B d AZHEE U§ Hv Z2EA2 HAXJUEY}
HEA] sl o] EAsoF gk,
V cecccp3percp o€ € MappedCCP(p)
2. AR & ZaEAs AZXIE 7k AABAT EA%
g o5 ZaAs HAIJUEd a9d Ay HEA

E Atolo] AA#AA T EAs)oF gt
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1. 703 #4 op7leA:

v/l,/zEUR, T accepcl £ C2A fle Frp () A f2 € Fpy(c2)
| — Connected,..,(cl,c2)

2. ZZ2A|2 o} EA:

Y 2l o Forsrercr*PLE P2 F1E Fppo(PO A f2€ Fipo (p2)
’ —(pl, p2)e PCC

3. wjA] o} 7] e A

Vfl%fZEUR’ o3, nencp 1 N2 A fle By (M) A f2 € Fypp(n2)
| — (nl,n2)e NCC

4, BF ol7|dA:

vafZeUR, 3, maencp P # M2 A fleF, ,,(m)A f2eF,,,(m2)

— Connected, ., (ml,m2)
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F= WA= Alloy 29
FeatureModel<

1. abstract sig FeatureModel {

2 F: set Feature,

3 R1: Feature -> Feature,

4.

5. XOR: Feature -> set VFeature,

6. Req: Feature -> Feature

7.}

8. sig ElevatorPLFeatureModel extends FeatureModel{}

9. {

10. // the set of features in the elevator product line
11 F = ElevatorPL + ECSService + Passenger + VIP +...
12.

13. // Aggregation relationship (R1) between features
14. ECSService.R1 = Passenger

15. ECSService.R1 = VIP

16.

17. // Required configuration between AntiNuisance and WeightSensor
18. AntiNuisance.Req = WeightSensor

19.

20.}

FeatureModel2- /37421 AIUAHZ AHox v oA
B ulel o]l F, RI, XOR, Req 59 =& 7[At F
= Feature 59 @8olal, RIS Feature?td] oz #A=

£ 23 EN XY 2Ly 811
A€t} FeatureModeld| = RIo)9ol% RZRSS #AL

AolE =], ol AW Ao RIF FASHA A9
Ho}h w3 289 AF3 XOR, OR, Req, EX 52 +4
T AL o]z FAZ AeHrt

ElevatorPLFeatureModels Az MlolE] AlFA Lol ot
54 RAEA, F & Aoy AL JFow Hofst
I (11 WA =), ECSService®t Passenger 54 Alo]eb
ECSService$t VIPEA Atele]l RI #AIE (14,15 WA &),
AntiNuisance®} WeightSensor 54 7+ Req 74 7482
(18 WA &) 4ot slojrh

olsh o] Ajuloly AFALS 54 2IE Alloy =
W2 olgdtol HeFoEMA, K4 md A B L
4 AZS FAY $7F Ae B opeh o AelA A
HE AEAL obrl9A mdste] duy 2L A% )
& wlRel f 54 2 A d@ dBd AFe
B oEpd WedlA MoltuE AFsAE @AW, ne
oA AFT op19A R ARy AZH FAT B
& A,

52 ;(.||§_74|od 7|.|l_=( o|.9|E1Ij(1 EEIIEl EII 7&%
AFAE M o1 EA(R ] Dot Ad HAEAE(E ] 2)
2 Alloy 292 Zdsd, the == gAlsh 2ok

1. abstract sig CComponent {

2 P: set Port,

3 B: set Behavior,

4 Fcon: set Feature,

5. MB2P: Behavior -> set Port,

6. MB2F: Behavior -> set Feature
7.}

8. abstract sig ConceptualArchitecture {

9 CCP: set CComponent,

10. CCC: (CComponent->Port) -> (CComponent->Port)
11.}

CComponent$t ConceptualArchitecture= g &4
o8 AFAL oPIEAE By T o AL F =
e vHehdH, 54 AFAE A olgHE Ao
71 A= olEE Fste] AostH Hrt
(¥ 2)= CarlnputHandler /13 ZAXJIEC] 3k A9
Alloy 2& o] &3t xde (29 svh)¥ UML &
&3 A(d AS B9t GarlnputHandler
AEE= deiwelH o] 71 viF-e ME 99& Aste
2 4 /e XE (CCBI, OSC, CTLI, DMO% F 7\
$9) HA(BI, B2)E X338t At (3-4 MA &), °l&
EESL 9] WA o= FYo XE &5 die (B 3 &
AZF MB2PS o1xl #A = Aodrt. = 39 Bl B2 44
< U e EESF MB2P #AR Pt (6-7 HA F).
w3 CarlnputHandler 713 ZAEXJE 58 54 AL
CarlnputHandling, CarCallRegistration, CarCallCancellation
o] EAES ety GHA =), 89 BI¥ B2 © 499
A Ad gl (Beld) o oJsiA ol 543 MB2F]
1 BAZ P (9-119A £). o1 9n& 39| BI

EAX CarlnputHandling® CarCallRegistrations &3k
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3 <<Ccomponent>>
CarlnputHandler MB2

<<Port>>
CCBI

<<CFeature>>
Carlnput
Handling

MB2F

- R1
<<Behavior>> F - R2
VR <<Cfeature>>

CarCall
Regjistration

MB2F
< <Vfeature>>
CarCall
MB2F Cancellation

ig CarlnputHandler extends CComponent {}

~—un

1

2

3. P =DMC+CCBI+OSC+CTLI

4. B =Bl +B2

5 Fcon =CarlnputHandling +CarCallRegistration+CarCallCancellation
6 B1.MB2P=DMC+CCBI+OSC+CTLI

7 B2.MB2P= DMC+CCBI+OSC+CTLI

8

9. B1.MB2F = CarlnputHandling+CarCallRegistration
10. B2.MB2F = CarlnputHandling+CarCallRegistration+
11 CarCallCancellation

12}

(32! 2) CarlnputHandler 7id ZEHEQS| X

Aol &9 B2E CarlnputHandling, CarCallRegistration,
CarCallCncellations 383 A 0% 7P 5491 CarCallCancellation
o] Ael oo wtebd BIo B2 & Sl st CarlnputHandler
AZXUES 9] WAz ARES Yepih

+ F= wWAE, dEjdleld AFEAG A olrlEAl
ELConceptualArchitectureZ 7328 2024, CCPE Az o]
B AFALE 13 Md HEAEES JMCarlnputHandler
9} GallDataManager¥3H 2 & Aellal (3WA %), CCCE CCP
o 4o /d AXUE 7] A4 JAR Adgtozn Heojd
tt 714, 6-9HA =& CarlnputHandler$t CallDataManager
HAEUES0] DMCS DMS LEE oM A2 44 A
< e

1. sig ELConceptualArchitecture extends ConceptualArchitecture}

2. {

3 CCP = CarlnputHandler+CallDataManager+...

4

5. // connection relation ((CarlnputHandler,DMC), (CallDataManager,DMS))
6. (((CCC.Port).CComponent).Port)= CarlnputHandler

7 ((CarlnputHandler.CCC).Port).CComponent= DMC

8 DMC.((CarlnputHandler.CCC).Port) = CallDataManager

9 CallDataManager.(DMC.(CarlnputHandler.CCC)) = DMS

1

=

Alloym®e 9ish o] Hol® A oplax wde 4%

& 4 %% First-Order Logic 71Wke] 22 9] E](Property)
2 Aod & 9 Adol= AEdta, st SAT &AA

4 BpE AFET Bebd, 2 i

oM, Aoy B4 ET7E olgdle duy 7L 9

& &

1. assert Rulel_2 {

2 all c1:ConceptualArchitecture.CCP | all pl:c1.P|

3 some c2:ConceptualArchitecture.CCP [some p2:c2.P|
4. p2 = c2.(pl.(cl.(ConceptualArchitecture.CCC)))
5
6

: check Rulel_2 for exactly 1 ELConceptualArchitecture, ...

I (ConArchTest) Check Rulel 2 for exactly | ELConceptualArchitecture, exactly 3 Feature, exactly 1... [ |[B][&]
Eile Instance Theme Window

‘ : ‘ ELConceptualArchitecture
OperationStateManager
MB2P: B_osm->08§
>

ELfeaturemodeliAdaptabiliy v EL v

(

|

2l 3) JHE op7|8N =dlo] HE A (73! 1.2 HE)

99 := HA= 13 125 Alloy 228 Ao o] &3}
of Aojeta (1-5WA &), o] 739 AFS s check ¥
Hg olgshe A6 WA )& dEhdrh (29 3)2 Ally
HAL717V ELConceptualArchitecture 2ol X Rulel _2°]
Zo] AAAA ghi= F& Zrol vkl (counterexample) S AJ43
gk RS HoErh o] At RAFE AL CarlnputHandler
AFUES OSC TEE Y& /Mg AXUE ZES oy
3 A4 BAY} QOB R Rulel 29 FE o] AAHAXA &k
o

Mg obEA w A B AFEE ohle Ay

oblEA e 54 2Y 7k ABde BEe SlaA
=14 01% ol gad Hrh thg 2= WA 74 018

Alloy 292 AoJatr] Sl F 719 AT (Predicate)
DConnectedCCP, IConnectedCCP9} 319] 4= C5 A9
sted AREE AL YERd

1. pred DConnectedCCP[c1:CComponent, c2:CComponent] {

2. some pl:cl.P | some p2:c2.P|

3. pl = ((c1.(ConceptualArchitecture.CCC)).p2).c2
4.}

5. fun C[J: set (CComponent->CComponent) {

6. {x:ConceptualArchitecture.CCP, y:ConceptualArchitecture.CCP |
7. DConnectedCCP[x,y]}

8.}

9. pred IConnectedCCP[c1:CComponent, c2:CComponent] {

10. c2 = clxC[

11}

12.assert Rule9_1 {

13. all fl:FeatureModel.F | all f2:f1.(FeatureModel.R1)+..+f1.(FeatureModel.R8)|
14. some cl:ConceptualArchitecture.CCP |

15. some c2:ConceptualArchitecture.CCP |

16. (c1!=c2) && (f1 in cl.Fcon) && (f2 in c2.Fcon) =>

17. DConnectedCCP[c1,c2] || IConnectedCCP[c1,c2]

18.}

PRt DConnectedCCP = 7 719 71d HEXJE cl
T 2 Abelell AHAQ AABAE s S wHEksta
WA IConnectedCCP &= cl1¥} ¢2 Abolol 7H49 A4
TAZE sk s wgket g e Ay d4AEA

Q= LE Y AZUESH gF ol wAS wEse

F2A, WATE [ConnectedCCPAA clo2FE] 422
olZ #AY] AHL&E Ed A" c27f EAeE AS wHd)

7] 1814 ALg AL olF FREnE 4ol Ruled IS Riol
A RS BAZ ol WE B4 f3 2o A, ol A
2 e g ARVE c @ S, 18 o1l 89
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1. abstract sig ProcessArchitecture {

2. PCP: set PComponent,

3. MP2C: PComponent -> CComponent-> Feature,

4. PCC: PComponent->PComponent

5}

6.

7. sig ELProcessArchitecture extends ProcessArchitecture {}

8. {

9. PCP = PCarCallHandler + PCallDataManager+...

10.

11. // PCC = ((PCarCallHandler,PCallDataManager),...)

12. PCarCallHandler.PCC = PCallDataManager

13.

14. // MP2C = ((PCarCallHandler, ({CarlnputHandler,..,}, Performance),
15. // (PCallDataManager, ({CallDataManager}, Performance),...
16. (MP2C.Feature).CComponent = PCarCallHandler + PCallDataManager
17. (PCarCallHandler.MP2C).Feature =

18. CarlnputHandler+AntiNuisanceController+WeightSensorIF

19. CComponent.(PCarCallHandler.MP2C)=Performance

20.

21. (PCallDataManager.MP2C).Feature = CallDataManager

22. CComponent.(PCallDataManager.MP2C)=Performance

23}

99} o] Ao®E ZzAA ofF|Elx o] HIME =
ZA A o7 d A rd }ﬂq Az Mg o7y md
% 54 mdze) dwy AFS $9T S Uk g
dAlsl F= HAE Ei/\ﬂi: ol7|elx] el zpAo] AwA

gl 13} ZE A2~ ol7|8 A9 /g o}7]E
d A5S 9% 744 428 Alloy RE9E2

assert Rule2_1 {
all pl:ProcessArchitecture.PCP | some p2:ProcessArchitecture.PCP |
p1l.(ProcessArchitecture.PCC) =

assert Rule4_2 {

all pcl:(ProcessArchitecture.PCC).PComponent |

all pc2:pcl.(ProcessArchitecture.PCC)|

some ccl:(pcl.(ProcessArchitecture. MP2C)).Feature |
some cc2:(pc2.(ProcessArchitecture.MP2C)).Feature|
0. DConnectedCCP[ccl, cc2]
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