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Abstract: The feature model is a reusable requirements model generated from the domain analysis. The reuse of
feature models is usually achieved by a customizing-based approach. One important issue in feature models’
customization is the verification problem, caused by the fact that there are usually constraints among features, and
that a valid customizing result must satisfy all these constraints. Because of the NP-hard nature of this problem, it is
usually difficult to verify feature models in an efficient way. This paper presents a BDD (binary decision
diagram)-based approach to verifying feature models by only traversing once to the nodes in BDDs, an approach
that makes an efficient use of the BDD data structures based on the unique characteristics of feature models’
verification. It should be pointed out that this approach does not attempt to resolve the NP-hard difficulty of the
verification problem in a general sense, but just tries to improve the scalability and efficiency of methods for feature
models’ verification based on the utilization of this problem’s uniqueness. Experimental results show that this
BDD-based approach is more efficient and can verify more complex feature models than the previous method.

Key words: feature model; verification; BDD (binary decision diagram); domain engineering; software reuse
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Pl BLAT 2 5 PR R A HR AR T — 4 RLAT B SCIOC R I SRS T SR RS A OC R AR 4 T oK B AT AN [RDRL
RN JZ IR AR HE AL ZRZ IR S5 0 i JE AR 0 R 2 1) (RS Ak 5 R T BLIE— 28 R 40k o Ak - Bk Ak LA
PEAE 3 PR FIX 3 P ARSI RS Ab 6 R 5 R HE R L 1) B0 E S AT T M I AR TR AR SO R AT B
FEAN A28

FRIE 2 A7 AE 3 PRI R n R, AR LR AL & A0 PRI AT A 44X 3 PR A2
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TOCAREARIEAE T M E 2 ARG R R 1 AW T HREAE el K Utk e SCH i
1] bound(F:Feature) 58X T HFFIE F 27540 T- #9852 RS

Table 1 Two types of binary constraint and formal definition
F 1 TICARMPF R R H T A E X

Binary constraint Formal definition
requires(A,B:Feature) bound(A)— bound(B)
excludes(A,B:Feature) —bound(A)v—=bound(B)

HAHOEIRAFAE T — A AEZ M ARG R AR 2 45 T 3 PR A 29 3R R B Ak s X

Table 2 Three types of group constraint and formal definition
F2 LR 3 FEE I RAILE X
Group constraint Formal definition
requires-group(A,B,...,C:Feature) VF1,F2e(A,B,...,C)-requires(F1,F2)

excludes-group(A,B,...,C:Feature) VF1,F2e(A,B,...,C)-excludes(F1,F2)
loose-group(A,B,...,C:Feature) True

AL FIESRAFAE T WA 18 2 M A RO R R 3 A T PRSI A LR b R A fk e I
FRB K 48 58 1 17 (binding-predicate) £ 4 H 45 H T AR B & X

Table 3 Two types of composite Table 4 Three types of binding-predicate and formal definition
constraint and formal definition
3 HELRMPIA IR R I A e X R4 GOEIRW 3 MR & ILE AL E X
Composite constraint Formal definition Binding-Predicate Formal definition
requires (p,q:Binding-Predicate) p—q Or (A,B,...,C:Feature) bound(A)vbound(B)v...vbound(C)
excludes (p,q:Binding-Predicate) —pv—(q And (A,B,...,C:Feature) bound(A)Abound(B)A...Abound(C)
Xor (AB,...,C:Feature) bound(A)®bound(B)®...®bound(C)

REAE BT o (1) 24 ROC R AT P PR — o pRRAE @A N 03 2 s N I RO R 50— i 2 FRARR AE 2 T80 1)
R C R B F= AE I A IO R AR 5, 1R B X 09 29 TG R AR A A — MRS G RE B W AN AE 7
REAE 1R 46 502 0 20U A8 T SRR HE (R 400 o AR 3t A2 0, B 4 SRR 4 400 2 1 15 0L 1, R IE A 4 40 2 1) T e
AR X PR O F R I O R I —Fh A4 28 B requires(A,B:Feature).

KT HFRAER I () BE PE A A7 U5 1T 2 [ SCHik[1,7,10] 55
1.2 HHEFEEY AY I8 IE N

NFEAEASE T B0 AIF 1) A 11 SR SRR AR A TR T DA 4 5 0y — AURFAE DL RO 4R A 2 (R AZAE I — AL AR G R AR
PERFAEGE 2 RAS AR R AR oh (KRR AE T DA R 28 3 NMEA B EES . CMBRES AR RES
Hh OHERAEAET TIE CEL T2 WS R, CMBRE SRS T ITE T4 M B R fr g sk 4R
A WELE T BT i AR A 2052 Y 3 R AR . — A 1 o R 3 11 2 0 4 3 30— A AF TR SR ARFAE 1R 40 2 IR A R AR 1K
A R Sk CLG6 i, 1 A U .

PATCART T AR T IR AR B 1) 3 4% HE IR, A0 SR T 21) 3 4% v DU A Aol v A, D) W B30 38 AR A A5 282 11
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von der MaBen F Lichter 755 S2HF AR B 5 UL il BEA PR Aty b 37 T — AN R G0 M R AR AU RS 2R e B 23 A

U0 ISR IO k3 2 B UEHE DR RO 7 A2 5 SHE R o AT S 0 S A R — B
GRRE.AE 5 4L T Bk 3 AR I U 0 TR AR AL BB (K R AR A AOR. O T Bk 3 4 TRk #E U DA R AR AE A 7Y
BB 73 SHE SR R SR A A B T 23 5 SCRIR 7,100, A SCANFEBEIR 66 T Lk 3 4% v UGS TR AE A 25 e o A 728 1) 280
A SO 0k 5 R Y A DA R AL ABE 2R (R 00 LR 7R U3 3 4 Y DAt il 77 AR LA 2R A6 i ) 8 (¥ R e 2 — AR 2
R FRAT TR Y 0 R S ] R T I A e S BN R AE AR 1) v K

Table 5 Three criteria’s effects on checking deficencies in feature models

5 3 KL AE N T AR AR 2R Sl B ) A R

Deficiency Number of types Result
Four types can be detected before customization.

Alfoial 6 Two types can be detected in customization
Inconsistency among constraints 4 All the four types can be detected in customization
Inconsistency among customizing decisions 7 All the seven types can be detected in customization

BRI 3 4% U0 UF HE DL T T A 2R e o P RS 7 Sl A 8 AL SBT3 3 4% 6 U L T R il A2 2k 1) 1 Bl A
S — AT PRI F 4 0T 5, ) L e R A A — A G CSP ), IR R S 2 FE 027X L n
R R ARG PR IR B AT — R P SRR AN 2 FNAEI 3 ] A A T LA A g5 — A
- JGCSP i) 8, HL I 8] 82 2% 3 o O™ ) JE T IR BT, bk 3 4 I vk U T M RS A T LA O 2n+l A
CSP i) 8, FLJIT 5 1RGN TF) 2 2% B2 24 O((n+1)-2"). b AR SR IBURE L adk 3 2% E JU) 5 B 3 4 41 24 2n+1 ASCSP i) &, T %)
X e CSP ] f 1) T 355 A2 1k R A T A A A R T 2 AN — Bl R T B
1.3 ZHREE

) Wk P (BDD) A B R R A1 R bR B s 46 TR B0 4% b TRt A T o S 2 3k X AT A A
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YR FRARRLASE K (1 o .

25 58 A A B0 4 AR 50 DL R 3R E S AR 1 — AN B ) LU — A 8 — 4> BDD. 9l G 5 T R A
K (aob)A(cord), K H A & (a,b,c,d)F1(a,c,b,dye 32 1F) BDD 43 il it Bl 1 v (1 2 3 A0 4 8 B . v] LA 31, — A
BDD A £ R R, 5 — 2 T W 45 SO N T R IR R P ) — AN AR B A — AN R S AR T 4 8
T true 43 3 (B H s i Sk 1) S 2R) R false 43 S (B Hh s i Sk 100 R 2R) AH T B2, 40 Sl 2 2% X1 T 45 pSORE 1Y, FF) 7R B I AE A
true 1 false f¥) 7 FiriE 1. BDD 1B/ J2 A5 true F1 false AN &Y i, 43 T X6 B 24 Rij 32 48 2 18 U EU(E A true FT false
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e 5 M BRIk N R AR B 5 BDD 45 s MR R 5% MK 2 BB — AN 24 1 A% B I K S 3
Xt BDD 2% W 0] fy S 25 488 0, B4 28 DA by A 25 18] 1) sl 19 4 TG0 e B g 57 BDD. IR B, 4 i % B — AN A 1
AR 5 A 15 = A2 (1) BDD 1945 s 82 dp />, 2 £ 57 BDD WY B 5652 2% 8 1) — AN ] 7.

Fig.1 Two BDDs corresponding to the logical expression: (a<>b)A(c<>d)
K1 wiERIEX (aob)A(cod)X N H## 4 BDD

H AT C 4 1R 2 i3 1 BDD I KA (191 4 IDDM). I ek HF 2 A 1y 11, ANASL A AP 32 54T 75538 1 ¢ ok X e
JyBDD, iy H. 7y EA5E 8 e 2 (1 BDDia S AN 1. 5% T-BDD A S PRI A 25 1] 2 [ SCHR[12-14]5%.

2 ETIZHRKRERSFIERELIE
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HEATHIF I, 4% B — ol 58 1 280 10 5 300 R S R AT B AE A AR SCE IR 1) 7 925 7, R T BD DA Ay i 2800 6 AR A A 78
(1 1L DR e A TR A R 2 B0 A S 400 )32 I T, R A W1 4 v T4 S A T 7 4 T BD DR A
A 20 T S % T R A A 20 (1 5 A 2, IR 45 4 BDD IR B A Ik T T B T — 8 e 2 1 S IE v A
JEAFEPANEE 73:(1) A FRAEAE AL d 57 BDD, K BDD ¥ 37 /57%;(2) /£BDD L4 iiF e iE AR 2 BRI BDD (¥4 1 7
P RS 15y X RIS L), 43 ) (1) 7. BDD I R AR 8T 2 A4 (2) 2 57.BDDI &
BRI SR A L S AT 2 AX A ) 70 Ak 3L 1) 44 22 15 5 5 T 538 W 460 31F (19 280 (H{E BDD IR 7 1 BF 5 3
TEIE X T A IS FH 8y HH 33K A il A0 e 3 gt TR, AT S At ok R A 20 36 90F 33K 245 7k (¥) BDD . FH , 0 201 78 43 2% FE 5 i
TR IR ) 5 R Rl L, 3 AR X A 10 R, 4 8 PRI 1R 5% 1) 36 A2 BDD [ A FH 77 v b R HEARE Y 1) 3600 5 — M 1)
AR A% i R A0 e A Ll 5 g 5 2% 0 7 VR IR 3 2 30 4 K e R IR I i

KATEVEAN IR IL T BDD M AEAE B 50 F 77 70 A AT SC AP A2 7 BDD HISEA M & R R B, R T
D5 5 BR AR A 15K 1 S5 A 4 fel 4 FH| BDD BSR4 FE AT SR IS F 8 ik BDD (% N
2.1 HEERIEIE AN A E

RFHERE LK) 3 4% 56 UF ¥ DU 2 K4 SR A L6 I ) 850 1) AR Bk 1k 2 — BT D 3 s 2k 2 R BDID Bt 45 ¥4 1)
BT TS S RN T — B SRR AE R BDD &5 551K Y g B BEAS A 3K 3 4% v U 75 A
5V

AERFIEREAL ) BDD L2 G A Bl R 0T MU 1 FF) 4 i A 2 (0 G 2 A ) 7 5 L 22 BDD (AR &S A 2 H
Pz 4z 3] false 45 50,708 ME T 1 3 2 i F2 10 DR R ) 1 P A 560 240 RO 3R 10 w3 A2 e, T R 240 SR OGRS Tl
T IS G TR S b N [ LG 22 I FR 0 4 TR X false, BDD WK 1% ELAE 36 1 45 WL & —A false &5 4, 5T L
WA BDD AR SS AU TS EHE R 3 false 45 st i X v ) 2 FUAEIN 3 (1445 396 i A% 1¥ A 5 W) 75 2@ i % BDD 45
PEAT — Y I 2 RS TR I T A Y LR AT AR 7 11 A S AR

X T ANRRAE AR TR 2 % 7 FLAT 0 s 10 mT R, AT L AR A U B (4 BT T BDD 45 K true 4332
JEAT AR HERIE R T false 45 a5 B (W 2 25 3BT AR) 0 S A2, )3 W AR AE L0 2R 25 T AR 0 1 T i, B, ok U 2
AT A L T U AR A A R B AT R 0 S N T RE M R T ANERAE B, oA TR A R A LA I 5k 11 T R
P FRAT LT SR T Y (T BDD &5 41 false 40 S0 AR AGER R T false 454 LK 2 A PIR):
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e X e A e Y e X e B e Y o
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Fig.2 The idea of checking Criterion 2 and 3
K12 HEN 2 FIHEN 3 A & iErn &

A TAESEVER b SEIL bOR R 07 1, AR 5 255 18 BDD A7 A1 5 R Ty S G L B Ry S E R T
TRAIE BDD (¥ ] 1, 3 loRS fi] 1 25 (8 454 52 (122 5 45 A BDD 45 B3k, AN T 32 S50 L 3B A 25 5 k1) R 2 1 3
JE7R T IZFEI)— Bl Ot AE & 3(2) BTz 19 BDD HF AFAE A [RIBT A A2 BESS KRG true 2 SCHRIERE R T false 45 40 L,
EE VIR BAT BB 11 n] . BULFH G DK B AAE T 70 SCE B TR AE A BIRAE N AR AR AR A XS ) —
NG AMER T A SR XA R 1 45, B AT G 2 A L1 3(@) s i) BDD A HAFAE LA (1
BDD, I & 3(b)JT 7 (1) BDD./E3X 4> BDD H1 AL A 1A FIT A7 22 B 45 s 1) true 73 SCOF AT 4 i #2 21) false 45 ki L,
DLt e AT AR AT B 0 5 1T e FRATD 5 AR S0 v 2 B B 03 SOR T IR R 7 T VA IR B, AT A R A 7 4 R
(RIHER TE.

X A Y X A Y
t ! I ; I
True
*‘The elimirjated node‘
A BDD contains crossing paths Redundant representation
of the BDD in (a)
(a) (b)

Fig.3 Crossing paths in BDD and their redundant representations
K3 BDD " i g 3 U AR R R T R

ET LR BAVIFET —F A TN 2 fvEN 3 fEZ EER WAL L P, 5% Node
get_true_branch(Node e)if [1] 45 s e M3 true 43 3 BT i 2 1) ) — A~ 45 A4 B 8 Node get_false_branch(Node e)i& [H]
£ 05 e WL false 73 S0 T BE M b — 45 55 B %k Boolean isNonCrossedLayer(layer)ig [F] 24 /i = layer j& 75 f74E
B B0 S IR S X 3 ANERBUE A ST BDD I R Rk IR i R 3 )R AR B isCriterion2Violated Al
isCriterion3Violated 43 il & 7R HEN 2 FIHEN] 3 /215 438 48 & violatedFeatures 77 fifi i35 ) E U 2 FIHEN 3 [¥14E
fIE 44 7 KL B3R [9] 1) violatedFeatures A& 75 24 2%, T 2 WARF A0 A 280 2 75 3 S v U] 2 FOE ) 3.

B 1 PR G0 UE VR ) 2 FOVRE ) 3 Fr A A B

B\ R IEAR 2L ) BDD;

o S E D) 2 FTAE N 3 AR IESE A

Verify(root){

Set violatedFeatures=J;
for (layer=getLayer(root) to getLayer(0)){
if (isNonCrossedLayer(layer)==true){
isCriterion2Violated=true;
isCriterion3Violated=true;
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for each node e of layer{
if (get_true_branch(e)!=false_node) isCriterion2Violated=false;
if (get_false_branch(e)!=false_node) isCriterion3Violated=false;
}
if (isCriterion2Violated==true||isCriterion3Violated==true){
featureName=getFeatureName(layer);
violatedFeatures.add(featureName);

}

return violatedFeatures;

}

2.2 1S ERE S REEIWESL
5 Cq,Co,...,Co st FRIE AR A5 i — A RS R K BN T A A B Z R EX WAz CLIXA
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BDD £ raih B4 BRI 29 R 5 R 57 BDD, ARG FR44IX 46 BDD L5 i 1 4b S w2 SRS 16 6 &
ff) BDD I EAA I, T 77 4 S8 48 I AR A 7Y (1) BDD, & AR5 TR AL R A rp () A i s .

SR LB REAE BT () 5 AR A J3E A0 50 3 73 TP by 2 SRS AIE A BDD )32 40 A8 B T

IX HL AR B A Fi R AT 2 1) 30 T RS 4 DG 3R T B PR IR 5 40T SR S 1) 2000 SR 2 AR AN % BB A G R ™ AR I 2
WO ARG B0 R 0 1L IR S 7 (R A S BDD HL A 4/ (K 45 i B I T, B Tl o A B AR R T 11
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Feature model Constraints . Two BDDs
(@) (b) (c)
Fig.5 Smallest BDD corresponding to two feature trees

K5 PURRAFAER X Y ) 2 /) BDD 713451

A2 E R A 7R B KA OG 3R 93 30 T B A LG R, 1 250 A AT 3O R K 15 MU 7 BDD, DU — 2
BOUE AL IX AN 70 v i TR 1 (AR BT, G N7 1Y) BDD B 2 gz /N 1) A — R AR A A AR oy A7 E K s Ak
KA A L AR RIUY T A ENTR AR KR AT G PR T2 BDD (KU A A8 BOR M S 1 4241 1
BDD [, 5 BIARR) 7 D0 JLA (10722 A B e O AR AH 2 e IR R RS K I 4 56 R B BUR A SROG R
B ER LR W IX LA ROR R BEAT A K 3 30 BDD MUBEAE RS — I ZU 0T 46 nT AE 52 48 B T K AR IR S 00 T, 3R
W 1 AE— € I 22 T IR BUBIER A A AR RREE b SR 1 B IR T BDD IR A A= SR EU% I K AT g

SR 1R T A R AL, B AT e A ST AR AE ALY BDD YRR /N 2 A 4 A S 2 W2
XV SERERE I, B, B ] SR EL— AL 1K) BDD 5 I S, NI B8 )R] M gt/ 1] 45 2R (0 FUASE.

M 248 Y RS A6 O R BN 527 5 A Ry R AR AT BDD R BEA 153 I L.

X AL, AR AL O R T R 51 S R i E— AN SORFAE LT AT R0 i LA R SRR AE 2 1] 4 RS A6 5% R T B
SR X P S 1) 0 R AR AT BB A R AR E A ROR R I DR B I 5 S L BT X T 4 (1 BDD, A&
Ja XX L BDD HEAT 5 I (K77 3, 26 A 1] 5 R KRB /).

A

B Cc D

Fig.6 Parent-Child relation caused by refinement

K6 kSR R A1 S K 7 4

G 6 IR T, S 3 MR HIX 3 ML LR 2N 3 MY H K R 544 B requires
A.C requires A,D requires AR 4T g L4 E AR BDD () TAE &l it & ) =28 T — AP Al 45 3 BDD, itk
p.ILAE B AL BE Bk 3 44 E LSS A1 BDD,iC B requires A ¥ BDD 4 x,C requires A ff) BDD Jy y,D

T3 MU SR xy,z BIF A g R q B p B IF BATIOSEERR WIS 2 Rl (12K a1 MEiimfe 2.
P IR ALEE B A T IR R S 2.

© RERREBERAIISTET http://www.c-s-a.org.cn



92

Journal of Software #4+% 4% Vol.21, No.l, January 2010

BDD A AL T-5E P 11 3% 3fe, B AR o3 28 &5 AR ) (A TRl A 9 BT 5 5 BOR R o AR MR G &
Haw Pe I, SR 2 K IR PR 32 BDD BB [ AR A A 2 [l A

FIH ST 4R 0 8 S 2SR g FIBDDIT & A B 2 1, 25 5 49 B g v R AR ABE 28— S e 6 P P 00, PR At A R D
% 2.3 Build g8 #0134l MakeOrder,BuildRefinementsBdd #1BuildConstraintsBddix 3 /> b $ i1 5 Hh
HERE R ) BDD, I #4 Hi ik 0] . BDD.createBddVar (x) 2% 71~ 24 x i 37— BDDiZ #4¢ #: BDD.andTo(x,y) % 7~ #£BDD I
Sx -y £ BUGE 5, 9 75 BR BDD(x) %71 o 32 4 % 14 :Ux 37.BDD,iX 3 /N %44y BDDIT & £ (1] 4 JD D) 42
AL R A5 1 $E 1 . getFeatureTrees() bR 2501 [ 45 AL AR 7R vby i A 5 AE B (14 getConstraints() B8 53R B T A 278 A
MR ZT G 2R IX P bR B R R AE AT TSR L,

BoE 2. dTRHIERER SR I

i N AR AE AR Y

i 4 AR AE AR K BDD.

Build(featureModel){

for each root of featureModel.getFeatureTrees()
MakeOrder(root);

BDD refinementsBdd=BDD(true);

for each root of featureModel.getFeatureTrees()

refinementsBdd=BDD.andTo(refinementsBdd, BuildRefinementsBdd(root));
BDD constraintsBdd=BuildConstraintsBdd(featureMode.getConstraints());

BDD bdd = BDD.andTo(refinementsBdd, constraintsBdd);
return bdd;

}
MakeOrder(root){
if (root.hasChildren==false){
BDD.createBddVar(root);
return;
}
for each child of root
MakeOrder(child);
return;
}

BuildRefinementsBdd(root){

LinkedList queue=J;
BDD refinementsBdd=BDD(true);
for each child of root.chidren
queue.addLast(child);
while (queue.isEmpty()==false){
Feature cur=queue.removeFirst();
BDD tmp=BDD(true);
for each constraint of cur.getRefinements()
tmp=BDD.andTo(tmp, new BDD(constraint));
refinementBdd=BDD.andTo(refinementsBdd,tmp);
for each child of cur
queue.addLast(child);
}

return refinementsBdd;

15 S5Em 1 R #2537 BDD 38 4 A &
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}
BuildConstraintsBdd(constraints){ IR RN D3 B2 23R 56 R 57 BDD
BDD constraintsBdd=BDD(true);
for each constraint of constraints
constraintsBdd=BDD.andTo(constraintsBdd,new BDD(constraint));
return constraintsBdd;
}
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Fig.7 Feature modeling tool with the support of modeling, customization and verification
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Table 6 Verification results of various sorts of conflicts (Column “Feature model” and column “Verification
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result” are real pictures cut from supporting tool, please refer to Fig.7)
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Fig.8 Feature refinement view of the e-mail client software
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Fig.9 Feature constraint view of the e-mail client software
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