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¥t - ®CNF (Conjunction Normal Form) design > — % mutant &_
#7%B#HELTF CNF clauses * 0 i occurrence FRA% T &
(positive ) / #t#tzc i (negative) [/ & ¥4 F w (negate)

¥t - B design 7 property RB|- E - & CNF clauses ® B % & &
design AND A= k # 3| v CNF ¢ #_ Boolean satisfiable - % —
mutant ¥f#73 property #%4_ satisfiable > R4 mutant 5 live -
Bt AR BT F s F A live mutant h7 2 0 4% mutant /
property £ J design sdFFARE %0 £ 4k < 9 input testcase ¥ 14
#Fy iﬁeﬂi« $8 4 £ mutant-property pairs I & 3| < % 4 e live
mutant > @ A A 4R 531G 90% 7 live mutant 5 Az {6 L B H
% f84ci# > 72 (trim, Grobner basis) > % & SAT engine %35 41 4] 3%

4 &1 live-mutant °

s

-~ BA
2.1 B4y it
¥ - i CNF %3t D> &%
(1) # ¢ - ®#H97F  occurrence X 5 positive > 2
(2) # % #H¥T3  occurrence X & negative o &
(3) H % B3 occurrence & w (negate )
» i %t CNFclauses # #0357 %> @ ¥ 3] - B A7H CNF -
RIfLiz - BATH CNF 5 - B "mutant -
- i T Property ; 7= % — B CNF clauses > ® 7% ¥ 4% {92k
3+ D - 4= conjunct (AND) 4= % - it 73 2 4 — = % #c assignment
BB CNF 5 true>~ I‘]*u—fn'\;m? ™% & Boolean satisfiability
it e



ATAEe A2 (REPR P > T_& 7 mutant &0 live £ dead ° 4%

- 1 mutant ¥t #73 0 property 4 B[4 AND i 4% 3R

=i

Boolean satisfiability #2738 » & i geffiz B mutant 5 live -
Fzoo R &G - % property £ mutant fE¥t1S & 2 5% ¥ Boolean
satisfiability » P #C2* mutant 5 dead - I £t property = L#
i¢® mutant % dead 0 " witness -

%%~ R design D> 14 % iFF % & iz design - ik property
set P={ Py, Py ... } frd & design #7# 3| - £ mutant set M
={ My, M,, ...} AEEP mﬁ*ﬂ‘bﬁ #H 41975 live ¢ mutant o

2.2 #R R FE
i * minisat ¥ % & % 7 SAT engine ° éi%] > mutant 71 & %
property 7| > i F - g R4 A e live ¢ mutant
&> 2 (VA1 * S8 ) ¥ 5 01 mutant-property pairs solution
RIS R EFET T BN R T

2.3 % ff it
¥3% ] 47 input testcase (design 1) » T 3 @ * e cut 0 B &
* naive solution A f##7% =7 mutant-property pair - #f {= apF
23 1§ igE testcase PN A bt B RS o
M ¥4k~ 0 input testcase 0 * cut ¥ o el p f]&é‘%ﬁ«’ 2R
4 £ mutant-property pairs I % $] + $8 4 0 alive mutant > %’ﬁ's‘
SAT engine g B4 > f2 @ ¥R A 7 design-property » 7 12 &S A 48
M5 IE 90% 0 alive mutant 5 fiz 2 (6 L B * A fEAviE
(trim, Grobner basis ) > % & SAT-engine X 3 11 #] 7 38 4o ch

alive-mutant -
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The Na'ive Solution :
- BEBRE R (Fry & T EILE ) i f}‘u%ﬁ £ pairwisely
¥ = B mutant-property pair & 7 5% #F 0 ﬁ‘%iézr& Problem
specification #f3iei :
foreach Mutant M; e M
foreach Properties € P;
if (! SAT( M; A P;) ) declare M; to be dead
I witnessed by P;
if (M; not declared to be dead yet)
declare M; to be alive.
H ¥ SAT et s 7 11 % SAT-solver kif = o 2@ » &tk ius A
~F v Mutant & Property fo/ design B @ (Mutant ¥ ¢
v & design 4p £ - i variable - property f= design & & & i
satisfiable ) » ¥ €45 i B FPQ ¢i* 48§ i¥— 4 SAT problem 7jf# o
T BE R BB R 2R TR H_A Y54k o0 one-to-one testing (& e
153 incremental 2 #gehicit )0 @ £ F ki e (Mutant fo
Design R ehbd %) 22— & cut (Fi5) R4 @ 30F | @ AfEF 2
& 77 SAT Problem ; ' 2 12 - 2 g T iR SAT A PR {T ek o

Tgfgﬁ LA LA B LT PR TR B 2EAE 2

Notation:

I RERTRFEEARE AP E- B MutantM ¥ 2 - B
pair (x, type) k4 it > & M H_d R design D # #73 ¥ #]c x
occurrence X 5 positive I3z 1T M(x,+); & 4% X & 5 negative >

T iE M(X,-) + £ 2% x & v (negate) Bz (e M(x, —) °



T % - B CNF pair (A, B) Ef.f@iafr%{#c A~B & B CNF % # AND
4= % (conjunction) - # (D, P) AR & i CNF feX # property P
18 AND 3] CNF o

BAALD A F L T design / mutant size F F A 2EE 2EF < o

FIS

% % Bz ch property — 4% size i) *% design (clause#&p > )

I

- 1 mutation variable %3 ¥ & 12 ~/X 3 & property clauses ®
oo ipth e T > AP U B
Observation 1
4 & — T mutant-property pair (M, P) > & Mutant 5 M{X,*) * X &
P ¢ ix3 twizi® clause 13R-78/iz i pair (M, P) i&{7 SAT %
% 2 g H_ satisfiable o (2 7 gt B M(X,*) & % type ¥ 12 &_ positive /
negative / negateix — & )
Proof:
d 3t iE - property P fe/r design D & 4z k&0 pair (D, P) $8¢ A
satisfiable> 7= " % - %% B % #H assignment S: V — {0,1} (&
PV % variableset'S T V ¢ & B variable ¥ /&3] 0B~
shph it ) R ES iE (D, P) {5 § & SAT o
c A BEI - B Mutant M(x,+)» F x * & P iz clause
P R4

1, V=X
S(v), otherwise

5'w) =
PRE-T LE I ST 6 % B pair (M, P) e £ Mg AP LY R
“t3 3 X i B variable v clause - ¥l M & positive type
2P P rRAM X Flt s x & (M, P) ¢ ¢4 occurrence

‘%’K:‘% pOSItIV@X(ﬂP/)Z”ﬁ_,x>oi\ —I}]:‘é"lli-s, g S’(X):l’ﬂﬂ'b



% x 7 clause evaluate 4= k% 2 5 true - ¥ B4 (7

k3 kST X kR ST = () Tl

clause evaluate 4= % ¢ fv/a £ S(v) * » (D,P) &% 4pk - *

s 7 x) 1 clause » =¥ clause % #fvm (D, P) ® 7 clause

B4 S E_ (D, P) #h- @ valid assignment » #ci% 2 ;

clause evaluate %%~ & T35 truee F& M+ > F - B S'(X)
A_ (M, P) - i valid assignment > M(x,+)

¥ Mutant M(x-) A58 M(x+) F s ST Ak x

P

—\

E3RK 5 0 (false) o Mty fiis 2 5 alive > 1477 ijfﬂ

*

-~

Y
o

« BBt - AHIRE mutant B M(X, —y 0 PR e R B H

pair (D, P) - i valid assignment & S> 782 & S &

e~ (—S(W), vV=x
S'w) = { S(v), otherwise

S ¢ X BEMSE S Papk o ¥ H R EC] o

9
Bw BRSPS L pair (M, P) - EP g FHREAY R

¥ x £ clause ° ;L E Ild >t property clause® #%iZF x o f

design clause * x 7 occurrence 4% negate > Flit (M, P) ¥

o jT-lJ'L‘ k)

chiz it clause evaluate 4= k& T & R - & (& true)

clause R F z @0 7 > B % 2 &R AR L true o =¥ mutant

M(x,1y 7 i3 3% & assignment S’(x) € i% &_ pair (M, P) e

d ¥ e & M o mutant type % R 0 R & mutated variable x

X F w3 property P ¢ d 3R 5 7RA- mutant-priority pair (M, P) &

¥ % satisfiable (2 AP 2 Frgd et S 4 LA )om



BT ORIR IAEP %0 Property ¥t R design 38 AL satisfiable
¥ mutant BT 7 % SAT o 4 g I satisfiable solution i # 4%
SAT-solver ¥ rzvt g Pecnf? 3] (v“ 42— & UNSAT 7 CNF) > 3 i
B 3F ¥ LA f2 0 R design property pair (D, P) =7- i assignment S >

RE A FIIEE mutant #3700 1% property shfiE o e I
N
=3

Observation 2

¥+ - B property P £ & design D ° 4 pair (D, P) - % valid

assignment 5 S (% d SATengine f31 )o ¥ ¥ - mutantM :

1) # mutant 3 M(X+) & S(x)=1> | pair(M,P) = % SAT -

2) & mutant 3 M(x,-) = S(x)=0- B pair(M,P) = % SAT -

Proof:
APF AT RF - AT T mutant & M(X+) E S(x)=1-°
e ERS S=S B S & T & L pair (M, P) B Fl4eT o
4 J&*t3 property clause > & ** property clause ® 7 x E7 €44
sede plen (H s variable § 22+ 3 € ) Flt i (M, P) ¢
property clause * S’ ¢ evaluate 2% T2 hALpk( 5 true)e
£ % & mutantclause * £ ¥ x fr —x FEHL x 7B 0 A S(X) =
1> #iEi®3 x ¢ mutant clause 3% ¢ evaluate 7 true - # &
clause &% % % (5 true)e &7 4 S(x) & &_ pair (M, P) » mutant
M fizfmT 5 live e
%= fAFA; 0 T mutant F O M(X-) £ S(X) = 0 & % - A5
2o ¢ assignment S'(x) s 00 H i A &t“,ﬁ&% R U
e v EDEHRE pair (D, P) # 30 assignment S 0 F
- mutant 3 M+ T S(x)=1- ¢ mutant & M(x-) £ S(X)

=0 B2% mutant % 5 live o m



42477 4o 0 F & oassignment ® — B variable 3 0/1 s F
5 &L > @ mutant type £_ positive / negative / negate 85 5 &
1/3 (F mutant type E5E#H A2 ) kT o P BB RH T T
dicut T4 (2/3) x (U2) = U3 ARG sk (F gl

A% B mutant-property pair 5 SAT® ¥ W B d&* S (Fi]- e

assignment ) o = iru{;m s J1* E B ocut X HF UIFH RFEa

mutant-property set #git 5 2/3 °

BisBp - B ARG (F2BFRL) LBRFED cost %]
reif £ 87 - #Feahcut:

Observation 3
% mutant-property pair (M, P) :

1) % mutant 5 MX+) T P ¢ #T3 x £ occurrence

ok
=
k'

positive x > B pair (M, P) = 5 SAT -

2) % mutant 3 M(x-) ® P ® #t3 Xx 1 occurrence 3% i

)

negative x (—x) > B pair (M, P) % 5 SAT o
Proof:

Trivial - ¥ & A V.,]J aSS|an :‘;_ 1/0 F¥F o -

MG ocut eRA o R E < E % SATengine B 45fE CNF 2o o
¥ oL % it observation k2 % 43 542 &P ,Tu'f e %
€7 mutant-property pair( 3-8 2_ {8 F 1¥38 4 ¢ first-pass ~ third-pass )’
£ B o¥5 B pair {7 SAT-solve e

v & SAT-solve %4 > 47 37 % 22 7 00 F Eecie SAT-solve 1

BRI A Ry A2



Method 1: “trim”

B A A% T property / design CNF * % % ¢ 7 — & correlated
variable > 7+ 3 A % U fr v BE U=V & u=—vo P EFEE T Y
F R IE RO AT Y P B P E AT (TR v v
¢h occurrence FREF A U/ —u) o B PR (T SAT-solve § $37 %
SAT g i 5 §l &4 > F15 ¥ 32 a 3 SATiE (738 & &2 ik P 7
M e
BRTETE L BHRenB R A ¥ L [ H 08 CNF clauses® 7 5]
P RdZen™ 040 o F] L CNF clauses ® 7 3% % >t s [ variables
¢ clause * — # variable 7 clause ﬁﬁifﬁ ¥ T E #& designate % i %
# i true / false » “f—i T clause 2 f6 > AP FE T EIEE T H
T3 % B variable 0 clause (4T f % bi-clause) Xk EF IS B %
B & oo
- 1 bi-clause (u+v) * & FHF E - B imply B %> F—u=v fr
—V=>Uu° Y gF 3 3 B bi-clause (u+v) fo (—u+—=v) > B3
UV 2 —veou s ,T*u{ v=—u! (F®4c% 5 % B bi-clause (u
V) fr (mutv) F BT OF e B E g s il A gtk
sk B bi-clause I 17 3| % # ' < correlation > 235 ¢ T%? DR AREEN
fﬁf{‘ﬁﬁ’ir’ SAT-solve #1737 PRy o

— 2

T AW R iAo e g (F i eniTE o

Algorithm for method 1 (trim)

R S R :]‘*u{ﬂ % B clause 2 pairwisely & # i £ 7 &k
% bi-clause > A { FTPFR|F 3R — B B 5 bi-clause (u, V) ﬁ}a‘ﬂ 7%
v £ occurrence FRHE R * U A oF e ed 3 F E e clause #cfr

variable #3824% 5 > ke iTE AT 2R T 2§ 2 O(|clausef



variable?) » Fl4t % & — B g e chiTE o

BEAFE-H %Lét%—i “7% single-variable clause > i x4 > - B
single-variable-clause (V) i}“' % v £ assignment % T & F_ true &
2 P false o iz & {8 > #7F min-sized clause #%4_ bi-clause -
FTRESNME clause r AP F U F — B oset Kizdky D
clause (u, v) > & #>t=& B clause 4 set # o &35 & 7 B clause
(=u, —v) > F 45 1R LAS G deduce relation v = —u -

PPEEAP TR L ATYTF v/ v 0 occurrence & U T Ak A A
RF AP E EiER e Tt Edne F  disjoint set 7 union / find
HrkEad o

"B RARIE T - AL S - & Ttrim iteration j o PERFAE SRR 9 5
O(N(IgN+ ) )>H # N 5 inputsize> ¥ N=0O(|clause| + |variable])

2

a = disjoint set ¥ =773 7 inverse-Ackermann function - % iz i® &

I jnput size (-] >+ 10%%) = A AZIE 40 FARLG Rl W -
BEAR TS G- w2 18 Ttrim iteration ) & 0 Vv € DR
% e single-variable-clause / bi-clause » F]yt 2V 7 ¥ 12 2 ¥ & 4F 38 (7

trim iteration E | input CNF & £ @ T3 -

Method 2: Clause Learning with Grobner Basis

F 3 Hpd > w2 Grobner Basis % # Clause Learning > 3% i
F ¥ 4 minisat ¥ 4c » Grobner Basis fFE B i kBN M4
Clause Learning ° 7 i » 2% i #79 ¥ GrObner Basis 3 4 &>
TG HFRRARERER - F SR Ad Tl &% Grobner

Basis &t Clause Learning °

! Christoph Zengler and Wolfgang Kiichlin:
Extending Clause Learning of SAT Solvers with Boolean Grébner Bases



http://www.springerlink.com/content/m877j12577u25v35/

mpFReoRE Y o A PR BB class ki FCNF:
Clauses
Er REE G CNFa R TR SH - 1% = ads kg
CNF-H¢?¢ - Bl *ACNF"¥ clausesnB > ¥ — B R R {rH
- clause® variablesis #c B -
Assignment
R R R R ADE S & CRIESAT engine sy 1 g % o
Mutant
* kR F Bmutant=hF A o & Z mutant variablers 2 mutant = 3¢
£ o ¥ a5 g - Bopropertyhs) & 0 A F A A AT

3 E

“D

mutant-property pair  femutant S 4" o AT Ry
HCNFF 3 > @ & %— d model & 2 mutantsHCNF -
Model
M- p clauses » * k& R A ghdesign o ¥ b FESGA A
mutant=CNF -
Property
fe t 4K p clauses & &% 17 property iPCNF F 30 © % 8 57 * SAT
engine % model + property > H assignment.# % ~ ¢ cache %yt L
B

preb > Ay 5 A m 2 SAT Engineidid

SatAgent
i S— DAPIEAZS N FRR * o @@ % vi— £ SAT Engine > %

¥ 4R g ez SatAgent b cadapterif ¥ 04 i H iF 1 o IR {7 4K A (SAT

engine s minisat 2.2.0 °



4.2 A3\ AR

Parse Input

Generate Model

First Pass

Second Pass

Third Pass

Last Pass

Parse Input

mizB@EALY o A gEY o cDfh % o 4 property " p G PR

E=t

PR F o FEL €% mutant (FRJZ > R 4“7 5 mutant £ 7
fxengpiudd > Fpt 2 7 & - — 3~ R mutant 50 CNF (4
desing2_lite ¥ 3 mutant file ‘e k¥ &5 % 2GB!)> ¥ § #-
mutant variable ™ % mutant type 34T %k - 2. {5 d & model CNF
4= mutant variable {= type ¥ {¥ 3| model CNF -

Generate Model

d 3tz {5 ehds (T ¢ f1* F| 4> model - property — 5 Boolean
satisfiability =i+ > A E 45 4 R 4> model ¢ CNF - £iE5 B
mutant 7 CNF 2+ 12 F i35 4 R 4 59 model CNF -

First Pass

f1#* L= Observation 1 =4 » ¥ #73 3 mutant-property pair »

t# & £ F % mutant variable # & property IR enfFA) o ok A5



4 ¥ 1 aeig 3% mutant-property = boolean satisfiability % % &
i ¥ #-3%property j£_ mutant =7 property list ® # “,% o B A=A
4% mutant 7 property list X 7 #]4 property F¥- B % % 3% mutant
5 live °

Second Pass

F1* Observation 3 .4 » FF mutant type & positive F P 3%
mutant variable % property % 4_r4 positive frfFim IR o 2 F
mutant type-¥_negative F¢ F¥ % mutant variable % feproperty 3% &_r4 negative
sl U IRPEE > P2 2 2% mutant-property pair % Boolean satisfiable ©
Third Pass

41 * Observation 2B 4 » f 2 %72 % > Jf & 2L 3 &2 oL mutant-property
pair# ¥t &= (D, P) * SAT engined} 1! - & f% - i % mutant variable
1% 4 f# chassignment A true > ¥ mutant type&_positive > B ¥ F] &7t
mutant-property pair - Z_-#_Boolean satisfiable - % mutant type &_
negative i 7 #F i > rEnegate i) A iBAL L § PEE 2T o

Last Pass

% 3542 $| T chmutant-property pair< Jg £ 1% SAT engine?¥ —4_%
7 Boolean satisfiability = #iz42+ 2 4] * L@ 3% ¥| éhmethod 142
method 2 % 4ci& SAT enginesi& (7 o 2 i » AP F ¥ 7 1L iR L3 T
satisfiable ¢~ mutant-property pair > #7)14 » & f% & mutant-property

pairfs > € 4v b restart limit > I & B 3 4c restart limit



51 1 i%% 52 75\
Al CH+ AN FTER > T UGHRFAN BT T T A
GNU/Linux s % % %@ o

52 RIFFARE
3t designl BI3ERE R A P45 FI38Elive mutant s fr g F & -
* o
35 design2_lite RIzFERHFE 0 A - 5P 35 311955 live mutant
B A 48 35 $]260 e live mutant © - ¢ BFF 0245 3290 2 live
mutant

53 PFRZ i
ridesign2_lite i B > AP F L AT i FRERF F D7 R alive
mutantie$ic > — S KRI AT A dE2 P )]-*us‘; 3] R4 elive mutant
P4 o F7T eomutantd EER AR R > TR X B R A G ¢
fa koo
F1* [proc/[pid]/statussF 3t > 3% i 12 35 T processsize R Y 1€ *
o FRBANHGTY B ane i £7 02 d Vmpeak #8171 >

= 512MB -
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Time Elapsed

M |nitial

M First Pass
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Figure 5
F_Figure 1 ¥ 25 $]> & FirstPass # » < %4 (1951 ) Mutant
TAER L alive > 17T G mutant ¢ o0 @ o et § A - -
€11 mutant-property pair °
B opF il & Tl Figure 2 0 ygh & log scale » # o R
mutant-property pair = #c® % FirstPass » &> 7 & B#E & o @ F
T mutant oo % 9 F - & § & Third Pass ¥ ARRIE (PR
alive ) °
% Figure 4 ~ Figure 57 » 2400 ¥ rl g FIAR Y &3 fo P3R4 97 chps
R - First Pass {= Second Pass #%7 * j& SAT - 77 p R L st o
@ Third Pass B % & f&3%4 7 SAT » #T{cchpF PP kgent 2 0 o
% LastPass ¢ » 2V Jf & f2975 $]T 0 mutant-property pair 1
fmenpE Pt 2o d Figure 5 F L B0 B Ar g R RS

# LastPass ¥ -
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« minisat 2.2.0: https://github.com/niklasso/minisat

« Extending Clause Learning of SAT Solvers with Boolean Grobner Bases
Hdg @ * £ p

A, o iAe N

Makefile © 584 &' fe;N g @ - &%

$ make cleanall

‘)%"f C G Rz ERA

S make

ip & RBEF b (v 2 & 1v ¢ B 5nile7 § £ SHSAT engine °
B. 4rfm# 74250

AL AR ERpg T U T SR

$ ./fpg [mutant file] [property file] [output]
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