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Abatract 

Sofl.w11r~ denlopment is 11lw11ya under tbe preaaure of time atul bud&et conatr11inta b~fore 
rele~. A &ood teating strat.e&Y should not only be effective and economical but also incre· 
m~ntal. Althou&h mutation teating haa been empirically found to be effective in detectin& 
faulta. it rem11in~ unused for reasona of economics. A major ob1tacle to the use of mutlltion 
tHting is ita high computational eost. ln thi1 paper we report rHultl from experimenta de
aisned to inveati&ate six different conttrained mulation mechani•m•. Ou r d11ta indicate th11t 
t hese alternativea not only reduce the cost of mutation•isniflcanlly in terms of lhe number of 
ttat cuea required 1111d lhe number of mutantl to be examjoed, but alao maintain very sood 
fault delectiou effectiventsa. Effectl of incremental mutation teatin& examining dilferent sete 
o( mutant1 are alao diacu~aed. Furthermore. our experimentl are unique in that constrained 
nmtation WM perform~d dire<tly on C pro&rama. Thi1 ~limin11IH th~ possible biM ~xperi· 
~tu:fd by ~arlier mutalion studiea becauae of lhe programming lausua&e uanalation b~tween 
lhe Fortran. Pucal. aud C. 

Keyworda: Mutation. conatrainfd mutalion, fault dete<tion effectivenen 

1 Introduction 

Software teating involves a cycle of generating teat caaes, observing program behavior, deter· 
mining a failure. debugging the program, and removing faulta. Tbis process is 1\lways under the 
preasure of time and budget constraints. Not only must software be releued to mE"et the market 
demand. but it also bu to be properly tested to usure its quallty. For a given software P, tbe 
followiug ctuestions have to be au1wered: How is a test set T for P generated 7 llow good Í$ T 
iu detecting faults ln P 7 Should testing ou P be atopped afler applying T 7 and How can T be 
improved 7 

A good testing strategy should not only be tlfectivt and uonomicn/ but also incrtmtnla/. 
ln other worda. it ahould bave a strong capability to detect faulta, not be too expensive to use, 
and it should provlde a flexible mechanism to "work around" under different constraints. U the 
relative coat-benefit of satisfying criteria C 1 and C2 ia kuown. theu one may begin b.v using a 
criterion with a lower ratio of cost to benefit. Project economícs permltting, after the criterion 
with the beat cost· beneflt has been satisfled. oue may decide to use other criteria. 

Although mutation testing h as bE"en empirically found to be \'ery etfect ive among lhe many 
testing technictues studied in the past decade iu detecting faults (r,, 10. 21]. it remains uuused for 
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t>conomíc rt>Mons. The m11jor obstaclt> to tht> nst> of mutation tt>sting is it~ high romputlltional 
cost. Siuce a significant portion of this cost is iucurred in generatiug, compiling and executing 

mutants against one or more test ciiSes. this cost can be lowered sign.ificantly by redudng lhe 
numbt>r of mutanta cousidered while testiug a program. ln addition to redudng the compu· 
tational cost. this approach also leads to fewer mutants to be mannally exauaiued hy lesters 
lo dt>termine equivalence. This improvement appears to be more slgnlficant when the softw11.re 
nnder test hecomes more and more complicated. One way to rednce the numbt>r of mntants is 
to use con$lmintt/ mutntion (15, 22] . ln constrained mutation the mutant gener11.tion process 
is constraiut'd by fixing the mutant types to be generated. Only mutauts of selecled typee are 
generated and examined. Ali other mutants are ignored. 

Ou lhe other hand. different algoritbms were proposed to rt>duce lhe time to execute 111/mn
t?.nts ou a parallel (12) or a. sequential (18) machine. These algorlthms either suffer a converaion 
hetween different opera.ting environments or extra. memory requirement to store the 11rogram 
~tate. which limita their usability. ln eithl'r of the above CIISes, the numbl'r of mutants g•nerlül'l.l 
remains the sàme; it is tbe time to execute tbe muta.nts that is ta.rgeted for reduction. Thougb 
11ny reduction in teating time is welcome. it does not reduce the number of muta.nts that ueed 
lo be identifled as equívalenl. Therefore. neither of them providea any improvement in reduciug 
human ell'ort in identifying equivalent mutanta. ln summary, these algorithms do not reduce 
the number of muta.nts to be examlned or ldentlfied as equlvalent; they only reduce the mutant 
txecution time. whereas all three of them are reduced iu our approach. 

ln this paper. we examine six different constrained mutation criteria. Details of lhese criteria 
l\re discussed in Section 2.3. For lhese criteria, we ask lhe following quealions: Whal are lhe.ir 
costs and and how ell'ective is lhelr fault detection? What is the additional cost· benefiL of using 
anotber constrained mutation with more m11-tants to examine after a constraiued mutalion with 
fewer mutants to examine has been satisfied? Cost is measured in terms of the number of test 
cases rtquirl'd to aatisfy a. criterion and the number of mutauta that need to be examined. Fault 
delection ell'tcliveness is meuured in terms of the percentage of adequate test seta wlth reapect 
to a given criterlon whlch detecta at least one fault ln the software under test. One unlque 
cha.ra.cteristic of ou r experime1\ts is that the conatralned mutation wu performed dirt'ctly on C 
11rogra.ms. This elimiuates thf posslble bias experienced by earlier muta.tion studles because of 
the progra.mming language tranalation between the Fortran. Pascal, and C. 

The rtmainder of this paper is organized as follows. Section 2 provides an ovtrview of mula
tion based adt'quacy criteria. Section 3 explains how we compared the cost and fault detection 
t'll'ectivt>ntss of vuious tt'st adequacy criteria. The experiment11l methodology is dtscrlhed in 
Sectiou -1 . Data collected from experimenta and I ta analyals appear in Sectiou S. Ou r conclusions 
l'ppt'ar in St>ction 6. 

2 An overview of mutation based testing 

Details of mutation based testing can be found in (lO. 14). Btlow we present onl.v the information 
required for an undeutanding of the remaining sections. Let P denote a program under tt'st. D 
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is lhe set of ali possible test cases in lhe input domain of P. A test case t is a. SP<tll<'IICE' of in1111ts 
thal is input to P during oue execution of P. Tis a set of one or more test cases on whiclt P is 
E>XE>ruled during testing. 

Let m be a syutactically correct program obtained by ruakiug a syntactic chauge in P; m is 
known as a mulmtl of P. Let r be a rule according to which P is chauged; r is also kuown a.s a 
mulaul OJJtmlor·. There could potentially be an infinite uumber of mutant opera.tors. llowevt>r. 
lo keep mutatiou testiug witbiu reasonable bouuds, the set of mutaut operators is kt'pt small 
and consista of simple mutant operators [6. 8). Consider. for exarnple. a muta.nt opera.tor that 
geuerates two mutante of P by replaciug a use of :t by :t + 1 aud :t - 1. Wheu applied to a 
program containing the assignrnent sta.ternent z := :t + y, this muta.nt opt>ra.tor will gent'rlltt' 

two muta.uts of P, one obtaiued by replacing tbis assignment by z := :t + 1 + 11 aud the other 

by rt>placing tbis assignment by z := :r - 1 + li· 
The applica.tiou of a. set of mutant opera.tora R to P resulta iu a set of mutants m1 , m, ..... llln, 

11 ~ O. Mutant m; is considered equivalenl to P if for a.U tE D, P(t) = m;(f). \Vht>u executt>d 
a.gainst a tt'st case t., muta.nt m; is considered distinguislttd from P if P(t) '# m;(t). Unless 
distinguished . a. non-equivalent mutant is considered /ive. One can obtain a variety of mutation 
bast'd criteria by varyiug R. A test set T may be eva.lua.ted against the mutation criterion by 
t'Xt'cuting each mutant against elemeuts ofT. Tbe ra.tio oftbe number o{ mutants distinguisht>d 
to the nurnber of non-equivalent mutants is the mutation score of T for P. T is considered 
adet1uate wHh respect to a. mutation crilerion if the mutatíon score is the unity. 

2.1 Random sampling mechanism 

St>veral wa.ys have been proposed to reduce the number of mutauts to cousider while testing a. 
program. Acree [1), Sayward and Budd [4)· examined tlte idea of using only a small randomly 
st>lt'cted subset of aU poseible mutante geuerated in Mothra [6, 9). Doth of their experimt'nta 
showed that a. teat set that is adequate with respect to randomly selected 10% of ali mutante in 
Mothra is over 99% adequate with respect to these mutants. However, at>lecting mutants ran
doml.v ignores the fault detection capability of individual mutant types. Budd 's fault detection 
l'Xt>eriments fouud that mutante generated witlt respect to oue mutant opera.tor may be more 
effective in detectiug certain types of faults than mutants geuera.ted witlt respect to a.nother op
t'rator. This suggests that while mutants arê selected for examination. they should be weightt>d 
differeutly dt>pendiug on their respective fault detection capability. 

2.2 Comparisons of two selection mechanisms used in constrained mutation 

A varia.nt of Budd's and Acree's idea was proposed and termed ronstmincd mutation [13). ln 
coustrained mutation only mutants of selected types are generated and examiued. Ali other 
mutams are ignored. One advautage of tbis approach is that it does not require the genera.tion 
of ali muta.nts prior to sa.mpUug. Based on this mechanism. Wong aud Mathur [1!i. :.!1. :.!:.!) 
rondnctt>d expt>riments to investigate the cost-bt>nefit of the ab$/ror ronstraint>d mutation 1 • 

'The n6• mulanl operalor s•neratn mu&anll by replacins each use of ~ by ah(r), -nhl{z), and spu•hl:r) 
"hertvtr pONible. Tht ror mulant operator seneraln onulants by replacins each relation&l operator by other 
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Their dll~l\ show th11t use of nb1j ror mntation. compared lo mutation2 • leads lo aL II'MI 1111 80% 
reúuclion in Lhe number of mutants to be examined anú a 40% to 58% reduclion ln lhe number 
of tesl ca~es neeúeú for aúet(Uacy. Sucl1 gain is accompanied by a loas of lesa than li% ln lhe 
11biiity to dislinguish non·equivalent mutants and cover feasibie a.ll·uses. 

Thls ide;~. of the constrained mutation discussed above. renamed as 8eltC'Iillf' mul!llion. was 
aiso investigated by Offult (1 i). ln bis experimenta. mutant operators such as the one whicb 
generales mutants by replacing one scalar variable by another scalar variable were exduúeú 
because these operlltors are responsible for a large percentage of a program's mut11nts. The 
major difference between Wong and Mathur's constra.ined mutation 111d Offutt's mechani~m is 
that they select mutant operators based on their significante in fault detection, whereM Offutt 
excludes mutant operators based on their uumber of ruutants. Offutt 'a resulta show that 1\t most 
a 60% reúuction in the number of mutants lo be examineú leads to a 99% mutation score. No 
data on the tosa of ali· uses coverage were reported by him. 

2.3 Mutant operators selected in our experimenta 

One significant is~ne that arises while using constrained mutation is how to seiect an effectivt 
smnli S<'t of mutant optrators. A good selection ahould not only reduce the tXt'cution cost 
dramatically but also maintain very good fault detection effectiveness. Among the seventy·one 
mutant operators used ln PROTEUM (8], eleven of them were selected in ou r exp<'riments. Tbe 
rationale for selecting tbese mutant operators is enuruerated below. Examples of these mutants 
appear Íl\ the appendix. 

• vdtr and vtwd mutants: 

To distinguish vdtr mut111ts, a po1iti11t, a negative. and a zero value are necessary for the 
mutated expression when execution reacbes that point . Tbis requirement forces a tester 
to select test cases from d.ifferent parta of tbe Input doruain. Similarly. dislin~ulshlug vtwd 
mutants forces a tester to aelect test cases from uearby parts of the Input domaln of eacb 
ftcalar referente. Test cases ao generated may posslbly make the program fAli if faults exist. 
Note that Acree (1) also lnvestigated a similar mutant operator Uke rultr. 

• orn1 o/ln, olng, and ocng mut111ts: 

When these mutant operatora are applied to a program. mutants 11re senerated 11t 1111 t•oints 
where a relational or a logical operator can be replaced by its alternatives or its ne~ation. 
respectively. Distingulsbing these mutants forces a tester to construct test cases wbich 
examine points ou o r near a predica te border. Such a process l1as been shown (:J. 4. i) 
to be effective in exposing certain types of faults such as the domaln faults dtfined by 
Howúen (11). 

relalional operatono. ln addilion. il also replaceo u ch condilion contitlins o( al leul one r•lalional operuor br 
the booleu COIUI'-nlt tnae and hl ... 

'The mu'-lion criterion reCerrtd here it dtfintd with reop«t lo th• ut o( 22 m•lanl operalors n.W ln "othra. 
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• or·lu. olrn. oltm. and oaln mutants: 

When these mutant operators are applied to a program. mutants are generated at ali points 
where a.logical operator can be replaced by a relatioual or au arithmetic optrl\.tor a.nd v ice 
,·ersa. Distinguishing these mutants helps a tester to review the logic of the program under 

test. 

• 3lrp mutants: 

Distinguishing these mutants forces a tester to construct test ca.s~ which cover tvery 
executable statement iu tbe program under test. 

2.4 Uniquene1111 of experimenta reported here 

One major problem which occurred in the previous mutation studles wa.s that the mutation 
tool Mothra only accepts Fortran programa. lt wa.s not unusual for experimenters to spend 
su batantial effort and cue in translatiog programa from a language auch as C o r Pascal to 
Fortran before any mutation experimenta could be performed. Such trauslatiou might pose a 
dauger of making some mutants unique to the Fortran ii veraion. for they cannot be geuerated 
from the correspouding C or Pascal venion of the same progra1u. The rea.aou for coududing 
such translation is that uone of the current ava.ilable data ftow testing toola accepts Fortran 
programa. Although lt hu been ahown that tlte effect of ualng different languages is negligible 
ou tht conclusions derived ln the above studies (16], it is certainly desirable to avoid any languagt> 
translation in the experimenta. We consider our experimenta reported bere uni<(Ue in that ali 
cousuained mutatiou wu performed directly on C programa usiug PI\OTIUM (8], a C mutation 
tool implemented based ou (2]. This has tbe advautage of elimiuating any posalble biu described 
above. 

3 Comparison methodology 

Wt rompared the C'ost and effectiveness of adequate teat seta with respeC"t to various constraiut>d 
mu tatlon cri teria. Effectlvenesa refen to the fault detectiou capability of a criterion. Cost refers 
to tht work neC'tSSI\fY to satisfy it. The cost of mutation testing can be meuurtd in severa! wa.ys. 
We selected two cost metrics. Oue is the nuu1ber of test cases required to satisfy a criteriou. 
As construction of e a eh test case requires effort from a test case developer. thia apptus to be 
a reasouable cost metric. The &eC"ond metric is the number of mutante to be examiued. As 
mutauts are to be executed on oue or more test cases. a reductiou in the uumber of mutants 
l~ads to a reduction in the time to execute them. h is also likely to result in a r~duction in tht> 
time speut by a tester in examiniuK mutauu for possible equivaleuce. 

Given a program P. a specification S. anda. teat aet T adequate with re~pect to 11. criterion 
C. T is said to be able to expose faulu ln P if there existi a test case t E T which makes 

P behavt difftrently from S. As long as T detecta at least one fault in P, T is <'OIIIIted u a 
f11ult-revealiug test set. Equation (1 ), defined below, is used to contpute the perctntage of C 
fault-revealing adequate test sets. 
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Table 1: Conatrained mutationa examined in our experiments 

lltutani.S uamiued 
KUT-A o/lu. olug, orrn 
KUT-8 ollu. olug, orru. o~ug, orlu. olnl, olan, otilil 
KUT-C 1•dlr, t•lu·d 
KUT-D 1/rp 
IIUT-E o/lu , olug, orrn . ~dtr, ~lwd 

IIUT-f' o/ln. olng. orrn, vlltr. ~lwd, 1trp 

number of C aelequate test seta which t'Xpose at lea.at one fault • 
100

% 
number of C adequate test seta generateel 

4 Experimental methodology 

( 1) 

Wf u~ed a C mutation testing too!. PROTEUM. lu our experimenta. Glven a program a.nd a tfst 
set. PROTEUM generates a set of mutante, executes the1n aga.inst test cases ln the test set, and 
computes the mutatlon score. A suite of five programa descrlbed below wa.s selKted. A source 
listing of ea.cb of these programa and their faulta can be found in (20J. 

• FINO: This progra111 takea two inputs. an arra.y a aud au Index 1. anel permutt's the 
t'lemfnts of a so that elemeuta to the right of posltion I are greate.r than or ectuaJ to cl(IJ 
anel elements to the left of position I ·are less than or equaJ to n(IJ. 

• POSITION: This program takes two inputs, an array 11 and a value mar. anel suma the 
elements of o uutU the sum meets or exceeds maz. U suth an eleruent exists. its position 
is returned, otherwise a zero is returneel. 

• SORT: Thia program takes an array anel aorta it lu desceneliug oreler. 

• STAT: This program takea an arra.y a ând computes its aum. minimum. anel maximum. 

• STIUIATCH: This progra.m takes a. text and a pattern of uro or more ch11ractt>rs. lf the 
patteru appears in the text then the position of the first occurrence of the pattc>ru in the 
text la returneel . otherwise a zero is returned . 

Six cliffert'nt constrained mutations are examined ba.aed on the mutauts discussed ln Sec
tion 2.3. These mutatious were labeled a.a indicateel in Table 1 for reference. Three adequate 
test sets with respect to each constrained muta.tion criterion were randomt~· generat'!cl for each 
experiment listeel in Table 2. Figure 1 shows the aequence of steps useel in such generatiou. 
1\·lultiple 11clequate test seu are necessary bera.uae for a given adequa.cy criterion there may exisl 
an iufiuite number of test seta that satisfy it: selectiug only 011e of these may possibly lead lo 
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falst> conclusions. Such a possibility can bt> rt'duced by gt>nerating multiple te~l at'U wit h rtsptct 
to eac:lt crilerion. AIJ test cases were rauuomly selecteu. baseu on the uniform uistribulion unless 

otherwíse specilieu3 • from lhe input domaiu uescribeu in Table 2. Such raudom geueralion is 
inlended to eliminate any bias possibly introduceu if human testers are used. This ma.v ha1>· 
pen. for uample, wheu the testers are familiar with the programa used in the experimt>nts and 
therefore geuerate test cases that favor one type of mutant over another. During the gent>ration 
of varíous mutatiou adequate test sets, a test case was discarded if it could uol distinguish at 
least one non·e11uivaleul mulant. This requiremeut is iuleuued to make a faír comparison among 
differt'nt criteri11. ln the absence of this requirement the fault detectiou effectiveness of a tt'st set 
rould bt increased simply hy including additioual test cases. Note that our generation mtthod 
only guarantees that each consequeut test case is uot redundant in terms of distinguishing mo
tanta. lt does not re-examine whether tbe previou.a test cases are atill neceasary. Once a test 
case is induded in a test aet, it will not be excludeu due lo the iudusion of any new test cases. 

5 Experimental results and analysis 

T11ble 3 lista the number of mutants examined in each couatraiued mutatiou. Tables 4 and S 
coutaiu the average aize of adequate test seta aud the perceutage of fault-revealing auequate test 
seu witb respect to each constraiued mutation. 

Coat compariaon 

From our experimental data aud tbe summary iu Tables 3 and 4, we make tbe following obser
vatioua: 

• ln terms of increasiug order of tbe number of mutauts to be examined tbe rankiug is 
MUT-O, MUT-A, MUT-8, MUT-C, MUT-E, MUT-F.4 

• For ali tt'n t'Xperiments, criterion MUT-O requires the fewest numher of test cast'R. 

• ln nine of teu experimenta. criterion MUT-A requires the secoud fewest number of test 
cases.• 

• Criteria MUT-C, MUT-E and MUT-F requíre about the sarne number of t('st rases whkh 
arf, in general whh some exceptious. more tban criterion MUT-B. 

Effectiveneaa comparison 

From our experimental data and the summary in Table .;. we make lhe following obsl!rvations: 

) ln EXPT-STRMI. STRM~. ud STRMJ. lhe probabilily of .. toclin& a • •. nd *is 3:5: 1. 
'The only exceplion occur1 in prosram SOilT which hu MUT-A. MUT-O. MUT-8. Ml'T-t:. Ml'T-E. MUT-F. 

in order. 
•The only exceplion occura in experimenl STMJ. 
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Table 2: Experiment seta 

Experimtn~ Pror;ram lupu~ domaiul 

FIID FIID • - 1) ~ array aize ~ 10 
• -10 ~ array elemtn~ ~ 100 
• if array eize > O 

then I ~ indtx ~ array aize 
tlse -3 < index < 2 

POS1 POSITIOI • array atze:::5 
• -S < array element < 10 
• max-E{~ j ~::: 6 or 3& < ~ < M} 

POS2 POSITIOI • array etze=S 
• array elemeu\ E {0, I. 2, 3, 4, !),6, -6, 8} 
• 111M E {-6, 0. 1,4,8} 

SORT1 sou • -I ~ array aize ~ 10 
• -10 < array elemen~ < 100 

SOI\T2 SOJI.T • -I S array a1ze ~ 3 
• -2 < array elemen~ < 2 

STAT1 ST.lt • array tlte=S 
• -20 < array tlement ~ 20 

STAT2 ST.lt • array ••ze:::5 
• -20 < array tlement < 8 

STIUU STI\IUTCB • o ~ ~xl leus~b ~ 16 
• O ~ pattern lenr;th ~ G 
• ttd e/~m~nt E {o, 6, #} 
• potttrn tltmtnt E {~ . 6, #} 

STI\JI2 STI\JIATCB • O ~ lex~ ltnstll ~ 12 
• O ~ pa~~ern lens~b ~ 4 
• ttd eltm~ut E { n, 6, #} 
• ,X.u~rn dtment E {~. 6, #} 

STI\JI3 STI\JIATCB • O ~ ~x\ len&~h ~ 11 
• O ~ pa~~rn len&~h ~ 4 
• Lt~t tl~mtnt E {o. 6, #} 
• jl(llttt•n tltmtnl E {a,6,#} 

I Ali mput.s are m~sers. 
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Figure 1: Procedure to geoerate varíous constraiued ruutatiou adequate test sets. 

Table 3: Number of mutants examined 

Pro&ram (;onetramed mutatlon 
11111'-l 11111'-1 KUT-C 11111'-D MUT-1 "UT-F 

FIID 39 80 18~ 33 224 25i 
POSITIOI li) 28 50 li) 61i 80 
SORT 1:) 30 lOS 18 120 138 
STAT 20 34 105 IIi l:l5 140 
STRMATCB 2~ 56 80 16 104 120 
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Table 4: Average size of a<lequate test sets 

Experiment Constrained mutation 
KUT-A KUT-11 KUT-C KUT-D 11111'-E 11111'-F 

FIJD ú.6í 6.67 15.33 3.33 16.33 16.33 
POS1 3.33_ 5.00 6.33 ~.00 11.00 7.00 
POS2 2.33 4.00 7.33 1.00 7.67 7.33 
SOI\T1 4.00 4.00 10.33 1.33 u.o; 10.00 
SOIIT2 4.67 6.67 10.00 1.33 \1.33 10.00 
STAT1 2.00 2.67 12.33 1.00 13.00 11.00 
STAT2 2.00 2.00 10.00 1.33 11.33 11.00 
STIIII1 ().00 5.33 5.33 ~.ou 7.00 7.33 
STIUI2 ú.67 7.67 6.67 3.33 8.67 8.00 
STIUI3 7.33 7.00 6.00 2.33 1.00 .6.67 

Table 5: Percentage of fault-reveallng adequate test seta 

t O nstraine dmutat1on 
11111'-A KUT-11 Rut-e KUT-D 11111'-E 11111'-F 

FIJD 100 100 100 o 100 100 
POS1 100 100 100 33.33 100 100 
POS2 100 68.67 66.61 66.61 68.Gt 100 
SOIIT1 IIJO 100 100 o 100 lllO 
SOIIT2 100 33.33 100 o 100 100 
STAT1 66.67 66.61 100 66.67 66.67 100 
Stltl 66.67 66.87 tl6.6i o 100 66.07 
STliU 33.33 66.67 100 66.67 100 100 
STIM2 o o 100 o 100 100 
STIM3 100 100 100 100 100 100 
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• lu five of teu experimeuts, criterion UUT-D cannot detect any program fault . 

• For expt>rimeut STRM2, criterla l.IUT-A. UUT-B and MUT-O cannot detert any program 

fault. 

• ln four of ten experimenta. criteria t.IUT-A. MUT-8, MUT-C. MUT-E anel MUT-F have 
the same fault detection effectiveness while criterion MUT-O is significantl.v less elfective. 

Effect of input domain 

Multlple input domains were used to study their poasible effect on fault detection elfecti\'e
nt'Ss (19). From our experimental data aud the sumwary ln Tables 2, 4 and .'), we find that to 
some exteut Vllrying the input domains hu an impact on the relative order of Mie<tuate test set 
size and fault cletection effectivenees of the six constrained mutation adequacy cri teria dlscussed 
here. Jlowever. in general. sue h impact is iusiguificant iu most situations. 

6 Conclusions 

We conducted experimenta to compare the cost and fault det~ction effectiveness of six cou
~tralned mutation adequacy criteria. Data coUected during experimentation have shown that 
criterion MUT-O ia the leut expensive ln terms of the number of mutanta examined and lhe 
number of test cases required. but it is also the least effective in exposing program faults. Ou the 
other hand. criteria MUT-A and MUT-B are, lu general, lesa expensive but atill as effective as 
crlteria MUT-C, MUT-E. and MUT-F. Therefore. a good testing atrategy is to adopt an incre
mental approach by first conatructing test seta adequate with rt'Spect to the more cost-t>lfective 
criteria auch as MUT-A and MUT-8 . Time and budget permlttlng, we ruay then improve test 
sets to satisfy other lesa cost-effective criteria suc.h as MUT-C, MUT-E, and MUT-F. 

We are currently conducting similar experimenta on larger size C prograrus. Results of these 
studies wiU further atren~then the hypothesis that examiuing only a amaU carefully selected set 
of mutants may be a usefnl atarting point for evaluating and constructing test sets. 
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Appendix: Mutant operators used in the experiments 

0)tt•r.tlur Mc•nuittl( f.XHltt)tlc!l 

Ol.l.t\ ktKic-nl u)u-rnlur rt•Jthlr.t•lumoL (a> lt) 11 (r.< ti)- (11 > b) &:.&:. (t: <ti) 
OI.N<; k.-.:knl III'@:IILÍUII (11 > /t) 11 (t: <ti)- (11 > /t) 11 !(r< ti) 

!(tt> b) 11 (c <ti) 
!((tt > /t)U (r< ti)) 

ORRN rc•lalkn•nl c•twntLc•r ft!Jtlur.cnttttltL 11>1• tl 2: ,, 
n<l• 
11!: ,, 
tt•='' 
11,_,, 

OCNG k~Kic·nl r ullh!XL IH'I(MLiltll 11 > b __. !(11 > lt) 
ORT.N rt•lnlictlllll lt)IC!rltlur Tur lugkJtl n>l•---11kkl• 

Cl)tt!rnlur rt!Jthu:c•wcmL nll/t 
Ol.RN k.-.:i.,tl "''""' lur rur rdnlicttml tt>hllc<tl-a>l• 

UJU!rotLur rt'lthtc~mu•ttL ll 2: ,, 
n<b 
a~b 

tt••'' 
n!=l• 

Ol.AN k'I!\ÍC~tl lt)H:rnlctr Tur llrillmmLÍt: ll>ltllr.<tl "+ h 
C)JH'rn Lctr n:plncxmu~uL ll-

,, 
,.. ,, 
nfl• 
n%/1 

O,\T.N ;orilhttii'Lic: <t)tt•rnlur fur lc>gic"l "+'•-ttkklt 
tlfH'tMlur rc•Jthux!llttml nlll• 

VOTR dn11111itt lTUJI .. 1- rRtiP_O,'i-POSITfl!F:( .•l 
r R,\ P _().V _,v F:(.' :\Til! F:(.•l 
r R 1\ P ..O,'i _7, F: RO!-•l 

VTWO lwiclclliug . .. 1 - SFCC(.•l 
PRF:nt.•l 

STRJ> "l;t\t~IIIC'11L ntuti,YMiH f'~lc:lt Hlnh!IIU!ttl ÍK tC!)tlnr~•l h.V rR.lP-O.'i_Sr. lT() 
1,. _, llt'l1 tl L • tl .1 1 1 IH Lho • nug :r. m P IM rqolnu'CI h~ Hlnttg 11 lu uhlnm 11 1111 nttl. 

t ... rc•Jtrt"Mc•nltc n Hc·uhtr rc•(c•rt•ut:t~ 
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