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Abstract 

Amongs~ ~hE' various l!'Sting slrategies, mutalion Lesting has bt>en empirically found to be 
th~ most E'fff'r~ivt> in detE'r~ing fau lts. ll owevf'r, mutation oflf'n imposes unacceptable demands 
011 rompuLing and human resourres due- to lhe largf' number of mulants lhat need to be com
piled and exeruted on one or more Lt>st ci\SE'S. ln addition, tbe teslf'r needs to examine many 
mutanls and analyze these for possible t>quivalence witb the program under lesl. For these 
rt>asons, mulation is genrrally regarded by Lhe practicing l.t>sl engineer as too expensive to use. 
As Ollf' s ignifirant rompOIIt'IIL of Lhe cost of mutatio11 is Lhe exerulion of mulants against tesl 
CI\SE'S , we bt>lieve Lhat lhe rost can be redured dramatically by reducing the number of mutants 
tbat need to be t"xamint'd. We rt'porl lhe results from a case study designed to investigale 
two al~t'rnMivf'S ~o redurt' lhe rost of mutatioo. The allernatives ronsidered are: (I) randomly 
srlrrtrd :r:% mutalion anel (2) ronstraintd mutataon. We provide experimental data indicating 
that both alternativf'S lead to lest sets that distinguish a significanl number of ali mutants and 
providt' high ali-uses côvt'rage. 

Resuwo em português 

Enlrl' as várias f'Stratt'gias dt' testE' t'xislentes, "mulalion testing" (~este por mutação) tem 
sido t'mpiriramt-nlt' dt'monstrado Bt'r o mais eff'tivo em de~erlar falhas . Entretanto, "mula.. 
~ion Lesting~ frequ~ntt'menlt' impÕt' uma demanda inaceitável nos rt'rursos computacionais e 
hu111anos, df'vido ao grande níunf'ro de mutantes qut' necessitam ser compilados e executados 
em um ou mais rasos de leste. Altim disso, a pessoa responsável pelo lt's te precisa examinar 
vários rnulantE'S E' a nalisá-los em rt'lação a uma possível equivalência com o programa sendo 
tt'SLado. Por f'Stas razÕt's, "rnuta~ion testing~ ~ em geral considerado por engt'nheiros de testE' 
como dispt>11dioso demais para ser usado. Como um componen~e signifira~ivo do custo do "mu
lalion testing" ~ a t'Xf'cução dos mutantes nos diversos casos de testE', nós acrt'ditamos que o 
custo podE' ser dramatiramt>ntt> rt>duzido diminuind~seo número de rasos de teste que precisam 
St'r t-xaminados. Nós reportamos os resultados de um caso de teste proj~Lado para investigar 
duas allt>rnativas para a rt>dução do custo de "mulatioo tesliog" . As alternativas consideradas 
são: ( I) r % das mutaçõr& srlrrtonada& alratonamrntr e (2) mutação rutnta. Apresentamos 
dados expt>ri111t>nl ais indicando que ambas alternativas resul tam em conjuntos dr Leste que dis
t inguem um núrnr ro signifi rativo dt- todos mutantf'S t' fornecem a lta rol>ertura para "todos os 
usos" ("ali-uses"). 
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1 Introduction 

Tt-sling of program P involvt>s, among oth«:>r ac:livilit-s, lht> construdion of tf'sl cas«:>s, t>xf'cution of 
P againsl lh!'sl' l!'st cas<'s, and tht> observation of program behavior to d!'lermine its corrPclnt>ss. 
Onc:<' any faulls found in th!' program ha.vl' hi'E'n discover«:>d and r<'movt-d, one has at hand a lPst 
s«:>t T consisting of onE> or morE' test cases on which P behaves as desir«:>d. Ont> may evaluatE> thl' 
adPquacy of T using on!' or mort> of srvE>ral trst acl<'quacy cri leria. lf T is inadequale with r«:>SJH'fl 
lo som!" crilt>rion (', thPn onl' may add tpgt c:aspg to T in an t>fforl to satisfy ('. Thus, au adP<Juary 
c:riterion Sl'rVf'S a dual JHtrpose. One, it !"nablt>s a. tester to evaluatf' how good is a. lPSt SPl. Two, 
it aids the tl'st~>r in conslructing nf'w test cast>s. NotE> that "im J>rovpmrnt" of a lt>sl Sl't by lhr 
addition of trst ('asl's in an effort to sa.tisfy some adc:>quacy critc:>rion ma.y or ma.y not rPveal any 
lúddl'n fauh. 
W~n a lf'st Sl't is !'nhanced to satisfy a c:riterion, one can ml'rl'ly bope thal thl' DI'W trst 

casl's so gl'nPratrd rt'vf.>al any fauhs. WP also notE' that there may Pxist more than one, possibly 
infinilt>, tl'sl SE'ts that satisfy a given ad«:>quacy critt>rion. Not all of tbl'se test sets may bt> good at 
rev!'aling faults in th«:> program. ll owPv«:>r, cost considerations may r«:>quire the generation of only 
onE> ad~>quate lt>SL set with rPspect to a givl'n critt>rion. 

Of Lhe many criteria. availablf' for t'valuating the adequacy of l!'st st>ts, WE' are conc:E>rn<'d with 
mutation bast>d c:ritt>ria. [H]. llowt>vt>r, tht> C'OSL of mutation L!'sting has brt'n a. major hott lf'nPfk 
in its use by practition!'rs. ln au t>ffort to rl'duct> its cost, we t>xamint>d two alt«:>rnatives. Thc>sr 
altE>rna.tives ar«:> termed (I) nmdomly sclcctcd z% mutation critcrion aud {2) coustmincd mutat1011 
ctilflion [ 17]. W!' often reft>r to any one of these two cri teria. as altunatc mutation and lo lhe 
traditional mntation as complete mutation or simply as mutation. The alterna.te cri teria reduce thr 
numbt'r of mutants to be ext>cul!'d by a. machine a.nd tbe number of muta.nts to b!' examinrd by 
a l!'ster. For tht>sl' rriteria., we ask thr quf'stion: wha.t are costs and rela.tivl' strt>ngths of thr two 
crit«:>ria.? Tht> c:ost is measurt>d in lPrms of thl' size of a. test Sl'l requirt>d to satisfy a. criterion and 
the numb«:>r of muta.nts tha.t ni'E'd to be examini'CI. Thr strength is measurt>d in terms of the a.hility 
of an adPqua.lr trst S!'t to distinguish non-f'quivalt>nt muta.nts and cover fPasible dPf-usE>s exa.ntinrd 
in data. ftow testing. Tb!'SE' niteria. ar!' df'finl'd la.tt>r in this paper. 

Th!' relllaindPr of this pa.pt>r is organiz<'d as follows. S~>ction 2 providPs a briPf overvirw of 
muta.tion ba.s<'d a.d«:>quacy criteria. usf'<l in th<> rE>maindt'r of this paper. ln this St'c tion w<> also arguP 
why a. comparison of the kind wp havt> rPJ>OrtE>d h <'TE' is important a.nd usPful to a testl'r. ln St>C'tion :1, 
WE' t'Xplain how we com pari' the c:ost and strl'ngth of various mutation bas!'d l!'st a.d!'qua.cy critPria. 
Our f'XJIPrimE>ntalmPthodology is dt>scribl'd in detail in SE>ction 4. Data c:oll~>ctPd from expt>rimPnts 
and its analysis appea.r in Section 5. St>c:tion 6 explains how a practicing lPstl'r c:a.n bPnt>fit frotll 
our study. Our ronclusions a.ppea.r in Section 7. 

2 Mutation based test adequacy criteria 

2.1 Mutation criterion 

Let P dt>nott> thr program undpr trst with D as its input domain. TPst casf's are sPlectC'd from thP 
input domain. TC D is a l«:>st s!'l consisting of on!' or more tC'St cases. LE't m be a. syntactically 
corrt>c:t progra.m obtain<'d by making a syntactic cha.nge in P. m is known as a mutant of /'. 
Let r ht' a. rulf' arcording lo which P is changPd. r is also known a.s a. mutant opcmtot·. ThrrP 
could potentia.Uy b!' an infinite numbPr of muta.nt oprra.tors. llowevPr, to kePp muta.tion t!'sling 
within rE>asona.ble bounds, the S!'t of tllutant opE>rators is kept smaU and consists of simplt> muta.nt PDF compression, OCR, web optimization using a watermarked evaluation copy of CVISION PDFCompressor
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opprators [2, 4, 7, 20). Consicler, for t>xamplt>, a mutant opt>rator that generates two mutants of P 
by repla.cing a ust> of x by -r+ I and :r- I . When appUed to a program containing the assignment 
statement z := x+y, this mutant operator will genera.te two mutants of P, one obtained by re1>lacing 
this assignment by z := x + I + y anel the other by replacing thls assignment by z := x- I + y. 

The appUcation of a set of mutant op~>rators R to P resuhs in a set of mutants m 1, m2, 

... , m,.,n ~ O. Mutant m, is considered cquioolent to P if for ali tE D, P(t) = m,(t). Wht>n 
t>xecuted against a test cast> t, mutant m; is consiclered distingui.~hed from P if P(t) i- m;(t). Un
lt>ss distinguishecl, a non-t>quivalent mutant is considered livc. One may obtain a variety of mutation 
based critt>ria by varying R. Ht>rt>aftt>r, Wt' rt>fN to the mutation based critt'rion wrt1 a givl'n R 
simply as mutatior1 criterion. 

A test SE't T may be evaluated against the mutation critl'rion by executing each mutant agaiust 
t'lt>meuts of T. ThP ratio of the numbt'r of mutants distinguished to tht> number of non-equivalt>ut 
ulutants is the mutation .•c01'C of T for !'. T is cousidered a.dequate wrt mu ta.tiou criterion if the 
mutation score is I. 

AJthough mutation tl'stiug h as been pmpirically found [I, 4, 22) to be the most effective of the 
software tl's ting methods proposed in detecting faults, it suffers from the problem of performance. 
The complexity of mutation is O(n~), where n is the number of va.riable references iu the program. 
The uumber of muta.uts generatt>d can be prohibitively la.rge even for programs that are less than 
I OOK Unl's of code. Thus, it is gent>rally beUeved in the testiug community that mutation testing is 
too expensivt> to use in pra.ctice. Sinct> tht> major computational cost of mutation testing is incurrt>d 
wht>n t>J<t>cuting mutants agaiust tt>st cases, Wt' beUeve that this cost can be reduced by reelu ciug the 

numbt>r of mutants to bt> t>xaminl'd. Based on thls premise, we propose the randomly selectcd x% 
mutation anel thc con.•traincd mutation [I 7) cri teria described below. These cri teria. a re examint>d 
for their cost effectivt>nt>ss anel strt>ugth as compared to mutation tt>sting. 

2.2 Randomly selected .z:% mutation criterion 

Ont> mt>cha.nism to rt>duct> th t> cost of mutation testing is to examinl' a small percentage, say x%, 
of randomly st>lectE'd mutants of t>ach mutant type anel ignore the remaining rnutants [2). Ea.rUt>r 
empirical invt>stiga.Lions by Acret> [ 1), Sayward, and Budd [4) h ave shown thaL even with test cases 
g<"nerated using only I O% of tbt> mutants, no more tha.n I% of tht> non-t>quivalent mutants wt>re 
ovt'rlook~>d. Tht> t>ncouraging rt>snlts from thest> studies ha.ve led us to investigate the efft>cts of 
va.rying th~> perct>ntagt- of mutants st>lected bt>tween 10% and 100%. ln trus paper we prt>sent 
rt>sults for ~>Xpf>rimt>nts conductt>d by varying tht> st>IE'cted pt>rct>ntage from lO to 40. 

2.3 Constrained mutation criterion 

Anotht'T lllt>chanism to rt>d1•ce tht> cost of mutatiou testiug is constrained mutation [I 7). Usiug 
constraint>d mutation onl' examiut>s only a ft>w specifit>d types of muta.nts and ignores tht> otht>rs. 
For t>xample, tht> constraint>d absjt-or mutation, studied in this paper, t>xaolines only tht> abs anel r-or 
mutants. The ab,q mutant opt>rator gent>rates mutants by repla.cing a use of x by abs(x), -ab.~x), 
and zpuslt(x? wht>rt>vt>r possiblt>. Wht>n appUt>d to a program containing an assignment staL('mt>nL 
z := x + y, th~> ab,q opt>rator generates three mutants obtained by rl'placing thls assignment hy, 
respt>ctivPiy, z := abs(x) + y, z := -abs(x) + y, and z := zpu.~h(x) + y. 

1 wr~: wi~h respect ~o 
2 A mutant conta.inin11 zpu•/•(z) is considered distin~P;uished if a test causes the value of z to be O when execution 

reaches the mu~ated expression. 
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Th!' mr· mutant opPra.tor gPnNa.trs mutants by r!'pla.dng on!' rPla.tiona.l op!'ra.tor by otbrr r«>
la.tiona.l opl'ra.tors. ln addition, it also rl'pla.rrs Pa.rh rondition consisting of at llo'a.st otH' rt>lational 
opt>rator by bool«>a.n ronstaots tntr aod fal.•r. For !'xampl!o', wht>n applil'd to a program contain
ing a J>rl'dirat!' i/ (T = O) thcn, lhis nnttaM opl'rator glo'n!'ral!o's thr foUowing Slo'VI'n conditions: 
(.r < O) , (• S O) , (.r f; O) , (• > O) , (r ;:: O) , (truc) , and (Jalsc). Mor!' about th«>sr 
mutant opl'rators may bl' found in Mothra[H). 

Onl' significant issul' that arisl's whiiP using ronstrainNI mula.tion is that of Sl')rcting a small 
Sl't of mutant oplo'ra.tors. A good Slo'll'ction of mutant op!'rators ran rt>durl' LhP PXI'cution rosl 
dramatirally without signifirantly sacrificing thl' l'rror dPtl'cting capability of mutation tl'sting. \Vt> 
ronduct!'d ou r !'XJ>PrimE'nts using lhE' ab;. and 1'01' opE'rators for thl' following r!'a..~ons. 

1. Significancr of ab,• mutauts: 

Wht>n thP ab.• opE'rator is applif'd to a program, mutants ar!' g!'n!'ratl'd at aU points whPr!' an 
absolutlo' valu!' sign can blo' inst>rtt>d. To distinguis h sue h mutants, a 7J0.•1Iit•<, a. mgatÍJI(, and 
a. zri'O valur is nl'cE'SSa.ry for thr mutatl'd t>xpression wh!'n I'XPrution rrach!'s tha.t point. This 
rt>quirlo'llllo'llt forc!'s a. t!o'Sl!o'r to srlrrt tl'st caslo's from difflo'r!o'nL parts of lhP input domain which 
ma.y possibly makr lhlo' program fail if E'rrors lo'xist. Wr noticio' that Arr!'(' [I) also inv!'stigatrcl 
tht> ab.• oprrator. 

:2. SignificancE' of 7'01' mutants: 

WhE'n thlo' 1'07' oprrator is applit>d to a J>rogram, mutants a.rlo' grnrratt>d al aU points wbrrr 
a prt>diratlo' ran b<> rt>plar!'d by its altf'rnatives. For rxampiP, a mutant can bt> gPn!'ratrcl 
by rhanging a S oplo'rator in a prt>dica.lP to a< oprra.tor. To distinguish this mutant, it's 
nrr!'ssary to h avi' a. trst casP satisfying I h r original prf>dira.tf' bu t not thl' ntu LatPCI prf'diratr, 
i.r., a test ca.sP sa.t isfying thr (([Ual sign of thr prt>dkatl' is rP<JuirPd. Thus, dislinguisbinp, mr 

mutants forcf's a ti'Slt'r to ronstruct tf>st rasrs which t>xamiol' points on or ncar a. prt>dicatr 
bordPr. Such proct>ss has b!'('n bhown [:3, 4, 6) to b!' rfft>ctivl' in rPvraling rertain typrs of 
l'rrors sue h as thr domain rrrors cllo'fint>d by Howd!'n [ 15). 

3 Comparison methodology 

Weyukt>r Pl ai [:23) critirally lo'Xamin<>d differl'nt relationships a.mong tPst a.drquacy cri tf'ria. Thry ar
gue that rffcrtit•cnc.~.~. co.çt, and diiJiculty of .•ati,çfaction ar!' Sl'vf'ralmt>aningful bast>s against whirh 
l!o'St ad!'<JUary critPria should bP comparPcl. Effrctiv<>nlo'ss rt>f<>rs to thP fault dPtl'ction capability of 
a critt>rion. ( 'ost r!'frrs lo tht> work llPCPssary to satisfy it. Oifficulty of satisfaction, also known "-" 
tht> .. ub,qumption r!'latiouship [6) a.nd th!o' .. tl'fllgth [16, 19], rrft>rs to thP computation of scorrs on 
onr adrquary critrrion using adrquat!' llo'st st>ls of anoth!o'r crilPrion. ln this work, Wl' comparr thr 
cost of satisfying thP mutation, .r% mutation, anel ab11jmr· mutation adf'quacy critPria. Wl' a.bo 
compare tlw rt>la.tivl' .•tr'Cngtf&.ç of thPSE' crilPria. 

3.1 The cost criteria 

Th~> cost of mutation l!'Sting can bf' mra.surrd in sPvt>ral ways. Wt> s~>lrflrd two cost mt>trics. OnP 
is tht> numhPr of lPst casrs rrquirrd to satisfy a. critlo'rion. As ronstrurtion of Pa.cb l!'Sl c a..~"' rP<tuirrs 
rffort from a lt>sl ra.sr df'VI'IOplo'r, this apprars lo bt> a rt>asonabl!' co~t mrtric. ThP s!'cond ntPlric 
is tht> numht>r of muta.nts to br rxaminrd. As mutants a.rP lo br rxrcutPd on one or morr tf•st 
caslo's. a rrduction in thr numbrr of mutants lrads to a rrdurtion in tht> timr to PX!'rUlP thPm. ll is 
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a.lso tikt>ly to rt>sult in a. reductioo io tbe time speot by a tester in examining muta.nls for possible 
~;>quiva.lencl?. We use Equa.tioo ( I) to compute tbe reductioo in terms of tbe oumber of test cases 
wrt the muta.tion adequa.cy criterion. Similarly, tbe reductioo io terms of tbe oumber of muta.nts 
to be exa.mioed wrt the mutatioo adequa.cy criterioo is computed usiog Equatioo {2). 

( 1 _ a.verage size of t~t sets ad~uate wrt altemate mutatioo) • IOO% 
avera.ge s1ze of mutat1oo adequate test sets 

( 
_ lota.l number of muta.nts exa.mioed wben using altemate mutatioo) • 

00
, 

I ai b f "ed" . I,.., tot num er o mutaots exa.Dllll 1.0 mutat1on 

3.2 Strength of an adequacy criterion 

(I) 

{2) 

Strengtb of a.n a.dequa.cy criterion ca.n be mea.sured io severa! ways. We selected two mea.snres. Ooe, 
tbe strl'ngth is 1nt>a.sured io terms of the mutation scores. Two, tbe strengtb is mea.sured in tenns 
of tbe a.ll-uses scores [21). Mutatioo scores defined in Equation {3) mea.sure tbe loss in strengtb 
io terms of th~;> power to distioguisb ooo-equivalent muta.nls wrt tbe mutation adequa.cy criterion 
wheo using a.lternate muta.tioo. Similarly, tbe all-uses scores defioed in Equatioo {4) mea.sure tbe 
loss in streogtb in tenns of tbe coverage of fea.sible all·-uses wrt to tbe motation adequa.cy criterion 
for a.lteroa.tt> muta.tioo. 

number of muta.ots distin~bed by a test set • 
100

% 
total oumber of noo-eqwvalent mutanls 

oumber of all-uses cove~ by a test set • 
100

% 
total oumber of fea.s1ble aJl.-uses 

(3) 

(4) 

Supported by data, we argue i o Sectioo 5 tbat botb z% aod GN/ ror mutatioo adequa.cy cri teria 
ha.ve aJmost the sarne power io distioguisbing ooo-equivalent muta.nts a.nd covering fea.sible ali-uses 
as the muta.tioo adequa.cy criteriori. Ou the otber band, z% and oN/ rormutation adequa.cy criteria 
provide sigoifica.ot reductioos ou botb size a.nd expense wrt tbe mutation adequa.cy criterion. 

4 Experimental methodology 

Ou r experimeots were conducted using two testing tools, Atac [12, 13, 14) a.nd llothra[5). Atac 
is a. data. ftow covera.ge mea.su remeot tool for C programa. Given a program a.nd a test set , Atac 
computes the block, decision , p-use, c-use, aod all-uses coveraf!:e. llothra is a mutation testing 
tool for Fortran 77 progra.ms. Giveo a. progra.m a.od a test set, llothra generates a set of mutants, 
t>xecu tes t h em a.ga.iost test cases in the test set , and computes tbe mutation score. Wbile using 
these tools il is the tester's respoosibility to determine equivaleot muta.nts a.nd inJea.sible all-uses. 
As the two tools a.ccept programs io differeot progra.mming la.ngoa.ges, we fa.ced ao additiooal ta.sk 
of prepa.riog progra.ms for input to these tools. Prepa.ntion of progra.ms, generatioo of adequate 
test sets, a.od a. few other compooeots of the experiments conducted, are described below. 

4.1 Program selection and preparation 

We used a. suitl' of four progra.ms described below. Source tistiog of eacb of tbese programs ca.n be 
fouod io [19). 
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• FIND: This program is basE>d on thr Pascal vrrsion of lloarP's find program [ 11) usNI hy 
Frank! and W!'iss [9) with ali rPportPd faults rPmovPd. FIND takPs two inputs, an array n arul 
an indPx I , and pPrnrutPs LhE' E'IE'mE'nts of a ~o that eiE'mPnts to thr right of position I MI' 

grt>atPr than or Pqual lo a[!) and E'IPrnPnts to thE> IE>ft of po~ition I arE> IPss than or !'qual to 
a[!]. 

• STRHAT1 and STRHAT2: [Ioth programs [9) , with all reportl'd faults rPmov!'d, tak<• a tPxt anel 
a pa.ttf'rll of ZNO or morP charactl'rs. lf thP pattPrn appPars in thP lPXL thf'n thr position nf 
Lh E> firs t occurrE>nct> of thl' 1>altern in LhE> text is returnE>d, othPrwise a O is returnNI. Altlruugh 
both programs sharE' thl' samP spE>cifiration , their structurrs arP diffE>rPnl. STRHAT1 ha.., a elo 
whi/c loop whPrt>as STRMAT2 acromplishPs lhE' samf' task with a whilc loo)>. This syntartir 
diffPrf'llCP makE's STRI1AT1 and STRHAT2 b!'havr as two distinct programs in lPrrns of thl' 
numbPr of frasiblt> aJI-usl's aud non-Pquivalent nnrtants. 

• TEXTFMT: ThP corrt>ct vrrsion of LhE' LPXL formatting program in Goodt>nough and Gt>rhart [ I O] 
wa.s used witb aJJ sf'vl'n rPport<>d faults fixt>d . Otht>r routin~>s in this program arP b;u,Pd ou 
thf' Pasral rou tint>s usrd by Frank! and Wriss [9]. TEXTFHT takrs a l~>xt as input and fonnat' 
it. Thr tPx t can br viPwrd as a srquE>ncr of words st>paratrd by spac~>s, tabs, and n~>w lirws. 
T hl' forrua.ttrd output SI'(!UPilCP of words is id!'nlical Lo thP input srqn<' llCP and satisfips t lr r 
proprrtiPS givt>n by C:Prharl Pt aJ [lO). 

Thl' sourrl' of E'acb of lhE' abovl' programs was availablt> in Pasral. WE' translatP<l thi'SP prograrns 
to Fortran -:7 and ( '. Sincr thP tools WE' usPd support differPn t prograrnming languagPs, su bstantial 
t>ffort a.nd rarP Wl'lll into lhP program translation frorn onP languagP to anothPr. This translation 
involvE'd rf'writing LhE' programs with as IHtl!' modifica.tion as possihl<' a.nd testing thrm to rrrakt• 
surp that both Lh<' Fortran 77 and (' vt-rsions providt>d idrntiral rPsults a.~ lhE' original l'a..,ral 
vt-rsion. Only black box lt>sling was usPd in this stt>p. 

4.2 Experiments 

WE' gE'nNatf'd nrutants in our PXp!'rillll'lltS using aJJ mutanl oprrators in Hothra <'Xr!'pt thP Y'''" 
ruutation op<'rator3. Dt>pE'nding on thl' nurnbf'r of mutanls PXa.minPd , <'Xprrinr<'nl~ Wf'rr labPird for 
rPf<'rPn r~> as indiratl'd i o TahlP I. Not<' that <'XJlf'rirnf.'nls H, A-G, and H WPrP dl'sign<'d to invP~tigatl' 
mutation, randomly self'Ctl'd .r% rnutation, and ronstrainE'd ab.•/ror· nrutation rrill'ria, rP~pPct ivPiy. 

4.3 Adequate test set generation 

For E'XpPrim~>nts lab~> l~>d EXPT-H, :~0 mutation adP<pratP tPst ~Pts wrrP g~>nrrat<'d ra.ndomly. To 
hP ablP to ronrpiPtl' thP PX pf'rimPnts in rPasona.bll' time, wp rrstrirtPd thP input donr ain of rarh 
program as shown in Tabl<' 1. 

When random t~>st ras!' gPn<>ration failPd to gt>nE'ratl' a mutation adl'quatP t ~>st sl'l in ~pil" uf 
r<'p<'at<'d trial~, additional l!'sl rasPs W<'r<' g<'nPratl'd manually. Thl'rP wPrP two paranrPtPrs tlmt 
controUNI the numb~>r of trials b~fort> th~> random test cast- g<'nt>ration J>rocE>ss for onP tPSt sPt wa.s 
abandont>d. First , WE' wantPd to lirnit tht> tint!' to execute muta.nts on tPst cases so as to bP a.hlr 

3Tbe golo muta.nls were exclud.d for a historica.J ruson. ln our a.nother s tudy (19) we conducted & sionila.r 
compuison on tbe relative s1ren11th betwecn lhe a.IJ-uses and mutation &dequ&cy criteria. Since the C-version of 
ou r programs did not contain &ny golo statement, we decided tb&t for a fai r compa.rio;on, golo statements ) hould be 
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Table 1: Experiment sets 

Experiment MutanLs examine<! 

EIPT- 11 ali &eneraLed by llothra excepL golo 
EIPT- A raodomly selec:Led 10% of each muLanL Lype 
EIPT-8 randomly selec:Led 15% of each mutant type 
EIPT-C raodomly seiKLed 20% of each mutant Lype 
EIPT- D randomJy selt"CLed 25% of eaeh muLaoL Lype 
EIPT- B randomly seleeted 30% of each muLant Lype 
EIPT- F randomly eelecLed 35% of ~ach mutanL type 
EIPT- G randomly seleeted 40% of each mutant type 
EIPT- R 46~ and ror mutanLs 

Thble 2: Input doma.in fo r random test case geneTatio n 

PrORram Coutraints 

• I ~ arrar 1iae ~ lO 
FilO • I ~ mde:a: ~ arrar aü e 

• arrar t lem ent E {:a: I O 5 :a: ~ 100, :a:;, cm ÍJilt gtr} 
• O ~ tezt luaglla ~ 4 

STRIUT1 • O ~ pallena lt ngtla ~ 4 
• l t:a: l t lemetll E {a, 6} 
• palltrJI elemt nl E {a, 6} 
• O ~ l t:a: l lenglla ~ 4 

STRIUT2 • O ~ palltrn let1gl/a ~ 4 
• led elemenl E {a, 6} 
o pallern t lem enl E {a, 6} 

TEITFIIT • o ~ t t:a:t , . .. ,,,. ~ 15 

• l t :a:t tlr m t tll E {ali •pperca~e aHd lower cu e leller 3, ta6, .spoe~, n.ewlata~ 
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to completE' the experimt'nts in rl'asona.blt' timt'. As tbt' numbl'r of trials innt'ast'd , tht' muta.tion 
scort' increa.5('(( slowly. Second, tbere was a. natural desire to denea.sl' thE' numbE'r of mutants to 
be exa.mined ma.nua.lly to savt' on huma.n t'ffort. The numbl'r of trials usE"d in t'ach t'Xpt>rimE"nL 
was detennined a.s a. rea.sonablt' balance betw('('n tbt' n('('d to rt'duct' tht' t'Xt'cution timt' a.nd hum a.u 
effort. ln our experimenls, 150, 250, 100, a.nd 250 trials were usl'd for the genNation of Parh 
mutation a.dequatl' li'St SE't of FIIID, STRMATl, STRKAT2, a.nd TEXTFKT, rE'spectively. Dt'ta.ils of tbPSP 
proc!'dures ca.n b!' found in [19). Wl' note tha.t WE'yuker (23) h as also proposed ra.ndom St'll'clion of 
test sets in such E'XpE.'rimE'nts for <üfferent data. How a.dequacy nitt'ria.. 

Similar proc!'dnrE.'S w!'re used to gt'nera.le z% and abs/ror· mutation a.dt'qua.lt' l!'Sl sets. NotP 
tha.t (I) for ab.•/ror mutation, 30 ad!'qua.Lt' tt'sl sets were generated for each progra.m, a.nd (:.!} for 
randomly selected .:r:% mutalion, 5 adequate tesl sets were gent'ra.tt'd for each program and .r whl'rl' 
.:r: E {10, 15, 20, 25, 30,:35, 40}. 

Test S('LS genera.t!'d by human testers could ha.ve introduct'd bias in the res ults. This ma.y 
bappen, for ua.mple, when tbe t~>stl'rs are familiar with Lhe progra.ms used in the expPTim!'nLs and 
Lherefore genera.te LE.'St sets tbat favor one les ling method over a.nother. Second, there could hP :1. 

large number oftest SE.'ts tha.t sa.tisfy a.n a.dequacy criterion. Selecting only one of these may possibly 
lea.d to fa.IS(' conclusions. As indica.ted abov~>, o ur study overcotnPS ~>ach of t hese WE"akn!'SSI'S by 
genera.ting multiple a.dequate test SE'ts automatica.Uy for eacb criterion. 

Ea.cb a.dequate test S('L generated contaioed no redundant test case. This inlJ>lies that each tr•st 
case in any a.dequate test set <listinguishes at least one non-equivalent mnta.nt. This requirE"ml'nt is 
inteoded to ma.ke a. fa.ir compa.risoo a.mong <lifferl'nt cri teria.. ln the abs!'nc~> of this requiremrnt OIIP 
ma.y a.lwa.ys geoera.le a. .:r:% or ab.•/f'Or muta.tioo a.dequa.te test sel wltich is also muta.tion ad!'<Jna.L!' 
by merely a.dding lhe test cases requh!'d to <listinguish any tive muta.nt. 

Equiva.lent muta.nls were identilird manuaUy. However, thP failure of ra.ndom trst ca.sr g!'n~>r
alioo lo genera.te a. lest ca.se that <listinguishes a mutaot resulted in a. fairly small SE'L of mutauts 
exa.mined ma.nua.lly. The number of equivall'nt muta.nts for each program a.r!' listt'd in Ta.blr :1. 

5 Experimental results and analysis 

Ta.ble 3 lists tbe oumber of muta.nts a.od decisions for the programs used. Larger programs lPnd lo 
genera.le la.rger number of mulaots. W!' noll' lha.l FIIID ha.s lhl' la.rgE"sl numhl'r of non-!'quivaiPnl 
mu~aots {854) and TEXTFKT conta.ins the largest number of decisions ( IX). The s ma.Uest numhPr of 
non-equiva.lent muta.nls ( 446) a.nd decisions ( 12) a.re in STRMAT2. Thl'SP melrics servr as indicators 
of lhe rela.tive complexity of programs considered in our experimenls. 

Ta.bles 4 a.nd 5 contain lhe a.U-uses and muta.tio n scores using mutatio n, z% mulalion a.nd 
abs/ ror muta.tion a.dequa.le tesl sets, rl'Spl'ctivPiy. Scores in lhe a.hove ta.hiPs arl' compull'd as 
peTcenla.ges. Ta.bll' 6 lists lht' sizE" of muta.tioo , x% mulalion, a.nd ab,•/ror muta.tion adequalt' tt'sls, 
respectively. Table 7 lisls thr numhrr o f mutants examined in mula.tion, x% muta.tion, a nd Clb-'/r'OI· 
mula.lion. 

5.1 Comparison based on ali-uses scores 

From OUT expl'rimental data. and Lhl' summa.ry in Ta.ble 4 we make thr foUowing observations: 

( I) Ali-uses scores using muta.tion a.dequa.le tPsl sels: 

• For FIIID, STRMAT1, a.nd STRMAT2, l'ach muLa.tion a.dequa.lP LPst seL is a.U-uses adequa.te. PDF compression, OCR, web optimization using a watermarked evaluation copy of CVISION PDFCompressor
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Table 3: Program size metrics 

11 FIID 11 STIIl&Tl 11 STIIllT2 TUTFWT 
11 number 11 perun~.a«e U ownbu perunta«e 11 ownbe r U perun~.a«e UIID1I>er n perceu~.a«e H 

muLauLS eq.Uvalent 62 6.~ 116 20.1~ ~ 12.55~ 126 1 3.43~ 

non-eqUJvalent 654 93.23~ 601 19.~ 446 87.45~ 812 86.5r'llo 

bloclu r...,.ible 20 100~ 1'1 89.4~ IS ·~ 24 ·~ measible o o~ l 10.53~ o o~ o o~ 

densions <ASoble 16 94. 12~ 14 87.60~ 12 100~ 18 100~_ 
iweasible I 5.86~ l 12.60~ o o~ o o~ 

all-uaes reasible 98 81.35~ 58 92.06~ 58 87.88~ 33 62.26~ 

uoJc:ao~~bl• 2 1 17.65~ 5 7.94~ 8 12.12~ 20 37.74~ 

Tabll' 4: AU-usl'S scores using mutation, x% mutation, and absjror mutation adequate test sets 

11 FIID 11 STIIl&Tt U STIIllT2 11 TUTFWT 11 
U:PT- R ave.r&Ae 100.00 100.00 100.00 99.39 

otd. dev. 0.00 0.00 0.00 1.23 
EXPT- 1 aver&«e 99.59 97.93 98.62 96.97 

ol.d. dev. 0.56 1.89 1.89 2.14 
EIPT-1 aveJ"a«e 99.39 99.31 99.31 96.97 

otd. dev. 0.56 1.52 1.54 3.03 
EXPT-c avera,.e 99.39 98.62 97.93 98.19 

otd. dev. 0.56 1.89 3.08 1.66 
EXPT-D ave.ra«e 99.80 100.00 99.31 95.76 

otd. d ev. 0.46 0.00 1.54 1.66 
U:PT-1 a ver a« e 99.80 100.00 99.31 95.15 

ol.d. d ev. 0.46 0.00 1.54 1.66 
EIPT- F aver&«e 100.00 100.00 100.00 98.18 

atd. dev. 0.00 0 .00 0.00 1.66 
EIPT-G ·-· 99.80 100.00 99.31 98.19 

nd. dev. 0.46 0 .00 1.54 1.66 
EIPT-1 a ver&«e 99.56 97.13 96.27 95.45 

otd. dev. 0.51 3.85 3.54 1.91 

f See Table t ror erpe_ruuent uamea. 

PDF compression, OCR, web optimization using a watermarked evaluation copy of CVISION PDFCompressor

http://www.cvisiontech.com


VIl S~ Brasileiro de Engenharia de Software 329 

Ta.ble 5: Muta.tion scores using mu ta.tion, :r% muta.tion, a.nd ab,qjm1· muta.tion adequa.tP tPst s~>ts 

11 FIID 11 STliUTI 11 ST11UT2 11 TEITFIIT 11 

ElPT-R ave:r&«e 100.00 100.00 100.00 100.00 
std. dev. 0.00 0.00 0.00 0.00 

ElPT-1 avera,te 97.59 97.25 96.37 00.01 
old. dev. 0.97 1.20 1.75 0.66 

E.IPT- 11 aver&«e 97.52 97.96 96.86 91!.74 
std. dev. 0. 15 0.79 1.81 o .. ~:J 

EIPT-c aver~e 97.59 98.28 97.04 91!.89 
sld. dev. 0.29 0.4 1 1.11.1 0.4 1 

E.IPT-D ave:ra,t;e 911.27 98.52 99.0 1 9!l.9'l 
sld. dev. 0.27 0.23 0.38 O.S:I 

ElPT-1 &.ver&«e 98.95 98.96 98.97 00.51 
ll<L<J_ev. 0.22 0.09 0.38 0.23 

ElPT-F aver&~te 99. 11 98.88 99.42 99.6.1 
old. dev. 0.10 0. 18 0.20 0.23 

ElPT-0 aver&~;e 00.23 98.88 00.60 99.85 
nd. dev. (1.21 0.11 0.19 0 .16 

ElPT-1 ave.ra«e 98.29 98.84 95.70 95.90 
lld. dev. 0.45 0.57 2.20 1.:):) 

tSee. Table I for experuue:nt uamu. 

Ta.ble 6: Size o f muta.tion, z% muta.tion, a.nd abs/ ror muta.tion adequate test sets 

11 FIID 11 STIJIATI 11 STIJIIT2 11 TEITFRT 11 

ElPT-R ave:r~e 24.57 20.23 17.57 16.67 
5ld . dev. :J.:JO 1.79 2.11 'l.14 

ElPT- 1 a ver a~ e 9.'l0 10.00 8.60 9.60 
old. dev. 0.45 2.35 1.52 2.07 

ElPT-1 avera~e 10.40 11.60 9.80 10.40 
sld. dev. 0.89 1.52 2.05 0.55 

E.IPT-C ave:ra«e 1:1.00 12.60 10.40 12.00 
sld. dev. 1.22 1.52 2.07 1 .511 

EXPT-D aver~e 13.80 13.60 11.00 9.00 
ald. dev. 2.05 2.41 1.87 1.22 

ElPT- E ave.ra«e 14.60 14 .80 11.20 12.60 
sld. dev. 1.34 2.17 2.17 1.34 

EIPT- F avera..~te 16.00 14.00 12.00 12.20 
sld. dev. 1.41 l.U 0 .71 2.86 

EIPT- 0 aver&«e 15.80 15.20 12.60 12.60 
sld. dev. 0.1!4 1.48 2.79 1.14 

EIPT- H avera.,:;e 14.7:1 12.00 8.27 6.97 
sld. dev. I .SII 1.58 1.36 l.l 

tsee Table l for experunent namea. 
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Thblt> 7: Mutants t t>xamjned in mutation, :r:% mutation, and ab.•/ror mutation 

Experimeutl FIID STIIIIATl 
Uuml>er pen:euU~«e OUJJli>U pe.rcenta~:e 

UPT- R 916 100.00"' 6'l7 100.00 
UPT· A 94 10.26"' 65 10.37 
&IPT-8 135 14.74"' 95 15.15 
EIPT·C 184 20.~ 124 19.78 
&IPT-D 231 25.22"' 157 25.04"' 
EX PT-E 278 30.35_%_ 190 30.30% 
EXPT- F 321 35.04~ 220 35.09"' 
&IPT-G 368 40.1~ 252 40.19% 
EXFT- H 166 18.12711 125 19 .94711 

f l.ududiu~ boLh eqwvalc.ut aud uon-eqwva.lent mul.,aa\Ls. 

lsee Table 1 ror experiuH~nt ttAUH:S. 

STU&T2 TUTFIIT 
nwtlber 11 -n~.a«e nwnt>er ~· 

510 100.00"' 938 100.00"' 
50 o.sa"' 103 10.98"' 
78 15.29"' 155 16.51"' 

101 111.sa"' 210 22.39"' 
128 25.10"' 267 28.46"' 
154 30.20% 318 33.90% 
179 35.10% 363 38.70"' 
205 40.20" 4H 44.14" 
99 19.41 711 135 14.39711 

• For TEXTFMT of tbe 30 mutatioo adequate test sets obtained, a total of 24 are ali-uses 
adequate. 

(2} ALI-uses scort>S usiog :r:% mutation adequalt> test sets: 

• For FINO, STIUtAT2, aod TEXTFIIT of tbe 40 :r:% mutation adequate test sets obtained, a 
total of 29, 32, and li are ali-uses adequate, respectively, 

• For STRMAT1 , N\ch 25%, 30%, 35%, and 40% mutatioo adequate test set is ali-uses 
adc>quate. 

• ALI-uses scort>S of test sets adequate wrt to :r:% mutatioo for FINO, STIUtATl, STRXAT2, 
aod TEXTFIIT are at least 98.97%, 96.5.5%, 93.10%, and 93.94%, respectively. 

(3} All-us('s scores 11siog abs/ ror muta.tioo adequa.tt> test sets: 

• For FINO, STRMATl, STRMAT2, and TEXTFIIT of the 30 ab.•/rormutation adequate test sets 
obtaint>d , a. total of 17, IR, 6, a.ud 2 are ali-uses adequa.te, respectively. 

• All-us!'s scort>S of tes t sets ad!'qua.te wrt to abs/ ror muta.tiou for FINO, STRXAT1, STIUtAT2, 
a.od TEXTFIIT a.rt> a.t least 9R.9R%, R9.66%, 87.93%, a.nd 93.94%, respectively. 

Thr abovt> obsc>rva.tions iodica.te tha.t the a.vera.ge ali-uses scort>s usiog muta.tion adequa.te test 
S('ts a.rr li'SS t hao .5% bjgher tba.u those obtained using :r:% mutation and absjror mutation adequa.tt> 
tl'st sets, rPSpl'ctivl'ly. 

From Tablt> 4 a.od 6, we also fiod tha.t the a.vera.ge ali-uses scores using h.igher :r:% muta.tion 
a.dt>qua.tt> t('st sl'ts ma.y oot necessarily b(' hlgher than those usiog lower :r:% mutatioo adequate 
test St>ls. An example of this occurs in TEXTFIIT for which the a.verage ali-uses score io EXPT-E 
(95. 1.5%} is lower tha.n tha.t io EXPT-B (96.67%) even though the p('rcenta.ge of muta.nts exa.mined 
in EXPT-E (33.90%) is higher tha.n tha.t in EXPT-B (16.52%). Ln a.ddüion, we find tha.t absj ror 
muta.tion a.drquate test sets result in almost the sa.me ali-uses covera.ge as :r:% mutation adequa.te 
lt>st sets rega.rdlrss of the va.lue of z%. 
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5.2 Comparison based on mutation scores 

F'rom our ex pNimt>nlal data anel Lhe summary in Tablt> 5 we make Lhe following observations: 

( I) Mutation scores using :r% mutation adequate test sets: 

• For FINO, STRKAT1, anel STRKAT2, (i) none of the x% mutation aelequate tcst set is 
mutation adequate, (ii) 10%, 15%, and 20% mutation adequa.te test sets give a. mu tatiou 
scor(' of a.t IE>a.st 96. 14%, 95.21%, 94.R4%, respectively, anel (iii) 25%, :10%, 35%, and 
40% mutation adequate test sels provielt' mort' than 9~% muta.Lion covPra.gP. 

• For TEXTFKT, (i) 2 out of 5 40% muta.tion a.dequa.t._. test srts arP mutatioo adequat._., and 
(ü) all 40 x% mutation adequate test sets provide more than 9!U5% mutation coverag!'. 

(2) Mutatioo scores using ab.-/ ror muta.tion adequate test sets: 

• For none of the four programs is a.n ab.-j ror muta.tion a.dequate test set muta.tion a.dP· 
quate. 

• For FINO, STRKAT1, STRKAT2, and TEXTFKT, eacb ofthe 30 ab,•/ I'Or mutation adequa.tt' lPSL 
set s gives a muta.tion score of at lea.st 97.67%, 97.60%, 91.4R%, a.nd 92.73%, respectivrly. 

The a.bove observa.tions incUcate tha.t z% a.nd ab.•/1'01' muta.tion a.dequa.te tes t set s suffer lrss 
tba.n 5% loss on a.vera.gl' mutation scores. The rt'sult on x% mutation is similar to those givt>n iu 
tht' t'a.rUer studies by Acrt'e [I) a.nd Budd [4). 

F'rom Table 5 anel 6 , we also find that the avera.ge muta.tion scores using higher z% mu ta.tiou 
adequate tt"st sets ma.y not necessa.rily be higher tha.n those using lower x% muta.tion adt"quatP 
test sets. An example of this occurs in TEXTFKT for which the avPra.gl' mutation scort> in EXPT-0 
{9R.92%) is lower tban tha.t in EXPT-A (99.0 I%) even though tht> percentage of muta.nts examint>d 
in EXPT-0 (2~.46%) is higher than that in EXPT-A ( 10.9R%). ln addition , we find that ab.•/r'Or' 
muta.tion adequate t~>st sets give almost the sa.me muta.tion covera.ge as .c% mutation adPquatP LP~t 
sets regarclless of the valtJe of x. 

5.3 Size and expense comparison 

Figures I and 2 conta.in the sizf.' and Pxpense reduction computed using Equa.tions (I) and (:l) , 
respectively, for :r% and ab,•/ro!' muta.tion a.dequa.cy criteria. F'rom thl'se two figures wf> ma.kP Lhf' 
following observations: 

( 1) The ust> of abs/ r'Or muta.tion adt>quacy criterion leads to at lea.st an RO% ex pense reduction 
and a 40% to !)R% s iz~> rl'duction. 

(2) The use of x% muta.tion adf.'quacy criterion results in a 60% to 90% expense reduction a.nd a 
24% to 6:3% size reduction. 

(3) A largPT expense reduction , i.e., fewer muta.nts need to be exa.mined, ma.y not gua.rantf'f' a 
correspondingly larger size rl'duction.. An f.'xample of this occu rs in TEXTFKT for which the size 
recluction in EXPT-B {37.61%) is less tha.n tha.t in EXPT-0 (46.01 %) ev~>n though the expense 
rE>duction in EXPT-B (R3.4R%) is larger tha.n tha.t in EXPT-0 (7 1.54%). 

Ln summa.ry, we find tha.t both x% and abs/ror mutation adequa.cy criteria provide significa.nt 
size and expense reduction wrt to t he muta.tion adequacy critt>rion. Such rPduction is a.chiPved 
without any significant loss in th~> abiUty of th~> adequate test sets to distinguish non-~>quival~>nt 

mutants a.nd cover fea.sible aLI-uses. 

: 
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Fi~re 1: Sizt> reduction for z% and abtJ/ror mutation adequa.cy criteria. 
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Figurt> 2: ExpE'DSt> rE'duction for x% and absjror mutation adequa.cy criteria. 
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6 lmplications for a tester 

lt is important to exa.uline t hP implications of our observations for a tPster. First , we cautiou t hat 
our observatious a re wade from a single case study. Tbus , it ma.y not be wist> to genera.lizP to ali 
programs. Figure 3 presents a. summary of t hP experimental restLits for STRMAT14 • W<' iciPnt ify t he 
foUowing implications from tbis figure. 

I. lO% random mutation lea.ds to a small number of mutants to hP exa.tlúned by a testPr and 
rPsults in a.n avera.ge of 97.3% muta.Lion score. This implies that a. teste r ca.n do reasona.hly 
well in clistingttishing ali mutants by targeting a. small number of randomly selected mutants. 

2. The a.bovp implication a lso holds for ab,çjr-or mutation. 

3. A tt"ster may hopP to obtain a lúgh all-uses score by targE'Ling only a small percentagt> of 
mutants sel!'('ted e ither ra odonLiy or sPIPctively. 

Each of tbe a.bove observa.tions imply that withio tight budget a.nd time constra.ints a tesLPr 
ma.y use random or constra.ined muta.tion testing a.nd still hooe to obtain a l!"ood test sPt wrt to 
complete mutation or t h e all-uses cri teria.. Another implica.tion is tha.t one need not examine ali
uses to improve a. test set. lf a. test set needs to be improved , one ma.y examine additiona.l li vt> 
muta.nts a.nd genera.te new test cases. lf there a re no a.dditional tive muta.nts Lhen chances a.re that 
aiJ all-uses ha.ve already been covered . 

size reduction: 40.68% (abslror) & 50.57% (10%) 
expense reduction: 80.86% (abslror) & 89.63% (10%) 
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Figure 3: An overaU comparison a.mong muta.tion a.nd its alternatives on STRMATI 

7 Conclusions 

ln t his study we find tba.t compareci to mutation tt"sting, hotb mndomly sclected x% mutation 
a.nd constmincd mutation providt" significant rt"du ctions in tt"rms of the number of test cases and 

'For the remaining Lhree programs in ou r suite of four programs , we obtained similar conclusions. However, due 
Lo space limitation, Lhese d aL& are noL shown here. PDF compression, OCR, web optimization using a watermarked evaluation copy of CVISION PDFCompressor

http://www.cvisiontech.com


334 VIl SÍJ1)ÓSÍO Brasieiro de Engenharia de Software 

the number of mutants to be exanúned. Thls gain is, bowever, accompanied by a small loss in 
tbe ability to distingwsh noo-eqwvalent mutants and cover feasible ali-uses. These data suggest 
that examining only a small percentage of ruutants may be a oseful heuristic for evaloating and 
coustructing test sets in practice. We also conclude that lhe alternate mutation criteria may serv«:> 
as cost-effective alternative to mutation testing in applica.tions that do uot demand ao ultra-hlgh 
levei of mutation coverage. Although ou r conclusions are made from a swte of four small programs, 
thE' conlidence of its validity incrE'ases as lhE' number and variety of programs for whlch it bolds 
increases. 

Bas40>d on thE' ,çizc, czpcrt.~c, and r40>lative .Qtrengtll comparison, our data iudicate no clear pref
N40'nce for ab.qjror mutation and x%, such as 10%, mutation. We are currently working on a 
comparison of the E'rror detection effectivenE'SS amongst these criteria [18). Experiments with con
strained mutation using various combinations of mutant operators a.ud larger size programs, in 
tprms of lhe number of mutants that have to be exanúned, are a1so ougoing. R.esults from such 
studies mjgbt shed more light on the value of constrained mutation. 
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