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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionMotivations
Testingaims at �nding errors in a programnot very expensive (
ompared to proof)nevertheless, not a 
omplete methodHow to know if a test suite is satisfying?Use mutation analysisMeasure the test suite 
overage
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionMotivations
Measuring the 
overage of a test suiteCan be performed using 
ontrol-�ow, data-�ow 
overage (white-box)or using spe
i�
ation 
overage (bla
k-box)Re
ent arise of annotation languagesFormally des
ribe the behavior of programs within the sour
e 
odeSpe
i�
ation is 
lose to the programPossibility of Runtime Assertion Che
king
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionOur proposalUse of JML ...Modeling language of JavaAnnotation language... and measure its 
overage by a test suiteWritten in JavaUsing Runtime Assertion Che
king me
hanismsEvaluate the a

ura
y of a test suite
⇒ Implemented within a tool: jmlCoverage.F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionWhat is JML?Outline1 Java Modeling Language2 Test Generation from JML Spe
i�
ations3 Coverage Metri
s4 Implementation and Experimentation5 Con
lusion & future work
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionWhat is JML?Presentation of the Java Modeling LanguageBasi
s of JMLDesigned by Gary T. Leavens at IOWA State UniversityAssertions embedded in the program 
omments /*� ... �*/Based on the Java syntax/semanti
sDesign By Contra
tIntrodu
ed by Meyer with Ei�elBased on a 
ontra
tual agreement between the system and the methodsThe system has to ful�ll the method's pre
ondition when 
alling it ...... the method is bound to establish its post
onditionF. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionWhat is JML?Presentation of the Java Modeling Language (
ont'd)Modelling possibilities of JMLClass spe
i�
ations: invariants, history 
onstraintsMethod spe
i�
ations: pre
ondition, frame 
ondition, normal post
ondition, ex
eptionalpost
onditionSpe
i�
ation of an ele
troni
 pursepubli
 
lass Demoney {stati
 final SET_MAX_DEBIT = 1;stati
 final SET_MAX_BAL = 2;//� invariant balan
e >= 0 &&//� balan
e <= maxBal;int balan
e, maxBal, maxDebit;boolean personalized;/*� behavior� requires personalized == false;� {|� requires p1 == SET_MAX_DEBIT;� assignable maxDebit, maxBal;� ensures maxDebit == data &&� maxBal == \old(maxBal);� also
� requires p1 == SET_MAX_BAL;� assignable maxDebit, maxBal;� ensures maxBal == data &&� maxDebit == \old(maxDebit);� |}� also� requires personalized == true ||� (p1 != SET_MAX_DEBIT ||� p1 != SET_MAX_BAL)� assignable maxDebit, maxBal;� ensures false;� signals (CardEx
eption e)� maxDebit == \old(maxDebit)� && maxBal == \old(maxBal);�*/publi
 void PUT_DATA(byte p1, short data);...}F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionWhat is JML?A 
loser look on the exampleThe �rst behavior .../*� behavior� requires personalized == false;� {|� requires p1 == SET_MAX_DEBIT;� assignable maxDebit, maxBal;� ensures maxDebit == data &&� maxBal == \old(maxBal);...A test 
ase 
overing the �rst behaviorDemoney d = new Demoney();d.PUT_DATA(Demoney.SET_MAX_DEBIT, (short) 10000);F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionWhat is JML?A 
loser look on the example... the se
ond behavior .../*� behavior� requires personalized == false;� {|� ...� requires p1 == SET_MAX_BAL;� assignable maxDebit, maxBal;� ensures maxBal == data &&� maxDebit == \old(maxDebit);...A test 
ase 
overing the se
ond behaviorDemoney d = new Demoney();d.PUT_DATA(Demoney.SET_MAX_BAL, (short) 32767);F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionWhat is JML?A 
loser look on the example... and the third behavior... � requires personalized == true ||� (p1 != SET_MAX_DEBIT &&� p1 != SET_MAX_BAL)� assignable maxDebit, maxBal;� ensures false;� signals (CardEx
eption e)� maxDebit == \old(maxDebit)� && maxBal == \old(maxBal);�*/A test 
ase 
overing the third behaviorDemoney d = new Demoney();d.PUT_DATA(Demoney.SET_MAX_DEBIT, (short) 10000);d.PUT_DATA(Demoney.SET_MAX_BAL, (short) 32767);d.STORE_DATA(); // ends personalization phased.PUT_DATA(Demoney.SET_MAX_BAL, (short) 20000);F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionWhat is JML?Presentation of the Java Modeling Language (
ont'd)Use of JMLHelp the proof of the program (ESC/Java2, JACK)Test ora
le using the Runtime Assertion Che
kingBut, also used for Model-Based Testing!JML spe
i�
ation 
onsidered only (no Java 
ode required!)
→ 
ompute test targets + 
ompute test 
asespublished at Formal Methods 2006aImplemented within a tool: JML-Testing-Tools Test Generator(http://lif
.univ-f
omte.fr/~jmltt)aF. Bouquet, F. Dadeau, B. Legeard. Automated Boundary Test Generation fromJML Spe
i�
ations. Pro
eedings of the 14th Symposium on Formal Methods (FM'06)F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations
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lusionOutline1 Java Modeling Language2 Test Generation from JML Spe
i�
ations3 Coverage Metri
s4 Implementation and Experimentation5 Con
lusion & future work
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionTest Generation from JML Spe
i�
ationHow the story begins ...First, animation of a JML spe
i�
ationSimulate the fun
tional behavior of the modelled Java programUsing the JML spe
i�
ation only!Methods' exe
utions are abstra
ted by 
onsidering their JML behaviors
⇒ Provides a way to validate the behavior of the JML model
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionTest Generation from JML Spe
i�
ationHow the story begins ...First, animation of a JML spe
i�
ationSimulate the fun
tional behavior of the modelled Java programUsing the JML spe
i�
ation only!Methods' exe
utions are abstra
ted by 
onsidering their JML behaviors
⇒ Provides a way to validate the behavior of the JML modelSe
ond, test generation using the JML spe
i�
ationsTesting methods ⇔ a
tivating behaviors expressed in the JML method spe
i�
ations1 Extra
tion of test targetsa
tivation of a method's behavior+ some additional 
onstraint on the data values2 Building of the test 
ases using the JML model animation3 Rei�
ation & exe
ution on an IUT (with RAC)F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionTest Generation from JML Spe
i�
ationHow the story begins ...
Extra
tion of the test targetsTest target ⇔ a
tivation 
ondition of the behaviors of Java methodBehavior given by the JML method spe
i�
ationTest targets expanded, by rewriting disjun
tions
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionTest Generation from JML Spe
i�
ationHow the story begins ...
Extra
tion of the test targetsTest target ⇔ a
tivation 
ondition of the behaviors of Java methodBehavior given by the JML method spe
i�
ationTest targets expanded, by rewriting disjun
tionsWhat if ... we reverse our way of thinking?(A

urate) test targets are obtained by spe
i�
ation 
overage
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionTest Generation from JML Spe
i�
ationHow the story begins ...
Extra
tion of the test targetsTest target ⇔ a
tivation 
ondition of the behaviors of Java methodBehavior given by the JML method spe
i�
ationTest targets expanded, by rewriting disjun
tionsWhat if ... we reverse our way of thinking?(A

urate) test targets are obtained by spe
i�
ation 
overage
⇒ Let's 
he
k whether other approa
hes are able to perform su
h a 
overage!
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i�
ations3 Coverage Metri
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusion
2 parts for 
overage metri
s1 Behavioral Coverage

2 Condition Coverage
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusion
2 parts for 
overage metri
s1 Behavioral CoverageExtra
t the behaviors from a JML method spe
i�
ation

⇒ JML method spe
. represented as a Dire
ted A
y
li
 Graph
⇒ Edges are labelled by before/after predi
atesMeasure the 
overage of the graph (nodes, edges, paths, et
.)2 Condition Coverage

F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusion
2 parts for 
overage metri
s1 Behavioral CoverageExtra
t the behaviors from a JML method spe
i�
ation

⇒ JML method spe
. represented as a Dire
ted A
y
li
 Graph
⇒ Edges are labelled by before/after predi
atesMeasure the 
overage of the graph (nodes, edges, paths, et
.)2 Condition CoverageRewrite disjun
tions in the 
onditionsMeasure how the disjun
tion is 
overed
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionBehavioral CoverageOutline1 Java Modeling Language2 Test Generation from JML Spe
i�
ations3 Coverage Metri
sBehavioral CoverageCondition Coverage4 Implementation and Experimentation5 Con
lusion & future workF. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionBehavioral CoverageGraph of the PUT_DATA method spe
i�
ation 12345 6 7 8 0

9
10

T = no_ex

\old(personalized) == falsep1 == SET_MAX_DEBITmaxDebit == data &&maxBal == \old(maxBal) p1 != SET_MAX_DEBIT

p1 == SET_MAX_BALmaxDebit == \old(maxDebit)&& maxBal == data
p1 != SET_MAX_BAL

X false!X

\old(personalized) ||X = (p1 != SET_MAX_DEBIT &&p1 != SET_MAX_BAL)
T = CardEx
eption
maxDebit == \old(maxDebit)&& maxBal == \old(maxBal)
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionBehavioral CoverageA

ording to JML Semanti
s/*� requires P1;� assignable A;� ensures Q1; /*� requires P1 || P2;� also =⇒ � assignable A;� requires P2; � ensures \old(P1) ==> Q1;� assignable A; � ensures \old(P2) ==> Q2;� ensures Q2; �*/�*/
F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionBehavioral CoverageA

ording to JML Semanti
s/*� requires P1;� assignable A;� ensures Q1; /*� requires P1 || P2;� also =⇒ � assignable A;� requires P2; � ensures \old(P1) ==> Q1;� assignable A; � ensures \old(P2) ==> Q2;� ensures Q2; �*/�*/ /*� requires P1 || P2;/*� requires P1 || P2; � assignable A;� assignable A; =⇒ � ensures (\old(P1) && Q1)� ensures \old(P1) ==> Q1; � || \old(!P1);� ensures \old(P2) ==> Q2; � ensures (\old(P2) && Q2)�*/ � || \old(!P2);�*/F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionBehavioral CoverageGraph of the PUT_DATA method spe
i�
ation 12345 6 7 8 0

9
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T = no_ex

\old(personalized) == falsep1 == SET_MAX_DEBITmaxDebit == data &&maxBal == \old(maxBal) p1 != SET_MAX_DEBIT
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T = CardEx
eption
maxDebit == \old(maxDebit)&& maxBal == \old(maxBal)
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionBehavioral CoverageExtra
tion of a graph from a method spe
i�
ation (generalized)/*� behavior� requires P1;� assignable A;� ensures Q1;� signals (E11 e11) S11;� . . .� signals (E1M e1M) S1M;� also� ...� also� requires PN;� assignable A;� ensures QN;� signals (EN1 eN1) SN1;� . . .� signals (ENP eNP) SNP;�*/Type meth(T1 p1, . . .) throws E11, . . . ,ENP { . . . }
12 7 89 . . . 10 . . . 11 . . . 123 4 5 6 0

T = no_ex
eption
\old (P1)\old (PN )

\old (P1)
\old (¬P1)Q1

\old (PN) \old (¬PN )
QN

T = E11 T = E1M T = EN1T = ENP
S11 S1M SN1SNP
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionBehavioral CoverageExtra
tion of a graph from a method spe
i�
ation (generalized)/*� behavior� requires P1;� assignable A;� ensures Q1;� signals (E11 e11) S11;� . . .� signals (E1M e1M) S1M;� also� ...� also� requires PN;� assignable A;� ensures QN;� signals (EN1 eN1) SN1;� . . .� signals (ENP eNP) SNP;�*/Type meth(T1 p1, . . .) throws E11, . . . ,ENP { . . . }
12 7 89 . . . 10 . . . 11 . . . 123 4 5 6 0

T = no_ex
eption
\old (P1)\old (PN )

\old (P1)
\old (¬P1)Q1

\old (PN) \old (¬PN )
QN

T = E11 T = E1M T = EN1T = ENP
S11 S1M SN1SNP

Graph 
overage 
riteriaall nodes ⊆ all edges ⊆ all pathsF. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionBehavioral Coverage
Paths for the PUT_DATA graphAmong the 9 possible paths, only 3 are 
onsistent[1 → 2 → 3 → 4 → 5 → 7 → 0℄[1 → 2 → 3 → 5 → 6 → 7 → 0℄[1 → 9 → 10 → 0℄Consistent path 
omputation/dete
tionDete
ted using the JML-Testing-Tools 
onstraint solving engineChe
ked by theorem proving (Simplify, haRVey, . . .)
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionCondition CoverageOutline1 Java Modeling Language2 Test Generation from JML Spe
i�
ations3 Coverage Metri
sBehavioral CoverageCondition Coverage4 Implementation and Experimentation5 Con
lusion & future workF. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionCondition CoverageWhy an additional 
rtiterion?More thiner 
overage of the spe
i�
ation predi
atesMost people write JML method spe
i�
ation in only one blo
k
⇒ One single path in the graph!
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionCondition CoverageWhy an additional 
rtiterion?More thiner 
overage of the spe
i�
ation predi
atesMost people write JML method spe
i�
ation in only one blo
k
⇒ One single path in the graph!Example with multiple spe
i�
ation blo
k .../*� behavior� requires personalized == false;� {|� requires p1 == SET_MAX_DEBIT;� assignable maxDebit, maxBal;� ensures maxDebit == data && maxBal == \old(maxBal);� also� requires p1 == SET_MAX_BAL;� assignable maxDebit, maxBal;� ensures maxBal == data && maxDebit == \old(maxDebit);� |}� ...�*/ F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionCondition CoverageWhy an additional 
rtiterion?More thiner 
overage of the spe
i�
ation predi
atesMost people write JML method spe
i�
ation in only one blo
k
⇒ One single path in the graph!Example with a single spe
i�
ation blo
k/*� behavior� requires personalized == false;� requires p1 == SET_MAX_DEBIT ||� p1 == SET_MAX_BAL;� assignable maxDebit, maxBal;� ensures \old(p1)== SET_MAX_DEBIT ==>� maxDebit == data && maxBal == \old(maxBal);� ensures \old(p1)== SET_MAX_BAL ==>� maxBal == data && maxDebit == \old(maxDebit);� ...�*/ F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionCondition CoverageExample with a single spe
i�
ation blo
k/*� behavior� requires personalized == false;� requires p1 == SET_MAX_DEBIT ||� p1 == SET_MAX_BAL;� assignable maxDebit, maxBal;� ensures \old(p1)== SET_MAX_DEBIT ==>� maxDebit == data && maxBal == \old(maxBal);� ensures \old(p1)== SET_MAX_BAL ==>� maxBal == data && maxDebit == \old(maxDebit);� ...�*/
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionCondition CoverageExample with a single spe
i�
ation blo
k/*� behavior� requires personalized == false;� requires p1 == SET_MAX_DEBIT ||� p1 == SET_MAX_BAL;� assignable maxDebit, maxBal;� ensures \old(p1)== SET_MAX_DEBIT ==>� maxDebit == data && maxBal == \old(maxBal);� ensures \old(p1)== SET_MAX_BAL ==>� maxBal == data && maxDebit == \old(maxDebit);� ...�*/Behavior 
overage no more su�
ient!One single path for the normal termination behaviorIndi�erently 
overed byDemoney d = new Demoney();d.PUT_DATA(Demoney.SET_MAX_DEBIT, (short) 10000);or Demoney d = new Demoney();d.PUT_DATA(Demoney.SET_MAX_BAL, (short) 32767);F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionCondition CoverageRewritingsCoverage a
hieved by rewriting disjun
tions ...Rewriting Set of predi
ates to evaluate for P1 || P2 Coverage CriteriaRW1 {P1 || P2}RW2 {P1, P2} CCRW3 {P1 && !P2, !P1 && P2} FPCRW4 {P1 && !P2, !P1 && P2, P1 && P2} MCC... and 
he
king that all literals are 
overed at least on
e by the test suite.
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionCondition CoverageRewritingsCoverage a
hieved by rewriting disjun
tions ...Rewriting Set of predi
ates to evaluate for P1 || P2 Coverage CriteriaRW1 {P1 || P2}RW2 {P1, P2} CCRW3 {P1 && !P2, !P1 && P2} FPCRW4 {P1 && !P2, !P1 && P2, P1 && P2} MCC... and 
he
king that all literals are 
overed at least on
e by the test suite.Condition Coverage Criteria hierar
hyRW 1 ⊆ RW 2 ⊆ RW 3 ⊆ RW 4F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionOutline1 Java Modeling Language2 Test Generation from JML Spe
i�
ations3 Coverage Metri
s4 Implementation and Experimentation5 Con
lusion & future work
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusion
Ideas implemented within a prototype tool: jmlCoverageJava/JMLSour
eFile jmlCoverage CoverageReportManagerMonitor(Java orAspe
tJ) informs
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionMonitoring using embedded JavaRuntime 
he
ker style/*� behavior� requires P1;� assignable A;� ensures Q1;� signals (E11 e11) S11;� . . .� signals (E1M e1M) S1M;� also� ...� also� requires PN;� assignable A;� ensures QN;� signals (EN1 eN1) SN1;� . . .� signals (ENP eNP) SNP;�*/Type meth(T1 p1, . . .) throws E11 . . . {body ;}

Type meth(T1 p1, . . .) throws E11, . . . {try {Che
k and report pre
onditionedges predi
ates 
overagebody ;}
at
h(java.lang.Error e) {if (e instan
eof E11) {Che
k and report edgespredi
ates 
overage for E1}
. . .if (e instan
eof ENP) {Che
k and report edgespredi
ates 
overage for EN}throw e;} Che
k and report edges predi
ates
overage for normal post
ondition}F. Dadeau, Y. Ledru, L. du Bousquet Measuring a Java Test Suite Coverage using JML Spe
i�
ations



JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusionExperimentation
Con�gurationTarget program: Demoney applet (ele
troni
 purse)4 
lassesAnnotated with 500 lines of JMLTest suite generators:Jartege � Java Random Test GeneratorTobias � Combinatorial test generation
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JML Test Gen. using JML Coverage Metri
s Implem. & Exp. Con
lusion
ResultsJartege experiment: feeba
k on the pra
ti
ability of the approa
hTobias experiment: 5 s
hemas unfolded into 162 test 
ases 
overing100% of 
onsistent pathsLow 
ost in exe
ution time
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