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Chapter 1Introdu
tionThis work des
ribes the design and implementation of runtime veri�
ation ofOCL (Obje
t Constraint Language) 
onstraints in java programs. Therefore,the OCL 
ompiler developed by Frank Finger [FF00℄ was extended into a javasour
e 
ode instrumentation tool.1.1 MotivationMany di�erent approa
hes for in
reasing software quality have been developedin the past. Few of them have experien
ed wide spread usage in industry. One ofthem is Stru
tural Programming, another one is the Obje
t Oriented Paradigm.And there is just another one, whi
h 
onvin
es through its simpleness: Che
kStatements (or assertions in C++).Suppose a method for removing all obje
ts from a 
olle
tion:void 
lear(){ // some 
omplex handling of// hash tables or trees ...}Now, how does one verify, that the (supposedly 
omplex) implementation is 
or-re
t? Starting up the debugger and 
he
k for a few 
ases? Is Russian Roulette.Building some automati
 test 
ases? Getting better. But why not make sure,that the 
riti
al 
ode works 
orre
tly for the rest of its life:void 
lear(){ // some 
omplex handling of// hash tables or trees ...assert(size()==0)}The assert statement terminates the program, if the given expression evaluatesto false. Otherwise it does nothing. Many bugs would be dete
ted when showing4



up for the �rst time1. Additionally it needs only a 
ompiler swit
h to disable allassertions, thus removing any runtime penalty for release versions. As des
ribedin [SM93g℄, software quality 
an be improved dramati
ally by using assertionswhenever possible. This meets with pra
ti
al experien
es of the author.Unfortunately, there is no assert statement in Java. A similar fun
tionality
ould be a
hieved using ex
eptions, but there would be no possibility to globallydisable assertions.Furthermore, assertions are just a spe
ial 
ase of a mu
h more powerful
on
ept: Design by Contra
t (DbC). A good introdu
tion is given in [TP98℄.In DbC the example assertion above is transformed into a post
ondition of themethod:/**�post
ondition: size()==0*/void 
lear(){ // some 
omplex handling of// hash tables or trees ...}The tool developed with this paper aims to support veri�
ation of design 
on-straints as shown above. It instruments java sour
e 
ode, so that the instru-mented 
ode 
he
ks its own 
onstraints on runtime.1.2 TaskThis work aims to extend the OCL 
ompiler developed by Frank Finger with ajava sour
e 
ode instrumentation tool. [FF00℄ se
tion 3.6 already provides a listof requirements for su
h a tool. Additional attention is paid to java programs,where no UML 
lass diagrams are available. The tool should be implementedto a su�
ient extent. This in
ludes maintan
e of the existing OCL 
ompiler.For the java 
ode provided by the industrial partner, net-linx AG, a small setof typi
al OCL 
onstraints will be developed and experimented with.1.3 Organisation of This WorkChapter 2 lists work related to this paper, parti
ularly software aiming forsimilar fun
tionality. Chapters 3 and 4 present the design and implementationof the two major extensions of the OCL 
ompiler developed in this paper: thejava sour
e 
ode instrumentation and the 
ompleted model information for OCL.Chapter 5 reports experien
es made using the tool on an industrial strengthproje
t. Chapter 6 summarizes the results of this work, while 
hapter 7 pointsout dire
tions for future work.Appendix A lists all modi�
ations of the OCL 
ompiler made during thiswork. Appendix B 
ontains a short manual of the software together with anillustrative example. Finally, some very detailed des
riptions have been shiftedinto appendix C to keep the main text 
lear.1The rare 
ase, where a bug in size() happens to hide a bug in 
lear() is negle
ted here.5



This work 
omes with a CD, 
ontaining a 
urrent snapshot of the developedsoftware, an ele
troni
 version of this paper and software and literature referredto in this work, where available.
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Chapter 2Related WorkThis 
hapter lists both papers and software related to this diploma thesis. Forsome of the work there is a detailed 
omparison in subsequent 
hapters.2.1 Runtime Constraint Che
kingThis se
tion lists tools, whi
h perform runtime 
onstraint 
he
king on java pro-grams, more or less similar to the tool developed in 
hapter 3.JMSAssert ([MMS℄) provides OCL support for java. Constraints are embed-ded into javado
 
omments. The tool links into the JVM to make the 
onstraints
he
ked. This approa
h does not involve sour
e 
ode modi�
ation. This makesit easier to use, but also platform dependent (
urrently Windows only). It alsorequires just-in-time 
ompilers to be swit
hed o�. Binaries are available at no
ost.Several approa
hes instrument java byte 
ode to make 
onstraints 
he
ked,su
h as Handshake ([DH98℄) and jContra
tor ([KHB98℄). Se
tion 3.3.9 dis
usses,whether the approa
h of sour
e 
ode instrumentation presented in this paper isadaptable to byte 
ode instrumentation. Handshake uses separate text �les witha non-standard syntax to express 
lass invariants and pre/post
onditions. jCon-tra
tor implements 
onstraints with dedi
ated java methods. Neither Hand-shake nor jContra
tor binaries are publi
ly available.iContra
t ([RK98℄) is a prepro
essor for java. It instruments java sour
e 
odeto 
he
k 
onstraints. It supports a subset of OCL. Constraints are embeddedinto javado
 
omments. iContra
ts sour
e 
ode instrumentation is analyzed indetail in se
tion 3.3.8. Binaries are available at no 
ost.For some appli
ations OCL is just too powerful. A simpler approa
h isdemonstrated in [KSR00℄. It implements a number of prede�ned 
onstrainttypes, su
h as numeri
 range or ordering of arrays. For instan
e to have anattribute age 
onstrained to positive values, one just adds a method getAge-MinValue() {return 0;}. Most OCL 
onstraints used in the developmentof the OCL toolkit also 
ould have been expressed with su
h simple means.Constrained 
lasses must be valid JavaBeans. Also, the 
lass must announ
ethe modi�
ation of attributes manually to have the 
onstraints reevaluated.KBeans is released under GPL. Additionally there is a GUI for simulating anobje
t population and 
he
king 
onstraints against it.7



Jass ([JASS℄) is a prepro
essor for java assertions developed at the Univer-sity of Oldenburg ([DB99℄). Apart from 
lass invariants and method pre- andpost
onditions it provides 
he
k statements (like assert() in C++) and loop in-variants and variants. Assertions are expressed in java, extended by universaland existential quanti�ers. Se
tion 3.3.7 analyses the 
ode instrumentation ofJass in detail. Jass is available under GPL.The following table summarizes the tools introdu
ed above. The last lineshows the tool developed with this paper.Constraint Sour
e Veri�
ation Method AvailabilityJMSAssert OCL in javado
 links JVM binary(platform dependent)Handshake proprietary language byte 
ode instr. / notproxy system library availablejContra
tor java methods byte 
ode instr. / not
lass loader availableiContra
t OCL in javado
 sour
e 
ode instr. binaryKBeans prede�ned 
onstraint in spe
ial environment GPLtypes / java methodsJass java fragments in javado
 sour
e 
ode instr. GPLDresden OCL in javado
 sour
e 
ode instr. LGPLToolkit (reversible)2.2 Reverse EngineeringThis se
tion lists work related to reverse engineering needed in 
hapter 4.A powerful approa
h to reverse engineering has been developed at the MIT[JW99℄. The tool Superwomble extra
ts an obje
t model from java byte 
ode.Obje
t models are roughly a subset of UML 
lass diagrams, featuring inheritan
eand obje
t asso
iations. An important 
hallenge for the analysis is the dete
tionof element types of 
ontainer attributes. The tool performs this very e�
iently,without requiring any additional help from the user. Thus, it 
omplements thetwo approa
hes presented in this paper. A detailed 
omparison is provided inse
tion 4.2.JVision [OI℄ produ
es 
lass diagrams from java sour
e or byte 
ode. It's easyto use and has ni
e auto-layout. But it does not handle asso
iations in any way.Colle
tion attributes are simply shown as attributes. Instead it analyses, whi
h
lasses instantiate/use ea
h other. This is not nearly as useful as asso
iations.2.3 Other Related WorkCyberneti
 Intelligen
e develops an OCL 
ompiler ([CI℄). The 
urrent prototype
laims to support syntax 
he
king only. Type 
he
king is under development.Frontends are available for Sele
t Enterprise and Rational Rose.Elixir ([ET℄) 
laims OCL support in it's CASE tool and its java IDE. TheCASE tool provides an OCL text �eld only, without any syntax 
he
king. Forthe IDE a plugin is provided to integrate iContra
t.8



Several approa
hes implement OCL upon obje
t repositories, su
h as USE[RG00℄ and ModelRun [BS℄. The obje
t repositories 
an be populated andanimated visually, with OCL 
onstraints 
ontinuesly being 
he
ked.There is a universal 
ode instrumentation toolkit ([CMA℄) available for java.It parses java �les into parse trees, preserving white spa
e and 
omments. Theparse tree 
an be modi�ed and written ba
k into the �le. There are variousappli
ations for this, in
luding tra
ing/pro�ling of program exe
ution. The
ode instrumentation developed in this paper 
ould probably be realized usingthis toolkit. However, the parser analyses the 
omplete java �le, thus is mu
hmore heavy-weight than the parser developed with this paper. There is a testversion available at no 
ost, limited in the size of sour
e programs it 
an handle.
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Chapter 3Code InstrumentationInsertion of generated 
ode into java programs is the main subje
t of this paper.Su
h an automati
 sour
e 
ode transformation is 
ommonly referred to as 
odeinstrumentation. In this paper it 
overs anything beyond 
ode generation, to geta java program 
he
king its own 
onstraints. For an idea, where 
ode generationends and instrumentation starts, see se
tion 3.1.This is followed by an analysis of requirements for the 
ode instrumentationand resulting design de
isions in se
tion 3.2. Se
tion 3.3 des
ribes the solutionin detail.Finally se
tions 3.4 and 3.5 dis
uss the more fundamental issue, when andhow often invariants have to be 
he
ked.3.1 Results of Code GenerationThe java 
ode generator developed in [FF00℄ produ
es a set of 
ode fragments1.These 
ode fragments have the following properties:PropertyConstrained type The 
lass this 
onstraint applies to.Kind Spe
i�es, whether this fragment is an invari-ant, a pre- or a post
ondition or a transfer orpreparation fragment for a post
ondition.Constrained operation The operation, this 
onstraint applies to (notvalid for invariants).Code Contains the a
tual java 
ode to be exe
uted.Result variable Spe
i�es the name of the boolean variable,whi
h 
ontains the result of the OCL expres-sion after 
ode exe
ution.For ea
h post
ondition 
ontaining a �pre expression there are two additional
ode fragments 
alled preparation and transfer. See below.1see do
umentation of 
lass tudresden.o
l.
odegen.CodeFragment.
10



3.1.1 Preparation and Transfer FragmentsThe meaning of preparation and transfer fragments is explained on a dramati-
ally simpli�ed example.Suppose a post 
ondition for operation employ(), that leaves the attributeage un
hanged:
ontext Person::employ()post: age=age�preThe following 
ode fragments will be produ
ed:Kind CodeTransfer int node1;Preparation node1=this.age;Post Condition int node2=this.age;boolean result=(node1==node2);Typi
ally these fragments would be inserted as follows:
lass Person{ void employ(){ int node1; // transfer fragmentnode1=this.age; // preparation fragment// original 
ode of employ()// post 
ondition fragmentnode2=this.age;boolean result=(node1==node2);}}Note, that pre
ise semanti
s of 
ode fragments involving the �pre expressionhas been 
hanged, so that the original meaning des
ribed in [FF00℄ se
tion 7.1.2is no longer fully 
orre
t. For a detailed 
omparison see se
tion A.4.3.2 Requirements and Design De
isionsThis se
tion analyzes the requirements for the 
ode instrumentation and derivessome fundamental design de
isions.3.2.1 Reversable Modi�
ationThe most important feature is the reversability of 
ode instrumentation. It mustbe possible to� 
lean the 
ode tra
elessly from all inserted fragments.11



� redo the instrumentation on sour
e 
ode that has already been modi�ed,for instan
e when 
onstraints have been 
hanged.� edit the modi�ed sour
e 
ode without losing all 
hanges at the next in-strumentation.These requirements makes things quite a bit more di�
ult, but there are seriousreasons for this. Otherwise there would be two versions of sour
e 
ode: theoriginal and the modi�ed version. This raises some unpleasant problems:1. Con�guration management must handle two sour
e 
ode trees.2. Developers must be 
areful to edit the original version only.3. Running the instrumentation is required after every 
hange of the javasour
e 
ode, not only when the 
onstraints have been 
hanged.4. Sta
k tra
es of runtime ex
eptions point to the modi�ed sour
e 
ode. De-velopers must look for the 
orresponding pla
e in the original version.The implementation of reversable modi�
ation requires a strategy of minimallyinvasive modi�
ation. This is realized by two design de
isions:1. Method wrappers, explained detailed in se
tion 3.3.2. Expli
it pa
kage quali�ers for the OCL library in the generated 
ode.Otherwise, an import statement for the OCL library would be ne
essary.This would be just another spot, were the original sour
e 
ode had to betou
hed. Additionally, this may introdu
e name 
on�i
ts between OCLlibrary and user 
ode.3.2.2 Embedding Constraints in Java Sour
e Code.It should be possible to embed 
onstraints in the javado
 
omments. The pla
e-ment of embedded 
onstraints impli
ates (and repla
es) the 
ontext of the 
on-straint. See the example below./**�invariant ageGreaterZero: age>0*/
lass Person{ int age;/**�post
ondition: age=age�pre*/void employ();}Constraints should be immediately visible to the editor of a java �le. Also,this generally promotes the single sour
e approa
h. The author is strongly12




onvin
ed, that 
onstraints stored in an extra text �le are too far away fromattention.Invariants may also be pla
ed on an attribute or method of their 
ontext
lass. This is for 
onvenien
e, sin
e most invariants are 
learly related to onespe
i�
 attribute or method.3.2.3 Che
king the Element Type.The instrumented 
ode must 
he
k, that 
ontainer attributes 
omply to the�element-type and �key-type javado
 tags. For 
olle
tions the �element-typetag spe
i�es the type of the obje
ts allowed in the 
olle
tion. For maps �element-typespe
i�es the type of values, while �key-type de�nes the type of key obje
ts. Adetailed des
ription is provided in se
tion 4.1.Note, that this feature may be used standalone, without OCL expressionsat all. Then it provides a runtime 
he
k for typed 
olle
tions.3.3 Code InsertionThe main task of 
ode instrumentation is to have some 
ode exe
uted immedi-ately before and after all methods (and after all 
onstru
tors too). This se
tiondes
ribes, how this is done by the tool developed with this paper.At �rst, se
tion 3.3.1 intodu
es a simple approa
h, and why this would notwork. Se
tions 3.3.2 and 3.3.3 explain the approa
h followed in this work. Asomewhat tri
ky 
aveat and how it is solved is worked out in 3.3.4. Se
tion 3.3.5shows, how it is managed to undo all modi�
ations of the instrumentation. Thejava parser used to do all this is outlined in 3.3.6.Se
tions 3.3.7, 3.3.8 and 3.3.9 
ompare this solution to three other toolsapproa
hing a similar task quite di�erently. This is summarized in 3.3.10.3.3.1 A Simple Approa
hA straight-forward solution would insert the 
ode dire
tly into the method.Consider the following method.int someMethod(double x){ // here 
omes the 
ode.return result;}The generated 
ode 
ould be inserted like this:int someMethod(double x){ // some 
ode 
he
king invariants/pre
onditions.// here 
omes the 
ode.// some 
ode 
he
king invariants/post
onditions.return result;}But this raises some severe problems: 13



1. The 
ode to be exe
uted after the method (post
ondition and invariants)has to be inserted before any return statement.2. The post 
ondition 
ode must have the return value available. Insteadof the result variable in the example above, there 
ould be a 
omplexexpression. Su
h a return expression has to be 
omputed in advan
e, ifthe post 
ondition 
ode refers to the return value or the return expressionprodu
es side e�e
ts.3. There may be name 
on�i
ts between the original and the generated 
ode,sin
e the generated 
ode de�nes lo
al variables.4. For methods with return type void it must be de
ided, whether the post
ondition 
ode has to be inserted at the end of the method. This dependson whether the end of the method is a rea
hable point of 
ode. For thede
ision it needs a 
omplete 
ontrol �ow analysis of the method. Note, thatif the post 
ondition 
ode is wrongly inserted at the end of the method,the java 
ompiler will fail due to unrea
hable statements.An implementation would need a 
omplete java parser. The following 
odeinstrumentation would have to modify the original 
ode at many di�erent pla
esand in a 
ompli
ated way. This runs 
ontrary to the strategy of minimallyinvasive modi�
ation as de
ided in se
tion 3.2.1.Additionally, item 4 requires mu
h of the semanti
 analysis performed by ajava 
ompiler. This makes the simple approa
h very hard to implement.Jass ([JASS℄) and iContra
t ([RK98℄) use this simple approa
h and en
ounterall the problems mentioned above. For a detailed 
omparison see se
tions 3.3.7and 3.3.8.Method wrappers solve all these problems in a nifty but simple way. This isintrodu
ed in the following se
tion.3.3.2 Wrapping MethodsSome 
ode tells more than thousand words, so an example is used to explain.Consider the following method.int someMethod(double x){ // here 
omes the 
ode.}This is transformed into two methods.int someMethod_wrappedbyo
l2(double x){ // here 
omes the 
ode.}int someMethod(double x){2This is not yet the full truth, see se
tion 3.3.4.14



// some 
ode 
he
king invariants/pre
onditions.int result=someMethod_wrappedbyo
l(x);// some 
ode 
he
king invariants/post
onditions.return result;}Now let's have a look ba
k at the problems en
ountered for the simple approa
h.None of them exist anymore.� The 
ode to be exe
uted after the method has to be inserted on
e only.� When the post 
ondition 
ode is exe
uted, the return expression is alreadyevaluated and ready to use.� No name 
on�i
ts are possible, sin
e user 
ode and generated 
ode arestri
tly separated into di�erent methods.� No 
ontrol �ow analysis is needed.The user 
ode is modi�ed in a simple way: a su�x is appended to the methodname. For an implementation a very fragmentary java parser is su�
ient, whi
hunderstands �java signature level� only. This signature level 
overs anythingoutside of method bodies and attribute initializers. This is a very small partof the java language and easily to be analyzed by a hand-
rafted parser. Seese
tion 3.3.6 how easy it is.This kind of method wrapping still has a problem, whi
h has been 
alled the�wrapper loop� in this paper. Se
tion 3.3.4 shows how this is solved.3.3.3 Wrapping Constru
torsAnother transformation is used for 
onstru
tors, sin
e they 
annot be renamed.Suppose an example 
onstru
tor.SomeClass(String x){ // here 
omes the 
ode}Instead of renaming, the original 
onstru
tor gets an additional dummy argu-ment.SomeClass(String x, Dummy3 o
lwrapperdummy){ // here 
omes the 
ode}SomeClass(String x){ this(x, (Dummy)null);// some 
ode 
he
king invariants.}3A
tually this is 
lass tudresden.o
l.inje
tion.lib.WrapperDummy.15



A spe
ial 
ase o

urs if a 
lass doesn't provide any 
onstru
tors. Then the java
ompiler generates a default 
onstru
tor as spe
i�ed in [GJS96℄ se
tion 8.6.7.This default 
onstru
tor 
annot be wrapped. Instead it is repla
ed by an expli
it
onstru
tor with the same a

ess modi�er as the generated default 
onstru
torwould get.3.3.4 Avoiding the Wrapper LoopWrapping methods as des
ribed in se
tion 3.3.2 
auses a problem for a spe
ialsituation. This se
tions des
ribes this situation and provides a solution.The 
riti
al situation is shown in the �gure below:
Super

public void method()

Sub

public void method()The dotted arrow represents a method 
all: Sub.method() 
ontains a state-ment super.method(); somewhere.The 
ode instrumentation 
hanges the stru
ture as shown below:
Super

public void method()
public void method_wrappedbyocl()

Sub

public void method()
public void method_wrappedbyocl()The arrows show the problem: there's an in�nite loop of method 
alls. Indetail the following happens:1. Method Sub.method() is 
alled somewhere in the user program. This is awrapper method repla
ing the original method, whi
h is named method_-wrappedbyo
l() now.2. Sub.method() does some OCL spe
i�
 things, before it exe
utes the state-ment method_wrappedbyo
l(). This 
alls the original method Sub.-method_wrappedbyo
l() as it is supposed to be.16



3. Sub.method_wrappedbyo
l() 
ontains the super.method(); statement,therefore 
alls Super.method().4. Super.method() is a wrapper method repla
ing the original method, whi
his 
alled Super.method_wrappedbyo
l() now. It does some OCL spe
i�
thing, before it exe
utes the statement method_wrappedbyo
l(). But thisstatement does not 
all Super.method_wrappedbyo
l() as it is supposedto be, but Sub.method_wrappedbyo
l(), whi
h �nally 
auses the in�niteloop.The prin
ipal solution approa
h is simple: method Super.method() should for
eSuper.method_wrappedbyo
l() to be exe
uted, although this method was over-ridden in 
lass Sub. Java language does not provide a way, to 
all a method,whi
h was overridden. Therefore we do a small tri
k:
Super

public void method()
public void method_wrappedbyocl_Super()

Sub

public void method()
public void method_wrappedbyocl_Sub()Wrapped methods get the 
lass name appended. Thus, a wrapper method
an 
all the wrapped method of its own 
lass.3.3.5 Cleaning the CodeReversable modi�
ation means, that the instrumented 
ode 
an be 
leaned fromany modi�
ations without leaving any tra
es. This se
tion explains, how thisrequirement is met.The user 
ode is modi�ed in two di�erent ways only:1. Renaming the wrapped methods/
onstru
tors.2. Adding new obje
t features, e.g. wrapper methods, methods for 
he
kinginvariants and observing attributes.For ea
h method to be wrapped the su�x _wrappedbyo
l is appended to thename. This transformation is done on the unparsed method header, so alltypographi
al extras (line breaks, 
omments et
.) are preserved. This transfor-mation is easily reversed, when the 
ode has to be 
leaned. For 
onstru
tors,this works similarly with appending the dummy parameter to the parameterlist.Removing generated 
lass features relies on the fa
t, that all generated fea-tures get a spe
ial tag as shown below.17



JavaFile

String packagename

JavaFeature

public int modifiers
String name
String type

file

JavaClass

0..1

parent

0..*

JavaAttribute

String element_type
String key_type

JavaBehaviour

String[] parametertypes
String[] parameternames
String[] throwables
String literal

JavaConstructor

int last_param_start
int last_param_end

JavaMethod

int name_endFigure 3.1: Design of the Java Parser used by the OCL Instrumentation/**�author o
l_inje
tor*/void 
he
kO
lInvariants();When 
leaning the 
ode, all obje
t features 
arrying su
h an �author tag areremoved. This is quite simple and fun
tional.3.3.6 Design of the Java ParserPrevious se
tions stated, that a very simple parser is su�
ient for implementingwrapper methods. This is proven in this se
tion by giving an overview of theparser's design. In fa
t, it is as simple as a parser used for syntax highlightingand 
lass browsers in a java IDE.First, the parser is a
tually a manipulator. The java �le is simultaneouslyread, parsed, modi�ed on-the-�y and written to an output �le. For a 
lassdiagram of the parse tree produ
ed see �gure 3.1.The parser analyses things whi
h are relevant for the parse tree only. Par-ti
ularly method bodies and attribute initializers are ignored. These skippedparts may not even 
ompile. As long as the parenthesis balan
e is held, the javaparser will pro
ess them 
orre
tly.3.3.7 Comparison to JassJass ([JASS℄) is a pre
ompiler for 
he
king assertions in java programs. Ittranslates jass �les into java. Jass �les are valid java sour
e 
ode with asser-tions spe
i�ed in 
omments. The generated java �le 
ontains additional 
ode
he
king these assertions. Thus, Jass performs something similar to the 
odeinstrumentation presented in the se
tions above.18



However, Jass dire
tly inserts generated 
ode into user 
ode as des
ribed inse
tion 3.3.1. Thus the problems found there should o

ur in Jass too:1. The 
ode to be exe
uted after the method has to be inserted before anyreturn statement.This is done by Jass. Thus, it requires a full java parser (JavaCC here).2. The return expression has to be 
omputed in advan
e.This is also done by Jass.3. There may be name 
on�i
ts between the original and the generated 
ode.Jass just de�nes a number of names (e.g. jassResult), whi
h 
annot beused in the user 
ode.4. For methods with return type void it must be de
ided, whether the end ofthe method is a rea
hable point of 
ode.This is a known problem of Jass. It will simply fail in su
h 
ases. There is awork around: en
lose the method body into a if(true){...} statement.Jass performs a 
omplex modi�
ation of the java sour
e 
ode. This modi�
ation
annot be reversed as des
ribed in se
tion 3.2.1. Thus, Jass must be run before
ompilation whenever the sour
e 
ode has 
hanged. Additionally, the sour
e
ode repository must hold jass �les instead of java, whi
h 
auses administratione�ort for existing proje
ts.Jass 
annot use wrapper methods, sin
e this would not allow loop invariantsand 
he
k statements to be implemented. But without these features as in OCL,method wrappers are mu
h better than dire
t insertion of 
ode.3.3.8 Comparison to iContra
tiContra
t ([RK98℄) is a pre
ompiler for 
he
king OCL 
onstraints in java pro-grams. It extra
ts 
onstraints from javado
 
omments and produ
es modi�edjava sour
e �les 
he
king these 
onstraints. This is exa
tly the fun
tionality,whi
h the tool presented in this paper tries to provide.Just like Jass it uses dire
t insertion of generated 
ode into user 
ode. On
eagain the problems found in se
tion 3.3.1 are reviewed.1. The 
ode to be exe
uted after the method has to be inserted before anyreturn statement.This has to be done by iContra
t. However it fails here for most 
ases.A

ording to the list of known problems �iContra
t generates wrong 
odeor 
rashes, if there is more than one return statement in a method.�. Thismat
hes with the experien
e of the author.2. The return expression has to be 
omputed in advan
e.This is also done by iContra
t.3. There may be name 
on�i
ts between the original and the generated 
ode.Also iContra
t forbids a number of names (e.g. __return_value_holder_),to be used in the user 
ode, although this isn't do
umented.19



4. For methods with return type void it must be de
ided, whether the end ofthe method is a rea
hable point of 
ode.iContra
t doesn't do the 
ontrol �ow analysis needed to de
ide this ques-tion. This has been proven on example in appendix C.1.Experien
e with iContra
t shows, that 
orre
tly modifying java sour
e 
odeisn't trivial at all. The 
urrent list of known problems suggests, that iContra
tisn't usable for a real-world task. Additionally, the problem of rea
hable endsof method bodies remains.3.3.9 Comparison to Byte Code InstrumentationThis paper is fo
used on sour
e 
ode instrumentation. Another approa
h is tomodify java byte 
ode. This se
tion dis
usses, whether it's possible and useful,to apply the 
on
ept of method wrappers to byte 
ode instrumentation.For the third time the problems found in se
tion 3.3.1 are reviewed.1. The 
ode to be exe
uted after the method has to be inserted before anyreturn statement.This is also needed for byte 
ode instrumentation, but it's mu
h easier.The 
ode just has to be s
anned for return op
odes.2. The return expression has to be 
omputed in advan
e.This is not needed. Whenever a return op
ode is exe
uted, the returnvalue is ready-to-use on the top of the exe
ution sta
k.3. There may be name 
on�i
ts between the original and the generated 
ode.This 
annot happen. Name 
on�i
ts with lo
al variables are not possible,sin
e variable names do not exist anymore in byte 
ode. Name 
on�i
tswith non-lo
al variables are not possible too, sin
e they are handled bydi�erent op
odes.4. For methods with return type void it must be de
ided, whether the end ofthe method is a rea
hable point of 
ode.This is also no problem. The java 
ompiler takes 
are for it - just s
an forreturn op
odes. If the end of the method body isn't a rea
hable point of
ode, then there is also no return op
ode. On the other hand, if the endof a method is rea
hable, there will also be a return op
ode, no matterwhether there was a return statement in the sour
e. This is shown onexample in appendix C.2, sin
e the JVM Spe
i�
ation [LY97℄ wasn't that
lear about it.Thus, it makes no sense, to apply the approa
h of method wrappers to byte
ode instrumentation.In 
ontrary to the approa
h presented in this paper, byte 
ode instrumenta-tion has to be redone after every 
ompilation of the sour
e 
ode. This may bedone on the �y, when loading the 
lasses into the JVM. For instan
e jContra
tor[KHB98℄ uses a 
lass loader to instrument java 
ode. This may 
ause problems,if the user 
ode registers a 
lass loader of it's own. This is solved by Handshake[DH98℄, whi
h uses a proxy system library to inter
ept the JVM when opening
lass �les. Thus, Handshake buys total transparen
y to the JVM with platformdependen
y. 20



3.3.10 SummaryWrapping methods seems to be the best 
hoi
e when instrumenting sour
e 
odefor 
he
king 
onstraints. Several problems en
ountered with the simple ap-proa
h of dire
t insertion are solved.Method wrappers 
annot be used, if implementation 
onstraints (assertions,loop invariants) are to be 
he
ked. Sin
e OCL does not support implementation
onstraints, this does not a�e
t the s
ope of this paper.Method wrappers are not useful for instrumentation on byte 
ode level. Thebiggest advantage of sour
e instrumentation (if it is reversible) is, that it doesn'tneed to be redone on ea
h re
ompilation.3.4 S
ope of InvariantsThis se
tion dis
usses the issue, when an 
onstraint is required to be ful�lled.This is trivially for pre/post 
onditions, but for invariants it's not so easy.[WK99℄ se
tion 5.4.2 suggests to 
he
k invariants immediately after an ob-je
t has 
hanged4. This is not workable, even if runtime e�
ien
y is ignored.Modi�
ations on the model often produ
e intermediate states, whi
h are not
onsistent a

ording to the 
onstraints.When using databases the answer is simple: invariants must be valid outsideof transa
tions. Sin
e the java system does not provide transa
tions there areseveral strategies o�ered for various user requirements.Invariants may be required to be ful�lled on:� All methods. This may be too stri
t, sin
e private methods may inten-tionally leave an obje
t in an in
onsistent state.� Publi
 methods (or any other a

ess modi�er). This may be not stri
tenough.� Tagged methods. A spe
ial tag in the javado
 
omment de
lares, that amethod promises to leave the system in a 
onsistent state. This tag isthen part of the interfa
e 
ontra
t. This is the best solution, but requiresadditional e�ort spent by the developer.� Expli
it request. This is the way of 
hoi
e, if the model is held in adatabase ba
kend. Then the 
he
king of invariants is simply done imme-diately before 
ommitting.These strategies may be used in 
onjun
tion. Ex
ept of All Methods togetherwith Publi
 Methods and/or Tagged Methods all other 
ombinations make sensefor spe
ial user requirements.There won't be a single solution for this problem. Many appli
ations willrequire their own individual s
ope of invariants. The s
ope may even di�erbetween several 
lasses of invariants.The 
urrent implementation supports s
opes needed during the ongoingdiploma thesis only. Up to now, all invariants share the same s
ope. Also,tagged methods are not yet supported.4This is partially 
orre
ted in the errata [WK99e℄.21
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0..*

observingInvariants

0..*

observedFeatures

Figure 3.2: Design for Observing Invariants3.5 Ca
hing Results of InvariantsThe previous se
tion dis
ussed, when we have to make sure, that all invariantsare ful�lled. But even then it's not absolutely ne
essary to evaluate all invari-ants. The implementation developed along with this paper 
he
ks only thoseinvariants, whose result may possibly have 
hanged by re
ent 
hanges of themodel.3.5.1 DesignCa
hing is realized with an observer design. Ea
h invariant determines all obje
tattributes it depends on and registers to these attributes as observer. Figure3.2 shows the meta model of the prin
ipal design.The 
lasses in the UML 
hart have the following meaning:Class ExampleClass An arbitrary 
lass of 
lass Personthe user modelInvariant An invariant in the 
ontext Person
ontext of a 
lass inv: age>=0Obje
t An instan
e of a 
lass Person JoeInvariant- An invariant in the Has JoeInstan
e 
ontext of an obje
t. a positive age?Feature A feature (attribute or Joe's agequery method) of an obje
t.For now, lets think of features as attributes only. How to deal with querymethods is explained below.The 
y
le of 
he
king invariants 
ontains two stages.1. Evaluating invariants. When evaluating an invariant instan
e, this in-variant instan
e registers to all obje
t attributes used during evaluationas observer. This means, the attribute promises to notify the invariantinstan
e, when the attributes value 
hanges.22
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MethodInvocationAttribute

0..*

observingInstances

0..*

observedFeatures

Method

0..*Figure 3.3: Design for Observing Methods2. Running the model. When an attribute 
hanged its value during exe
u-tion of user 
ode, it noti�es all observing invariant instan
es. Then, theattribute unregisters all observers, so they must register again on the nextevaluation stage. See se
tion 3.5.2 how 
hanged attributes are dete
ted.This design 
an be extended to query5 methods. If the query does not haveparameters, it's exa
tly like attributes. Things get a bit more 
omplex, if thequeries are parameterized. See �gure 3.3.The point is, that not methods but method invo
ations are features observedby invariants. A method invo
ation is a method together with a parametersequen
e suitable to invoke this method.Up to now, the implementation observes attributes only.3.5.2 ImplementationNot all of these 
lasses exist expli
itly in the implementation. Class and Obje
tare provided by the user model already. Invariant exists only as an additionalmethod 
he
kO
lInvariant_<name> of its 
ontext 
lass. InvariantInstan
e isan expli
it 
lass6 of the instrumentation runtime library. Finally Feature isprovided by the user model, but 
annot be referred to as a single java obje
t.(java.lang.refle
t.Field is a �eld of a 
lass, not of an obje
t.) Whenever afeature has to be referred to, it is represented by it's observer 
olle
tion obje
t,whi
h is su�
ient for the needs of this implementation.Changes of obje
t features are dete
ted with polling. For ea
h feature aba
kup attribute is added to the 
lass.
lass Person{ int age;int age_o
lba
kup=age;}Additionally there is a utility method added 
omparing ea
h attribute to it'sba
kup. If there is a di�eren
e, the observers of the attribute are noti�ed.5Operations used in o
l expressions must not have side e�e
ts.6
alled a bit 
onfusingly tudresden.o
l.inje
tion.lib.Invariant.23



private void 
he
kForChangedFeatures(){ if(age!=age_o
lba
kup){ age_o
lba
kup=age;// notify observers of age}// ... further attributes}This method is 
alled immediately before and after ea
h method of the 
lass. Ifthe attribute 
ontains an obje
t referen
e, the 
omparison tests obje
t identity,not obje
t equality. This means, the != operator is used as for basi
 types andnot the equals() method.For 
olle
tions the ba
kup stores a hash
ode of the 
olle
tion to avoid theoverhead of maintaining a 
omplete ba
kup 
olle
tion. Sin
e 
omparison toba
kups is done very often, hash
ode 
omputation is required to be lightweight.The following se
tion dis
usses this in detail.3.5.3 Dete
ting Colle
tion Modi�
ationDete
ting 
hanges of attributes is essential for 
a
hing of invariants as des
ribedabove. For atomi
 attributes this is trivial: age!=age_ba
kup does it all. For
olle
tion attributes it's not that easy. The ba
kup of a 
olle
tion shouldn't bea 
olle
tion as well, sin
e this would 
onsume large amounts of memory. Also,
omparison between two 
olle
tion isn't that fast.Thus, the ba
kup for 
olle
tion attributes stores a single integer value only.This value is 
omputed from the 
olle
tion. When the 
olle
tion 
hanges, alsothe value is expe
ted to 
hange. Su
h a value is 
ommonly referred to as hashvalue.However, these hash values are not required to be uniformly distributed.Also, the hash value is required to be 
onstant for unmodi�ed 
olle
tions only,not generally for equal 
olle
tions. This means: if an element is added to the
olle
tion and removed immediately afterwards, the 
olle
tion is not required tohave the same hash 
ode as before. This relaxion of requirements will be usedbelow. It has to be admitted, that the term �hash 
ode� is used here mainly forhistori
al reasons.A �rst try to implement the hash fun
tions follows the implementation ofhashCode methods in the Java Colle
tion API. These methods 
annot be useddire
tly, sin
e they 
all method hashCode for ea
h of their elements. This isnot desired, sin
e 
hange dete
tion 
overs obje
t identity, not obje
t value. Toa
hieve the intended behavior, 
olle
tion hash fun
tions had to be rewrittenwith 
alls to System.identityHashCode. This has been implemented in 
lassHashExa
t7.These hash fun
tions are good at dete
ting 
hanges. However, they are tooslow. Ea
h invo
ation involves an iteration over the whole 
olle
tion. For obje
tpopulations of a few hundert instan
es with many relations between them, thisvirtually 
auses the system to stop.7All the sour
e 
ode is in tudresden.inje
tion.lib.Hash*.java.24



A qui
k but in
omplete �x is a
hieved with the hash fun
tions in HashSize.They simply return the size of the 
olle
tion. This is very qui
k of 
ourse. Butit does not dete
t 
hanges whi
h don't a�e
t the 
olle
tions size.Finally, HashModCount performs a hash fun
tion whi
h is a) nearly as fastas HashSize, but b) performs 
hange dete
tion even better than HashExa
t.It uses the fa
t, that standard 
olle
tions already provide a 
hange dete
tionme
hanism for implementing fail-fast iterators. Ea
h 
olle
tion maintains amodi�
ation 
ounter, whi
h is in
remented whenever the 
olle
tion is modi�ed.Iterators 
reate a 
opy of this 
ounter on 
reation, and 
he
k this 
opy on everya

ess. Unfortunately, the 
ounter isn't publi
ly available. Thus, HashModCounthas to a

ess the private 
ounter attribute via re�e
tion. This is highly depen-dent on the internal details of 
olle
tion 
lasses. The implementation has beentested su

essfully on JDK 1.2.2. With other versions better do not expe
t itto work.There is a work-around for this. The 
olle
tion ba
kup 
ould be an iteratorinstead of an integer. To dete
t a modi�
ation, just a

ess the iterator and waitfor a Con
urrentModifi
ationEx
eption. This has not been implementedyet, sin
e it imposes several problems. Method hasNext() does not 
he
k formodi�
ations. Thus, method next() has to be invoked. But this may also faildue to NoSu
hElementEx
eption if there are no elements left. Thus, the iteratorused for ba
kup would have to be re
reated, whenever there is no element left.Empty 
olle
tions would require a spe
ial treatment.Using the fail-fast me
hanism obviously does not work for arrays. However,a fall ba
k to HashExa
t or HashSize is easily provided. This 
ould even bede
ided dynami
ely depending on the size of the arrays.The table below summarizes the di�erent dete
tion me
hanisms:Exa
t Size ModCount IteratorModi�
ation nearly perfe
t insertion/ perfe
t perfe
tDete
tion deletion onlyRuntime linear 
onstant/ 
onstant/ 
onstant/Complexity very low low intermediateImplemention yes yes yes -Works withArrays yes yes fall ba
k fall ba
kto other to otherColle
tions without yes yes runtime silentFail-Fast Iterators error failureNon-JDK yes yes runtime yesColle
tions with errorFail-Fast IteratorsJDK Standard yes yes yes yesColle
tionsFinally there is the question, whi
h to 
hoose. Probably one should startwith Exa
t (the default). If this works, everything is �ne. If the appli
a-tion slows down more, than one is willing to a

ept, try ModCount (invokedwith option --mod
ount-hash). If this works, it's �ne. Otherwise it will fail-fast throwing a RuntimeEx
eption. Then one may try Size (--simple-hash).Hopefully it doesn't miss too many modi�
ations.25



If this is not a

eptable, one may implement the Iterator method. It isimportant, that all 
olle
tions used in the appli
ation provide fail-fast iterators(JDK standard 
olle
tions do). Otherwise modi�
ations may be missed silently.
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Chapter 4Model InformationThe OCL 
ompiler needs model information for type 
he
king. How this worksis explained in [FF00℄ se
tion 5.3.3.One possible sour
e of model information may be a UML model exportedfrom a CASE tool. This is probably the most elegant way. But sin
e most real-world proje
ts don't have a (up to date) UML representation of their businessmodel, this isn't feasible in pra
ti
e.Another sour
e is the java 
ode itself, a

essed through the re�e
tion API1.This is very 
onvenient, sin
e no additional model is needed. However, javare�e
tion la
ks some model properties whi
h are important for type 
he
king.1. Element types of 
olle
tions, parti
ularly 
olle
tions representing asso-
iations. From a C++ perspe
tive, java la
ks templates implementingparameterized 
ontainer 
lasses.2. Quali�er types of maps, representing quali�ed asso
iations.3. The isQuery tag of operations. Note, that OCL expressions may useoperations without side e�e
ts (queries) only.This 
hapter presents a solution to the �rst two items above. The informationneeded is put into the sour
e 
ode. Se
tion 4.1 explains, how this informationis stored, while se
tion 4.2 presents several approa
hes, how this information isgenerated.The third item 
ould be solved in a similar way, by putting an isQuery taginto the sour
e 
ode. However, this is not an urgent problem. Without anexpli
it solution the developer has to be 
areful to 
all java methods withoutside e�e
ts only in OCL expressions.4.1 Representing Element TypesElement types and quali�er types are spe
i�ed using spe
ial tags in javado

omments. See the example below.1see 
lass tudresden.o
l.
he
k.types.Refle
tionFa
ade.27




lass Company{ /**All persons employed by this 
ompany.�element-type Person*/Colle
tion employees;}The �element-type tag takes an parameter spe
ifying a java 
lass or inter-fa
e. Thus, it's similar to �see as de�ned in [GJS96℄ se
tion 18.4.1. The�element-type tag is valid for attributes only, and there must be at most onesu
h tag per javado
 
omment. The tag is not restri
ted to attributes of typejava.util.Colle
tion, sin
e future implementations 
ould use other 
olle
tionAPI's as well.Analogously, the �key-type tag is introdu
ed for asso
iation quali�ers.
lass Bank{ /**Customers qualified by their a

ount number.�element-type Person�key-type Integer*/Map 
ustomers;}Note, that the re�e
tion model is restri
ted to quali�ed asso
iations with onequali�er only. [UML℄ allows multiple quali�ers, but there is no 
onvenient rep-resentation for this in java.Furthermore, UML spe
i�es a quali�ed asso
iation whi
h has not been qual-i�ed in the OCL expression to be a set, i.e. there must be no dupli
ates. Forthe java example above, this means, that the following invariant must hold:
ontext Bank inv:
ustomers->size()=
ustomers->asSet()->size()Sin
e this is not enfor
ed by java.util.Map (only keys are guaranteed to beunique), the OCL library provides an appropriate runtime 
he
k.Implementation. A really 
omfortable implementation would let the java
ompiler do the parsing, and provide the information through an extended re-�e
tion API. This would be similar to the �depre
ated tag. However, thisapproa
h would require the java 
ompiler, the JVM and the standard runtimelibrary to be modi�ed. Apart from the e�ort of making these modi�
ations,most java developers probably have a profound aversion against using a dedi-
ated java environment just for 
he
king OCL 
onstraints.The implementation developed with this paper extends2 the re�e
tion fa
adeby s
anning the sour
e 
ode for these 
omments on demand. This implies, that2En
apsulated in tudresden.o
l.
he
k.types.Refle
tionExtender.28



the java sour
e 
ode is ne
essary for type 
he
king OCL 
onstraints in additionto the 
lass �les.There is a 
ru
ial question left: Where do the tags 
ome? Possible sour
esare:� A UML model. The 
ode generator of a CASE tool 
ould generate thesetags.� Maintained by hand. It is good-pra
ti
e of programming, to spe
ify whi
hkind of obje
ts are supposed to be in a 
olle
tion attribute. The tags justmake this information available formally.� Reverse Engineering. This is dis
ussed in detail in se
tion 4.2 below.Colle
tion attributes with type tags are veri�ed on runtime by the instrumented
ode. Note, that this kind of type information is useful for reverse engineeringa UML model from given java 
ode.4.2 Reverse EngineeringSe
tion 4.1 explained, how to store additional type information of a java modelin javado
 tags. This se
tion dis
usses, how to 
reate this information.A
tually, these type tags have to be 
reated manually. None of the auto-mated pro
edures is perfe
t, so these pro
edures are suitable for de
ision supportonly. This 
hapter tries to support the developer with an intera
tive tool for in-serting �element-type and �key-type tags into the 
ode. There are two mainfeatures of this tool:1. Graphi
al User Interfa
e: Clear presentation of missing type tags and
omfortable editing fa
ilities.2. De
ision Support: Giving hints to the developer. These hints are eitherderived stati
ally (se
tion 4.2.1 and 4.2.3) or gathered dynami
ally onruntime (se
tion 4.2.2). There should be a spe
ial indi
ation, if severalhints suggest di�erent types.A prototype3 of this tool a

ording to the ideas presented in this se
tion has beendeveloped by Ste�en Zs
haler. The prototype 
urrently features the graphi
aluser interfa
e and the runtime analysis of se
tion 4.2.2.4.2.1 Sour
e Code AnalysisInformation about element types may be derived from stati
 properties of the
lass, su
h as parameter types of methods and other tags in javado
 
omments.The following example suggests some of these properties. The element typeof employees is obviously Person, but this information is not yet available tothe OCL 
ompiler. The tool 
ould derive an appropriate hint for the developerfrom ea
h of the underlined features.3run 
lass tudresden.o
l.inje
tion.reverseeng.RevengGUI.29



/**All employed {�link Person persons} of this 
ompany.�see Person*/Colle
tion employees;boolean isEmployee(Person);void addEmployee(Person);void removeEmployee(Person);Note, that the example above requires linguisti
 knowledge about plural andsingular form of nouns (employee here). This gets far more di�
ult, if identi�ersare not English.4.2.2 Runtime AnalysisThis se
tion des
ribes, how to tra
e element types of 
olle
tions on runtime.This is useful, if there is no stati
 type information available, as des
ribed inthe previous se
tion.For ea
h 
olle
tion attribute, the obje
t types en
ountered during a run ofthe program are 
olle
ted and fed into the intera
tive tool. This requires theprogram to be exe
utable. Additionally there must be extensive test 
ases avail-able, otherwise only a subset of all possible element types will be en
ountered.The intera
tive tool presents the set of obje
t types for every 
olle
tionattribute. Additionally, the tool highlights all types, for whi
h there is no supertype in this set. Formally, these are the lo
al minima of the set respe
tive tothe generalization partial order. These lo
al minima are good 
andidates foran element type, espe
ially if there is only one minimum. Presenting minimasimpli�es the de
ision if there are many types en
ountered in the 
olle
tionattribute.Implementation. The instrumented 
ode makes a stati
 method tra
eTypes4to be exe
uted whenever a 
olle
tion attribute 
hanges its 
ontents. ClassTypeTra
er maintains a stati
 data stru
ture 
ontaining all element types andkey types for all attributes, as well as the minima of these type sets. This in-formation is 
ontinuesly written to a log �le. The intera
tive tool 
an read thislog �le and display the information.4.2.3 Byte Code AnalysisThis se
tion des
ribes how type information 
an be extra
ted from java byte
ode. This te
hnology and its implementation (
alled Superwomble) was devel-oped by Daniel Ja
kson and Allison Waingold at the MIT. This se
tion outlinesthe parts of their paper ([JW99℄) related to type information together withexperien
es from pra
ti
al experiments with the tool.Superwomble is a powerful reverse engineering solution. It generates obje
tgraphs from nothing but java byte 
ode. Obje
t graphs are roughly speakinga subset of UML 
lass diagrams. They feature 
lasses with generalizationships4A
tually tudresden.o
l.inje
tion.lib.TypeTra
er.tra
eTypes.30



and asso
iations between them. The graph is �nally fed into a tool named dot,whi
h does a ni
e layout for the graph.One of the tri
ky parts of this tool is the dete
tion of element types for obje
t
ontainers, whi
h is exa
tly what this whole 
hapter is about. How this works,is explained on the Company-Person example from se
tion 4.1 (page 27).Suppose 
ompany is a variable of type Company and person of type Person.A typi
al program around this example would probably 
ontain a statement likethis: 
ompany.employees.add(person);The operation add takes an argument of type Obje
t, but is 
alled with avariable of type Person. This is a good hint, that the element type of employeesis Person.The same works for obje
ts returned from the 
ontainer. The expressionperson=(Person)(
ompany.employees.iterator().next());strongly suggests the element type Person.Another highlight of Superwomble is, that 
ontainer 
lasses are dete
tedeven if they don't implement java.util.Colle
tion. In fa
t the type is not
ared at all. Instead there are some heuristi
s applied to de
ide, whether a 
lassis an obje
t 
ontainer or not.The tool was used on several parts of both the OCL toolkit and the net-linx
ode, and it produ
ed good and reliable results.Integration of Superwomble results into the intera
tive tool should be possi-ble. The obje
t graph is exported to a human readable text �le. However, thistask is outside the s
ope of this paper.4.2.4 ComparisonThis se
tion provides a 
omparison between the three approa
hes presented inthe se
tions above. Sour
e Code Byte Code Runtime(Superwomble)Sour
e Code required yes no yesRequired Code Quality fairly fully up andparseable 
ompileable runningAvailability of Results intermediate good goodReliability of Results good very good intermediateAppli
ation E�ort low low highImplementation E�ort low high very low(starkly subje
tive)Availability LGPL Binary at no 
ost LGPLRuntime analysis requires the sour
e 
ode to be instrumented before. Onlybyte 
ode analysis requires no sour
e 
ode. This argument is weakened bythe fa
t, that the type information is to be inserted into sour
e 
ode anyway.However, byte 
ode analysis may 
over libraries, whi
h aren't available in sour
e
ode, but provide useful type information about other parts of the program.31



Anyway, byte 
ode analysis requires, that there is a fully 
ompilable sour
e
ode somewhere, even if it's not available to the user. Sour
e 
ode analysiseven makes do with in
orre
t sour
e 
ode, as long as signature data is parsable(method headers et
.) and method bodies hold the bra
ket balan
e. Mostdemanding on sour
e 
ode quality is runtime analysis, whi
h requires a runningsystem, with 
omplete test 
ases.Sour
e 
ode analysis is most demanding on the �beauty� of implementation.To deliver results, it requires some kind of getter/setter methods for the 
on-tainer attributes. In 
ontrary, byte 
ode and runtime analysis even work forpubli
 
ontainer attributes manipulated from outside of the 
lass.For runtime analysis reliability of results depends heavily on 
ompletenessof test 
ases. If the test 
ases are insu�
ient, results may be wrong. Byte 
odeanalysis provides best reliability, it's more di�
ult for a poor quality 
ode tofool the analysis.Runtime analysis also requires most appli
ation e�ort for the user. The sys-tem must be a
tually run. Parti
ularilly all requirements for runtime (libraries,database, 
on�guration et
.) must be available.The implementation e�ort is very subje
tive for this paper. Both sour
e
ode and runtime analysis require parsing and instrumenting of java sour
e
ode, whi
h was already built for runtime veri�
ation of OCL 
onstraints. Thusthe implementation e�ort in this paper was low. Byte 
ode analysis is something
ompletely di�erent.Finally, availability is about whether it is allowed to use, review and adaptthe implementation. A

ording to [FSF00℄, the di�eren
e between LGPL andBinary at no 
ost is same as between free spee
h and free beer.4.2.5 SummaryThere have been three approa
hes presented for a
quiring type information.Runtime analysis is implemented and fully integrated into the proje
t. Sour
e
ode analysis is not yet implemented, but this should be easy to add. Experi-en
es with byte 
ode analysis where drawn from the tool Superwomble ([JW99℄).This is fully implemented but not integrated into the OCL toolkit, thus notready to use.Adding up the s
ores, byte 
ode analysis is probably the best. However,most of the 
riteria listed above are some kind of orthogonal, so adding ups
ores might not be su�
ient for a de
ision. Ea
h appli
ation may emphasizedi�erent 
riteria, so a universal solution is not available.All approa
hes have one thing in 
ommon: they are not perfe
t. Thus,they 
annot be used dire
tly in the type 
he
ker of the OCL 
ompiler. Theintermediate step of the �element-type tags is ne
essary to allow 
orre
tingintervention of a human user.
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Chapter 5Industrial ExampleFor pra
ti
al experiments with an industrial strength proje
t, the partner net-linx AG provided the sour
e 
ode of its emerging produ
t nxCom.The produ
t is a three tier solution providing a business dire
tory servi
e.There is a 
ore business logi
 module, a maintan
e interfa
e implemented withJava Swing and a 
ustomer web interfa
e using Java Server Pages.The experiments where limited to the business logi
 module. It 
onsists of245 
lasses and 17131 lines of 
ode. Persisten
e is realized using the VersantODBMS and the Java Versant Interfa
e (JVI) [VC℄. The OCL toolkit does notwork together with JVI due to a bug in the latter. (This bug has been �xedafter submission of this paper.) A detailed analysis 
an be found in appendixC.3. For the test a spe
ial developer 
on�guration was used, whi
h employs aXML �le for realizing persisten
e.For experimentation 10 invariants have been developed and inserted intothis module. It wouldn't make mu
h sense to give an introdu
tion into thebusiness logi
 module, therefore the a
tual 
onstraints have been transformedinto analogous 
ounterparts for the Person - Company model used in [WK99℄:� 5 invariants 
he
king the 
onsisten
y of bidire
tional asso
iations su
h as:
ontext Person inv employers_ba
k:employers->forAll(employees->in
ludes(self))� 3 invariants where several attributes where tested for 
onsisten
y to theobje
t's 
urrent state in life 
y
le, su
h as:
ontext Person inv:isMarried implies (wife->isEmpty xor husband->isEmpty)� one invariant ensuring a minimum 
ardinality of an asso
iation:
ontext Company inv has_employees:employees->size>0� and �nally one invariant 
he
king the 
onsisten
y of a redundant attribute,in this 
ase the upper
ase version of a string:
ontext Company inv:uppername=name.toUpper 33



The impa
t of 
ode instrumentation on the size of the module is shown in thetable below. Lines of Code where determined using CCCC [TF℄). Exe
utiontimes where measured on a AMD Athlon 600 system.Original Code Instrumented CodeSize of Sour
e Code 1.1 MB 3.2 MBLines of Code 17131 43587(Re-)Instrumentation 36 s 91 s(Re-)Cleaning 23 s 73 sRunning the instrumented 
ode revealed a number of 
onstraint violations.Some of them have been re
onstru
ted by hand, and turned out to be in
onsis-ten
ies in the test data. Due to the amount it was not possible to 
orre
t thesein
onsisten
ies within this work.
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Chapter 6SummaryIn this work, a java sour
e 
ode instrumentation tool has been developed. Thistool allows to insert 
ode generated by the OCL 
ompiler into arbitrary user
ode. The instrumentation features an insertion s
heme 
alled method wrap-pers, whi
h seems to be new in respe
t to the related work resear
hed by the au-thor. The insertion s
heme provides a reversible instrumentation. This means,that the instrumented 
ode 
an be modi�ed without losing all 
hanges on thenext instrumentation.A 
on
ept for 
a
hing results of invariants has been developed and partiallyimplemented.The OCL type 
he
ker was extended to gather additional information fromjavado
 tags. This makes the OCL 
ompiler fully independent of a UML rep-resentation of the java 
ode. A 
on
ept for generating su
h tags and insertingthem into the java 
ode has been developed. This 
on
ept has been partiallyimplemented by Ste�en Zs
haler.The existing OCL 
ompiler has been maintained and slightly extended.These extentions provide additional �exibility needed for the 
omponents de-veloped in this work. Coupling beetween existing and new 
omponents is keptlow by restri
ting dependen
ies to java interfa
es.The tool has been experimented with using the java sour
e 
ode of an in-dustrial appli
ation. For this appli
ation, a small set of typi
al 
onstraints hasbeen developed.The OCL tool is still far from being 
omplete. Some ideas for future workare dis
ussed in the next 
hapter. However, the tool seems to be in a 
ondition,where an early adopter 
ould a
tually start using it for some real world task.
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Chapter 7OutlookThe results of this paper leave various dire
tions for future work on the OCLtoolkit. This 
hapter outlines the (in the author's opinion) most interestingideas.7.1 Inheriting ConstraintsInheriting 
onstraints is 
ompletely negle
ted in the 
urrent version. Thismeans, that a sub
lass does not inherit the 
onstraints of its an
estors. Ata glan
e this is an implementation problem only. But it is not that easy.Simply promoting 
onstraints of a 
lass to all its des
endants is not su�
ient.This downward promotion implies a 
onjun
tion (logi
al AND) of inherited andown 
onstraints. This is suitable for invariants and post
onditions, but not forpre
onditions. Design by Contra
t (DbC) requires inheritan
e of 
ontra
ts, notjust 
onstraints, thus pre
onditions 
annot be strengthened. To make this sure,DbC suggests a disjun
tion (logi
al OR) of inherited and own pre
onditions.This 
auses some un
omfortable e�e
ts. Consider a 
lass representing abank a

ount. The a

ount has an attribute balan
e and a method for drawingmoney. There is no debit allowed, and for some te
hni
al reason the amountto be drawn 
annot ex
eed 10000 per transa
tion. This 
ould be expressed likethis: (Post
onditions have been omitted for brevity).
ontext A

ount::drawMoney(amount:integer)pre: amount<=10000pre: balan
e-amount>=0A sub
lass weakens the se
ond pre
ondition by allowing a debit of 1000.
ontext DebitableA

ount::drawMoney(amount:integer)pre: balan
e-amount>=(-1000)But what happened now? The e�e
tive pre
ondition of DebitableA

ount (OR-ing pre
onditions of both 
lasses) is now just balan
e-amount>=(-1000). Theupper limit for amount disappeared. This is perfe
tly 
ompatible with DbC,but 
ertainly not the intention of the developer.36



A work-around is to repeat the upper limit for amount in the sub
lass. Butthis is not 
onvenient, parti
ularly when 
onsidering 10 su
h te
hni
al pre
on-ditions instead of just one.A sensible solution should allow to inherit a pre
ondition as su
h without re-peating it in the sub
lass. A suitable solution 
ould feature named pre
onditionsand a �per name� disjun
tion of these:
ontext A

ount::drawMoney(amount:integer)pre max_amount: amount<=10000pre min_balan
e: balan
e-amount>=0
ontext DebitableA

ount::drawMoney(amount:integer)pre min_balan
e: balan
e-amount>=(-1000)These 
onsiderations suggest, that there is still some investigation and develop-ment needed to make the OCL toolkit usable for supporting Design by Contra
t.7.2 Integration with CASE Tools7.2.1 Code GenerationThe OCL toolkit works with arbitrary java sour
e 
ode. Thus, it is de�nitely
ompatible with java 
ode generators of all CASE tools. Still, there are someissues to be mentioned.Export of OCL. If the CASE tool is able to store OCL 
onstraints, thereshould be some export fun
tion for them as well. A sophisti
ated export fun
-tion 
ould even embed the 
onstraints into javado
 
omments (se
tion 3.2.2),providing a single sour
e solution. This should be easy to implement for CASEtools with the sour
e 
ode available, otherwise the feasibility depends on API'sof the CASE tool.Export of Element Types. Even more important is the export of �element-typejavado
 tags (se
tion 4.1). These are needed for type 
he
king of 
onstraints.The feasibility of su
h an extension depends again on the availability of eitherthe sour
e 
ode or suitable API's.Superseding Name Adapters. Code generators of Argo/UML [AU℄, Ratio-nal Rose [RSC℄ and Together [TSC℄ require the employment of name adapters.This is, sin
e an asso
iation end 
alled employers does not result in a 
olle
tionattribute of the same name, as one would expe
t. Instead, the attribute is 
alledmyEmployers, theEmployers or lnkEmployers, depending on the CASE tool.The ne
essary translation is en
apsulated in name adapters. It would be ni
eto make 
ode generators use the original name. This would remove the need forname adapters, making the OCL toolkit and its appli
ation a bit less 
omplex.
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7.2.2 Reverse EngineeringThe OCL toolkit provides support for inserting and validating �element-typejavado
 tags into arbitrary sour
e 
ode. This information 
ould be used forreverse engineering from Java to UML.This signi�
antly 
hanges the way of reverse engineering: Up to now, aCASE tool analyses the sour
e 
ode, and wherever there is some informationmissing (parti
ularly the element type of 
ontainer attributes) it makes somesimple assumptions. In a se
ond step, the user is expe
ted to review the resultsand adjust them where ne
essary.The OCL toolkit 
an be used to swap the order of steps. First, the missinginformation is inserted into the sour
e 
ode in form of �element-type tags.This information is then used by the CASE tool to straightly produ
e a 
orre
tUML model. The advantage is, that the additional information 
an be veri�edusing the runtime 
he
ks provided by the OCL toolkit.Of 
ourse, the �element-type tag does not provide all the needed informa-tion. For instan
e bidire
tional asso
iations 
annot be determined, sin
e they
annot be distinguished from two independent one-way asso
iations. This 
ouldbe approa
hed by introdu
ing some kind of �reverse-dire
tion tag. Giventhe infrastru
ture already provided, su
h extensions should be easy to imple-ment.These 
onsiderations suggest, that the OCL toolkit together with a CASEtool 
ould be extended into a 
omplete round trip engineering solution - withspe
ial support for starting the round trip at the �java side� of the 
ir
le.7.3 OthersRedu
e Observed Attributes. Ca
hing of invariants (se
tion 3.5) requiresobserving obje
t attributes for modi�
ations. Up to now, all attributes foundin the java sour
e 
ode are observed, regardless whether they are used in someOCL expression or not. This 
ould be redu
ed to those attributes, whi
h area
tually referred to in any of the 
onstraints. This would signi�
antly improveruntime e�
ien
y of the instrumented 
ode. For an implementation one wouldprobably inter
ept the OCL type 
he
ker to get the ne
essary information.Observing Queries. Ca
hing the results of invariants requires observing ofboth attributes and query methods. However, observing queries has not beenimplemented yet. The total approa
h to 
a
hing requires a signi�
ant memoryoverhead. Observing queries will make this even worse by introdu
ing anotherstep of indire
tion. This should not be attempted until this approa
h has shownto be fun
tional for big proje
ts with many and 
omplex invariants.Java Constraints. Constraints 
ould be expressed in Java instead of OCL.This may be useful for developers, who are unfamiliar with UML and OCL.An advantage is, that su
h a tool would be dramati
ally smaller and faster. Aserious drawba
k is the loss of some quite 
omfortable fun
tionality of OCL,su
h as universal and existential quanti�ers and �pre modi�ers. Furthermore,
a
hing of invariants for java 
onstraints requires mu
h more implementatione�ort. 38



Enhan
ing Flexibility. Simply put, this means more options and probablysome kind of 
on�guration �le. A good example is iContra
t [RK98℄, whi
hallows to enable 
onstraints independently for pa
kages, 
lasses and methodsusing a 
on�guration �le. Additionally there 
ould be a more �exible s
ope ofinvariants, as suggested in se
tion 3.5.
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Appendix AMaintan
e of theOCL CompilerThis 
hapter des
ribes all major 
hanges to Frank Fingers OCL 
ompiler. Thisin
ludes bug�xes too, if they 
aused 
hanges of internal or external interfa
es.It it some kind of update for [FF00℄, listing everything 
hanged sin
e.A.1 Re�e
tion Fa
ade and OCL LibraryMany 
hanges o

urred both in the re�e
tion model fa
ade and in the OCLlibrary. This se
tion groups these 
hanges.A.1.1 Polymorphism of Operation ParametersBoth Refle
tionFa
ade.navigateParameterizedand O
lAnyImpl.getFeaturela
ked polymorphism of operation parameters. This means, that a method isfound only if a
tual parameter types mat
h formal parameter types exa
tly.The 
orre
t behavior is, that a
tual parameter types may also be subtypes offormal parameter types. For a detailed des
ription see [RW00℄ se
tion 3.1.5.The new implementation made Refle
tionAdapter.getClassForType su-per�uous, so it was removed from the interfa
e.A.1.2 Mandatory Name AdaptersPrevious versions of the OCL library provided a default fun
tionality, if no nameadapter had been set expli
itly.Now it is mandatory to set a name adapter. Otherwise a NullPointerEx-
eption is thrown. The default fun
tionality has been moved into a separatename adapter (SimpleNameAdapter) whi
h is used in the re�e
tion fa
ade aswell. The name adapter may also be set by the java property tudresden.o
l.-lib.nameadapter.ArgoNameAdapterhas been generalized into PrefixNameAdapter, whi
h takesan arbitrary name pre�x (�my� for Argo/UML) as a 
onstru
tor parameter. Us-ing this adapter with �lnk� and �the� should work for Together/J and RationalRose. 40



A.1.3 Quali�ed Asso
iationsThe OCL support was enhan
ed by adding a simpli�ed form of quali�ed asso-
iations to the re�e
tion fa
ade and the OCL library. �Simpli�ed� means, thatthere may be only one quali�er attribute.Quali�ed asso
iations are represented in java with java.util.Map by de-fault, but this may be 
hanged by implementing Refle
tionAdapter.isMap(Class).A.1.4 Type Mapping from OCL to Java.The mapping between OCL types and java types now supports the 
olle
-tions API introdu
ed in JDK version 1.2. The 
hanges 
on
ern DefaultO
l-Fa
tory.getO
lRepresentationFor(Obje
t)and DefaultRefle
tionAdapter.-getClassForType.A spe
ial handling of java.util.Ve
tor supports 
ode generated by Argo/-UML. The stati
 
on�guration variable O
l.TAKE_VECTORS_AS_SET 
auses ve
-tors to be mapped to sets, instead of sequen
es.The new mapping is listed below.Java (java.util) take ve
tors as set OCLList - Sequen
eVe
tor false Sequen
etrue SetSet - SetMap - Set (quali�ed)Furthermore, arrays are now supported. They are mapped into sequen
es ofthe appropriate element type.A.2 OCL LibrarySome modi�
ations o

urred in the OCL library only.A.2.1 Unde�ned ValuesPrevious versions of the OCL library implemented unde�ned values as singletonsfor ea
h type.This was given up. Now unde�ned values 
arry the reason for their 
reationwith them. When the unde�ned value is tried to be evaluated, this reason isadded to the ex
eption message.This made O
l.STRICT_CHECKING super�uous, so it was removed. Whereverthis property was used, the library now produ
es an unde�ned value, parame-terized with the message of the ex
eption formerly thrown.Unde�ned values were introdu
ed at some other operations of OCL obje
ts:1. Method O
lColle
tion.setToRange now 
reates an unde�ned 
olle
tion(instead of throwing an ex
eption), if lower bound is greater than upperbound.2. The methods O
l.to<O
lType>(O
lRoot) now return an unde�ned valueof the appropriate type, if argument is unde�ned.41



A.2.2 Java Null ValuesPrevious versions handled a spe
ial null value for OCL strings. This null valuebehaved like an empty string for most 
ases (e.g. 
on
atenation). However anull string and an empty string were not equal. This was removed. Now a nullstring does exa
tly behave like an empty string.Previous versions returned an unde�ned OCL 
olle
tion, if the java 
olle
tion�eld was null. Now, null 
olle
tions are treated exa
tly like empty 
olle
tions.This behavior is en
apsulated into a new method getO
lRepresentation-ForNull(Class) in O
lFa
tory. This method is 
alled in O
lAnyImpl.get-Feature.A.3 Type Che
kerPrevious versions of the type 
he
ker missed support for 
lassi�er O
lAny in
lass DefaultTypeFa
tory.Method getClassifier in 
lass TypeFa
tory has been removed and re-pla
ed by TypeFa
tory.get.A.4 Java Code GeneratorA.4.1 Code Fragments for �preMeaning of 
ode fragments 
reated for �pre expressions (TRANSFER, PREPA-RATION, POST) has been 
hanged. The new behavior is easier and more�exible for di�erent 
ode instrumentation tools. For a des
ription of the newbehavior see se
tion 3.1.For the old behavior 
ompare to [FF00℄ se
tion 7.1.2. Below, there is adetailed 
omparison on the example used there.The OCL expression is
ontext Person::getIn
omeAfterTax(tax:Real):Real post:age = age�preThe TRANSFER fragment generated is still the same:O
lInteger tudO
lNode2;However, the PREPARATION fragment has 
hanged. Below, there is the oldversion. The new version just la
ks the parts set in itali
s.final O
lAnyImpl tudO
lNode0=O
l.toO
lAnyImpl(O
l.getFor(this));final O
lReal tudO
lOpPar0=O
l.toO
lReal(O
l.getFor(tax));final O
lReal tudO
lResult0=O
lReal.UNDEFINED;final O
lInteger tudO
lNode1=O
l.toO
lInteger(tudO
lNode0.getFeature("age"));final O
lInteger tudO
lNode2=O
l.toO
lInteger(tudO
lNode0.getFeature("age"));final O
lBoolean tudO
lNode3=tudO
lNode1.isEqualTo(tudO
lNode2);this.tudO
lNode2=tudO
lNode2;42



The POST fragment 
hanged as well. Again, this is the old version, with thenew version la
king the �rst line put in itali
s.final O
lInteger tudO
lNode2=this.tudO
lNode2;final O
lAnyImpl tudO
lNode0=O
l.toO
lAnyImpl(O
l.getFor(this));final O
lReal tudO
lOpPar0=O
l.toO
lReal(O
l.getFor(tax));final O
lReal tudO
lResult0=O
l.toO
lReal(O
l.getFor(result));final O
lInteger tudO
lNode1=O
l.toO
lInteger(tudO
lNode0.getFeature("age"));final O
lBoolean tudO
lNode3=tudO
lNode1.isEqualTo(tudO
lNode2);The old 
ode fragments were intended to be inserted into the user 
ode asfollows:publi
 
lass Person{ // TRANSFER FRAGMENTpubli
 double getIn
omeAfterTax(double tax){ getIn
omeAfterTaxPRE(tax);// USER CODEgetIn
omeAfterTaxPOST(tax, result);return result;}private void getIn
omeAfterTaxPRE(double tax){ // PREPARATION FRAGMENT}private void getIn
omeAfterTaxPOST(double tax, double result){ // POST FRAGMENT}}With the new fragments, this still works. However, it's also possible to insertthe TRANSFER fragment into the method, thus making it a lo
al variable:publi
 
lass Person{ publi
 double getIn
omeAfterTax(double tax){ // TRANSFER FRAGEMENT{ // PREPARATION FRAGMENT}// USER CODE{ 43



// POST FRAGEMENT}return result;}}The 
ode instrumentation developed with this paper uses the se
ond insertions
heme only.A.4.2 Expli
it Pa
kage Quali�ers.The java 
ode generator now optionally prepends the expli
it pa
kage quali�ertudresden.o
l.lib. to OCL library 
lasses. This makes an import statementsuper�uous, and therefore ful�lls the 
orresponding requirement in se
tion 3.2.1.
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Appendix BUsage of the OCL ToolThis 
hapter des
ribes, how to use the instrumentation tool. Se
tion B.1 
on-tains an example qui
kly demonstrating the main features. Se
tion B.2 providesa 
omplete referen
e of the 
ommand line options.B.1 ExampleStep 1: First, get the following �les: dresden-o
l-inje
tor.jar, xer
es.jar androyloy.jar. These �les are available on our website at dresden-o
l.sour
eforge.netor may be produ
ed from the sour
es using the makeJar s
ript. Put these �lesinto one dire
tory and 
hange into that dire
tory.The �le royloy.jar 
ontains the example 
ode. To unzip it type:jar -xf royloy.jarYou may now have a look at the example 
ode, its in tudresden/o
l/test/royloy/.The java 
ode already 
ontains OCL expressions in javado
 
omments, for aneasy start see Person.java and Company.java. Additional OCL is in the �leo
lexpressions.Step 2: Now it's time to start the OCL tool. Type the following 
ommandon a single line. Note, that the wild
ards require a Unix shell to be expanded.java -jar dresden-o
l-inje
tor.jar-r tudresden.o
l.test.royloy--modify tudresden/o
l/test/royloy/*.javaThe example java 
ode has now been modi�ed. The modi�ed 
ode will havethe same behavior as the original 
ode, but will additionally 
he
k the OCL
onstraints embedded in the javado
 
omments.Step 3: To 
he
k this, 
ompile the modi�ed java 
ode (again type everythingon a single line):java
-
lasspath dresden-o
l-inje
tor.jartudresden/o
l/test/royloy/*.javaand 45



Step 4: Run the test main fun
tion provided:java-
p .:dresden-o
l-inje
tor.jartudresden.o
l.test.TestInje
tionRoyloyEnjoy the messages about violated OCL 
onstraints running down the s
reen.Messages 
ontain information about the violated 
onstraint and the obje
t in-volved.Step 5: Clean the 
ode from the modi�
ations the OCL tool made.java -jar dresden-o
l-inje
tor.jar--
lean --modify tudresden/o
l/test/royloy/*.javaThe example 
ode is now exa
tly the same as you downloaded it.Note, that the 
ode a
tually was 
leaned. No ba
kups involved. To 
he
kthis, try the following:1. Make a ba
kup of one or more java �les just before running the OCL tool(step 2).2. After running the tool make some small modi�
ations to the �les, youmade a ba
kup for. For example just add a single System.out.println to amethod body.3. Pro
eed until step 5.4. Compare the 
leaned 
ode to your ba
kup.The di�eren
e will be just the small modi�
ations you made.B.2 Referen
eSynopsis is below.java tudresden.o
l.inje
tion.Main [options℄ file.java ..Provide all java �les to be modi�ed.Options re
ognized are below. Most options have a short and a long version.Long versions try to be self explanatory and should be used in s
ripts.-m --modifyEnables modifying java �les. If not provided, the modi�ed java
ode is written to file.java.inje
ted. This swit
h serves as asafety 
he
k, whether you really want to repla
e your sour
e 
odewith the output of the OCL tool.-
 --
leanPerforms 
leaning of sour
e �les instead of instrumentation. Af-ter 
leaning, the sour
e 
ode should show no di�eren
es to the ver-sion before running the OCL tool.46



-f --
onstraint-file 
onstraints.txtSpe
i�es the text �le 
ontaining the 
onstraints. Usually notneeded, sin
e 
onstraints may and should be pla
ed into javado

omments. See se
tion 3.2.2.-r --refle
tion-model modelpa
kageSpe
i�es the java pa
kages 
ontaining the model 
overed. If thereis a 
onstraint 
ontext Person, the type 
he
ker will look for 
lassPerson in all pa
kages given by this option. This is some kind of�import for OCL�. For multiple pa
kages use multiple options.-n --name-adapter [none|argo℄Spe
i�es the name adapter. Default is none. If you don't use
ode generated by Argo/UML, the default is su�
ient. Further in-formation on name adapters is available at [FF00℄ se
tion 3.5.1 and3.5.6.-is --invariant-s
ope[all|private|prote
ted|pa
kage|publi
|expli
it℄Spe
i�es the the s
ope of invariants used. See se
tion 3.4 for adetailed explanation. A

ess modi�ers sele
t methods having thesame or a more publi
 a

ess modi�er. Thus, all and private areequivalent. Default is all.-vm --violation-ma
ro ma
roSpe
i�es what to do, if a 
onstraint fails. This string is insertedverbatim into the 
ode. The OCL tool appends a pair of parentsen
losing a suitable message string. Good 
andidates are System.-out.println (the default) or throw new RuntimeEx
eption. Note,that the latter must be en
losed in "" on Unix shells.The ex
eption thrown must not be a 
he
ked ex
eption as spe
-i�ed by [GJS96℄ se
tion 11.2. Otherwise the modi�ed 
ode will not
ompile!-tt --tra
e-typesPerforms type tra
ing of 
olle
tion elements. See se
tion 4.2.2 fordetails. The information gathered is written to a log �le spe
i�edby property tudresden.o
l.inje
tion.lib.TypeTra
er.log.Note, that the log �le must be spe
i�ed when running the userprogram, not the OCL tool! For example use -Dtudresden.o
l.-inje
tion.lib.TypeTra
er.log=example.o
ltypetra
e. If notspe
i�ed, the type information is written to standard out.--insert-immediately 47



Triggers immediate insertion of wrapper methods. Otherwisewrapper methods are inserted at the end of ea
h 
lass. Immediateinsertion allows easier tra
ing of the modi�
ations. This option ismainly useful for debugging.--tra
e-
he
kingAdds 
ode logging ea
h 
onstraint 
he
ked on an obje
t to stan-dard out. Useful for debugging.--simple-hashUses simple hash fun
tions in HashSize, instead of the sophisti-
ated hash fun
tions in HashExa
t. Simple hash fun
tions just re-turn the size of the 
olle
tion, so they will dete
t insertions/deletionsonly. Redu
es CPU load for big models.--mod
ount-hashUses hash fun
tions in HashModCount, instead of the hash fun
-tions in HashExa
t. HashModCount fun
tions are even better in mod-i�
ation dete
tion than fun
tions in HashExa
t. Also, they are al-most as fast as HashSize. However, they heavily depend on internalsof the java 
olle
tions implementation. Use at your own risk. Seese
tion 3.5.3.
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Appendix CCode ExamplesC.1 Unrea
hable Post Condition Code in iCon-tra
tThis appendix shows, that iContra
t 
annot handle methods with an unrea
h-able end of method body as stated in se
tion 3.3.8.The example is derived from the example 
ode that a

ompanies iContra
t.The following method provides su
h a situation: The throw statement in thelast line prevents the exe
ution path from ever rea
hing the end of the methodbody./*** �post age > 0*/publi
 void setAge( int age ){ age_ = age;throw new RuntimeEx
eption();}Now the post 
ondition has to be in
luded into iContra
ts 
on�guration, so thatit a
tually gets 
he
ked.iContra
t.do
.tutorial.Person.Employee.setAge(int) postNow iContra
t performs the instrumentation of sour
e 
ode. When trying to
ompile the instrumented 
ode, the 
ompiler fails:Employee.java:166: Statement not rea
hed./*|*/ try {To see why, let's have a look at the instrumented 
ode./*** �post age > 0*/publi
 void setAge(int age )49



{ /*|*/ //#*#-------------------------------------/*|*/ [ shorted by the author℄/*|*/ //-------------------------------------#*#/*|*/ try {/*|*/ //----------------------------------------/*|*/age_ = age;throw new RuntimeEx
eption();/*|*/ //#*#-------------------------------------/*|*/ try { <-- line 166 is here/*|*/ if (!(age > 0))/*|*/ [ shortened by the author ℄/*|*/ }/*|*/ 
at
h ( RuntimeEx
eption ex ) {/*|*/ [ shortened by the author ℄ }/*|*//*|*/ //-----------------------------------#*#/*|*//*|*/ //#*#-----------------------------------/*|*/ } finally {/*|*/ [ shortened by the author ℄/*|*/ }/*|*/ //-----------------------------------#*#/*|*/}The original 
ode fragment is followed by generated 
ode 
he
king the post
ondition. Sin
e this 
ode isn't rea
hable, the java 
ompiler fails.C.2 Return Op
odes in Java Byte CodeThis appendix lists the example used to verify the statement of se
tion 3.3.9,that byte 
ode instrumentation does not need 
ontrol �ow analysis when insert-ing post method 
ode.The end of method body below isn't a rea
hable point of 
ode.void method1(){ throw new RuntimeEx
eption();}Thus, the end of the 
ompiled method does not have a return op
ode.Method void method1()0 new #10 <Class java.lang.RuntimeEx
eption>3 dup4 invokespe
ial #14 <Method java.lang.RuntimeEx
eption()>7 athrowThe end of the se
ond method is a rea
hable point of 
ode.50



void method2(){}A

ordingly, the method ends with a return op
ode, even if the sour
e 
ode didnot 
ontain a return statement.Method void method2()0 returnDisassembling was done with javap -
.C.3 The Problem with Versant DatabaseThis appendix shows why the Versant ODBMS and the Dresden OCL Toolkitdon't work together.The problem is a bug in Java Versant Interfa
e [VC℄ (JVI). JVI providesan enhan
er, whi
h instruments the user appli
ation on byte 
ode level. Theenhan
er transforms any a

ess to obje
t �elds into a 
all to a wrapper methodprovided by JVI.The 
lass used for invariant 
a
hing must be database persistent. Thus, italso has to be enhan
ed. This 
lass 
ontains the following pie
e of sour
e 
ode.Field f=...;if(f==null)throw new RuntimeEx
eption(...);f.setA

essible(true);HashSet observer=(HashSet)(f.get(o));The last line is Invariant.java:69. This line throws the ex
eption shownbelow.java.lang.NoSu
hMethodEx
eption:_vj_getfield_
om_net_linx_iyp_businessObje
t_-InColumnAd_startOnlineat 
om.versant.trans.Wrappers.method_invoke(Wrappers.java:209)at 
om.versant.trans.Wrappers.java_lang_refle
t_Field_get_internal(Wrappers.java:344)at 
om.versant.trans.Wrappers.java_lang_refle
t_Field_get(Wrappers.java:369)at tudresden.o
l.inje
tion.lib.Invariant.addObserver(Invariant.java:69)...The 
ode line in question 
ontains a method 
all to Field.get. This method
annot throw a NoSu
hMethodEx
eption under normal 
ir
umstan
es.What happened? The enhan
er transformed the 
all to Field.get intoa 
all to a wrapper method provided by JVI. This method probably doessome database stu�, and then tries to a

ess the �eld requested. Therefore it51



tries to invoke another wrapper method _vj_getfield_
om_net_linx_iyp_-businessObje
t_InColumnAd_startOnline on the obje
t. The 
lass of the ob-je
t is InColumnAd, the �eld requested is startOnline. However, this methoddoes not exist, sin
e the �eld is inherited from its super 
lass.This bug prevents any 
ode from a

essing obje
t �elds via re�e
tion, if theobje
ts 
lass inherits this �eld from a super 
lass. This a�e
ts the runtimelibraries of both the OCL 
ode generator and the 
ode instrumentation.A possible work-around is to wrap all �eld a

esses with 
orresponding meth-ods. These methods would a

ess their �eld without re�e
tion, thus would notbe a�e
ted by the bug. These methods 
ould be 
reated automati
ally by theOCL 
ode instrumentation. This would require a moderate implementatione�ort. However, the design of the OCL toolkit would su�er a mu
h tighter de-penden
y between the OCL library and the 
ode instrumentation. The authordoes not plan to implement this work-around.On O
tober 13, 2000 Versant support announ
ed a bug�x �available withinthe next few weeks.� After submission of this paper, on February 27, 2001 thisbug�x was published as pat
h bundle 3 for JVI 2.4.0 on Linux.
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