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Chapter 1Introdu
tionThe idea of 
omputer software 
omponentry has 
ir
ulated sin
e the late1960s. The 
on
ept has been attributed to M. Douglas M
Ilroy [12℄. He ob-served that, while hardware engineers 
ould 
ompose units from inter
hange-able 
omponents and sub
omponents whi
h they would pi
k from extensive
omponent 
atalogues from multiple vendors, the emerging software indus-try had no equivalent. M
Ilroy argued that software developers\undoubtedlyget the short end of the sti
k in 
onfrontations with hardware people be
ausethey are the industrialists and [software developers℄ are the 
rofters." He ar-gued that there should be \mass produ
tion te
hniques" for 
omponents insoftware like there were in hardware engineering, and families of inter
hange-able routines for any given job, where developers 
ould pi
k the routine mostsuitable for their parti
ular needs, and ex
hange them for others later on ifneeds 
hanged. M
Ilroy went on to implement his vision as the well-knownpipes and �lters me
hanism in Unix shells.The promise of 
omponent-based software development has been to enablethe rapid building of appli
ations from well-tested third-party 
omponents,even to the extent that the authoring of sour
e 
ode redu
es to a small partof the job, and 
omposition be
omes the primary task of the developer.In spite of this grand vision, it is only re
ently that we have seen theuse of (and trade in) software 
omponents be
oming more 
ommon. Popularopinions on how best to develop large, robust and maintainable 
omputersoftware systems shift gradually over time, and 
an generally be depi
ted asin Figure 1.1.The shifts between these \paradigms" have primarily been motivated byin
reasing 
omplexity in software as demands grow and appli
ation domainsextend. On
e a system is unable to 
ope with 
hanges in 
omplexity, thesystem be
omes hard and 
ostly to maintain, and adding new features be-
omes infeasible. To better handle 
omplexity, abstra
tion is paramount.3
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Stru
tured/pro
edural programmingObje
t-oriented programmingComponent-oriented programmingFigure 1.1: A rudimentary depi
tion of shifts in software development paradigmsThe goal for a software development methodology is to 
reate the right kindsof abstra
tion, and the appropriate levels of abstra
tion.As software 
omponentry be
omes more prevalent, spe
i�
 needs andproblemati
 aspe
ts be
ome more pressing. We want not only 
exibilityin 
omposition, but also robust appli
ations whi
h s
ale well.One of the threats to robustness posed by 
omponent-based developmentis ex
essive allo
ation of limited resour
es. This 
an happen when inter-
omponent dependen
ies make it hard to predi
t the resulting need for re-sour
es, and whether that need mat
hes what is available or a

eptable. [2℄ta
kles this problem through a type system (see [5℄ for a general introdu
tionto types) whi
h 
ounts the number of instan
es of 
omponents. Sin
e this isdone at development or 
omposition time rather than at runtime, this has thepotential of being useful to guide 
omposers in designing their appli
ations.To fa
ilitate this, a type inferen
e algorithm is sket
hed.This thesis details our implementation of this algorithm. Chapter 2 dis-
usses software 
omponents in general. In Chapter 3, we introdu
e the prob-lem of resour
e management for 
omponents, and Chapter 4 provides a reviewof the 
omponent language introdu
ed in [2℄. In Chapter 5, we formulate thetype inferen
e algorithm. Our implementation of it is then treated in Chap-ter 6, while Chapter 7 gives an introdu
tion to using the type inferen
e tools.Chapter 8 gives some variants on the type inferen
e algorithm to solve someproblems. Finally, 
on
lusions are given in Chapter 9.



Chapter 2Software 
omponentsThis 
hapter will introdu
e the notion of software 
omponentry. We willpresent di�erent views and 
ommon 
omponent te
hnologies.2.1 Properties of software 
omponentsA software 
omponent 
an be seen as a pa
kage en
apsulating a limited fun
-tionality. A 
omponent exhibits a publi
 interfa
e whi
h des
ribes how theoutside environment may intera
t with the 
omponent. A software 
ompo-nent is designed to fun
tion within a parti
ular 
omponent framework. Theframework de�nes how 
omponents are expe
ted to be implemented throughinterfa
es or partial implementations, and may provide helpful servi
es su
has 
omponent 
omposition, transa
tion management, and database 
onne
-tivity to 
omponents. Components are used as software building blo
ks.Appli
ation developers 
ompose appli
ations by a
quiring 
omponents \o�-the-shelf" on the market and 
omposing them into a working appli
ation,often done in graphi
al tools requiring little or no extra 
ode.De�ning software 
omponents is not straight-forward. It is 
ompli
atedby the fa
t that the term is heavily overloaded in everyday spee
h. Terms like\obje
t", \module", \
omponent", or even \
omponent obje
t" are often usedinter
hangeably in referen
e to di�erent notions. There is, in fa
t, no univer-sally a

epted de�nition of what software 
omponents are or what propertiesthey need to have to qualify as 
omponents. Szyperski [8℄ proposes thisde�nition of 
omponent software:A 
omponent is a unit of 
omposition with 
ontra
tually spe
-i�ed interfa
es and expli
it 
ontext dependen
ies only. A software
omponent 
an be deployed independently and is subje
t to 
om-position by third parties. 5
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hara
teristi
s are extrapolated from this: A software 
om-ponent� is a unit of independent deployment� is a unit of third-party 
omposition� has no (externally) observable state beyond what is made visible by theinterfa
eIndependent deployment refers to the assumption that a 
omponent willalways be deployed (distributed) totally or not at all. Being a unit of third-party 
omposition means that users of the 
omponent 
an make use of itin a larger 
omponent system without knowing, having a

ess to knowing,or needing to know about spe
i�
 implementation details of the 
omponent.Having no observable state is the �nal, and perhaps key 
hara
teristi
. Thisentails that one 
opy of a 
omponent is indistinguishable from another and,by extension, in Szyperski's view it makes no sense to talk about \instan
es"of a 
omponent.Szyperski 
ontrasts this to our 
ommon notion of an \obje
t", to whi
hhe assigns three 
hara
teristi
s analogous to those for 
omponents: an obje
t� is a unit of instantiation� may have externally observable state� en
apsulates its state and behaviorBeing units of instantiation, obje
ts 
arry state, a part of whi
h may beexternally observable. This means obje
ts have unique identities.A more in
lusive approa
h to the notion of software 
omponents is takenby Nierstrasz and Meijler [17℄. Components, they argue, are simply softwareabstra
tions. They are in many 
ases higher-order entities, in that 
ompos-ing two 
omponents yields a third. An example is abstra
t 
lasses as knownfrom many obje
t-oriented programming languages. These are seen as ex-amples of higher-order 
omponents whi
h 
an be partially instantiated bya se
ond 
omponent - a sub
lass - to yield the third, resulting 
omponent.To form a working appli
ation, 
omponents must be 
omposed and later in-stantiated - two basi
 operations on 
omponents re
ognized by [17℄. Takingthis approa
h, the authors argue one 
an de�ne more 
exible and 
on
eptu-ally natural 
omponent frameworks. This \obje
t 
avoured" view of software
omponents is also supported by [2℄, and will be applied in this thesis.
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ts and 
omponentsThe two approa
hes to software 
omponentry we have presented may appearto 
on
i
t, although they do not. However, there are subtleties to keepin mind. Software 
omponents are 
olle
tions of 
ode (
lasses, fun
tions,modules, and other de�nitions), and in some 
ases stati
 data resour
es su
has bitmap graphi
s. In the 
ase of 
omponents 
onsisting of 
lasses, these
lasses are expe
ted to be instantiated before they 
an be used, like anyother 
lass. For many su
h 
omponents, one of their 
lasses a
ts as a pointof entry to the 
omponent. When we speak of \an instan
e of a 
omponent",we a
tually mean an instan
e of this 
lass. There 
an be many su
h instan
es,and ea
h is an obje
t with unique identity and state. However, the 
omponentitself needs to be loaded into the runtime environment only on
e, and has allthe properties spe
i�ed in [8℄.Whereas 
omponents work on a 
ompositional level, obje
ts work on a
omputational level. This also implies a di�eren
e in semanti
s for obje
tinterfa
es and 
omponent interfa
es; obje
t interfa
es address 
omputationalneeds, while 
omponent interfa
es need to be designed to support 
onstru
-tion of large systems. Hen
e, 
omponent interfa
es are designed on the anti
-ipation of working together with other 
omponents in an open and 
hangingenvironment.It is 
ommon to depi
t a software 
omponent as a\bla
k box". This meansthat the interfa
e spe
i�es all servi
es o�ered, but any implementation detailis hidden. The 
omposer (ideally) does not need knowledge of su
h details,and in many 
ases does not have a

ess to the sour
e 
ode, whi
h meansoutput 
an only be observed as a rea
tion to input. This is in 
ontrast toobje
ts, whi
h are often \white box" in that implementation details are vis-ible and depended upon, either through sour
e 
ode or detailed des
riptionin the do
umentation. An example of this is the inheritan
e me
hanismsof obje
t-oriented languages, where knowledge of implementation su
h asvariable names and the order of fun
tion invo
ations often be
omes 
riti
al.Furthermore, there have been arguments [4℄ for\grey-box 
omponents"where
omposers have some degree of implementation knowledge, to help fa
ilitate
omposition and reuse. This knowledge is often en
oded in spe
ial spe
i�
a-tion languages, and does not assume a

ess to 
omponent sour
e 
ode.2.3 Current 
omponent te
hnologiesThere are a number of 
omponent te
hnologies in wide use today. We willpresent the most 
ommon ones here. Most of these have rea
hed su
h a
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riti
al mass" of popularity that there are ele
troni
 market-pla
es wheretrade in 
omponents happen1.2.3.1 Java BeansJava Beans [7℄ is a software 
omponent te
hnology for Java whi
h provides aframework in whi
h to run the 
omponents, or \beans". Java Beans support
omponents with persistent state (the state 
an be stored and loaded intoa 
omponent at runtime) and 
an transa
t between states based on mes-sages (\events") sent to it. Components 
an also send su
h messages to other
omponents and 
lient obje
ts. The 
omponent framework provides me
ha-nisms for dis
overy of available 
omponents, and registration of 
omponentsto make them available for su
h dis
overy.A Java Bean in its most plain form is simply a Java 
lass whi
h imple-ments the java.io.Serializable interfa
e and has only the zero-argument(\default") 
onstru
tor. In addition, one 
an de�ne properties on a 
om-ponent. These are instan
e methods whi
h follow a standardized naming
onvention. For example, a property \Name" of type String would be imple-mented as up to two methods: publi
 String getName() and publi
 voidsetName(String). Leaving out setName makes the property read-only, whileleaving out getName makes it write-only.The 
omponent interfa
e of a Java Bean is simply the publi
 methodsit de�nes. If desired, the 
omponent developer 
an 
hoose to only exposea subset of those methods. Su
h deviation from the default behavior mustbe de�ned by providing an implementation of the BeanInfo interfa
e, whi
h
an also de�ne other meta data for the 
omponent.Java Beans have spe
ial fa
ilities for visual presentation and for runningin a graphi
al user interfa
e. On design-time, beans 
an be integrated indevelopment tools to allow for easy 
omposition by letting the user sele
t
omponents from a \palette", laying them out on a graphi
al 
anvas andsetting property values using graphi
al dialog windows. On runtime, beans
an be in
orporated into a graphi
al appli
ation as a graphi
al 
omponentand integrates well with Java's event model for graphi
al user interfa
es.2.3.2 Enterprise Java BeansEnterprise Java Beans [16℄, or EJB, is a server-side 
omponent ar
hite
turefor the Java platform. Despite the similarity in names, it is not an extension1For an example, see http://www.
omponentsour
e.
om



CHAPTER 2. SOFTWARE COMPONENTS 9of Java Beans. Whereas Java Beans is a 
lient-side \intra-pro
ess" 
ompo-nent model, EJB is \inter-pro
ess", and is based on distributed obje
ts withremote method invo
ation (RMI) te
hnology. EJB 
omponents run withinappli
ation servers whi
h implement the EJB spe
i�
ation. These serverso�er 
omponents a standardized methods of database a

ess, 
on
urren
y
ontrol, signalling of events to 
lients, data persisten
e, and so on.2.3.3 Mi
rosoft .NET.NET [10℄ (\dot net") is a ri
h appli
ation development framework developedby Mi
rosoft. .NET programs run on the Common Language Runtime [13℄,a virtual ma
hine runtime environment whi
h exe
utes 
ompiled .NET 
ode.Sin
e .NET o�ers language independen
e, programs 
an be written in anylanguage whi
h has a .NET 
ompiler written for it. In addition, languageintegration is o�ered, meaning 
lass libraries 
an be reused and inheriteda
ross languages..NET is slowly repla
ing Mi
rosoft's earlier 
omponent te
hnologies su
has COM, COM+, and DCOM. These put great demands on developers,requiring them in many 
ases to write tedious \plumbing 
ode" and 
om-plex registration pro
edures before the 
omponents 
ould be used. In .NET,this has been simpli�ed 
onsiderably. Components are made up by storing
ode and meta data in assemblies. These are self-
ontained units of de-ployment and versioning. The meta data des
ribes the provided types, theinter-assembly dependen
ies, supported lo
ales, and more. Versioning assuresthat programs whi
h depend on a spe
i�
 version of the assembly 
ontinueto work and that multiple versions of the assembly 
an exist side-by-side onthe same system. Components 
an also be distributed for remote use. In this
ase, servi
es are invoked with \remoting" te
hnology, whi
h a

esses remote
omponents through remote method invo
ation over a network 
hannel su
has TCP or HTTP.2.3.4 Oberon and Component Pas
alThere are also other, less prevalent 
omponent te
hnologies, su
h as Oberonand Component Pas
al. Oberon is an obje
t-oriented programming languageand operating environment 
reated by Niklaus Wirth and J�urg Gutkne
ht atETH Z�uri
h in 1986, as an improvement over Modula-2 [20℄. Oberon hasstrong support for software 
omponentry, and be
ause of its 
omponent-oriented design, the language and runtime environment are very small, load-ing more 
omplex extensions on-demand as 
omponents. An extension ofOberon was made in 1997 and 
alled Component Pas
al, whi
h had features
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ertain the integrity of large 
omponent-based systems. The Bla
k-Box Component Framework was also developed to simplify development ofgraphi
al user interfa
e 
omponents.



Chapter 3Resour
e management for
omponentsIn this 
hapter, we introdu
e the problem of resour
e management as itpertains to software 
omponents. We give an example of the problem, andreview 
urrent approa
hes to mend it.3.1 The problemComponent-oriented programming lets the developer pi
k third-party soft-ware 
omponents o�-the-shelf and assemble them in desired 
on�gurationsto form a 
omplete 
omputer program. This approa
h is not only followedby the appli
ation developer at the \end of the line", but is often suitable forthe developers of the 
omponents themselves. In this 
ase, a 
omponent is
omposed of yet other 
omponents, and makes use of these in various pat-terns, various numbers of times and so on. In addition, every 
omponentwhi
h does anything meaningful, will 
onsume 
ertain kinds and amounts ofresour
es during 
ertain periods. Examples of resour
es are RAM memory,hard drive spa
e and CPU time. These are s
ar
e resour
es on almost any
omputer system. In addition, there are types of resour
es whi
h are evenmore 
riti
al be
ause they are based on hardware whi
h, for me
hani
al orother \physi
al" reasons [14℄, 
an only handle a �xed amount of jobs at anygiven time. This 
ould be a 
ommodity applian
e su
h as a printer devi
e ora s
anner, but also more spe
ialized, business-
riti
al devi
es su
h as a serialnumber generator or a 
ryptographi
ally se
ure random number generatorimplemented in hardware.This situation 
an put the designer of a 
omponent-based software systemin a diÆ
ult position. An initial 
omposition of the 
omponents whi
h is11
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on
eptually sound, 
ould have unexpe
ted e�e
ts when later implemented,be
ause of an over-use of s
ar
e system resour
es. Ill e�e
ts 
ould range fromsub-par performan
e to software 
rashes, hardware failure, and in
orre
t orinse
ure behaviour.Consider the 
omponent model of an Internet banking session given inFigure 3.1. While this system is overly simpli�ed and generalized for the sakeof the example, it shows a 
on�guration of 
omponents for a system whi
hhandles an entire online banking session for a 
ustomer. Separate 
omponentshandle ea
h major fun
tion, and many of the 
omponents depend on servi
esfrom one or more of the other 
omponents. To better appre
iate the example,a short explanation of the reasoning behind the 
omponents is in order:bank session The top-level 
omponent in this system, ultimately handling
ontrol of the bank session in the various stages of operation.db Handles database 
onne
tivity, lookups and updates.logger Systemati
ally logs any kind of events with timestamps to a database.



CHAPTER 3. RESOURCE MANAGEMENT FOR COMPONENTS 13login Takes 
are of the logi
 and presentational issues behind the login pro-
edure.auth Authenti
ates the user by looking up 
ustomer data in the database.Auth 
onsequently has a dependen
y on the db 
omponent.a

 gen Generates data for establishing a new bank a

ount in the system.id verif Veri�es identity data with a 
entral, authoritative registry, keyedby so
ial se
urity number or something equivalent.rng a se
ure random number generator devi
e whi
h imaginably works bytaking data from random noise.
ust a

 This 
omponent ties together the three aforementioned 
ompo-nents to provide logi
 for establishing a new bank a

ount on a user'srequest, if her identity 
an be veri�ed su

essfully. The a

ount infor-mation will, on su

essful generation, be stored in the database.transa
tion manager A quite abstra
t 
omponent whi
h lets 
ustomersperuse their a

ounts, initiate transa
tions and other typi
al onlinebanking tasks.The arrows in su
h a 
omponent diagram de�ne the dire
tion of depen-den
ies between 
omponents in su
h a way that the diagram makes up adependen
y graph of the system. Some of the 
omponents 
an only standa 
ertain number of simultaneous instantiations. For example, a

_gen in-
orporates a serial ID generator whi
h 
an have exa
tly one instan
e at atime.A naive approa
h to 
ounting the number of instan
es would be to 
ountthe number of in-edges to ea
h 
omponent. However, to further 
ompli
atematters, the nature of the 
omponent dependen
ies may vary from a
tualinstantiation to reuse of existing instan
es. Also, su
h a graph has no infor-mation about the 
hronologi
al ordering of the instan
es, instan
e lifetime,and so on. Furthermore, the number of instan
es vary from run to run be-
ause of the di�erent out
omes of user input. This makes it impossible, withno �ner-grained spe
i�
ation tools, to tell how many instan
es ea
h 
ompo-nent will end up having.3.2 Current approa
hesThere are various ways to mend the problem of resour
e management to a
ertain degree by exploiting existing features in popular development envi-



CHAPTER 3. RESOURCE MANAGEMENT FOR COMPONENTS 14ronments.3.2.1 The Singleton patternSoftware design patterns are textual des
riptions of good solutions to re
ur-ring problems in obje
t-oriented software design. They were introdu
ed byGamma, Helm, Johnson and Vlissides (\the gang of four") in [9℄.One su
h \pattern" is the Singleton pattern, whi
h allows programs inmany obje
t-oriented languages to 
ontrol the way a 
lass is instantiatedbeyond basi
 
onstru
tors. The pattern is most 
ommonly used to ensurethat at most (or exa
tly) one instantiation of a 
lass exists at any time, andto provide a uni�ed path of a

ess to this obje
t. There are many kinds of
lasses for whi
h this would be appropriate; in our example with the banksession, the db and logger 
omponents 
ould be made into \singletons" fol-lowing this pattern. A sket
h of a logger singleton implemented in Java
ould be:publi
 
 lass Logger fprivate stat i
 Logger i n s t an 
 e ;private Logger ( ) f gpubli
 stat i
 Logger getLogger ( ) fi f ( i n s t an 
 e == null ) fi n s t an 
 e = new Logger ( ) ;greturn i n s t an 
 e ;gg The most important property of this 
ode is the private zero-argument
onstru
tor. In a singleton 
lass, this should be the only 
onstru
tor. Whilethe usual way to 
reate instan
es of a 
lass is to use the new operator, thisis not possible for a singleton 
lass; the private 
onstru
tor forbids it. In-stead, the 
lass provides a method getLogger whi
h a
ts as the only pointof a

ess to an instan
e of the 
lass. This method has, in this 
ase, a simple
onditional instantiation me
hanism, and returns the single instan
e. Beingstati
 (belonging to the 
lass, not instan
es of the 
lass), the method provides\global" a

ess to the singleton instan
e.



CHAPTER 3. RESOURCE MANAGEMENT FOR COMPONENTS 153.2.2 \Multitons"A key observation regarding the Singleton pattern is that the 
lass methodproviding a global, uni�ed a

ess to the single instan
e, 
an 
ontain an arbi-trary amount of logi
 to perform on ea
h a

ess, beyond the simple referen
e
he
king and 
onditional instantiation. We 
an exploit this to extend thepattern into allowing an arbitrary, but �xed, amount of instan
es. This isuseful not only to limit the number of instan
es, but also to enfor
e reuse ofexisting instan
es (e.g., be
ause the instantiation pro
edure needed by the
lass is expensive). Imagine that the login 
omponent is very resour
e de-manding, and that we only have enough memory to handle at most threeinstan
es simultaneously.publi
 
 lass Login fprivate stat i
 Login [ ℄ i n s t an 
 e s = new Login [ 3 ℄ ;private stat i
 boolean [ ℄ l o 
 k s = new boolean [ 3 ℄ ;private stat i
 int 
ount = 0 ;private int instan
eNumber ;private Login ( int instan
eNumber ) finstan
eNumber = instan
eNumber ;gpubli
 int getInstan
eNumber ( ) freturn instan
eNumber ;gpubli
 stat i
 Login getLogin ( int i ) fi f ( l o 
k s [ i ℄ ) fthrow new Instan
eLo
kedEx
eption ( i ) ;g else fl o 
 k s [ i ℄ = true ;return i n s t an 
 e s [ i ℄ ;ggpubli
 stat i
 Login newLogin ( ) fLogin l o g i n = null ;i f ( 
ount < i n s t an 
 e s . l ength ) fi n s t an 
 e s [ 
ount ℄ = new Login ( 
ount ) ;l o 
 k s [ 
ount ℄ = true ;
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 e s [ 
ount ℄ ;
ount++;greturn l o g i n ;gpubli
 stat i
 void f r e e ( Login l ) fl o 
 k s [ l . getInstan
eNumber ( ) ℄ = fa l se ;ggThis extension of the Singleton pattern is sometimes informally referredto as the \Multiton pattern".In the example, the \
reational" point of entry is the newLogin method.This method allo
ates new obje
ts and enters them into the 
lass' instan
e
a
he, but only if the amount of previously 
reated instan
es does not ex
eedthe preset limit. Obje
ts, on
e 
reated, 
an be reused. However, the 
lassattempts to ensure that ea
h instan
e is used by only one 
lient at a timeby marking ea
h instan
e as \lo
ked" when it is retrieved, and the 
lient isrequired to 
all the free method to unlo
k it when it no longer requires theinstan
e. If this\
ontra
t"is not followed, instan
es will not be
ome availablefor reuse. Two 
ir
umstan
es whi
h have to be handled are:� A request for a new instan
e is re
eived, but the instan
e 
ount isalready at maximum.� A request for an existing instan
e is re
eived, but that instan
e hasbeen lo
ked.Our example 
lass returns the null referen
e in the �rst 
ase, and raisesan ex
eption in the se
ond.



Chapter 4A review of the 
omponentlanguage and typing systemThis 
hapter provides a review of our 
omponent language, introdu
ing itssyntax and typing system. We also 
ompare it to alternative languages andapproa
hes built on existing resear
h.4.1 A review of the language[2℄ introdu
es a small, 
arefully abstra
ted language for des
ribing 
ompo-nent 
omposition. A typing system is then introdu
ed whi
h, through stati
analysis, 
ounts the number of 
omponent instan
es whi
h will be generatedduring run-time.This se
tion will review the parts whi
h are important for this thesis.The syntax for 
omponent programs, de
larations and expressions is givenby the formal de�nition below.De�nition (Syntax). The syntax of the 
omponent language is de�nedby the following grammar. Extended Ba
kus-Naur Form is used with thefollowing meta-symbols: in�x j for 
hoi
e and underlining for Kleene 
losure(zero or more iterations).Prog ::= De
l ;Exp (Program)De
l ::= Var��Exp ; Var��Exp (De
larations)Exp ::= � (Empty Expression)j newVar (New Instantiation)j reuVar (Reuse Instantiation)j (Exp + Exp) (Choi
e)j fExpg (S
ope)j Exp Exp (Sequential Composition)17
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omponent program is built up from two parts. The de
laration partis a series of assignments of 
omponent expressions to 
omponent names,ea
h de
laring a 
omponent whi
h 
an be referen
ed in later de
larations.Se
ondly, the starting expression, whi
h is de�ned in terms of the de�nitionsin the de
laration part, starts exe
ution of the program.The expressions themselves 
an be built from �ve basi
 
ategories. new
reates a new instan
e of a 
omponent. reu will reuse existing instan
es ifthey exist, and if they don't, an instan
e will be 
reated. A Choi
e 
onstru
t,e.g., (A + B), represents a 
ase where one of A and B is exe
uted, but notboth. This is used to model two phenomena. Firstly, it 
an model 
ondi-tional exe
ution. In this 
ase, it mimi
s if statements as we know them fromprogramming languages. Se
ondly, a 
hoi
e 
an model nondeterminism. TheS
ope me
hanism, also well-known from programming languages, introdu
esa blo
k of exe
ution in whi
h instan
es 
reated within the blo
k are disposedof upon exit. Finally, the important sequential 
omposition 
onstru
t allowsa 
ompound expression to be built by juxtapositioning two expressions. Weuse V ar(A) to denote the set of 
omponents used by the expression A.4.2 Typing systemThe typing system for 
omponent programs gives the 
omponent designer astri
t upper bound on the number of instan
es of ea
h de
lared 
omponentwhi
h will be generated during run-time. Stri
t means that there exists oneor more runs of the program su
h that the upper bound will be rea
hed.The set of all 
omponents C is partitioned into 
lasses C0; : : : ;Cn su
hthat ea
h 
omponent in C0 
an have an arbitrary number of a
tive instan
esand ea
h 
omponent in Ci with i = 1::n 
an have at most i instan
es at atime. So C = C0 [ � � � [Cn and Ci \Cj = ; for 0 � i < j � n. Note thatCi may be empty for some i.A type for a 
omponent expression is a four-tuple hX i; Xo; Xj; Xpi ofmultisets over C. Multisets assign a 
ardinality to ea
h member, so that anelement 
an appear more than on
e. This makes them an ideal stru
turefor the typing system, whi
h aims to 
ount the highest o

urring numberof instan
es of ea
h 
omponent. Ea
h of the four multisets has di�erentmeaning:X i spe
i�es the maximum number of instan
es simultaneously a
tive at anyone time during exe
ution.Xo spe
i�es the \surviving" instan
es { those still a
tive when exe
utionends. These numbers are a�e
ted by instan
es 
reated within s
opes.



CHAPTER 4. A REVIEW OF THE COMPONENT LANGUAGE ANDTYPING SYSTEM 19Xj is equivalent to X i, but under the assumption that every 
omponenthas one instan
e already. This is to a

ommodate reuse in sequential
omposition.Xp is equivalent to Xo, again under the assumption that every 
omponenthas one instan
e from before.A basis, typi
ally denoted by � or �, is an ordered list of de
larationsx1�� A1; : : : ; xn�� An whi
h new 
omponents 
an be de
lared with respe
tto, and whi
h 
omponent expressions 
an be given with respe
t to.A typing judgement takes the form � ` A : X, meaning that the expres-sion A has type X in the basis �. Legal typing judgements for 
omponentexpressions are derived from the following typing rules:De�nition (Typing rules). Typing judgments � ` A : X are derived bythe following typing rules:Axiom ` � : h[ ℄; [ ℄; [ ℄; [ ℄i Weaken � ` A : X � ` B : Y x =2 Dom(�)�; x��B ` A : XNew � ` A : X x =2 Dom(�)�; x��A ` newx : hXi + x;Xo + x;Xj + x;Xp + xiReu � ` A : X x =2 Dom(�)�; x��A ` reux : hXi + x;Xo + x;Xj ;XpiSeq � ` A : X � ` B : Y 8k = 1::n:8
 2 Ck:(Xo ℄ Y j)(
) � k A;B 6= �� ` AB : hXi [ (Xo ℄ Y j) [ Y i; (Xo ℄ Y p) [ Y o;Xj [ (Xp ℄ Y j);Xp ℄ Y piChoi
e � ` A : X � ` B : Y� ` (A+B) : X [ Y S
ope � ` A : X� ` fAg : hXi; [ ℄;Xj ; [ ℄i :The premise for the Seq rule guarantees that the resulting type will nothave instan
es ex
eeding the maximum allowed for ea
h 
omponent.4.3 Experimental parallelization supportThe authors of [2℄ are 
urrently working on an extension of the languageto in
lude a me
hanism for running expressions in parallel. The extendedsynta
ti
al 
ategory for expressions then be
omes:De�nition (Extended syntax). The extended syntax with parallelizationsupport builds on de�nition 4.1 by adding to the 
ategory for expressions:Exp ::= (ExpjjExp) (Parallel)



CHAPTER 4. A REVIEW OF THE COMPONENT LANGUAGE ANDTYPING SYSTEM 20The typing rule for parallel 
omposition is:De�nition (The Parallel typing rule). Typing judgments � ` AjjB : Xare derived by the following typing rule:Parallel � ` A : X � ` B : Y 8k = 1::n:8
 2 Ck:(Xi ℄ Y i)(
) � k� ` (AjjB) : X ℄ YIn the operational semanti
s, (AjjB) means that both A and B will beexe
uted, and in parallel.It should be noted that the Seq typing rule needs further re�nement toensure that the bounds in the resulting types are stri
t. This is still ongoingwork.This thesis will fo
us primarily on the non-extended syntax, but paral-lelization will be brought in o

asionally (and expli
itly), and is also sup-ported by the implementation (albeit with no bounds 
he
ks).4.4 Operational semanti
s[2℄ also de�nes operational semanti
s for the language. This is modelled asa transition system where a state is 
omposed of a sta
k of multisets over
omponent names, and a 
omponent expression. Instan
es are added tothe multiset on the top of the sta
k as they are a
tivated. When a s
opeexpression is en
ountered, a new, empty multiset is pushed on top of thesta
k, and instan
es 
reated within this s
ope is added to this new multiset.When the end of a s
ope is rea
hed, a multiset is popped o� the sta
k tomodel the deallo
ation of the 
omponents 
reated within that s
ope.If a program is well-typed (meaning a type 
an be assigned to it a

ordingto a given number of allowed instan
es), [2℄ proves that exe
ution of theprogram will not 
reate instan
es of any 
omponent su
h that it ex
eeds theallowed number. In other words, well-typed programs are safe to exe
ute.4.5 Comparison with other 
omposition lan-guages[2℄ is an example of a 
omposition language, .i.e., a language primarily 
on-
erned with how 
omponents are 
omposed together, as opposed to how theyare implemented. We will take rather super�
ial looks at other 
ompositionlanguages here to see what they o�er with regards to resour
e managementfor 
omponent instan
es. This is not an exhaustive survey, but is intendedto review re
ent resear
h in the software 
omponents �eld.
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olaPi

ola [1℄ is a 
omposition language based on the �L-
al
ulus [11℄. This 
al-
ulus 
onsists of forms, a kind of extensible re
ords in whi
h labels are boundto names, and agents, whi
h perform 
omputations and 
ommuni
ate formsover 
hannels, asyn
hronously. Pi

ola is built on all of these notions, and
ombines them in a light-weight language for 
omposition. Agents in Pi

olahave behaviour spe
i�ed by s
ripts, and exist in a 
ontext whi
h 
ontains thelegal servi
es and forms for an agent. Pi

ola allows the de�nition of ar
hi-te
tural styles whi
h 
omponents must 
onform to. These de�ne the plugs(exported and imported servi
es) ea
h 
omponent may have, and the styleand rules for 
omposition. An example ar
hite
tural style provides supportfor the 
omposition of Java Beans.Pi

ola is weakly typed, and has no inherent notion of 
lasses, obje
ts, or
omponent instan
es. However, be
ause of the extensible nature of Pi

ola'ssyntax, these may all be de�ned on top of the existing language, as anotherar
hite
tural style. Some support for resour
e management 
an be envisionedas part of this, albeit not relying on a type system.4.5.2 ComponentJComponentJ1 is a 
omponent-oriented language for modelling representationand manipulation of 
omponents. It is based on the stati
ally typed 
om-ponent 
al
ulus introdu
ed in [19℄. ComponentJ has a strong emphasis on
omponent interfa
es, whi
h 
omponents expli
itly provide implementationsof. Components provide servi
es at ports, and 
omponent de�nitions in-
lude method blo
ks whi
h 
an be plugged into ports with the plug operation.Components 
an be de�ned from s
rat
h, or in terms of existing 
omponentsby use of 
omposition. The type system assigns stati
 type information to
omponents and ports, and this ensures that the 
onsisten
y of the innerstru
ture of 
omponents is retained.Designed to work as an extension of the Java language2, ComponentJ
urrently has a 
ompiler written for it whi
h works with Java. The 
ompilertransforms ComponentJ de�nitions to Java 
lasses and interfa
es whi
h 
anthen be 
ompiled by a standard Java 
ompiler. The 
omponents 
an then beused with regular Java 
ode.ComponentJ supports the new keyword to 
reate instan
es of 
ompo-nents. Su
h statements 
an be embedded in method implementations within1See http://
tp.di.f
t.unl.pt/~j
s/ComponentJ/.2There has been some work on a variant language for .NET, based on the same 
al
ulus.See http://
tp.di.f
t.unl.pt/~l
aires/mi
ro/.
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ks of 
omponents, or be given separately to spark o� exe
u-tion. Although there is no support for 
ontrol over the amount of instan
esresulting from this in the type system, su
h an extension of the type system
ould be possible.4.5.3 Component Plans[3℄ introdu
es the notion of 
omponent plans. A 
omponent plan is providedby 
omponent authors for use by appli
ation 
omposers, and des
ribes typi
al
omposition patterns, or anti
ipated 
omposition 
on�gurations. Componentplans are spe
i�ed in CoPL, whi
h is a C-like language and is not dependenton any parti
ular 
omponent framework or platform. These spe
i�
ationsare thus on an abstra
t level.CoPL has 
omponents 
ommuni
ating through events. An event is \�red"by one 
omponent (the \sour
e") and one other 
omponent 
an register asthe event handler. As an example, a list 
omponent 
an �re a Changed eventevery time an element has been added to it, and this event 
an trigger afun
tion 
all to another 
omponent, e.g. a printer 
omponent whi
h printsinformation about the added element.An important notion for 
omponent plans are De
ision Spots. Theseenable intera
tivity by spe
ifying abstra
t types or interfa
es for some 
om-ponents and allowing the 
omposer to sele
t from a list of 
on
rete imple-mentations. The CoML generator takes 
are of �nding the available 
hoi
es.The list 
omponent in the previous example 
ould for instan
e be spe
i�edas a \spot" allowing the 
omposer to 
hoose any available 
omponent whi
his type 
ompatible with the IList interfa
e. Alternatively, a De
ision Spot
an enumerate any number of interfa
es, to allow both a \verti
al sear
h" (ininterfa
e inheritan
e hierar
hies) and a \horizontal sear
h" (a
ross all listedtypes).Appli
ation 
omposers run CoPL spe
i�
ations through a CoML genera-tor, whi
h generates CoML data. CoML is an XML3 language whi
h is theplatform-dependent 
ounterpart to CoPL. This means it is generated to de-s
ribe 
omponents for a spe
i�
 
omponent te
hnology, with all the te
hni
aldetails that demands. Being XML data means CoML 
an easily be pro-
essed by software tools. One intended appli
ation is \wizards" whi
h guidethe 
omposer through the generation pro
ess by presenting possible 
hoi
esfor De
ision Spots and generating the CoML output a

ordingly. CoML �les
an be used for do
umentation purposes, to ex
hange 
omponent 
omposi-tions, or they 
an be transformed to 
ode or interpreted dire
tly (interpreters3See http://www.w3.org/XML/.



CHAPTER 4. A REVIEW OF THE COMPONENT LANGUAGE ANDTYPING SYSTEM 23have been written for Java and .NET).CoPL and CoML have no inherent 
on
ept of instan
es in its 
urrentversion. Components are per
eived as 
olle
tions of fun
tions whi
h 
an be
alled, and properties whi
h 
an be set or read. It follows that bounds forinstan
es 
annot be analyzed, although with a few extensions this would bereadily possible.



Chapter 5Type inferen
e algorithmThis 
hapter introdu
es the inferen
e problem, parti
ularly in relation to our
omponent language. An algorithm for type inferen
e is given.5.1 The type inferen
e problemThe type inferen
e problem is the problem of inferring a type derivation foran expression in some language, given a set of de
larations (a basis). Inother words, a type inferen
e algorithm attempts to automati
ally assign atype to an expression. Type inferen
e is predominantly found in strongly-typed fun
tional programming languages (ML diale
ts, Haskell). Havingtypes inferred 
an relieve the programmer from having to �nd the type himselfand annotating expressions with types to have them 
he
ked by the 
ompileror runtime system.5.2 Type inferen
e algorithm for the 
ompo-nent languageThe idea of a polynomial-time type inferen
e algorithm for the 
omponentlanguage was sket
hed in [2℄. It depends heavily on the Generation Lemmapresented in the paper:Lemma 5.2.1 (Generation)1. If � ` new x : X, then x 2 Xp and there exists bases �, �0 andexpression A su
h that � = �; x��A;�0, and � ` A : hX i � x;Xo �x;Xj � x;Xp � xi. 24



CHAPTER 5. TYPE INFERENCE ALGORITHM 252. If � ` reu x : X, then x 2 Xo and there exists bases �, �0 andexpression A su
h that � = �; x��A;�0, and � ` A : hX i � x;Xo �x;Xj; Xpi.3. If � ` AB : Z with A;B 6= �, then there exists X, Y su
h that � ` A :X, � ` B : Y , Z = hX i [ (Xo ℄ Y j) [ Y i; (Xo ℄ Y p) [ Y o; Xj [ (Xp ℄Y j); Xp ℄ Y pi.4. If � ` (A + B) : Z, then there exists X, Y su
h that � ` A : X,� ` B : Y and Z = X [ Y .5. If � ` fAg : hX i; [ ℄; Xj; [ ℄i, then there exists multisets Xo and Xp su
hthat � ` A : hX i; Xo; Xj; Xpi.Sometimes referred to as an inversion lemma [18℄, a generation lemmainverts the typing rules to prove, given the value of a term, what its typemust be. In other words, it allows us to make statements su
h as \if a term ofthe form f has any type, that type must be �", and that will be apparent byfollowing ea
h typing rule from its 
on
lusion to its premise. Su
h a lemmalends itself naturally to the 
onstru
tion of re
ursive algorithms for inferringtypes of 
ompound terms, sin
e 
omplete types for 
ompound terms 
an be
omputed re
ursively from the types of its subterms. For non-
ompoundterms, inferring types is often trivial.The important observation is that inferring a type for an expression E 
anbe redu
ed to inferring types for new x and reu x for all x 2 V ar(E). This isso be
ause E 
an always be broken down into a sequen
e of subexpressionsE1; � � � ; En. The generation lemma lets us easily 
al
ulate the type of E ifwe know the types of all Ei. We also know that every Ei will be on eitherthe form new x, reu x, (Exp + Exp), fExpg, or (ExpjjExp). For new xand reu x, the type 
an be found by looking up the de
laration of x in thebasis, inferring the type of that, and 
ombining that with x using multisetoperations as de�ned in the typing rules (see Se
tion 4.2) and the generationlemma. For the other 
ases, Ei 
an be further de
omposed into new levelsof subexpressions, until one of the new x and reu x 
ases are rea
hed. Thus,the problem of �nding the type of an expression redu
es to �nding types fornew and reu expressions.Su
h an algorithm 
ould easily behave exponentially if implemented naively,sin
e dupli
ate instan
es of the same type inferen
e problem 
ould be gener-ated re
ursively. [2℄ suggests storing solved instan
es as a solution for this.All instan
es of the type inferen
e problem 
an be seen as su
h: For� = �; x�� E1; � � � ; En;�0, inferring the type of Ei always happens withregards to the basis �, whi
h is an initial segment of the basis for the original
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e problem (the �rst \
all" to the algorithm). Sin
e there arepolynomially many su
h instan
es, type inferen
e 
an be done in polynomialtime.Based on these ideas, the algorithm Infer-Type has been derived. Infer-Type assigns types to programs of the 
omponent language, or halts withan error message if not possible.It is important to note that Infer-Type assumes slightly di�erent typingrules than those given in [2℄. Spe
i�
ally, the algorithm is not given upperbounds on the allowed number of instan
es of ea
h 
omponent, so it knowsnothing of what these bounds a
tually are. Instead, it 
omputes types andreports them, so that the 
omposer 
an 
he
k if the bounds are satisfa
tory.This implies a slight modi�
ation to the typing rules, spe
i�
ally, the Seqrule:De�nition (Modi�ed typing rules). The Seq2 typing rule is a modi�
a-tion of the Seq typing rule to omit bounds 
he
king, and is given by:Seq2 � ` A : X � ` B : Y A;B 6= �� ` AB : hXi [ (Xo ℄ Y j) [ Y i; (Xo ℄ Y p) [ Y o;Xj [ (Xp ℄ Y j);Xp ℄ Y piA variant of the algorithm whi
h does bounds 
he
king is given in Se
tion8.1.Pseudo 
ode for the algorithm is given on the next page.



CHAPTER 5. TYPE INFERENCE ALGORITHM 27Infer-Type(�; a)1 if Ca
he-Contains(a)2 then return Ca
he-Lookup(a)3 if a = �4 then t = h[ ℄; [ ℄; [ ℄; [ ℄i5 else if a = new b6 then x = Lookup(�; b)7 if x nil8 then error \Not typable"9 else t0  Infer-Type(Initial-Seg(�; b); x)10 t hi(t0) ℄ fbg; o(t0) ℄ fbg; j(t0) ℄ fbg; p(t0) ℄ fbgi11 else if a = reu b12 then x = Lookup(�; b)13 if x = nil14 then error \Not typable"15 else t0  Infer-Type(Initial-Seg(�; b); x)16 t hi(t0) ℄ fbg; o(t0) ℄ fbg; j(t0); p(t0)i17 else if a = (A+B)18 then t1 = Infer-Type(�; A)19 t2 = Infer-Type(�; B)20 t = hi(t1) [ i(t2); o(t1) [ o(t2); j(t1) [ j(t2); p(t1) [ p(t2)i21 else if a = (AjjB)22 then t1  Infer-Type(�; A)23 t2  Infer-Type(�; B)24 t hi(t1) ℄ i(t2); o(t1) ℄ o(t2); j(t1) ℄ j(t2); p(t1) ℄ p(t2)i25 else if a = fAg26 then t0  Infer-Type(�; A)27 t hi(t0); ;; j(t0); ;i28 else if a = AB29 then t1  Infer-Type(�; A)30 t2  Infer-Type(�; B)31 i0  i(t1) [ (o(t1) ℄ j(t2))32 o0  (o(t1) ℄ j(t2)) [ o(t2)33 j0  j(t1) [ (p(t1) ℄ j(t2))34 p0  p(t1) ℄ p(t2)35 t hi0; o0; j0; p0i36 Ca
he-Enter(a; t)37 return tHere, i, o, j, and p are the proje
tion of their respe
tive 
omponents inthe type quadruple (X i; Xo; Xj, and Xp respe
tively).Lookup looks up the de
laration of a 
omponent in a basis:
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tion on bases are de�ned indu
-tively by Lookup((x��A;�); x) = ALookup(;; x) = NILLookup((y��A;�); x) = Lookup(�; x)for a basis � and distin
t 
omponent expressions x, y.Initial-Seg 
omputes the segment of the basis whi
h is initial to some
omponent de
laration.De�nition (Basis segment initial to a 
omponent). The basis� is ini-tial to expression xj+1 if � = x1��A1; : : : ; xj��Aj .This allows the algorithm to look up types in the \proper" initial segmentinstead of looking in the 
omplete basis. While bringing the algorithm 
loserto the formal de�nitions in [2℄, it is not stri
tly a requirement for 
orre
tness,sin
e de
larations of 
omponents are distin
t.An example run of the algorithm 
an be illustrated by tra
ing the re
ur-sive steps and representing them as a 
all tree. For this example, we use thefollowing simple program:d���;a�� new d;b�� reu d( new a + f new dg);new bThe 
all tree is shown in Figure 5.1. The straight edges pointing down-wards represent re
ursive 
alls, while the 
urved edges pointing upwards arethe results. The order of the 
alls 
orresponds to a leftmost depth-�rst traver-sal of the tree. Note that due to the 
a
he, the invo
ation shown in the lowerright 
an return the type of new d immediately, sin
e this type has been 
om-puted already. When all the results have been delivered ba
k to the root ofthe tree, the 
omplete type for new b 
an be 
omputed (not shown in the�gure).5.2.1 De
laration reorderingThe order of de
larations in the 
omponent language is insigni�
ant, however,there must exist a reordering su
h that the following holds:if � = �; x��A;�0 then Var(A) � Dom(�) (5.1)



CHAPTER 5. TYPE INFERENCE ALGORITHM 29Infer-Type((d���; a�� new d; b�� reu d( new a + f new dg)); new b)
Infer-Type((d���; a�� new d); reu d( new a + f new dg))

Infer-Type((d���); reu d)
Infer-Type((d���; a�� new d); ( new a + f new dg))Infer-Type(�; �)

Infer-Type((�; a�� new d); new a) Infer-Type((d���; a�� new d); f new dg)
Infer-Type((d���); new d) Infer-Type((d���); new d)

Infer-Type(�; �)h[℄; [℄; [℄; [℄i
h[d℄; [d℄; [d℄; [d℄i h[d℄; [d℄; [d℄; [d℄i

h[d℄; [℄; [d℄; [℄ih[d; a℄; [d; a℄; [d; a℄; [d; a℄i
h[d; a℄; [d; a℄; [d; a℄; [d; a℄ih[℄; [℄; [℄; [℄i

h[d℄; [d℄; [℄; [℄i
h[a; d; d℄; [a; d; d℄; [a; d℄; [a; d℄i

Figure 5.1: A 
all tree representing an example run of the inferen
e algorithm
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laration x�� A in basis �, the variables o

ur-ring in A must have been de
lared previously. Su
h a reordering may not beunique (for example, in a typi
al opening sequen
e of de
larations of � 
om-ponents, the order of these de
larations will not a�e
t whether 5.1 holds).Dete
ting if su
h a reordering exists 
an be done by analyzing the depen-den
y graph of the de
laration. A topologi
al sort of the graph will yield areordering. If no reordering 
an be found (i.e., the topologi
al sort fails), thatmeans � = �; x��A;�0 where either x��A is 
y
li
 (A depends on x, e.g.x�� new x), or A depends on 
omponents whi
h are not de
lared anywherein �.The type inferen
e algorithm given depends on bases 
omplying with(5.1). The (non-deterministi
) reordering algorithm used to a
hieve this formis given below.Reorder-De
l(�)1 � empty2 repeat3 su

ess false4 for all x��A 2 �5 do if Satisfies(�; A)6 then � �; x��A7 � �� x��A8 su

ess true9 until su

ess = false10 if Empty(�)11 then return �12 else error \No possible reordering exists"In the algorithm, Satisfies(�; A) 
he
ks if every 
omponent on whi
hthe expression A depends has been de
lared in �.



Chapter 6ImplementationIn this 
hapter, our implementation of the type inferen
e algorithm fromChapter 5 is des
ribed on a 
ode-level. Its eÆ
ien
y is reviewed, and someweak spots are dis
ussed.6.1 Introdu
tion to the implementationThe implementation of the type inferen
e system has been written in Ob-je
tive Caml1, a popular variant of the ML programming language2. Su
h alanguage was found parti
ularly �t for our purpose to implement an algorithmbased on already well-de�ned formal spe
i�
ations. Caml, as a 
ompiled lan-guage generating native exe
utables, has been found for many programs to beabout as fast as similar programs written in C. Algebrai
 (\sum") datatypesand eÆ
ient re
ursion optimization are properties whi
h make su
h a lan-guage well-suited.The implementation in
ludes support for parallel expressions (see Se
-tion 4.3). This was added at a late stage sin
e it required only a smalle�ort, although the theory 
urrently needs further re�nement to meet therequirements of stri
t upper bounds.The 
ode 
an be retrieved from http://www.ii.uib.no/~haakon/
omponents/,and requires OCaml and GNU Make to build and run. It has been tested onLinux and Mi
rosoft Windows.1Commonly abbreviated \OCaml". See http://
aml.inria.fr/.2Histori
ally an abbreviation for \Meta Language", a 
ontrol language for theoremprovers, ML was developed by Robin Milner and others in the late 1970s as a general-purpose fun
tional programming language [15℄
31



CHAPTER 6. IMPLEMENTATION 326.2 DatatypesIn designing the datatypes whi
h will represent the various synta
ti
al 
ate-gories of the 
omponent language, we have tried to have them 
learly re
e
tthe stru
ture of the language grammar.There are three 
ategories; exp representing expressions, de
l represent-ing 
omponent de
larations, and prog representing 
omplete 
omponent pro-grams.The de�nition of the exp type:type exp =Emptyj New of s t r i n g * exp opt ionj Reu o f s t r i n g * exp opt ionj Choi
e o f exp * exp * exp opt ionj Pa r a l l e l o f exp * exp * exp opt ionj S
ope o f exp * exp opt ionEmpty is the type 
onstru
tor representing the empty expression �. Therest of the 
ases use the option type. This is a parameterized type that
omes built into OCaml. Its de�nition is:type ' a opt ion =Some o f ' aj NoneAs su
h, it 
an be used to represent types whi
h may not have an a
tualvalue assigned to them (the None 
ase), analogous to the null referen
e inlanguages su
h as Java or C#.The exp type uses option to build lists of expressions representing 
om-ponent 
omposition. To 
onstru
t an exp value with the New 
ase, one 
an useNew ( "a" , None )This would simply represent new a. Building on this, to represent new a reu a,one would useNew ( "a" , Reu ( "a" , None ) )The Choi
e and Parallel 
onstru
tors take a triple by ne
essity. Torepresent ( new a + new b) reu a, one would useChoi
e (New ( "a" ) , New ( "b" ) , Reu ( "a" , None ) )
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ope expression new anewb is represented byS
ope (New ( "a" ) , New ( "b" ) )The de
laration type is de
lared as su
h:type de
 l = De
l o f s t r i n g * exp * de
 l opt ionAgain using the option type, de
l 
an represent a single de
laration oran arbitrary-length list of them, always terminated by None. As an example,a���; b�� new a is represented byDe
l ( "a" , Empty , De
l ( "b" , New "a" , None ) )Finally, the prog type is de�ned:type prog = Prog o f de
 l * expAs with the grammar, prog represents a 
omplete 
omponent program
onsisting of a de
laration part followed by a 
omponent expression whi
hsparks o� the exe
ution.6.3 ParserThe parser for 
omponent programs is written with standard OCaml tools.o
amllex is used to generate the lexer, while o
amlya

 generates the parseritself. The parser adheres stri
tly to the grammar in [2℄, with the two symbols-< being used in pla
e of ��. For 
onvenien
e, we support expressions on theform fA+Bg, whi
h will be interpreted as f(A+B)g. In addition, supportfor the experimental parallel 
omposition (jj) has been added.The parser generates parse trees a

ording to the syntax datatypes.6.4 Type inferen
e6.4.1 Multiset implementationAs the 
omponent language relies heavily on multisets, the implementation
omes with a 
ustom Multiset module, sin
e OCaml does not provide this.The Multiset module is based on a modi�
ation to the standard OCaml Setmodule whi
h was originally done by S�ebastien Briais3 and �xed for errors3See http://lamp.epfl.
h/~sbriais/.



CHAPTER 6. IMPLEMENTATION 34for use with the implementation of the typing system. As with Set, theMultiset module is based on balan
ed binary trees. This ensures insertionand and membership 
he
ks, the fo
al operations of the implementation, taketime logarithmi
 in the number of distin
t elements of the multiset.6.5 Other notable fun
tions6.5.1 De
laration reorderingThe fun
tion for reordering a basis a

ording to Equation 5.1 implementsthe algorithm from Se
tion 5.2.1. The fun
tion, reorder_de
l in the Infermodule, is 
alled as soon as a 
omponent program has been parsed, and thereordered de
laration (whi
h order may of 
ourse equal the de
laration givenin the program) is substituted for the given de
laration.6.5.2 Program legalizationWhile 5.1 has to be 
omplied with for all de
larations, the implementationhas fun
tions for \repairing"de
larations on the form � = �; s��A;�0 whereA depends on 
omponents not de
lared in either � nor �0. This is done bysimply inserting de
larations for the missing 
omponents. More pre
isely, ifthe de
laration � = �; b��A;�0, for every 
omponent variable a 2 V ar(A)su
h that a 62 Dom(�), � will be rewritten into �; a���; b��A;�0 to form alegal basis. We refer to this pro
ess as \legalization".The Infer module has fun
tions for expression legalization whi
h, givena basis and an expression, returns the additional de
larations whi
h mustbe appended to the basis to make the expression typable, and de
larationlegalization whi
h operates on bases, adding the missing pie
es.6.5.3 De
laration 
on
atenationDe
laration 
on
atenation is used by some front-end 
ode to extend de
lara-tion lists, and is also depended on by the de
laration reordering fun
tion.De�nition (De
laration 
on
atenation). The 
on
atenation of two de
-laration lists is represented by in�x ��, and de�ned indu
tively by(x��A)��� = x��A;�(x��A;�)��� = x��A; (����)for bases � and �.



CHAPTER 6. IMPLEMENTATION 35These kinds of de�nitions are easily translated into OCaml 
ode:l e t r e 
 ( �� ) de
 l 1 de
 l 2 =mat
h de
 l 1 withDe
l ( s , e , None) �> De
l ( s , e , Some de
 l 2 )j De
l ( s , e , Some d) �> De
l ( s , e , Some ( d �� de
 l2 ) )6.6 EÆ
ien
y of the implementationA generator program has been written whi
h yields 
omponent programswith random 
omposition, parameterized by length of the basis and maximalsize of expressions. This program has been used to generate programs ofin
reasing sizes, with the goal of testing performan
e of the type inferen
eimplementation. Results from experiments with this program will be used inthis se
tion.Two notions of \length" are adopted by the program generator, whi
hneed to be de�ned:De�nition (Length of expressions). The length of a 
omponent expres-sion is de�ned indu
tively byLength( new x) = 1Length( reu x) = 1Length((A+B)) = 1Length(A) = 1Length(AB) = Length(A) + Length(B)for 
omponent x, and expressions A, B.De�nition (Length of de
larations). The length of a de
laration is de-�ned indu
tively by Length(x��A) = 1Length(x��A;�) = 1 + Length(�)for 
omponent x, expression A and de
laration �.Storing, or 
a
hing, the results as typing problems are solved has provedvery eÆ
ient and, indeed, ne
essary to keep the algorithm polynomial. The
a
he has been implemented using the Hashtbl data stru
ture whi
h is partof the standard library of OCaml. This is a hash table module with a lookuproutine whi
h runs in 
onstant-time unless there are hash 
ollision, in whi
h
ase it swit
hes to a balan
ed binary tree sear
h on all the 
olliding members,and this runs in O(logn) time (n being the number of 
ollisions for that hashvalue).



CHAPTER 6. IMPLEMENTATION 366.6.1 The stru
ture of the 
a
he[2℄ suggests stru
turing the 
a
he to re
e
t the typing judgements used toarrive that the �nal type. Hen
e, the 
a
he would be a table with three
olumns. We 
an illustrate this by showing the 
a
he after having inferred atype for this example:d���;a�� new d;b�� new d new a;new bAfter running the type inferen
e algorithm on new b, the three-
olumn
a
he has these entries:� Exp Type (X i shown)� �d��� new d [d℄d���; a�� new d new a [a; d℄d���; a�� new d new d new a [a; d; d℄d���; a�� new d; b�� new d new a new b [a; b; d; d℄Figure 6.1: An example three-
olumn 
a
heFor brevity, we only show the X i 
omponent of the types (for this simpleprogram, all the type 
omponents are equal).When there is no given upper a

eptable bounds for instan
es of ea
h
omponent, and the original basis 
omplies with 5.1, the basis 
omponentof the typing triple has no e�e
t on the type inferred; types 
an be inferredwith respe
t to the original basis. This is possible be
ause every 
omponentname in a basis is distin
t. We 
an use this to simplify the implementation.For a triple-
olumn 
a
he, initial segments have to be 
omputed for bothinsertion and lookups. This operation is linear in the length of the basis, andsome e�ort is needed to 
ompute the minimal initial segment for 
ompositeexpressions. Using anything less than the minimum initial segment 
an easilyresult in dupli
ate 
a
he entries.The two-
olumn 
a
he is simply a mapping from expression to types,and avoids the 
omplexity of basis management whi
h is not ne
essary inour approa
h. A 
omplementary advantage is of 
ourse less spa
e o

upiedin memory during inferen
e. Re
onstru
tion of the steps used in the typederivation is still given by the output of the type inferen
e fun
tion whenrun with the --verbose swit
h.



CHAPTER 6. IMPLEMENTATION 37Keeping with our example, and swit
hing to a two-
olumn 
a
he whi
homits the basis 
olumn, the 
a
he looks like this after inferring a type fornew b: Exp Type (X i shown)� �new d [d℄new a [a; d℄new d new a [a; d; d℄new b [a; b; d; d℄Figure 6.2: An example two-
olumn 
a
heThe data in the table is equivalent to that of Figure 8.1, but all basisinformation has been removed. With this mapping of the 
a
he from ex-pressions to types, it is understood that the mapping is always with regardsto the the original basis or a suÆ
ient initial basis of it. This works in ourimplementation be
ause the basis will already have been reordered before itis passed to the infer_type fun
tion.6.6.2 Measuring 
a
he e�e
tsBy looking at the amount of re
ursive 
alls and having an idea of the 
om-plexity of operations within ea
h re
ursion, one 
an get an idea of how wellthe implementation s
ales.First, a series of programs were generated with in
reasing length of thede
laration. The maximal expression length was set to 4, believed to be areasonable length for an \average" 
omponent. The behavior 
an be seen inFigure 6.3.This was 
ompared to a run with no 
a
hing of results, the parametersremaining the same (Figure 6.4). As is apparent, the amount of re
ursion isgenerally mu
h higher. The �gure shows one extreme 
ase when around 90
omponents were de
lared. In this parti
ular 
ase, around 500.000 re
ursionswere needed. This was 
aused by the starting expression being de�ned interms of many 
omponents whi
h had many re
ursive dependen
ies (i.e., theywere high up in the dependen
y tree for the 
omponents in the de
laration).The result was that almost all 
omponents had to be typed many times.The same was tried with a 
onstant de
laration length of 5, and in
reasingmaximal length of expressions (Figure 6.5).With relatively low expression length, the amount of re
ursion stays low,but rises steeply with in
reasing length. This 
an be attributed to the ef-
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reasing de
laration length, 
a
hed results
 0

 50

 100

 150

 200

 250

 0  10  20  30  40  50  60  70  80  90  100

N
um

be
r 

of
 r

ec
ur

si
ve

 c
al

ls

Length of declaration

Recursive calls

Figure 6.4: In
reasing de
laration length, results not 
a
hed
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�
ien
y of the 
a
he; low length of expressions leads to many similar 
om-positions sin
e the number of possible 
ombinations is low. This means anexpression will be more likely to have a type asso
iated with it in the 
a
he.If we turn o� the 
a
he and run a similar program, the situation 
hangesradi
ally. The re
ursion 
ount often gets to the hundreds with an expressionlength of just 7-8, in the thousands at 11-15, and in the millions at 15 andupwards. At su
h lengths, the time required to infer a type is 
learly expo-nential in the length of de
larations. Some generated programs took over 30se
onds to 
ompute a type for, while with 
a
hing, the same programs tookbetween :5 and 1 se
ond4.We 
an make obvious the reason for the exponential behaviour througha small example. Consider this program:4Experiments run on an Intel® Pentium® 4 2.26GHz system
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reasing expression length, 
a
hed results
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new bnew anew d new d new anew d new d� � � �Figure 6.6: Example of type inferen
e problems needing to be solved without 
a
hed���;a�� new d new d;b�� new a new a;new bWithout 
a
hing results, the algorithm has no memory of any of theprevious solutions. The type inferen
e problems needing to be solved isshown in Figure 6.6.When we add the 
a
he, the same program generates the behaviour shownin Figure 6.7. In this 
ase, 5 of the 7 type inferen
e problems from Figure6.6 has been repla
ed by O(1) lookups in the 
a
he.



CHAPTER 6. IMPLEMENTATION 40new bnew anew d�Figure 6.7: Example of type inferen
e problems needing to be solved with 
a
he6.7 Weaknesses of the implementationRe
ursive 
alls normally require the runtime system to keep tra
k of bran
hpoints in the instru
tion 
ode for ea
h re
ursive 
all, so that when ea
h 
all�nishes, 
ontrol 
an be returned to the proper lo
ation as frames are removedfrom the 
all sta
k. This requires memory spa
e on the sta
k, and givenenough re
ursion depth, whi
h 
an result from large input sets, the sta
k willrun out of spa
e and over
ow, 
ausing, in most 
ases, a software 
rash. To�x this situation, one 
an apply tail re
ursion [6℄. This involves rearrangingthe 
ode su
h that the re
ursive 
all is the last operation in the fun
tion. A
ompiler 
an then apply tail-
all optimization to transform the re
ursion intoan iterative loop, with 
onstant-spa
e requirements on the sta
k.The type inferen
e algorithm relies heavily on re
ursive des
ent into datatypeswhi
h represent 
omponent expressions 
omposed in di�erent ways. Verylong 
ompositional sequen
es 
an 
ause it to over
ow the sta
k. This limita-tion be
ame apparent during experiments with 
omponent programs 
ontain-ing many large 
ompositions produ
ed by the program generator. Although
omposition is asso
iative, the implementation treats it as right-asso
iative,su
h that ABC is parsed as A(BC). The 
all trees when typing the 
omposi-tions thus grow towards the right. For example, the 
ompositionABCDEFGwill 
ause the 
all tree shown in Figure 6.8. Ea
h node in the tree 
orrespondsto one sta
k frame required on the 
all sta
k.Note that all 
omponents in the example 
omposition are distin
t. Ifthere were dupli
ates, e.g., new x � � � new x, only the �rst o

urren
e wouldhave been part of the 
all tree, as the subsequent ones would have solutionsstored in the 
a
he already. In other words, as soon as an expression is metwhi
h we have seen before, its type will be be stored in the 
a
he, and so we
an 
ut that bran
h o� the 
all tree.
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A � � �GA B � � �GB C � � �GC D � � �GD E � � �GE F � � �GF GFigure 6.8: The 
all tree for 
ompositions grows linearly to the right.As is apparent, the need for sta
k spa
e is linear in the length of expres-sions. Hen
e, very long expressions 
an 
ause sta
k over
ows. There aremeasures whi
h 
an be taken to improve this.First, our algorithm re
urs on all synta
ti
 
ases of expressions. This isnot, however, a stri
t requirement. For the new x and reu x 
ases, re
ursion isne
essary sin
e we have to 
ompute the type of the de�nition of x. However,for (A + B) and A, we re
ur an extra time to arrive at the 
onstituentexpressions A and B. When su
h expressions are nested, this adds to theamount of sta
k tra
e needed. The implementation 
ould be rearranged toredu
e its re
ursive behaviour to only the new and reu 
ases.Next, we show how the sta
k spa
e 
an be redu
ed from linear to loga-rithmi
 in the length of expressions. This approa
h involves a break with theright-asso
iative approa
h seen earlier. We divide sequential 
ompositions inhalf and re
ur on ea
h part. Returning to our example, the same 
ompositionnow yields the 
all tree shown in Figure 6.9.Being a full binary tree, the required sta
k spa
e after this adjustment islogarithmi
 in the length of expressions. Sin
e 
ompositions are representedas sequen
es of expressions whi
h have to be traversed one element at a time,dividing 
ompositions is a linear-time operation.Finally, the need for sta
k spa
e 
ould be eliminated 
ompletely by useof tail re
ursion. However, this is not easily a
hieved. The reason 
an beillustrated by a look at part of the type inferen
e fun
tion:
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A � � �GA � � �D E � � �GAB CD EF GA B C D E FFigure 6.9: The sta
k spa
e needed 
an be made logarithmi
.l e t r e 
 i n f e r t y p e =( * . . . * )l e t i n f e r r e d t yp e =mat
h exp with( * . . . * )j Choi
e ( x1 , x2 , None ) �> (* Generat ion Lemma ( 4 ) * )l e t ( x1 i , x1o , x1 j , x1p ) = i n f e r t y p e env x1 inl e t ( x2 i , x2o , x2 j , x2p ) = i n f e r t y p e env x2 in( St r ingSe t . s e t un ion x1 i x2 i , S t r ingSe t . s e t un ion x1o x2o ,S t r ingSe t . s e t un ion x1j x2 j , S t r ingSe t . s e t un ion x1p x2p )This 
hara
teristi
 sample of 
ode shows how 
hildren of binary nodesin the parse tree (Choi
e and sequential 
omposition) are handled. There isbinary bran
hing to 
ompute the types of ea
h of the two subexpressions,and then multiset operations to �nd the type of the expression as a whole(te
hni
ally, of 
ourse, there are also the let binding operations). Be
ause themultiset operations have to take pla
e after both re
ursive 
alls, tail re
ursionis not possible with 
onventional te
hniques su
h as use of a

umulators. Asolution (e.g., by using 
ontinuation-passing style5) would likely redu
e thereadability of the 
ode, whi
h we do not 
onsider worthwhile given that thelogarithmi
-size sta
k solution des
ribed above makes it highly unlikely thesta
k will ever over
ow.Using a di�erent approa
h to type inferen
e, with the Bottom-Up al-gorithm dis
ussed in Se
tion 8.2, tail re
ursion will be a
hieved. This does,however, in
ur di�erent (although, arguably, not 
riti
al) eÆ
ien
y disadvan-5See http://
2.
om/
gi/wiki?ContinuationPassingStyle.
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Chapter 7User guideThis 
hapter gives an introdu
tion to the pra
ti
al use of the tools developedfor type inferen
e. The type inferen
e software mainly 
onsists of two di�er-ent programs, whi
h will be treated separately here. Both programs makeuse of the same library for type inferen
e and supporting fun
tions.7.1 
omp: The bat
h inferen
e program
omp is a program whi
h reads 
orre
t and 
omplete 
omponent programsand attempts to infer a type for the expression given in that program. Forpra
ti
al purposes, it 
an read input from both a given �le and from the\standard in" stream.To type a program stored in a �le, simply run 
omp filename (with\�lename" repla
ed by the a
tual �le name). To pass it a program over\standard in", repla
e the �lename argument with a dash (\-"), then type inthe program or pass it a �le by using the shell's redire
tion fa
ilities. Formost UNIX shells, the 
ommand 
omp - < filename works.Depending on what you are interested in studying, there are various
ommand-line options whi
h a�e
t the presentation of the inferen
e pro
essand the resulting type information:7.1.1 Verbose mode: --verboseWhen operating in this mode, the inferen
e pro
ess is more \verbose"; forevery re
ursive 
all as the type is tra
ked all the way up to the basi
 elementsand then assembled together to form the 
omplete type of the expression,information is printed as to what is going on. For ea
h re
urren
e, a newindentation level is added as the program prints to the s
reen, to assist the44
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ursion strategy used.7.1.2 Compa
t mode: --
ompa
tThe 
ompa
t mode displays the resulting type in a 
ompa
ted form: forea
h distin
t member of the multiset representing the type, the 
ardinality isshown instead of expli
itly enumerating every member. For example, insteadof [a; b; b℄, the 
ompa
t mode outputs [1 � a; 2 � b℄. This is often pra
ti
al forlarger programs, sin
e the enumeration of every member of the multisets 
anmake the type hard to read.7.1.3 Stri
t mode: --stri
tSets stri
t mode for de
larations. Stri
t mode requires that every 
omponentused in a de
laration be previously de�ned. Unless stri
t mode has been set,the parser will take unknown 
omponents as \impli
itly empty". This allowsthe designer to leave out the de
larations of empty 
omponents, whi
h maybe desirable to improve readability.7.1.4 Disabling the type 
a
he: --no-
a
heWhen set, -no-
a
he 
auses the type inferen
e fun
tion to run with no
a
hing of the type results. This is only usable for testing purposes, as it
auses the fun
tion to run in exponential time.7.1.5 Call statisti
sThe two options --
allstats-de
l and --
allstats-exp x swit
hes thetype inferen
e program from reporting inferred types to reporting 
all statis-ti
s for the inferen
e fun
tion. --
allstats-exp takes a numeri
al argumentwhi
h is the maximal length of the expressions (to relieve the program fromhaving to 
ompute this). The output 
onsists of a number representing thelength of the de
laration (when run with --
allstats-de
l) or the max-imal expression length (when run with --
allstats-exp), followed by thenumber of times the type inferen
e fun
tion was 
alled (in
luding re
ursive
alls).The de
laration list does not have to be well-ordered when given to 
ompas input, but su
h an ordering has to exist.It is worth noting how 
on
i
ting de
larations are handled. If the 
om-ponent x has been de
lared two times, on
e as x��A and then as x��B, the
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Figure 7.1: The 
ontrol 
ow of the 
omptop programse
ond de�nition is taken as a request to handle both 
ases non-determinately.Thus, x is de
lared as (A+B).7.2 
omptop: The intera
tive top-level
omptop is useful for experiments where you want to \see what happens" tothe type of an expression if you 
hange the de
laration list in various ways.It is implemented as a \Read-Evaluate-Print" (REP) system, illustrated bythe following 
ow 
hart:Sin
e 
omptop allows the user to build 
omponent programs in
remen-tally, the syntax rules deviate slightly from the given grammar for the lan-guage. Spe
i�
ally, individual de
laration lines are not to be separated by
ommas, but are simply appended to the end of the list of de
larations byentering a de
laration, e.g., \b -< new a" and pressing Enter. Furthermore,there is no notion of the \last" de
laration, so the de
laration list is not ter-minated by a semi
olon. To have the type of an expression inferred, simplyenter that expression and a type will be inferred with regards to the 
urrentlist of de
larations, if possible. Having done this, one 
an still extend thede
laration list and infer types for arbitrary expressions later on.Let us review a sample session with 
omptop:$ 
omptop> a -< emptya-<empty
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 -< reu b new a
-<reu b new a> new 
<[a, a, b, 
℄ | [a, a, b, 
℄ | [a, a, 
℄ | [a, a, 
℄>> Having started 
omptop and been given the \>" prompt, the user startsto enter 
omponent de
larations one by one. After ea
h, 
omptop will parsethem, print ba
k the resulting de
laration as a 
on�rmation, and enter itinto the de
larations list. Finally, the user enters an arbitrary 
omponentexpression, whi
h may in
lude referen
es to the 
omponents whi
h have al-ready been de
lared in the session. This is what triggers the type inferen
epro
ess, and the resulting type is immediately displayed as a response to theexpression.At any point in a 
omptop session, the user 
an issue the list 
ommandto get the 
urrent list of de
larations, in the order they were introdu
ed inby the user.



Chapter 8Possible variantsThis 
hapter will present some variations over the type inferen
e algorithm.8.1 Bounds-
he
king algorithmWhile the implemented algorithm Infer-Type does not take bounds-
he
kinginto a

ount, it 
an be extended to do so.The extended bounds-
he
king algorithm is 
alled Infer-Type-BC. Theargument C is the 
lass of 
omponents as de�ned in Se
tion 4.2. The pseudo-
ode is given on the next page.

48



CHAPTER 8. POSSIBLE VARIANTS 49Infer-Type-BC(�; a;C)1 if Ca
he-Contains(a)2 then return Ca
he-Lookup(a)3 if a = �4 then t h[ ℄; [ ℄; [ ℄; [ ℄i5 else if a = new b6 then x Lookup(Initial-Seg(�; a); b)7 if x nil8 then error \Not typable"9 else t0  Infer-Type-BC(�; x)10 t hi(t0) ℄ fbg; o(t0) ℄ fbg; j(t0) ℄ fbg; p(t0) ℄ fbgi11 else if a = reu b12 then x Lookup(Initial-Seg(�; a); b)13 if x = nil14 then error \Not typable"15 else t0  Infer-Type-BC(�; x)16 t hi(t0) ℄ fbg; o(t0) ℄ fbg; j(t0); p(t0)i17 else if a = (A+B)18 then t1  Infer-Type-BC(�; A)19 t2  Infer-Type-BC(�; B)20 t hi(t1) [ i(t2); o(t1) [ o(t2); j(t1) [ j(t2); p(t1) [ p(t2)i21 else if a = (AjjB)22 then t1  Infer-Type-BC(�; A)23 t2  Infer-Type-BC(�; B)24 t hi(t1) ℄ i(t2); o(t1) ℄ o(t2); j(t1) ℄ j(t2); p(t1) ℄ p(t2)i25 else if a = fAg26 then t0 = Infer-Type-BC(�; A)27 t hi(t0); ;; j(t0); ;i28 else if a = AB29 then t1  Infer-Type-BC(�; A)30 t2  Infer-Type-BC(�; B)31 for i 1 to length(C)32 do for all x 2 Ci33 do if (o(t1) ℄ j(t2))(x) > i34 then error \Component x ex
eeds boundary"35 i0  i(t1) [ (o(t1) ℄ j(t2))36 o0  (o(t1) ℄ j(t2)) [ o(t2)37 j0  j(t1) [ (p(t1) ℄ j(t2))38 p0  p(t1) ℄ p(t2)39 t hi0; o0; j0; p0i40 if notLegal-Extension(�; a)41 then error \Illegal extension of basis"42 Ca
he-Enter(a; t)43 return tThe algorithm passes the original basis along the re
ursive 
alls. De
la-rations are looked up in the appropriate initial segments; if we need a typefor new x and � = �; x��A;�0, the type is looked up in �. When a type for
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he
k if �0 is a legal extension of �; x��A.This means 
he
king if there is some 
omponent in �0 whi
h have ex
essivenumbers of instan
es, enfor
ing the property that every 
omponent in thebasis 
an be instantiated safely. This 
he
k is abstra
ted away here as a 
allto Legal-Extension.An implementation of this algorithm would require an extension to the
omponent language syntax to in
lude a way to spe
ify the upper boundsfor ea
h 
omponent. We have revised the syntax to in
lude support forthis. In this revised syntax, upper bounds are given as \arguments" to ea
h
omponent de
laration. While the bound is required, 0 
an be given tohave the 
omponent in
luded in C0 (supporting an unbounded number ofinstan
es). A small example program in the extended syntax is:d(0)���;a(2)�� new d;b(3)�� new a new d;new bThe bounds 
he
king in the algorithm happens in the �nal 
ase, whi
hdeals with sequential 
omposition. The 
onditions in the original Seq typingrule has been used to 
he
k that when two 
omponents are 
omposed, theresulting expression has no 
omponent ex
eeding its allowed number of in-stan
es. The reasoning behind this is that the Seq rule is the only typing rulewhi
h 
an yield expressions with in
reased number of instan
es 
ompared tothose in the premise. We have to 
he
k all C1::n to see if the resulting expres-sion will have more than i instan
es of any 
omponent x 2 Ci. To �nd thestri
t upper bound on the number of instan
es of 
omponent x a sequential
omposition AB 
an attain during a run of the 
omposed expression, it willnot suÆ
e to look at either A nor B in isolation. The number of instan
esdepends on the number alive after a run of A (o(t1)), and then during thefollowing run of B. We also have to 
onsider that instan
es of x 
reated by Awill be reused by any reu expressions during the run of B, and not in
reasethe instan
e 
ount. We know that A and B both have all instan
es withintheir upper bounds sin
e types have been derived for them. This means thatat no point during exe
ution of A will x have more than i instan
es, ando(t1)(x) � i. The additional number of instan
es of x whi
h 
an be 
reatedduring a run of AB is j(t2)(x), be
ause we 
an assume that x already hasa surviving instan
e from A whi
h 
arries over to B. If this is not the 
ase,we will assume no instan
es when there is a
tually one, but one instan
e
annot ex
eed any legal upper bound, sin
e there is no 
lass of 
omponentswhi
h 
annot have any instan
es. Hen
e, the 
omposed type will never have
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e 
ounts ex
eeding boundaries, and we 
an raise an error in our algo-rithm if (o(t1) ℄ j(t2))(x) > i (or equivalently, o(t1)(x) + j(t2)(x) > i).8.2 Bottom-up algorithmThe algorithms we have seen so far work re
ursively \ba
kwards" by lookingat the starting expression, determining whi
h expressions need to be typed inorder to 
onstru
t the 
omplete type, and then re
urring right-to-left in theordered basis. An alternative approa
h is to start the 
omputation of typesfrom the other end of the ordered basis { from the start { all the way throughthe basis, and �nally 
omputing the type of the starting expression. This hasthe advantage of being a 
on
eptually simpler approa
h. The disadvantageof this approa
h is that it is less eÆ
ient in most 
ases, sin
e there is thedanger of 
omputing types unne
essarily. This happens in the 
ases when a
omponent is de
lared but never used. It 
an also happen be
ause we haveto 
ompute types for both new x and reu x for every 
omponent x in thebasis, at a point when we 
annot know if either of them are a
tually needed.The algorithm, Infer-Type-BU (\BU" abbreviates \Bottom-up"), fol-lows.Infer-Type-BU(�; x;C)1 if � = x��A;�2 then Ca
he-Enter(A;Compute-Type(A))3 Ca
he-Enter( new x;Compute-Type( new x))4 Ca
he-Enter( reu x;Compute-Type( reu x))5 Infer-Type-BU(�; x;C)6 else if � = x��A7 then Ca
he-Enter(A;Compute-Type(A))8 Ca
he-Enter( newx;Compute-Type( new x))9 Ca
he-Enter( reux;Compute-Type( reu x))10 t Compute-Type(x)11 if Bounds-Ok(t;C)12 then return t13 else error \Some 
omponents has instan
e 
ounts out of bounds"This algorithm has the a
tual type inferen
e abstra
ted away in the 
allsto the Compute-Type fun
tion, be
ause the pro
ess is essentially the sameas in the other algorithms. The only di�eren
e here is that all the resultsneeded are already stored in the 
a
he, so Compute-Type does not needto re
ur. This has the added advantage of making Infer-Type-BU tail
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ursive, whi
h means it 
an be expressed as an imperative loop. Thus, theproblems with sta
k over
ow for ex
eedingly large expressions (see Se
tion6.7) are avoided.For an understanding of the fun
tioning of Infer-Type-BU, we lookat how the 
a
he is built up step-by-step, ea
h step representing an invo
a-tion of the algorithm, when running the algorithm on the following exampleprogram:d���;a�� new d;b��( new a + reu d);new bFollowing the algorithm, the type of � is �rst 
omputed and entered intothe 
a
he, then the types of new d and reu d, and so on for the next de
la-ration. Step Exp Type1 � h[ ℄; [ ℄; [ ℄; [ ℄i1 new d h[d℄; [d℄; [d℄; [d℄i1 reu d h[d℄; [d℄; [ ℄; [ ℄i2 new a h[a; d℄; [a; d℄; [a; d℄; [a; d℄i2 reu a h[a; d℄; [a; d℄; [d℄; [d℄i3 ( new a+ reu d) h[a; d℄; [a; d℄; [a; d℄; [a; d℄i3 new b h[a; b; d℄; [a; b; d℄; [a; b; d℄; [a; b; d℄i3 reu b h[a; b; d℄; [a; b; d℄; [a; d℄; [a; d℄iFigure 8.1: The 
a
he 
onstru
tion during a run of the Bottom-Up algorithmBounds-
he
king with this algorithm has to be done 
arefully. We use theSeq2 typing rule for typing sequential 
omposition (re
all that this variant ofthe Seq rule does not 
he
k bounds). Finally, we 
he
k that the type of thestarting expression is within upper bounds, whi
h is abstra
ted away here asa 
all to the Bounds-Ok fun
tion. The 
he
king is done simply by 
ountingthe instan
es of ea
h 
omponent in the X i part of the type and 
omparingthe total amount with the allowed numbers in C. In other words, for every
omponent x 2 X i, the program is well-typed if x 2 C0 [ : : : [CXi(x).Alternatively, the algorithm 
an be made to be more stri
t by enfor
ingthe property that all 
omponents have to be well-typed, regardless of whetherthey play a role in the starting expression. More formally, for every x��A 2�, new x has to be well-typed, whi
h means that we do not allow A to have
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e 
ounts ex
eeding boundaries. Although su
h stri
tness may seemunne
essary, disregarding the untypability of the unused parts of a basis may
ause trouble in the later stages of the design.



Chapter 9Con
lusions
9.1 ContributionThis thesis has detailed our implementation of a typing system whi
h 
ountsthe number of software 
omponent instan
es whi
h results from various kindsof 
omposition. A simple 
omponent language tailored for this spe
i�
 taskwas introdu
ed in [2℄, and reviewed in this thesis, along with a type systemfor it. At the heart of our implementation is the type inferen
e algorithmwhi
h we formulated. Running in polynomial time, this algorithm assignsa type to a program. The type 
onsists of the number of instan
es ea
hde
lared 
omponent 
an attain in di�erent situations. Non-determinism 
an
ause the a
tual number of instan
es to be lower, but there always exists arun of the program su
h that the number of instan
es 
ounted in the typeis attained. Running the program will never lead to a situation where thenumber of instan
es in ea
h of the situations ex
eeds the number given in thetype. Thus, the types for expressions in our 
omponent language has stri
tupper bounds on the number of instan
es of ea
h 
omponent.The implementation of the type inferen
e algorithm has been used to
reate tools whi
h are useful both for analysis of the algorithm itself, and asan appli
ation of the theory to help guide the design of 
omponent systems.Furthermore, we have investigated two variations on the algorithm. Animportant one was the bounds-
he
king algorithm, whi
h relies on an exten-sion of the 
omponent language to in
lude upper bounds on the number ofinstan
es of ea
h 
omponent. Theory from [2℄ was applied to enfor
e thesebounds. The advantages of this algorithm is that it does not rely on the
omposer to 
he
k that the bounds are a

eptable after the typing pro
esshas �nished; it is able to fail immediately if bounds are ex
eeded, and in-form the 
omposer of the error. We also looked at the bottom-up algorithm,54
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h starts the 
onstru
tion of types from the \bottom" of the 
omponentdependen
y tree instead of re
ursively from the top. This has the advantagesof being 
on
eptually simpler, as well as requiring 
onstant-size sta
k spa
e.9.2 Further work9.2.1 Language extensionsThe implementation of the type system has been based on [2℄, whi
h is stillongoing work. The authors are 
urrently planning additional features to thelanguage to make it more useful in more situations. In anti
ipation of this, agoal in the implementation stage has been to keep the OCaml 
ode easy toread, understand, and extend.One of the features being worked on is parallel 
omposition, representedby 
omponent expressions on the form (AjjB), whi
h means A and B willbe exe
uted in parallel. We have seen experimental support for this in ourimplementation, but the typing system is still in need of further re�nementto keep the instan
e bounds stri
t. When the theory is ready, it should besimple to update the type inferen
e implementation to re
e
t the re�nedtheory.9.2.2 Development of the implementationA natural extension of the type system implementation would be to adoptthe bounds 
he
king algorithm. The e�orts involved in this is not substantial,and essentially involves extending the syntax for de
larations to in
lude theupper bounds for the 
omponent being de
lared, as well as adding the logi
 to
he
k that sequential 
omposition does not result in instan
e 
ounts ex
eedingboundaries.Alternatively, the implementation may be 
hanged to the bottom-up al-gorithm. As this approa
h 
he
ks the boundaries only at the end, this hasthe advantage that one 
an allow bounds 
he
king to be disabled or enableda

ording to the needs of the tool or 
omposer.The tools 
an also be enhan
ed. For the 
omptop tool, it would be usefulto have more versatile ways to manipulate the de
laration. Most importantly,support for removing individual 
omponents, or 
hanging the de
laration ofa 
omponent, should be of priority.
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ationsThe 
omponent language and type system are not stri
tly limited to appli
a-tions within software 
omponent 
ontexts. An interesting appli
ation wouldbe the modelling of 
onventional obje
t-oriented program 
ode. This 
ouldbe useful as a way to measure resour
e demand by 
lass instantiation andfun
tion invo
ation. The idea is to work on the fun
tion level by transform-ing a fun
tion body a

ording to some rules:�(new x) = new x�(if b then P1 else P2) = (P1 + P2)�(f(x)) = f�(x)gSequential 
omposition is preserved, and what remains after transforma-tion is deleted. The result is a 
omponent expression whi
h is subje
t totype 
he
king for resour
e management. The 
hallenges here is �nding a wayto model loop statements and transforming threaded exe
ution into parallelexpressions.
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