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Abstract

Ruby is a powerful and open-source object-oriented (OO) prograntamiggage. It has a very
clear and lightweight syntax, making it attractive to workhwil'he object of this thesis is to
define and implement a projection of a Ruby subset to program aldg@brg. A PGA program

is a sequence of primitive instructions. In PGA, there areowsrivays to model program
execution behavior, such as the PGA Toolset or the mathematamdeling of PGA. The
projection focuses on Ruby’s OO constructs and its data typesisé&/a Ruby program as the
input for our projection and generate its BQuivalent PGA program as the output. In order to
implement the projection, several new primitive and basicuosbn sets are defined in PGA.
Furthermore, these extensions are implemented in the current PGA Toolset.

Keywords PGA, MSP, Ruby, Data type
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Preface

This thesis was written as a follow-up of Geerlings’ master thesig/{glen in November 2003
in a project done with the Programming Research Group, FagllBcience, University of
Amsterdam (UvA). This thesis is a joint work. The motivationwriting this double thesis is

listed below:

First, Ruby is an interesting OO programming language. @sf&tures are simple but
powerful. The basic OO constructs are analyzed in [9], but onlglaizetype — integer is dealt
with. In order to make our work on Ruby more practical than in [8]cansider several other
data types as well as the block, a particular strength of Ruby.

Second, we are both interested in the field of PGA. PGA is abraig framework that is
intended to contribute to a better understanding of sequential progrgmn PGA, a program
is nothing more than a sequence of primitive instructions. This was a learfteid to us when
we began our master program at UVA. It showed us a new aspeécingf computer science
research. What's more, we have some successful experiemamlang together. We were in
the same group when doing our profile project, which was also uhdesupervision of dr.
Ponse. Due to above reasons, we decided to do our graduation project in the same domain.

Last but not least, three high-level basic instruction seBGA have been defined and
implemented in the PGA Toolset, described in [7]. This means semeowerful instructions
are available now, such as the instructions for objects and rsetlhasl feasible to implement

the projection of the Ruby subset to PGA with several other extensions describedhesikis t

Although doing the same project, we had a clear distribution of tik. idne part of the
thesis, which defines the projection functions of a Ruby subseG#, is a corporative work
and this was done at the first phase of the whole project. This part of our work helpeétus to g
deep understanding of the Ruby language and the projections defirfdd As [for the other
parts we had our own tracks: Qiong He focused on the PGA eottereind how to implement
them in the PGA Toolset while Ran Huo focused on the implementaitithre projection of a
Ruby subset to PGA. In other words, Ran Huo implemented the projaatictions defined by
Geerlings and ourselves with the PGA primitive and bastruction sets provided by Qiong



He’s work. In Chapter 1 we return to this point and explain morasgigchow the work was
distributed. All the programs for implementing our work on Ruby amdrmplementing the

extensions of the PGA Toolset are available in the appendices.

Amsterdam,
Qiong and Ran,
July 2005



Chapterl

Introduction

1.1 The Ruby programming language

Ruby is a powerful OO, open source programming language. It hassddapious features
from other programming languages, such as SmallTalk's pure objesitation, Perl and
Python’s full regular expression support, convenient shortcuts, arahy evaluation. Ruby
combines strong theoretical roots with a very clear and lighhwesyntax. “It is simple,
straight-forward, extensible and portable.”[14]

Ruby is dynamic and pure OO. It is dynamic because almostteiveryn Ruby is done at
runtime. There is no static type information and troublesome declaration to keep in Ruby.
In particular, a program distributed over different filasnot problematic. Ruby uses simple
naming conventions to denote the scope of variables, for examplesis a local variable,
@var is an instance variable affgtar is a global variable. Types of variables and expressions
are determined at runtime. At the same time, Ruby is desigoedthe ground up to support
the OO paradigm. Almost everything in Ruby is an object argsifiled to the classes that are
objects themselves. Furthermore, all operations in Ruby are me#itisd For example, the
integerl is an object of the clagdxnum and1+1 is a call of the instance method integer
addition. Ruby’s OO is carefully designed so that it is compdeid easy to improve. For
example, Ruby’s classes are open and new methods can always beoadieds or even to an
instance of the class during runtime, thus if needed, an instdrecelass can be behaviorally
different from this class’ other instances.

Ruby is an interpreted language with high performance. No ¢atmopi is needed. This
makes Ruby portable (platform independent, including Unix, Dos, Windo®£2, etc.), and
allows for dynamic scoping (classes and methods are built up dynamically duriimge), easy
debugging and revising (it is easy to get source code infamatnd at the same time small
program size (it has the convenience and flexibility to choose instruction code).

Blocks and iterators are significant features of Ruby. Akbtan be attached to a method
and the method can call back this block from within its execufidriock is used for loops and



various other purposes. This will be discussed in detail in Chapter 9.

As well as other modern OO languages, Ruby provides supportdeptéon handling to
enhance the reliability of the programs. Ruby also has a gadmigetion mechanism to
recycle all the unused objects automatically. What's more, Ralsya set of class libraries
covering a large range of features, from basic data types to network proggammi

All the features of Ruby, mentioned or not mentioned above, make Rulnesesting and
enjoyable language to work with. In this thesis, only a very limitedesutiskuby will be discussed,
including Ruby's OO core, some data types and blocks, but this subseiec&reated as a
programming language on itself.

1.2 Summary of Geerlings’ work

Ruben M.GeerIngs is the author of the master thesis “A Pimjecf the Object Oriented
Constructs of Ruby to Program Algebra” [9]. In his thesis geption of a subset of Ruby to
program algebra (PGA) is described. The motivation for suctojagtion is twofold. Firstly,
Program algebra, which uses the molecular programming prsitMPP) in combination
with PGLEG, offers a language with objects and methods. But if it is \ea& an Object
Oriented (OO) programming language, several essentialrésamust be counted in, such as
classes and inheritance. Secondly, Ruby is a good choice as an OO languagatitaky rehsy

to learn, since its underlying principles are simple.

The programming language Ruby can be defined as a pair) (L, is some collection of
textual objects ang is a program algebra projection. The program algebra prajeddi a
mapping from the set L to PGA. As for the projection languagerli@gs uses an intermediate
projection language (IPL), which extends the combination of PGLliec MPP with some
advanced control instructions.

The molecular programming environment Geerlings used in thjegtion is a model for
the structure and meaning of object based programming systemsnemory state of a system
is modeled as a fluid consisting of a collection of moleclieh molecule is a collection of
atoms with bindings between them. So a change to the strudtureswit in a chain of actions,

1 MPP is a collection of instructions to create amhipulate objects and their connections, suittislenodeling the
memory state of OO languages [1].

2 PGLE programsare sequences of instructions, consisting of coittstructions and a collection of basic
instructions. PGLEc extends PGLE with conditionanpositions.



which help to show the changes of the state in a systemycl&ae collection of basic
instructions used in [9], is defined in MPPV, which adds valuesR®& Nbr storing integers and
Booleans.

From Chapter 3 onwards, Geerlings describes the projectiorsiofalh subset of Ruby to
PGA. He focuses on the OO constructs. He splits the whole poojaatio four subsets and
explains these in detail in four chapters. It begins with the bassc features of OO languages
and the extensions are added gradually in the following three chapters.

The first subset is the most basic one: RC1 (Ruby Core O@4d).imroduces all the basic
constructs of OO languages: classes, methods and objects. Inde@ih@s only considers one
type of methods: the instance method. The overall idea of ROiaisclasses are created
dynamically during the execution of a program. They are instaotdhe classClass .
Traditionally, classes define methods and variables. Oftennitanice variables are created
when they are assigned a value for the first time insideethad. Based on these concepts,
Geerlings writes three basic projections: class dafimitmethod definition and method call.
One important mechanism used in the projection issthekframe which is a data structure
created by the instructions in MPRMt has two important operationstackframe-upwhich
creates a new layer to store data onstadkframe-downwhich removes the top layer.

In the class definition part, a class consists of a name aalikeation of instance methods,
which are stored in the field nam&d. An essential property of classes is inheritance. It is
implemented in the projection by using the subclass and superotasse$. In the method
definition part, a method consists of a name and a sequence oftinssuwhich are executed
as a unit. The input objects are calledgumentsand the result object is tieturn object. In the
method call part, the method with that name is searched wbjket’s class. When the method
is not defined in the object’s class, the object’'s superdaaie searched up the class hierarchy
until it reaches th®bject class, which has no superclass. If the method cannot be found there,
the program terminates, otherwise messages are sent tsotjeperform some kind of
computation with the data belonging to that object.

In the end of this chapter a whole projection of RC1 is givecomtains all the basic
elements needed when initializing a projection of a Ruby prodtashows that the projection
begins with a superclass nam@tject , and it has four subclasseStass , TrueClass

3 MPPV is a set of basic instructions that extend&PMuith some instructions for values. It will besdigbed in the
next chapter.



FalseClass andNilClass . TheObject class is the superclass of all other classes. And
every class is an instance of the cl@tss (including itself). The last three classes are made
for the keyword objectdrue , false and nil. There are three build-in instance methods
initialize , class and equality test= . And each subclass has its own build-in instance
methods as well.

In Chapter 4, RC1 is extended with two new types of methods teuttwet RC2: class
methods and singleton methods. A singleton method is defined on @ isisigince object. No
other objects belonging to that object’s class can call thttadeln contrast, a class method is
not defined on instances of the class but the class itselfdiffeeence is that a singleton
method is defined on a single object and a class method is defined on &tsgleobject.

In the projection Geerlings usessm field to store the singleton methods. And the
projection is separated into two parts. One is the singleton methodidafand the other is the
method call. In RC1 the only type of method is the instance methbdn\& method is called,
the class of the calling object is checked for a method twithname, and then if necessary all
the superclasses will be checked. RC2 adds singleton methods aadotleride instance
methods, so the program will first search for a singlet@thod and then for an instance
method.

In Chapter 5, the projection is extended to RC3 with anothmr of variables: class
variables. They are instance variables for the clasgsxsguse in Ruby classes are instance
objects of clas€lass . They can be manipulated inside both class methods and instance
methods. They can only be accessed inside a class body or anethssl. In the projection a
cv field is used to store the class variables, which is a separate branch ofgtubas

Up to RC3, the only type of data that objects contain iscohjeelf. In Chapter 6,
Geerlings introduces a new type of data in RC4: integeilRuby, numbers are represented as
integer objects. In the projection a superclagsger and a subclagsixnum are brought in.

All the integers are instances Biknum . Two instance methods of integers are projected here:
add+ and equality test= . Integers are immutable, which means the operating restwtoof
integers will not modify the value of the calling objectsstéad it returns a new object with the
result value. In addition, instances of basic types can be createddrnaleebitpression instead of

a method call.

Geerlings ends the paper with Chapter 6. And his work accdrapliiour Ruby Core
subsets: RC1 to RC4. RC1 has simple control instructions, lodables, classes, instance



methods and instance variables. RC2 adds singleton methods and dhextsni®€3 adds class
variables. And in the end, RC4 adds integers.

1.3 Structure of the thesis

This thesis covers two aspects of contents: a projectiontamaplementation. One part is a
projection of a Ruby subset to PGA. It is a follow-up of Geerlipggjection we described
above. In Geerlings’ work, the projection of the basic OO coctsirs of Ruby and the data
type integer is given. In order to make this projection moreraésting and practical, we
consider some other data types and their instance methods, ass\iddicks, iterators and
objectified blocks.

The other part is about the implementation of the projectmmhyding Geerlings’ and ours.
It works like a “compiler” of Ruby programs. As described abdveby is an interpreted
language; its interpreter parses and executes the commaadRuiny program. In this thesis, it
is assumed that Ruby programs can be theoretically compiled into I/O equiR&@A programs.
As to PGA, there are some high-level primitive and basgtriiction sets defined and
implemented in the PGA Toolset. Combined with several new extensierdefined in this
thesis, it is possible to implement both the projection funstidefined by Geerlings and
ourselves.

After the introductory chapter, this thesis continues with a giger of PGA, including
the primitive instruction sets, basic instruction sets as welleaBGA Toolset (Chapter 2). Then
in Chapter 3 and Chapter 4, the projection language will beusised; two new primitive
instruction sets and a new basic instruction set are defined aohemented in the Toolset.
These three chapters were written by Qiong He.

In the following chapter, the implementation of Geerlings’ prtidjpecis described, covering
RC1 to RC4. The implementation is based on the projection functioea dy Geerlings
although some changes are made as to make the implementatiaabteahnd readable.
Chapter 5 was Ran Huo’s work.

Then the thesis continues with the projection of several extensiche Ruby subset to
PGA, which are RC4+, defining some new instance methods ontdgeis; RC5, comprising
Booleans and strings; RC6, containing arrays and hashes and RC7,cahifaims blocks,
closures and continuations. These 4 chapters (Chapter 6 to Chaptere combined work of
both authors.



The next chapter, Chapter 10 is about the implementation of the extensicare timatde in
the previous chapters. The style of implementation in thisogeist more or less similar to that
of Chapter 5, which focuses on Geerlings’ projection. In thésis, the implementation of RC7
is not discussed although the projection functions are given keitaasot finished yet. Ran
Huo wrote this Chapter.

There are some interesting features in our project, such as the campilsus projection
guestion and some usage of the new primitive and basic instrucfi®@A. We describe these
in Chapter 11.

In the end, we come to our conclusions in Chapter 12.
The programs for implementing our work on Ruby and for impleimgrnihe extensions of

the PGA Toolset are available in Appendix B and C. The complete fluids exéoaition results
of all the projection examples in this thesis are available in Appendix A.



Chapter 2

Program Algebra (PGA)

In this chapter, we discuss some details of PGA, includingyittax and a small hierarchy of
program notations; molecular dynamics, containing severabkégssic instructions; as well as
the PGA Toolset, a so-called “running environment” for the PGA languages [8].

2.1 PGA

PGA is an algebraic framework that is intended to contribote better understanding of

sequential programming [2]. The syntax of program expressioA&Mis generated from five

kinds of constants, which are called primitive instructions, smmddomposition mechanisms.

The primitive instructions have a set of basic instructicnparameters. After execution of a

basic instruction, a Boolean value is returned.

The primitive instructions are:

+ Basic instructiora
After having performed a basic instructiana program continues with its next instruction.
If the following instruction does not exist, inaction occurs. Inactg@a lack of activity
without proper termination. When executing a basic instructiorstdte may be modified
by the instruction and a Boolean value is returned. The basiodtien does not make use
of the returned Boolean value.

+ Termination instruction
Termination of the program. It will neither lead to any furteiects on the state nor return
any value.

+ Positive test instructiora
If +a is performed by a program, a Boolean value is produced as theafesxécutinga
and returned to the program. In case the basic instruetioeturnstrue , execution
continues with the next instruction. If there is no remainingructon after the positive
test, inaction occurs. In case the basic instruaioaturnsfalse , the next instruction is
skipped and execution proceeds with the instruction following the skipped one. lasiis ¢
there must be at least two instructions followitgg otherwise inaction occurs.



* Negative test instructiora
If -a is performed by a program, a Boolean value is produced as thieafesxécutinga
and returned to the program. In case the basic instruaticgturnsfalse , execution
continues with the next instruction. If there is no remaining instmu@fter the negative
test, inaction occurs. In case the basic instructiaeturnstrue , the next instruction is
skipped and execution proceeds with the instruction following the skipped one. lasiis ¢
there must be at least two instructions followiag otherwise inaction occurs.
+ Forward jump instructiortk
For any natural numbég this instruction denotes a jump of lengthf k=0, it jumps to the
instruction itself and inaction occurs. In the clsé, the instruction skips itself and the
subsequent instruction will be executed. If there is no furtheuitiin, inaction occurs. If
k>1, this instruction skips itself and the ndxdl instructions. If there is not that many
instructions left in the remaining part of the program, inaction occurs.
There are two compositions operations in PGA:
» Concatenation of X and Y, written X;Y
« Repetition of X, written X’

PGLA is a program notation that is specifically designeddpresenting PGA expressions
in a linear fashion. An additional primitive instruction is aduced in PGLA: the repeat
instruction\\# n, for any natural numben>0. This additional instruction takes the place of
repetition in PGA and repetition is not present in PGLA. A progtart ending with this
instruction will repeat its lash instructions, excluding the repeat instruction itself. The
instructions after a repetition instruction are irrelevant ardle deleted. In the case that the
program does not have enough instructions, it will be padded with aal is@#guence of
instructions#0 as to make sufficient instructions. For examplg2;\\#3 is a very short

PGLA program and it behaves the same as the PGA prag#h{#0;a;#2) .

Other program notations are designed on top of PGLA and can be dnapp&LA. A
mapping from a higher-level language to a lower one is calfgdjaction. In the direction of
projections, the program notations become less and less fleXipl®jection can be seen as a
theoretical compiler optimized for human understanding. A mapping in thedteetion, from
a lower-level language to a higher one is called an embeddingmhedeling explains the
meaning of a program in terms of a more flexible program notation

The hierarchy of the program notations described in relevant piidatisais shown in
Figure 2.1. The real lines arrows indicate available ptiojeg and the broken lines arrows
indicate the embeddings.
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2.2 Molecular dynamics

In [5], molecular dynamics is presented as a model for thetwteuand meaning of object
based programming systems. In molecular dynamics the memtgyo$ta system is modeled
as a fluid consisting of a collection of molecules. A molecwlasists of a collection of atoms,
which may have bindings between them and all the atoms are loaéizan one of them, the
root, by sequences of links. A link exists if the former atomehas-calledield containing the
latter. Fields can be added to or withdrawn from an atom and thent®rof fields can be
modified by means of actions causing a state change. Selemtesl @n be brought into focus
so as to make particular behavioral observations. It can be thafuilat, there are a number of
proto-atoms available in the memory, which is a measure oavhiable memory space. A
proto-atom is turned into an atom by creating an atom and an atoalstabe turned into a
proto-atom by garbage collection. In the initial state of aflthere is nothing more than proto-
atoms. Then the actions in a computation start with creating aamehsend with garbage
collections.

The basic instruction set is called MPP (molecular programnpirignitives). Four
mutations, two assignments and two tests instructions areungddWhere not mentioned, an
instruction returnsrue  unless a failure occurs, which retufatse
Four mutations:

+ Atom creatiork=new

Creates a new atom and assigns K.to
* Field introductionx.+f

Adds a reflexive field namefd to the atom in focus, if this field exists alreadyalse is

returned and the instruction is ignored.
+ Field withdrawalx.-f

Removes the field namddfrom the atom in focug, if this field doesn't existfalse is

returned and the instruction is ignored.
+ Field mutationx.f=y

Places the atom in focysin the fieldf of the atom in focug. Returndalse if the atom

in focusx doesn’'t own a field and the instruction is ignored.
Two assignments:

+ Field selectiorx=y.f
Brings the atom in field of the atom in focuy into the focusx. Returnsfalse if the
atom in focusy doesn't have a fiell and the instruction is ignored.

+ Assignmenx=y
Places the atom in focysalso in focux. If y does not exisfalse is returned.

10



Two tests:

Atom identify test==

If foci x andy share an atontrue is returned; otherwiskalse is returned.
Field membershipestx/f

If the atom in focux has a field , true is returned, otherwisalse is returned.

Garbage collection is an extension of MPP, which removegat®ge atoms to save cost

of memory space. Garbage atoms are those who are not reablgabley focus through
successive field selection and their existence is poligntdaproblem for computation. We
assume there exists a unique atauil that collects all the foci that don't focus atoms differe
from null explicitly. We also assume that all the atoms are stoiititl a so-calledeference

counter which indicates how many references to the atom exist.

The garbage collection instructions are:

Removing a focusna x

This instruction can only be successfully executed when theiatmousx hasreference
countl. This instruction turns the atom in focusnto a proto-atom and puts tiell in
focusx instead of its original one. Each atom that is directlyhable from the degraded
atom has itseference countlecreased by 1.

Restricted garbage collectiogc

This instruction removes all the atoms that heeference coun® cumulatively. And each
atom that is directly reachable from the degraded atom hadetence countlecreased by
1. Atoms thereafter havingference coun® will be removed by turning them into proto-
atoms and so on. Cycles in the reference structure will béntaftt when executing this
instruction, which means not all garbage need to be removed.

Full garbage collectiorigc

This instruction removes cyclic garbage as well as ajhdrage that can be identified by
thereference count

There is also a version of MPP with values, which extends MPPR satnhe

instructions that deal with values (integers and Booleans) so callel. Miere integers
indicate all the non-negative ones.
Mutations:

Value field introductiorx.+f:t

Adds a value field namefd of typet for an atom in focug. If the atom in focux does
not own a fieldf of typet, true is returned; otherwiséalse is returned and the
instruction is ignored. The value field gets a default value: in case of Boolean, it is
false ;in case of integer it i8.

11



+ Constant value field mutationf=u
Assigns the value to the fieldf of the atom in focug. If the atom focused by owns a
field f of the appropriate typdrue is returned, otherwistalse is returned and the
instruction is ignored.

* Value field mutatiorx.f=y
Assigns the value in focysto the fieldf of the atom in focusg. If the atom focused by
owns a fieldf of the appropriate typérue is returned, otherwisklse is returned and
the instruction is ignored. If the atom in fogusloes not have a valuilse is returned
and this instruction is ignored.

Assignments:

+ Constant value assignmextu
Assigns the valua to the atom in focus. This instruction returnsue by default.

* Value assignment=y
Puts a copy of the value in focysn focusx. This instruction returngsue by default.

+ Value field selectior=y.f
Puts a copy of the value in fiefdof the atom in focug in focusx. If the atom in focuy
owns a fieldf, this instruction returndrue , otherwisefalse is returned and the
instruction is ignored.

Tests:

+ Constant value identify test=u
This instruction returnfrue if the value in focux carries the labal, otherwise returns
false

* Value identify test==y
This instruction returndgrue if the value in focusx andy carries the same labels,
otherwise returnfalse

Here is an example MPPV program:

x=new;y=new;Xx.+f:int;x.f=5;y.+f:bool;y.f=true;x.+li nk;

X.link=y
The following fluids show the states of running the above progrém.initial state is depicted
in Figure 2.2: there is onlyaull atom. After executing the first three instructions, the atom
in focusesx andy are established and the atom in foeufas an integer field namdd
initialized with O (Figure 2.3). After executing the following two instructions, Hadue 5 is
assigned to thé field of the atom in focug and the atom in focug has a Boolean field also
named , initialized withfalse (Figure 2.4). The next two instructions change the value of the
field f of the atom in focug totrue and add a new reflexive fielsthk to the atom in focus
x (Figure 2.5). The last instruction places the atom in fgcimsthe fieldlink  of the atom in
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(Figure 2.6).

null

Figure 2.2 The initial state

null
Figure 2.3The state after executing the first three instructions

u fibool false

X fiint
null
Figure 2.4 The state after executing the next two instructions

Yy f:bool true
link

® frint
R .o

null

Figure 2.5The state after executing the seventh instruction
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f:bool
true

null

Figure 2.6 The final state focus x

2.3 The PGA Toolset

The PGA Toolset [9] is intended to be used in education and fugkearch. It is a so-called
“running environment” of the PGA languages, which contain the pviimstruction sets, their
projections and embeddings and the basic instruction sets. Theaetios sets are described
in the previous sections. In the PGA Toolset, it is possibléesd the PGA programs by
simulation. The implementation language of the PGA Toolset I E8rbecause of its regular
expressions and ease of manipulation. For graphical views, thegadcl/TK is chosen. Both
Perl and Tcl/Tk are available for a variety of platfis, which makes the PGA Toolset portable.
In the PGA Toolset, a new primitive or basic instructioncset easily be added. Also testing of
the programs in the new instruction sets can be done easily.

The PGA Toolset consists of a generic parser, a generic simulatoallalgmulator and a
bisimulator. We can load the appropriate primitive and basicuigin set by the command
options to the generic parser. There is an input module that decontipe$egut program into
primitive instructions. There is a module that parses the tivéminstructions from the input
module and passes the basic instructions on to another module amddhbis will parse these
basic instructions. There is also a module used to route all thatoWhe parsing result is
stored in the form of a list of instructions in memory. Thesgunsons consist of opcodes and
their arguments. The parser also checks and resolves the largpreggructs that contain more
than one instruction, for example, matchind§ * and “endif ”. The PGA Toolset also
implements projections and embeddings, which transform progratims input language to the

41n [13], Tcl, Tool Command Language, is an intetpd language with programming features, availdbie
platforms running Unix, Windows and the Apple Mdosh operating system. Tk, the associated toddkétn easy
and efficient way of developing window based amilans. The wider availability, usage and easesathing and
learning of Tcl/Tk makes it the most appropriatel tior teaching the principles of Graphical Usetehface design
and development.
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target language. If there is no one step mapping of the two itisirgets or there is need for
information from other instructions, the projections can be usea pipeline. To invoke a
command consisting of a bunch of projections, a program that holdsntivdekige of the

projection hierarchy and can invoke the proper commands is available from the P&&t.Tool

In the generic simulator, the Toolset executes the instrigcfimm the generic parser.
Execution of a primitive instruction may pass a basic instoado another module, which
parses the basic instruction. Execution of a basic instruction returndemBealue upon which
the primitive instruction can act. We can load several progjiato the simulator and there is a
module that takes care of the storage and switching of gregeams. The generic simulator
has both a textual and a graphical user interface, which cavdieed by command options.
There is a module that gets the user command from the usdadet@nd acts upon it. The
simulation result of running a program in a specific primitigstruction set with a basic
instruction set can be seen in a fluid with molecules. To invbkegeneric simulator, the
commandgensim with several options such as load the program name or setlpbmt is
used, as default PGLA is used as the primitive instruceébrvith MPP as the basic instruction
set. Figure 2.7 shows the initial state of the generic simwagpephical user interface after
loading the last example program in Section 2.2 and Figureh@gssthe state after executing
this program.

The PGA Toolset can also control several simulators thatcak on one core of the basic
instruction set and this controller is so-called paralleuttor. It is implemented by using the
ToolBus’. The basic instruction set is specified at the start ef garallel simulator. This
controller can start new simulators for a specified primifivstruction set and program with
that basic instruction set. We can quit the whole paraitellator or quit each simulator, but in
the latter case, the operations working on the core (dump, initialize and updateyrkeel bl

The PGA Toolset provides a bisimulator that can test the eguadlihe behavior of two
programs. The two test programs are converted to a labeled transitiem g TS) by a generic
converter. The programs in PGLA or PGLEc are now availblee converted in the current
PGA Toolset. Due to the need of speed in comparing two laggrgms, the bisimulator is
implemented in the language C. Research on the algorithm used ¢aortbat bisimulator is

® The ToolBus is a software application architecttieseloped at the University of Amsterdam. It uaescripting
language based on process algebra to describettmaunication between software tools. A ToolBuspaliescribes

a number of processes that can communicate with etiter and with tools residing outside the ToolBus
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going on.

This is a short description of the PGA Toolset. In this Toolsety primitive or basic
instruction sets can be added easily. Furthermore, it is alseasyto test the programs in the
new instruction sets due to the generic nature of the pamglethe simulator. In our project, we
mainly use the first two functions provided by the PGA Tool$aese functions parse and
simulate the PGA programs.

homersylviaheipga-1.1igensim - FGLE

Commands Program
‘Iuad | | name fhnmefsylviahefpgas;]
‘ nn | | step | reset | fuit | ‘ E ;:23; X
2 = +f:int
‘execute | | 3 HE
4 v, +f:bool
5 v.f = teue
‘_| trace ‘ 3 =, +link;
T x link = ¥

core dumpl initialize | @ updates

Console

Parsing /fhome/sylwishe /pgas/tch2-1 .. . ]

01234567
Done. f{errors: O0)
Checking ...
Done.

I clear breakpoints I

— -
Figure 2.7 The initial state of the graphical user interface after loading a sanggeapr
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Commands Program

|Iuad —

name |/homedsylviahe/pga: X |

new; =

run | stop | step | reset | guit |

s B g Y NS N e e e
Bt o

+

rh

o

[u]

o

i

|ltrace

| execute I |
; link = ¥

core dumpl initialize | M updates

Console

0:1 2 34567 =
Done. (errors: 0)
Checking ...
Done.
trace on
;W = new
¥ = new
HoErInt
xf =5
v, +f hool
g
x
x
d

HH

gl
H

R |

[l
||!—]||\|?H
H
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e L

¥
{pc = 8) A clear breakpoints |

Figure 2.8 The state of the graphical user interface after executing a sample program
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Chapter 3
The Intermediate Projection Language

As explained in Chapter 1, the program language is definaduple (RC¢ ), where RC is a
subset of Ruby ang a projection from RC to PGA. The projection is a mapping of Ruby
programs to program algebra and it is done in stages. Baiedut program is projected into
an output molecule, it should be first mapped onto an intermediatetwojéanguage (IPL).
This chapter describes the IPL used in the projection of a Ruby subset to PGA.

In this chapter, we will first introduce some high-level indinrc sets of PGA. They are
the basis of the IPL in this thesis. The IPL extends P@A some new instruction sets. These
extensions are defined by ourselves and will be introduces in the latter part of ftés.cha

3.1 PGLEcr and PGLEcm

PGLE is a primitive instruction set that allows to use labels andsmwnding gotos. Labels are
natural numberd.k denotes a label with nankeand the corresponding goto instructig#lk
denotes a jump to the first occurrence of lakelf no such a label is found, the program
terminates. PGLE has a restriction that each test ingirugtust be followed immediately by a
goto or termination instruction. An example program in the primitiveunsbn set PGLE with
MPPYV as the basic instruction set is:

a=2;+a==1##L1##L2;L1;b=5;!;L2;b=0
In this program, the value @f is 2 and because the following test fails, the valule isf 0. If
we change the program to:

a=1;+a==1;##L1;##L2;L1;b=5;!;L2;b=0
Then the testa==1 succeeds and the valuelofs 5.

PGLEc extends PGLE with conditional constructs.

» Conditional instructionsra{ or—a{
For a basic instruction, +a{ indicates a positive test of a conditional construct while
a{ a negative one.

+ Then/else separatgf
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Connects two sections of program that are enclosed in braces.
+ End brace}

A closing brace in connection with its complementary opening brace.
As an example, the following is a part of a program in PGLEc with MPPV,

+x==1{;b=new;b.+v:int;b.v=5;};c=new;c.+v:int;c.v=5 i+
Here, depending on the value of x, a new focus will be created with value 5.

3.1.1 PGLEcr

PGLEcr extends PGLEc with recursion: here we have in additie returning goto instruction
R##Lk and the return instructioR. R##Lk performs a goto and a jump back to the instruction
immediately after itself whenever it encountersRaimstruction. Herek is a natural number.
Let’s look at this example,

a=5;b=1;L1;+a==b;R;incr b;R##L1;c=new
Here the value db keeps increasing until it is equal to the valua athen the program returns
to execute the next instructiernew.

The projection of PGLEcr to PGLEC uses a data strudtaekframe , which keeps
track of the program’s control points. We assume that thastsea fieldless atom in focus
stackframe . There is also another stackframe that we used in the tioojexf the Ruby
subset to PGA. In order to avoid confusion, we uSeéackFrame to take the place of
stackframe that was used in [9] in the projection of the Ruby subset to B@ppose the
maximal numerical label in the programnsx to avoid label clashes, we make fresh label
numbers with the increase afax+l. The projectiorpglecr2pglec is defined using the

operationy; (for 1<i<n). Given a PGLEcr program, ;...; u, we write
pglecr2pglec( u;...; u,)=¢,(u).., y.(u,)
Y, (R#H#L K=

aux=new;aux.+baxk;aux.back=stackframe;
stackframe.+next;stackframe.next=aux;

aux.+label:int;aux.label= max+1+k;
stackframe=aux;aux=null;##L k;L( max+1+k)
- Y (R)=
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-stackframe/label;!;label=stackframe.label;
stackframe=stackframe.back;stackframe.-next;
##L [label]

* ¥, (u)=uotherwise.

Here the focus depending goto instructigti_[label] abbreviates
+label==" maxt1+1;##L( maxtl+l);+label==  maxt1+2;##L( maxt1+2);...;
+label==" maxt1+m##L( max+l+m)
wherem is the maximal label value of the returning goto instructionthé PGLEcr program
andmaxt1+mis the maximal return label on the stack.

The projection result of the above PGLEcr programs is as below:
stackframe=new;a=5;b=1;L1;+a==b;-stackframe/label;!
label=stackframe.label;stackframe=stackframe.back;
stackframe.-next;+label==3:##L3;incr b;aux=new;aux. +back;
aux.back=stackframe;stackframe.+next;stackframe.nex t=aux;
aux.+label:int;aux.label=3;stackframe=aux;aux=null;

##1L.1;L.3;c=new

3.1.2 PGLEcm

PGLEcm extends PGLEc with method calls. For example,
nodel=new;node2=new;method(nodel,node?2);

method(a,b){;a.+next;a.next=b;}
This method has two parametexrsandb. In the method call, the corresponding arguments are
nodel andnode2. After executionnodel will have anext field that links up withnode2 .
PGLEcm programs are not executable in the current PGA Toolsethdyuican be projected to
PGLEcr programs first and then to PGLEc programs. The returning gotetamna instructions that
are introduced in Section 3.1.1 serve as the basis in the projettizethod calls. We introduce the
syntax and projection for method calls in stages.

1) Void unparameterized static method calls
We first introduce the simplest form: the void unparamegdrigtatic method call, which
performs a computation without returning a value.

* Method definitiomk(){; U,;;...; U}

*  Method callrk()
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Herek is a natural number and instructions ;...; U make up the body of the method. In

i+m ’
the projection, in order to avoid label clashes, fresh labelgniroduced with the increase of

maxt1, wheremaxis the maximal label number in the program. The projectiorzifEem to
PGLEcr of this kind of method definition and method call is the following:

© YimkOE Ui U DELC maxkl+k); @ (U )i @i (U iR

© Y (MKO)=R#HL( max-1+K)

2) Non-void unparameterized static method calls

Here we introduce the non-void unparameterized static mettisd Adocusthat is used to
return the value and the method body must contain at least one assignment of thatfgrm.
The syntax of the method definition and method call:

* Method definitiomk(){; U,,;...;that=y;...; u, ;}

*  Method callx=mk()
The projection of the method definition is similar to that oftb&l case. The projection of a
method call is:

« Y, (x=mk()=m k();x=that

3) Non-void parameterized static method calls

We assume there exist some fixed fagjl,...,argj . They may occur in the method body
and focus the method’s parameters during the method call to inateghe parameters. The
syntax of non-void parameterized static method definition and method call:

* Method definitionrk(argl,...,argj){; (VP VI

*  Method callx=m k(v1,...,vj)
The projection of the method definition is similar to the unparameterized bagrdjection of
the method call:

o wi (X:m k(Vl,...,Vj)):

stackframe.+argl=argl;...;stackframe.+argj=argj;
argl=vl;...;argj=vj;
x=mk();argl=stackframe.argl;...;argj=stackframe.arg;j;
stackframe.-argl;...;stackframe.-argj
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Now we can deal with the methods with arbitrary parameters.,pj easily. The syntax and
projection of arbitrary parameterized method definition is:

+ Method definitiomk(p1,...,p)){; Uy seeos U o}

* i (mk(pl,....pI}; Uy seens Uy )=

mk(@argl,....argi){ @i, (U [p=arg)).; @i, (U, [pr=arg])}

Hereu, [p:=arg]  denotes the instruction that substitytés...,pj byargl,...,argj

4) Non-void parameterized instance method calls

The last form to be introduced is non-void parameterized instarti®od calls. The syntax and
the projection of the method definition remain unchanged. The syntax ohdhevoid
parameterized instance method call:

* Method call y=x.m k(v1,...,v))

The projection of the method cadl with the help of an additional fiettis of the stackframe.
The calling object is put into a foctlis when the method is called. After the call, the current
object is returned into focukis

Y, (y=x.m Kk(vi,...,vj))=

stackframe.+this=this;this=x;y=m k(vi,...,v));
this=stackframe.this;stackframe.-this

The projection result in the PGA Toolset of the example at the beginning of thegscti

nodel=new;node2=new;stackframe.+a;stackframe.a=a;a= nodel,;
stackframe.+b;stackframe.b=b;b=node2;R##L1;a=stackf rame.a;
stackframe.-a;b=stackframe.b;stackframe.-b;L1;a.+ne xt;
a.next=b;R

The execution result of this PGLEcr program is depicted in Figure 3.1.
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nodel
next

node2

null

Figure 3.1 The execution result of the PGLEcr program

3.2 MSP and MSPea

Before introducing MSP and MSPea, we first introduce HMPRIgH-level MPPV). It adds
some instructions that are the shorthand for commonly used combsmadf MPPV
instructions. H-MPPV also extends the types of MPRIth strings. Let’s have a look at one of
the new instructions as an example:
extfocusl.+f=extfocus2
An extfocus  (extended focus) denotes either a focus or a field selectiannthp be
compound. This instruction adds a new fi¢ldo the atom selected kgxtfocusl , and
assigns it the atom selectedd®tfocus2 . It is the shorthand of these two instructions:
extfocusl.+f;extfocusl.f=extfocus2

3.2.1 MSP

MSP (Molecular Scripting Primitives) extends HMPPV wsthme new instructions. If the
focus or the field selection does not exialse is returned as the result. If the data type of the
selected value is not correct, afatse is returned.
Operation on non-negative integers:

* incr extfocus
Increases the integer value selecte@xyjocus  with 1.
* incr extfocus n
Increases the integer value selecte@xyjocus  with n.

® MPPV has two value types: Boolean and non-negaiteger.
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incr extfocusl extfocus2

Increases the integer value selectedekifocusl  with the integer value selected by
extfocus2

decr extfocus

Decreases the integer value selectecXijocus  with 1. Returnsfalse if the value
was already).

decr extfocus n

Decreases the integer value selectedgeXtfocus  with n if the value is larger than or
equal ton. Returndalse otherwise.

decr extfocusl extfocus2

Decreases the integer value selectecexiyocusl  with the integer value selected by
extfocus2 if it is larger than or equal to the value selectecekifocus?2 . Returns
false otherwise.

Operations on strings:

first extfocusl extfocus2

Takes the first character of the string selecteebtifocusl  and assigns it as a string of
length 1 toextfocus2 . If the selected string is an empty strifajse  is returned.
delfirst extfocus

Removes the first character from the string selectegktfpcus . If the string is empty,
returnsfalse

append extfocusl extfocus2

Appends the string selected lextfocus2 to the end of the string selected by
extfocusl

Type conversions:

int extfocusl extfocus2

Converts the string selected bytfocusl to an integer value and assigns it to
extfocus2 . If no integer value can be obtained from the string, refiaiss

str extfocus1 extfocus2

Converts the integer value selected dxtfocusl to a string and assigns it to
extfocus2

3.2.2 MSPea

MSPea (MSP with eval/apply) extends MSP with following ircitams for evaluation,
application and compilation.

compile extfocus
This instruction compiles the string selectedelsffocus  into a molecule and assigns it
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to the atom in focusxtfocus . It can only compile the string that represents a program
in the primitive instruction set PGLA with the basic instion set MSP. If there is any
error,false is returned.

+ apply extfocus
If extfocus is a string whose content is a basic instruction, then the tassiuction is
executed and its result is returned as the result ofppéy instruction. Otherwise the
instruction fails and returrfalse

+ eval extfocus
If extfocus s a string, this instruction compiles the string selecteeitipcus into a
molecule and evaluates the moleculexffocus is an atom, it is evaluated. Otherwise
the evaluation fails anthlse is returned. It does not do the assignmentampile
does. The result of the last evaluated basic instructiiusned as the result of teeal
instruction.

If the string inextfocus is a program in the primitive instruction set PGLA wikie t
basic instruction set MSP, then the compilation result isobecule that represents a list of
instructions by a list of atoms connectedr®xt fields. In this list each atom has additional
fields that represent the content of the corresponding instnudtiet's have a look at this
example:

a=11;b=1;decr a;incr b;+a==b;!;\\#4
Figure 3.2 shows the execution result of this PGLA program. Then we put this PGLA program

null

Figure 3.2 The execution result of the PGLA program

in a stringx and compile this string.

x=* a=11;b=1;decr a;incr b;+a==b;!;\\\\#4";compile x
The result is depicted in Figure 3.3. In this picture, we canleddhere are several kinds of
additional field of each atom in the list. For example, theemiatom with a field nameshd,
this indicates that this is a termination instruction and thkeuation terminates. The atom
before the &€nd” atom has four fields besides thext field: test , basic , T andF. test
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means this is a test instruction and the test conteravisdsin thebasic field. The next
instruction to be evaluated depends on the return value of the bstsigciion in thebasic
field and it is the instruction pointed either Byor F field. The atom with goto field
indicates a repeat instruction and the first instruction to beateg@ is selected by tlywto
field. After compilation, the list of atoms is assignect to

If we evaluate the string instead of compiling it, the result fluid will be slightiyfféirent:
there is no assignment xoafter evaluation and the result of executing the programisrgiven
in the fluid also.

In our project, we only make use of thempile instruction to separate the input Ruby
program by semicolons. A Ruby program obviously is not in the proper program notation that can be
compiled, so there is no compilation result in the fluid. This wilekplained in detail in Section
12.1.
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Figure 3.4 The evaluation result of

Figure 3.3The compilation result of

the previous PGLA program

the previous PGLA program
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3.3 Extensions

In order to implement the projection of a Ruby subset to PGAvels as to make the

implementation easier, some extensions to the PGA languagechie were made: these are
string labels instructions and the instructions of multiplicatind axponent. The primitive

instruction sets that will be discussed in this thesis ar¢hentop of the hierarchy of the
program notations in Chapter 2 and they can be projected to lower level ones.

—| PGLEcmrs

4
PGLEcrs PGLEcm

PGLEcr

Figure 3.5The hierarchy of the extended program notations
3.3.1 PGLEcrs

PGLEcrs extends PGLEcr with the string labels, gotos andnieg gotos, where the names of
labels are strings in double quotes, such“alss” , ##L“class” andR##L“class”

The projection of the string labels, gotos and returning gotdiset numerical ones works

in the same way as the description in [9]: there is a dictioB&rgf all the unique strings
appearing in the string labels, gotos and returning gotos in theaprdg The dictionary has
indexes of all the strings from 1 mpwheren is the size ofD*.

* YL9=L( i+m)

* Y (HHL S)=#HL( i+m)

* Y (RHL S)=R##L( i+m)

Heresis a string in double quotesis the maximal numerical label in the program arsdthe
index of the stringin D*.

Consider this part of a PGLEcrs program,
L100;method=new;methods.+initialize;

methods.initialize=method;class="shape";
method.+label:str="shape:initialize";
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##L"shape:initialize:skip";
L"shape:initialize";arguments=new;
arguments.+pl=argl;R;
L"shape:initialize:skip";label=method.label;
R##L"shape:initialize"

After projection, all the string labels are changed to corresponding numerical ones:
L100;method=new;methods.+initialize;
methods.initialize=method;class="shape";
method.+label:str="shape:initialize";
##1.101;L102;arguments=new;arguments.+pl=argl;
R;L101;label=method.label;R##L.102

3.3.2 PGLEcmrs

PGLEcmrs extends the combination of PGLEcr and PGLEcm wiihgstabels, gotos and
returning gotos as described in the last section. Our piajeof Ruby to PGA is in this
primitive instruction set. Because PGLEcm is not executable bjggpable in the current PGA
Toolset, PGLEcmrs is also only projectable but not executdle.will first project a
PGLEcmrs program to a PGLEcrs one. The projection is basdwboftPGLEcm to PGLEcr,
which was explained in Section 3.1.2, leaving the string labels unahahgen we project the
PGLEcrs program to a PGLEcr one. In this step, all the dalrgjs are projected to numerical
ones. At last, we execute the PGLEcr programs. It is alsobp®dsi project a PGLEcmrs
program directly to a PGLEcr one and execute this program in the PGA Toolset.

3.3.3 MSPeame

In order to make our projection of a Ruby subset to PGA easienglement, we have
extended the basic instruction set MSPea with the instngctilescribed below and call this
MSPeame.

An extfocus is used in the instructions described below to denote eith@xiating
focus or a field selection that may also be compound. If the fodhe dield selection does not
exist,false is returned as the result. If the data type of the seleete@ Vs not correct, also
false is returned.

Operations on integers are:
* mult extfocus n
Multiplies the integer value selected bytfocusl  with n andn is an integer (here an
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integer means a non-negative integer).

+ mult extfocusl extfocus2
Multiplies the integer value selected bytfocusl  with the integer value selected by
extfocus2 and save the result iextfocusl . For examplex=2;y=3;mult XYy
Here 6 is the result of the multiplication and it is assigned to

* expo extfocus n
Exponentiation the integer value selecteckifocusl with nandnis an integer.
expo extfocusl extfocus2
Exponentiation the integer value selectedel{focusl  with the integer value selected
by extfocus2 and save the result @xtfocusl . For examplex=2;y=3;expo x y
Here 8 is the result of the exponentiation and it is assigred to

Consider the following program:
x=5;y=2;+x==5{;expo x y;}{;mult x y;}

The execution result of this program is that the value isf25 and that o is unchanged.

We will continue to explain how to implement these extensions inPtBA Toolset in
Chapter 4.
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Chapter 4

Implementation of the Extensions in the

PGA Toolset

We introduced some details of PGA and the PGA Toolset in €h&ptin Chapter 3, we
described the IPL we used in this project: the combinatiorGafdemrs and MSPeame. Both
the primitive and the basic instruction sets in the IRt extensions of PGA and the PGA
Toolset. In this chapter, we discuss how to implement the extensiotie PGA Toolset
according to the syntax we gave in the Chapter 3.

We can use the-L option of the PGA Toolset's generic simulator to load the new
instruction set easily. The modules and programs for implemertngxtensions in the PGA
Toolset can be found in Appendix C.

4.1 Extending the PGA Toolset with PGLEcrs and PGLEmrs

First of all, we explain why we chose to extend PGA andPB& Toolset with PGLEcmrs.
According to the projection functions in [9], numerical lalsatsl gotos are not enough for the
projection. We need string labels and gotos as well as thablareturning gotos. String labels
make the label instructions more descriptive and we explahedyntax and projection of
string labels Section 3.3.1. Variable returning gd®##L[a] denotes a returning goto
instruction whose destination depends on the value of the atom in d&ocibkis kind of
instruction is mainly used in the projection function of a metball: whenever a method is
called, we should jump to the body of the method definition and &attsf parameters, this
jump is implemented by a variable returning goto instruction. Theggonding part of code is:
label=method.label;R##L[label]

Here the atom in focusbel is assigned to thiabel field of the atom in focumethod .
Each method has its owabel field. Thelabel field denotes the position of the method
body. Executing the instructidR##L[label] , the control point of the program jumps to the
method body as we supposed. After executing the method body,istruction turns the
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control back to the instruction immediately afit#L[label]

The variable returning goto is a very convenient instructiontier projection of the
method. We first tried to extend PGA and the PGA Toolset wathiable label, goto and
returning goto instructions and named the new primitive instmuctet PGLEcmrv (v denotes
the variable labels and r denotes the returning gotos). In order tootetehe value of a focus,
we used a series of test instructions. This method workeldwithl the variable goto and
returning goto instructions. For example, the variable gotouictsdn ##L[a] , a part of its
projection looked like this:

+a==1;##L1;+a==2;##L2;...;+a== max##L max
Heremaxis the maximal numerical label value in the whole program.

But this method leaded to label clashes when dealing with variaitéls. We projected a
variable labelL[a] to a numerical one like this:

+a==1;L1;+a==2;L2;...;+a== maxL max
Whenever there is a variable label,, L2, ... andLmaxare created. If there is more than one
variable label in a program, then in the projection resuiltetivgll have label clashes, i.e.
repeated groups dfl, L2, ... andLmaxwill appear in the projection result. It was too
complex and difficult to solve this problem. To avoid sticking as point, we decided to
extend PGA and the PGA Toolset with string labels and gotos ohighws the primitive
instruction set PGLEcmrs we described in Chapter 3. We changeuidjeetion function of
Ruby’s method call to avoid using the variable returning gotos.Witiibe further discussed in
Chapter 5.

To implement the new primitive instruction set PGLEcmrs, finsd extended the PGA
Toolset to recognize the string labels, gotos and returning gotosity regular expressions.
We first look through the whole PGA program for instructions timhcide with the given
regular expressions of string label, goto and returning goto itismuclhen we tag these
instructions with “string label”, “string goto” or “string rehing goto”. At the same time, the
operands of these instructions, in these cases strings, ack isaan array. Then we treat the
string labels, gotos and returning gotos in the same wax @® with the numerical ones: print
the instructions, check the labels for goto and returning getaugtions (i.e. check whether the
corresponding labels of these two kinds of instructions ardaai@iin the program) and

execute these instructions by making use of their operands that are stored irythe arra

We use the following Perl-script to “recognize” the string lalgsos and returning gotos.
if ($i =~ /"L($string)$/) {
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$prog[$ic ++] = [( 'LABELSTR', $1)];
} elsif ($i =~ /" ##L($string)$/) {
$prog[$ic ++] = [( 'GOTOSTR', $1, '?")];
} elsif ($i =~ /"R##L($string)$/) {
$prog[$ic ++] = [('RETGOTOSTR', $1, '?"];
Here the Perl-variabl@string is a regular expression that denotes an arbitrary string in
double quotes. The Perl-varialfie holds the input instructioigproc[] is an element of the
Perl array variablég@proc. We push the name of the input instruction, suUCh ABELSTR'
(string label) andGOTOSTR'(string goto), and its operands to the array vari@feoc. If
the input instruction is goto or returning goto that should have tahing label instruction
available in the program, we tag it with a question myark. Later on, when we check the
whole program, for each goto or returning goto instruction, if iteesponding label is found,
we use a variable that denotes its corresponding labdtaaha place of th&’ . Otherwise,
an error message is given.

The projection of PGLEcmrs to PGLEcrs is almost the sartheaprojection of PGLEcm
to PGLEcr. We only project the method relevant instructiondeag all the other instructions
unchanged. The projection functions are described in section 3.1.2.

As for the projection of PGLEcrs to PGLEcr, we firse wsloop to find out the maximal
numerical label in the whole program. Then we make a dictionary foreadktimg names of the
labels. We use a hash to mimic the dictionary. The string names are keys andtkachhats a
unique corresponding number, which progressively increases by 1, aalubke of the hash.
Figure 4.1 shows the structure of the hash. Thus all the unigg stmes of the labels have
their corresponding numbers. The projection directly from PGlLEctn PGLEcr is the
combination of the projections PGLEcmrs to PGLEcrs and PGLEcPGLEcr. The Perl-
module for implementing this projection is now available in the PGA Toolset.

In the following Perl-program, we check the whole program to prdfee string labels,
gotos and returning gotos to the numerical ones. Whenever we emcstriag label, goto or
returning goto instruction, we use the name of the labehtbdut its corresponding number in
the hash we described above, and increase it with the maximatinahbabel to get this string
label's corresponding numerical label.
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Key Value

“initialize” 1
Hadd,l 2
“equaltest” 3

“newmethod” | n

Figure 4.1 The structure of the hash

The following Perl-script is used to build up the “dictionary”.
if (Jopc eq 'LABELSTR' || $opc eq 'GOTOSTR' ||
$opc eq 'RETGOTOSTR) {
$l = shift @i;
if ((exists $str{$I})}
$str{$l} = $va;
$va ++;
}
}
The Perl hash variabbéstr is used to mimic the dictionary afdtr{}  denotes its elements.
The instruction!(exists $str{$l}) is used to make sure that this string label, goto or
returning goto instruction appears for the first time in the whole prograenPe&rl-variabl&va
begins with 1, it denotes the corresponding number of the label’s string name.

Here is an example of executing a PGLEcrs program in the PGA Toolset.
a=11;b=1;L"repeat";+a==b;R;decr a;incr b;R##L"repea t";c=a

null

Figure 4.2 The running result of the sample PGLEcrs program

As explained above, we first project the programs in PGltEdm PGLEcrs. Then we
project the PGLEcrs programs to PGLEcr ones. At last weuexéloe PGLEcr programs with
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MSPeame as the basic instruction set. Here is an example of the PGLEcramprogr
L3;##L"able:skip";L"able";arguments=new;
arguments.+v:int=3;R;L"able:skip";
a=new;b=new;a.+next=b;b.+back=a;
R##L"able";a.+v:str="able";
nl=new;n2=new;me(nl,n2);
me(c,d){;c.+next=d;d.+back=c;}
Its projected result in PGLEcrs is:
L3;##L"able:skip";L"able";arguments=new;
arguments.+v:int=3;R;L"able:skip";
a=new;b=new;a.+next=b;b.+back=a;
R##L"able";a.+v:str="able";
nl=new;n2=new;stackframe.+c;stackframe.c=c;
c=nl;stackframe.+d;stackframe.d=d;
d=n2;R##L1003;c=stackframe.c;stackframe.-c;
d=stackframe.d;stackframe.-d;L1003;
c.+next=d;d.+back=c;R
Then we project this PGLEcrs program to PGLEcr and exdbetd®GLEcr program in the
PGA Toolset. Figure 4.3 shows the execution result in our extension of the PGA Toolset:

nl

next
c
back

n2

arguments viint

vable®

null

Figure 4.3The execution result of a PGLEcr program
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4.2 Extending the PGA Toolset with MSPeame

We described the syntax of MSPeame in Section 3.3.3. This new basic instruction set
extends MSPea with several operations for integers.

The implementation of MSPeame is done in two steps: firskenthe PGA Toolset
recognize the new instructions by making use of correspondingaregpgressions and tag the
instructions with their names, and save the operands of itietggctions in an array, like what
we do with the string label instructions; second, we deal withingteuctions separately, do
their corresponding operations, and return the results. For example] teittkethe instruction
multx5 , we first recognize this instruction: multiply a varialdevith 5 and tag it with
“multiplication”. We save the operandsand5 in an array. Then our extension of the PGA
Toolset “reads” the program again. When encountering the tagdipiination”, our extension
of the PGA Toolset executes the corresponding operation and rétenestlt to variablg. At
lastx has its new value.

The Perl-script used to “recognize” the basic instructions is in the sgimasthat
we use to deal with the primitive instruction set PGLEcmrs in the last section.
if ($i =~ /*mult\s+($object)\s+($value{int})$/) {
@prim = ('MULT', $1, $2);

} elsif ($i =~ /*"mult\s+($object)\s+($object)$/) {
@prim = ('MULTVAR', $1, $2);
} elsif ($i =~ /"expo\s+($object)\s+($value{int} )$/) {
@prim = ('EXPO', $1, $2);
} elsif ($i =~ /"expo\s+($object)\s+($object)$/) {
@prim = ('EXPOVAR', $1, $2);
}
Here the Perl-variablgobject is a regular expression that denotes a PGA variable ¢an) at
and$value{int} is an element of a hash that denotes an integer. In thedss of thisif

control structure”, the input instruction is a multiplication ofaaiable and an integer, while in
the second case, both operands of the multiplication are vari&degive them different
names:'MULT' and'MULTVAR'. This is because when implementing the operation, if the
operand is a variable, we should call a Perl-subroutine tdsyealue while if it is an integer,
we don't need to do so. We push the name of the instruction and iendpdnto an array
@prim. We treat the exponentiation in the same style.

Part of the Perl-script of implementing a multiplication is this:
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if ($opc eq 'MULT')
$x = shift @i;
$v = shift @i;
if (IsReserved($x)) {
return O;

if ($a = GetObjectTypedValue($x, 'int")) {

return AssignValue($x, GetValue($a) * $v, 'in t');
}else {

return O;

}
In the PGA Toolset, a PGA variable is saved in such a:féatom[$a] . All the variables

form a Perl-array@atom $atom[$a] is an element of this array afd is the name of the
PGA variable. Thisfatom[$a] itself is a hash, storing the data type and the value of this
variable.

We first pop the name of the instruction from the Perl-a@aywe assign@prim to @i)
and determine the next block of code we have to execute slicdbe, it iSMULT' . Then we
pop the two operands from the arr@i again. In the following code, we call four Perl-
subroutines. The first ondsReserved() is to determine whether the name of a Perl-
variable is a reserved word in PGA. If it 8,is returned and the program terminates. The
second Perl-subroutines;etObjectTypedValue() first determines whether a PGA
variable is of a certain data type: if it is, returnviddue, otherwiseindefined is returned and
the program terminatedssignValue() is used to assign a value of a certain data type to a
PGA variableGetValue($a) is used to get the value of a PGA variable without detengini
its data type. In this block of Perl-script, the second opkeddithe multiplication is an integer,
so we don't need to determine whether its name is a reservedmwBGA and whether it is a
certain data type. If both operands are PGA variables, thenotie is a little bit complex
because both operands need to be preprocessed (check for resemednweGA and the
variable’s data type). The core block of the Perl-scriptmipléement a multiplication of two
PGA variables is:
if ($a = GetObjectTypedValue($x, 'int")) {
if (Jay = GetObjectTypedValue($y, ‘int")) {
return AssignValue($x, GetValue($a) * GetValue($ay) ,
int");
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} else {
return O

Figure 4.4 shows the execution result of the example in se®tBod in our extension of
the PGA Toolset.
x=5;y=2;+x==5{;expo x y;}{;mult x y;}

null

Figure 4.4 The execution result of the sample program
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Chapter 5

Implementation of Geerlings’ Projections Iin

IPL

In [9] four subsets of Ruby have been presented starting Wdth RC2, RC3 and RC4. RC1
has all the basic constructs of OO languages: class, methndspbjects. Besides OO
constructs, it also contains simple control instructions, lgaghbles and instance variables.
And the projection of an entire RC1 program is given as an examp€Ll. RC2 changed the

projection of RC1 by adapting the method call instruction tolesiog methods. And RC2

extends RC1 with a new type of method: class method. RC3 anddRied features but did not
change instructions of RC1 and RC2. RC3 adds class variables.d@€4ngegers as a basic

type.

In this chapter we will introduce the constructs of the patisat is the core of our
implementation and describe how the projection functions iaf@]used in the parser. Some
parts of our programs (in Appendix B) will be mentioned and explained in this chapter.

5.1 Framework

The core of our implementation is the design of the patggr Before the input program
is projected into an output molecule, it should be first mapped onto the fiRkdlen Chapter 3.
The parser is based on IPL and used for projecting programs feutnsat of Ruby into PGA
programs. The scheme below depicts the framework of the pargecommands in between
are used to implement the corresponding projections.

* pglecmrs2pglecr <result of the parser> output
This command is used to project PGLEcmrs programs to PGitBgrams. They read the
result of the parser and write to standard output.

+ gensim —P PGLEcr -B MSPeame —I output
This is a typical invocation of the generic simulator, which uUBéd.Ecr as set of
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primitives and MSPeame as basic instruction set. It loads pndgoan the standard output
and makes it the current one.

N
This is a command that used in the generic simulator. It runs the current program.

* output=17
This is an example running result of a Ruby program, which outputs an itieger

* output 17
This is a part of the running result of the relevant PGéecule. In this output molecule,
there must be a focus holding an integer valtie

Input Language Intermediate Projection
RC1 to RC4 Language

Ruby Programs » PGLEcmrs with MSPeame

pglecmrs2pglecr < input > output

PGLEcr with MSPeame

ruby <

gensim —P PGLEcr —B MSPeame —I output
’

v

output=17 output — 17

Figure 5.1 Scheme

The results can be seen after running a Ruby example programediit executed in
program algebra should be similar to the result run on a common Ruby platform.

5.2 Keyword parsing

Before reading a Ruby program, a keyword table should be budttaitte is composed of a list
of keyword and projection function pairs. The keywords are used as imae each projection
function defined in RC1 to RC4 is mapped to a keyword. Every gifojefunction is written
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between braced}' " along with a uniqgue method name. Table 5.1 lists all kege/@nd their
corresponding methods that contain projection functions used in RC1 to RCA4.

Keywords Method

class ClassDefinition
def MethodDefinition
return Return

= Assignment
end End

0 MethodCall

if If

== Equalitytest

+ Add

Table 5.1Keywords and their responding methods

For example, the projection function of a method definition @1Rs written between

braces with a method namiléthodDefinition ". It is mapped to the keywordlef . The
parametersl andmare the current class name and method name in Ruby programs.

MethodDefinition(cl,m){;
self=StackFrame.self;
+self==main{;cl=Object;}{;cl=self;};
-clfim{;cl.+im=new;};
methods=cl.im;

method=new;

methods.+m;
method.+label:str="cl:m”;
##L"cl:m:skip”;

L"cl:m”;
arguments=new;arguments.+ pl=agrl;...;arguments.+ pn=argn;
StackFrame.+lv=arguments;StackFrame.+self=self;

¢, (ud;..; @, (uky
R;

L"cl:m:skip™;};
Methodmis stored ircl.im , wherecl is the class name atm is the field that points to

the object that holds all the instance methods. There can bemadhgds with the same name
in a class hierarchy. Every method is assigned with a unique &bef’'cl:m” to avoid a
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label clash and the alias problem. This label is the combinatids class name and method
name.

The jump after it:##L"cl:m:skip” is necessary to prevent the program from
executing the method when it encounters the definition. Progréhdirectly jump to the label
instruction L"cl:m:skip” and continue to execute the latter instructions. In the label
instructionL”cl:m:skip” , the string’skip”  following the class name and method name
is used to distinguish from the label instructibfcl:m” . Just as its name implies, the
instructions after it will be skipped.

Whenever the method is called the program jumps to the labelatistrL’cl:m”  in the
definition. And before it executes the instructions of the method btheklocal variables are
initiated with the method arguments and the self reference is updated.

5.3 Initialization

The second step is the initialization of PGA molecules. It isritial state of the output and the
entry to the entire projection. Before any statements iprbgram are projected, seven classes
must be created: th®bject , Class , TrueClass , FalseClass , NilClass , Integer
andFixnum classes. The Object class is the superclass of all dts=ses. And every class is
an instance of the clasdass (including itself). The following three classes are mauetlie
keyword objectdrue , false and nil. The last two classes are made for thgantype defined

in RC4.

» This macro creates predefined classes and constants.

¢init—classes -

Object=new;
Class=new;Class.+super=0bject;
TrueClass=new;TrueClass.+super=0biject;
FalseClass=new;FalseClass.+super=0biject;
NilClass=new;NilClass.+super=0Object;
Integer=new;Integer.+super=0bject;
Fixnum=new;Fixnum.+super=Integer;
Object.+class=Class;

Class.+class=Class;
TrueClass.+class=Class;
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FalseClass.+class=Class;
NilClass.+class=Class;
Integer.+class=Class;
Fixnum.+class=Class;

True 2=new;True.+class=TrueClass;
False=new;False.+class=FalseClass;
nil=new;nil.+class=NilClass;
main=new;main.+class=0bject;

Part of the initial program state is depicted in Figu& $he whole fluid of the running
result can be found in Appendix A, Initialization.gif.

ZpAstrue andfalse  are keywords in PGA they can not be used as nafifesdd or foci. Therefore theue and
false objects defined in the first three paragraphgdaf, _.ssesin RC1 are replaced birue andFalse .
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5.4 Instruction Parsing

The Ruby programs are read instruction by instructibm.order to make Ruby instructions
executable in program algebra, a delimiter set and a keyword table are designed.

The delimiter set contains the delimiters used to septratkeywords from instructions.
All allowed delimiters are listed below between braces.
{ [{3R}) I.I:” H'H H[” H]H H+1l H_” H>” H<H H&” H|l1 H(”

H)H H@H H\HH }
As mentioned before, a keyword table containing projectioittfons and keywords is
built. According to the keyword received during execution, the keywaisle can dispatch the

corresponding projection functions.

Pseudo code:

¢keyword— fetct —
L1,
first strA h;
-h==delimiter{;
append instr h;
delfirst strA;
#H#L1,
K
return  keyword
}

Preywors- reret 1S @N algorithm used to return the keyword. We can see from ¢oel@sode

that the Ruby instructions are saved as a stringtiidA . We keep on removing the first
character fronstrA and appending it to the end of the stiimgtr  until a key word is found.

3 How to read Ruby programs is explained in Sectibrl: Compilation versus projection
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5.5 Implementation of the projections in IPL
5.5.1 Projections implemented in RC1

As mentioned in [9], RC1 has simple control instructions, loealables, classes, instance
methods and instance variables. In this section, we will explewm to use the projection
functions defined in RC1 in our parser program.

* Class definition:
class C [<H]

Cis an identifier of a class, starting with a capigdidr.H is its superclass. If there is kb
the default super class@bject .

Using thed,. .o« e MEthod, the Ruby instructiortlass MutablePair<Pair

is read character by character until we find a keywolass .
keyword

class MutablePair < Pair

Then we can retrieve in the keyword table the correspondingpohebntaining the proper
projection functions. According to the keyword table, the meti@dssDefinition " will
be called. The projection functions inside the braces will be applied.

{C.+class=Class;

C.+super=H;
StackFrame.+next=new;
StackFrame.next.+back;
StackFrame.next.back=StackFrame;
StackFrame=StackFrame.next;
StackFrame.+lv=new;
StackFrame.+self=C;}

We continue to read the Ruby instruction until a delimi€ri§ returned. This delimiter is used

”

to separate the subclass from the superclass. In this exampebtiass isMutablePair and
the superclass is Pair . As a result, the parameter§ CH) will be replaced by

(MutablePair,Pair).
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C H

MutablePair < Pair

The final method call in our implementation will be
ClassDefinition(MutablePair,Pair)

+ Method definition:
def m(pl,p2,...,pn)
m is an identifier of a method, starting with a small letter. pfhdo pn are arguments.

Using thed,. ..o e Method, the Ruby instructiordef initialize(a) will be

analyzed as below.

keyword

def initialize (a)

According to the keyword received, the keyword table can dispatltdrresponding
projection functions. In this example the keyworsl ‘idef ” and the method
“MethodDefinition " will be called.

Keywords Projection
def MethodDefinition

m pl

initialize(a )

Then we continue to read the Ruby instruction until a delimitéri§ returned. This
delimiter is used to separate the method names from the parametersexathie, the method
name is fnitialize " and the parameter if2". Then projection functions inside the braces
will be applied.

MethodDefinition(initialize){
self=StackFrame.self;
+self==main{;cl=0Object;}{;cl=self;};
-clfim{;cl.+im=new;};
methods=cl.im;
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method=new;

methods.+initialize;
methods.initialize=method;
method.+label:str="MutablePair:initialize™;
##L"MutablePair:initialize:skip”;

L"MutablePair:initialize”;
arguments=new;arguments.+ a=agrl;
StackFrame.+lv=arguments;StackFrame.+self=self;
R;

L"MutablePair:initialize:skip”; }

* Return instruction:
return expr  *
A special statement only occuring in method definitions.

Using thep,. o rerer Method, the Ruby instructiometurn @e  will be analyzed as

below. keyword expr

return @e

In this example, the keyword iséturn " and according to the keyword table, the method
Return(@e) will be called. Then the projection functions inside the braces will be applied.

Return(@e){
self=StackFrame.lv;
-self/iv{;result=nil;}{;instancevars=self.iv;

-instancevars/e{;result=nil;}{;result=instancevars. ek}
* Method call:
«  m(expl,exp2,...expn) ( expn °

The method call is sent to the object referred tosél. Expressionexpl to

“expr represents an expression. Some expressions amgciimis which- when executed — yield an objecteA&n
expression is evaluated, the result is put in dcdéell focusesult . Expressions can be used as arguments for the
return  statements.

® Every instruction tagged withexpr) can be used as an expression in other instructions
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expn are the actual arguments.

+ exp0.m(expl,exp2,....expn) (expr)
The prefixexpO supplies the object to which the method call is sent.

+ expr=exp0.m(expl,exp2,....expn) (expr)

A value-returningmethod contains at least one assignment of the foatry °. It

will at last be assigned to thkespr
Using thep, e o rerer Method, the Ruby instructioa=Object.new()  will be analyzed

as below.
expr expr0 m

a = Object . new()

According to the keyword table, the methbtethodCall(initialize) " will be

called.

+ Assignment:
* Local variables
X=expr
The assignment of an arbitrary expression to the local variable

* Instance variables

@x=expr
The assignment of an arbitrary expression to instance va@ble

Using thep,e o reer MELHOd, the Ruby instructio@eO=awill be analyzed as below.

@x keyword  expr

@e0 = a

According to the keyword table, the methéddsignment(@e0,a) will be called.

® On avalue-returningmethod we suppose that the value to be returngavisd in the focuthat.
Tinitialize is a special method in Ruby programs. When youQiaject.new to create a new object, Ruby

creates an uninitialized object and then calls digct'sinitialize method.
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Furthermore, the projection functions inside the braces will be applied.
Assignment(@e0,a){
localvars=StackFrame.lv;
-localvars/a;!;result=localvars.a;
self=StackFrame.self;
-selffiv{;self.+iv;aux=new;self.iv=aux;}
instancevars=self.iv;
instancevars.+e0;
instancevars.eO=result;}

+ If statement:
if expr; ul;...;uk;[else; uk+1;...;ul;]Jend
The expression will be evaluated first. If it returns true, then the firsbgedatftier arif
statement is executed. If there isalse -section, that section is executed whenithe
section is not.

Using thep,e o reter MO, the Ruby instruction:

if fir.first()==a;fir.switch();recursiveFirst(fir); end

will be analyzed as below.
keyword  expr

if firfirst) == a

In this example, the keyword isif*” and the expression for evaluation is
“fir first()==a ". According to the keyword table, the methié(dir.first()==a)
will be called. Then the projection functions inside the braces will be applied.

{ @ (fir first()==a);
-result==false{; Y (fir.switch()); Y (recursiveFirst(fir));}}

A complete RC1 example is shown below.
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RubyProgram="
def recursiveFirst(pair);
fir=pair;
if fir first()==a;
fir.switch();
recursiveFirst(fir);
end;
end;
class Pair;
def initialize(a,b);
@e0=a;
@el=b;
end;
def first();
return @eo;
end;
def second();
return @el;
end;
def switch();
temp=@e0;
@e0=@el;
@el=temp;
end;
end;
a=0Object.new();
b=0Object.new();
pairl=Pair.new(a,b);
recursiveFirst(pairl)";

Figure 5.3 depicts part of the final state of executing the RC1 exariple complete
fluid is available in Appendix A, RC1.gif.
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5.5.2 Projections implemented in RC2

RC2 changed the projection of RC1 by adapting the method call instruct singleton
methods. The projection of the singleton method definition does ffet diauch from the
instance method definition. Only the location where the method tolsjestored is different.
Singleton methods are added to the fitg while instance methods are added to the field
+ Singleton method:

def expr.m(pl,...,pn);ul;...;uk;end

The expression, when evaluated, supplies the object on whiaethedmwill be defined.

Using thed,. o e Method, the Ruby instructiomdef Number.zero( ) will be

analyzed as below. keyword  expr m

def Number . zero ()

According to the keyword table, the methbtkthodDefinition(Number.zero)
will be called. Then the projection functions inside the braces will be applied.

MethodDefinition(Number.zero){
@ (Number);x=result;
-X/sm{;x.+sm=new;};
methods=x.sm;

method=new;

methods.+zero;
methods.zero=method;
method.+label:str="Number:zero”;
##L"Number:zero:skip”;

L"Number:zero”;

arguments=new; arguments.+ a=agri;
StackFrame.+lv=arguments; StackFrame.+self=self;
R;

L"Number:zero:skip”;}
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First, the expressiohumber should be evaluated. It supplies the object on which the
methodzero will be added.

Here ¢ (Number)=
localvars=localvars.lv;
-localvars/Number;!;result=localvars.Number;

5.5.3 Projections implemented in RC3

RC2 has two types of variables: local variables and instance vari&& adds class variables.
A class variable is a dedicated variable that can bdpukated inside both class methods and
instance methods. In addition, it is inherited by extending classes. As atremgliis no need to
write access methods in extending classes.

» Class variables assignment

@ @x=expr
The assignment of an arbitrary expres®gpr to a class variabl@ @x.

Using thed,. o e Method, the Ruby instructio@ @zero=self  will be analyzed as

below. @@x keyword expr

@@zero = @ self

According to the keyword table, the methédsignment(@ @zero,self) will be
called. Furthermore, the projection functions inside the braces will be applied.

Assignment(@ @zero,self){
@ (self);p=result;

¢ find —class;

¢search-super(C| ’ CV’ZerO) ;

+found==false{;cl.+cv;classvars=new;cl.cv=classvars
H;classvars=br;};

classvars.+zero;

classvars.zero=p;}
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Class variables are stored in a separate branch of gwedlgect: thev field. It points to
an object that contains all the class variables. Clasables have a different synta@(@xto
distinguish them from instance variabléaX.

Firstly, the expressiogelf should be evaluated.
@ (self)=

localvars=localvars.lv;
-localvars/self;!;result=localvars.self;

Then a macrap ;,_..ss Nelps to find the class belongingself

¢ find —class=

self=StackFrame.self;
cl=self.class;
+cl==Class{;cl=self};

Because a class variable can be inherited from supercldsses, ., pes Macro is used

to search the superclasses for class variables.

¢search-super(C| ’ cv,zero)=

loop=true;
found=false;
sp=cl;
L"search:supers”;
+loop==true{;
+sp/cv{;br=sp.cv;
+br/zerof;loop=false; found=true; res=br.zero hh
+sp/super{;sp=sp.super;}{;loop=false;};
##L"search:supers”;};
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5.5.4 Projections implemented in RC4

RC4 extends RC3 with integers. These types are classeanikether in Ruby, but their

instances differ from other objects because they containtlogtas not accessible in instance
variables. Integers are created by reading in their ricatevalue. To simplify matters, all

integers are instances of Fixnum, which is subclass of thgeintdass in RC4. The Fixnum
class defines two instance methods + and ==.

+ Equality test expression:
exp0==expl (expr)

Using thep, . o rerer Method, the Ruby instructior==y will be analyzed as below.

exp0 keyword expl

X == y

According to the keyword table, the meth&dualitytest(exp0,expl) will be
called. Then the projection functions inside the braces will be applied.

Equalitytest(exp0,expl)}{

self=exp0;argl=expl;

+self.v==argl.v{;
result.+boolvalue=True;
result.+class=TrueClass;

1

result.+boolvalue=False;
result.+class=FalseClass;};

+ Addition expression:
exp0+expl (expr)

Using the@, e o rerer MEthod, the Ruby instruction: x+y will be analyzed as below.

exp0 keyword expl
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According to the keyword table, the meth&dd(exp0,expl)  will be called. Then the
projection functions inside the braces will be applied.

Add(exp0,expl){

self=exp0;argl=expl;
result=new;result.+class=Fixnum;result.+v:int;
integer-add(self.v,argl.v,result.v);

}
5.6 Easy and difficult aspects of this implementabin

All the projection functions in RC1 to RC4 are given in [9]. Stsieasy for us to use those
functions in our programs. The only work left is to program thegether in order to make
them executable in program algebra.

Next to the easy aspect, a lot of difficulties arose inimptementation. The most difficult
one is program automation. For example, the parameters usdsltimsiprojection functions are
fixed in the definition. But in our real programming work, they depanthe variables received.
So the following problem arises, how can we accept differentredeas in the same projection?
One way to solve this problem is to use methods. Just asewiomed in the keyword parsing
section, each projection function is mapped to a unique method naimanéthod can accept
variables as parameters.

In addition, an extension of the PGA toolset is necessary. Bed¢asupeojection is adapted
to a setting where method names are not mapped one-to-one to theiiodefThere can be
many methods with the same name in a class hierarchy. Thedrtetbe called is only known
at run time when the class of the calling object is detedmileorder to avoid confusion, a
string label is assigned to each method. This string is dhwioation of a class name and a
method name. This part is described in Chapter 3.

Finally, the subset of Ruby is extended gradually. Our implementeat based on those
projections, so that we should add new features step by step.sBbsets will not change any
instructions of the old version. Some subsets will override existieiipods. Being dependent
on the previous subset, we cannot project from RC4 to RC1. Asul, ige have to change the
parser programs again and again to adapt the new features.
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Chapter 6

Ruby Core Four Plus (RC4+)

RC4 has basic data type: integer, which is represented lassaic Ruby. Instance methods
equality test(==) and addition (+) have been projected in [9]. In this chapter, some other
instance methods on integers are extendeshus$ (- ), greater than tes¢>) andless than test
(<). An entire example using these three instance methods is given at the end optieis cha

6.1 Extending the integers

In RC4+, all integers are instancesFatnum as in RC4. Thd-ixnum class is a subclass of
thelnteger classFixnum numbers have fixed sizes, in contrasBignum numbers, which
can be arbitrary large. Several instance methods are ingddoere as supplements to the
projection of RC4. The first oneonus(- ), for example:

x=13;

x=x-1;
This example is straightforward and the result of this exampteli8 . Another example,

x=13;

y=14;

X=X-Y;
Herex is less thary, and according to the arithmetic rulesnodnus O is returned toc as the
result.

Another two important operations on integers are the comparison instativeds> and<.
For example:
x=13;
y=14;
X>Y;
X<y;

" Because integers in PGA are non-negative numbargrojection is about monus instead of minus civimeans if
the minuend is less than the subtrahend, O isretur

58



In this examplex is less thary, and according to the integer arithmetic rules, theltre§the
greater than tes¢>) isfalse , while that of thdess than tegk) istrue .

6.1.1 Example

This example is about a claRange , denoting an integer range, sucHB%] . The method
initialize is called to create a new instanceRa&nge. This method initializes the new
Range instance with two integer elements in instance variage® and @el After an
instance ofRange is created, the methodsax andmin retrieve the bigger and the smaller
elements, which are the maximal and the minimal values afatlige. If the values of the two
elements in &ange instance are equal, then the return valuesat andmin methods are the
same.

class Range;
def initialize(a, b);
@e0=a;
@el=b;
end,;
def max();
if @e0>@el;
return @eo0;
else;
return @el,;
end;
end,;
def min();
if @el<@e0;
return @el,;
else;
return @eo0;
end;
end,;
end;
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6.1.2 Syntax

The syntax for RC4+ is almost the same as for'RC4
* Anint expressiorconsists of a sequence of digits.
int (expn®

6.1.3 Projection

The projection for RC4+ extends that of RC4 with three instance methedsand< .

*  Pin-vegn IS @ Macro that was defined in [9]. It begins a definitioaroinstance methaah

for classC. After this macro the method body is given and the definitiohiefmethodm

is ended with another mace,._,.,-

¢im—begin( C- m)=

- Clim{; C.+im;aux=new; C.im=aux;};
methods= C.im;

method=new;

methods.+ m;

methods. m=method;
method.+label:string;

method.label="  C: m’;

##L" C. miskip”;

L"C:m’

« This macro close the definition of an instance methoébr classC that begins with
¢im—begin'

¢im—end ( C’ m):

R;
L” C: m:skip”

8 Because there isn’'t any negative number in PGA,syntax for RC4+4nt is not preceded by a sign, this is
different from the syntax for RC4 in [9].
° An instruction, which is tagged witleXpr) can be used in other instructions as an expnessio
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rc2ipl  denotes the projection function of the Ruby subset to PGA. Itfisedein [9].
ul;...;uk denote the instructions of the Ruby program. Titeger class and the
Fixnum class are defined before the projection of the Ruby program.
rc2ipl(ul;...;uk)=

¢init—classes; ¢init—method5; ¢init—StackFrame; ¢init—imeger; ‘//main (Ul);"'; l//main (UK)

We extend the projection function of the integer initetian ¢ with three

init-integer

instance methods: (monug, > (greater than te$tand< (less than te¥t The projection
code for setting up thénteger and Fixnum classes and the projection code of the
instance methods= and+ were given in [9]. Becausiue , false andvalue are
reserved words in PGA, we u$eue , False andv instead.

In [9], integer-add is a request to the underlying system to perform the integer
addition, it abbreviates:

result.v=self.v;incr result.v argl.v;
Here integer-monus is a request to the underlying system to perform integer
subtraction. The projection ofmonusis in the same style anthteger-monus
abbreviates:

result.v=self.v;decr result.v argl.v;

A decr instruction on integers, which is defined in MSP is used is ghojection
function. With the help of thelecr instruction we can compare the values of the two
operands. If the minuend is greater than or equal to the Babttathen the subtraction is
implemented. Otherwise returfase . Thus by judging the Boolean value generated by
the decr instruction, we can compare two integers. As togileater than tes(>), if the
Boolean value generated by tdecr instruction, which uses the first operand of the
greater than tes¢>) as the minuend and the second one as the subtrahéaideis, then
the result of thegreater than tes(>) is false also; otherwise its result tsue . We
project thdess than tegk) in the same style.

¢init-integer -

Integer=new;Integer.+class=Class;
Integer.+super=0bject;
Fixnum=new;Fixnum.+class=Class;
Fixnum.+super=Integer;
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Pin-begin(FIXNUM,==);

result=new;
+self.value==argl.value{;
result.+class=TrueClass;

result.+boolvalue=True;

H

result.+class=FalseClass;
result.+boolvalue=false;

D in—eng (Fixnum,==);

¢im—begin (Fixnum,+);

result=new;result.+class=Fixnum;result.+v:int;
integer-add(self.v,argl.v,result.v);

D in—eng (Fixnum,==);

¢im—begin (Fixnum v');

result=new;result.+class=Fixnum;result.+v:int;
integer-monus(self.v,argl.v,result.v);

D in—eng (Fixnum,-);

¢im—begin (Fixnum v>);

i=self.v;j=argl.v;

+decri{;
result=new;
result.+boolvalue=True;
result.+class=TrueClass;

K

result=new;
result.+boolvalue=False;
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result.+class=FalseClass;

h

¢im—end (Fixnum v>);

¢im—begin (Fixnum1<);

i=self.v;j=argl.v; result=new;
+decr j i{;
result.+boolvalue=True;
result.+class=TrueClass;
1
result.+boolvalue=False;
result.+class=FalseClass;

3

¢im—end (Fixnum v<)

* Like the addition operation and thequality testin [9], these three instance methods we
defined here have infix notation. In the projection they are translated to method calls.
@ (exp0 exp) =¢ (expQ -( expl)
@ (expCexp) =y (expQ >(expl)
@ (expGexp) =¢ (expl <(expl)

6.2 Projection example of the integers

In the next example, four nekixnum objectsal, bl, a2 andb2 are created in the first
four instructions and the following two instructions put them in tigances of th&ange
class,rangel andrange2 respectively. Then the next four instructions call the method
max andmin to get the maximal and the minimal elementsaimgel andrange2.

al=12;a2=15;b1=2;b2=4;

rangel=Range.new(al,bl);

range2=Range.new(a2,b2);

maxl1=rangel.max();

max2=range2.max();

minl=rangel.min();

min2=range r2.min();
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Part of the state after executing this program is depiotédgure 6.1. Becauset+”, “=="and
are all reserved words in PGA, so they can’t be usedami$onames or field names. In
Figure 6.1, the names of the integer instance methgds +” and “==" in RC4 and RC4+ are
replaced with add”, “sub” and “equal ". The whole fluid can be found in Appendix A,

Integerplus.gif.
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Figure 6.1 Program state after executing the example program of RC4+
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Chapter 7

Ruby Core Five (RC5)

Up to RC4+, the basic data type integer has been projectesl.aB@s another two types:
Boolean and string. Several important instance methods on sanmyBooleans are also
projected in this chapter.

Boolean expressions are mainly used as the conditions in condiiataments. Strings
have over 75 standard methods. In this chapter, we’ll look at sommaen instance methods
on Booleans and strings.

7.1 Booleans

In Ruby, any value that is notl  or the constarfalse istrue , including the numbed and
empty strings, arrays and hashes. Ruby supports all the standashiBoperators&&, ||
and! . There is also another syntactic form of these Boolean operatatsor andnot . The
only difference between these two syntactic forms is theedence. In this thesis, we ignore
this difference, i.e. botand and&& are the same Boolean operators in our projection, the same
to the other two pairs. For example, this is a part of a program,

if(x2>x1 && x2<x3) p=x2
In this example, 2 is the medium, then the program will pri. If we useand operator
here, the result is the same.

7.1.1 Syntax

The syntax for RC5 is extended with Boolean expressions, whichaasdated into objects of
TrueClass orFalseClass *°.
* Abool consists of the value of a Boolean expression.

bool (expn

10 Because we don't project any instance method\ft€lass  in RC5, all the Boolean expressions we have i thi
thesis are instances ®fueClass andFalseClass
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7.1.2 Projection

As there already existrueClass and FalseClass in the initialization phase in RC1 [9],
all the Boolean expressions are objects of these classea,reewBoolean class will not be
created here in order to keep the original class hierarchyinstence methodand, or and
not are defined both foffrueClass and FalseClass . They are added to the class
initialization phase as supplements.

As to TrueClass , only the test of the second operand for the operdi&iand) is
needed because the first operand is alviles ; the result of the operatidh (or ) is always
true no matter what the second operand is; and the opetdimnm ) always returngalse
as the opposite dfue . As to FalseClass |, the result of the operatiafa&(and) is always
false ; only the test of the second operandtwd operation|| (or ) is needed because the first
is alwaysfalse ; and the operatioh (not ) always returndrue as the opposite dalse
Because®&, || and! are reserved words in PGA, we ws®, or andnot in the definition
of these methods only.

* This macro creates the pre-defined classes and constants. In thighisesecro is slightly
different from that in [9] to avoid using reserved words and tothddiefinitions of the
instance methods on Booleans.

¢init —classes

Object=new;Class=new;Class.+super=0biject;
TrueClass=new;TrueClass.+super=0Object;
FalseClass=new;FalseClass.+super=0biject;
NilClass=new;NilClass.+super=0Obiject;
Object.+class=Class;Class.+class=Class;
TrueClass.+class=Class;FalseClass.+class=Class;
NilClass.+class=Class;

True=new;True.+class=TrueClass;
False=new;False.+class=FalseClass;

nil=new:;nil.+class=NilClass;
main=new;main.+class=0bject;

B im-begin (TrueClass,and);
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result=new;
+argl==true{;

result.+boolvalue=True;
result.+class=TrueClass;

s

result.+boolvalue=False;
result.+class=FalseClass;

@._eng(TrueClass,and);

Pin-vegin(TrueClass,or);
result=new;result.+class=TrueClass;result.+boolvalu

@.1—ona (TrueClass,or);

B m-begin(TrueClass,not);

result=new;result.+class=FalseClass;
result.+boolvalue=False;

@._eng(TrueClass,not);

B m-begin (FalseClass,and);

result=new;result.+class=FalseClass;
result.+boolvalue=False;

@._enq (FalseClass,and);

@ im-begin (FalseClass,or);

result=new;
+argl==true{;

result.+boolvalue=True;
result.+class=TrueClass;
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result.+boolvalue=False;
result.+class=FalseClass;

@ _..q(FalseClass,or);
B m-begin (FalseClass,not);
result=new;result.+class=TrueClass;result.+boolvalu e=True;

@._enq (FalseClass,not)

* bool represents the value of a Boolean expression, a new obgeaied containing the
Boolean valudool.
¢ (bool) =
result="bool;
+result==true{;
result.+class=TrueClass;
result.+boolvalue=True;
K
result.+class=FalseClass;
result.+boolvalue=False;

« Theand andor operations on Boolean expressions both have infix notations, which are

translated into method calls.
Y (expOand exp) =¢ (expOand (expl)
Y (expOor expl =y (expOor (exp))

7.2 Projection example of the Booleans

The Range class defined in RC4+ is used again here. The first sevienatisns are the same
as the example in Chapter 6. The last instruction returns a @ouldue as the result of the
and operation.

al=12;a2=15;b1=2;b2=4;
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rangel=Range.new(al,bl);
range2=Range.new(a2,b2);
maxl1=rangel.max();
max2=range2.max();
minl=rangel.min();
min2=range2.min();
include=(max1>max2)and(minl<min2);

Figure 7.1 shows the class hierarchy of this example, including tbees@ass , Object ,
Fixnum , Integer , TrueClass , FalseClass andNilClass . It is a basic part of the fluid
that shows the result of executing this example in the PGA Todlsstwhole fluid can be found in
Appendix A, Boolean.gif. Figure 7.2 is also a part of this fluid and it shbe/state of the class
Range after executionFigure 7.3 shows the final stateiotlude as well as clasRange’s
two instancesiangel andrange?2 .
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7.3 Strings

In Ruby, strings are stored as objects of the @Gaissg . Strings are often created using string
literals: sequences of characters between delimiters. Buppgorts four kinds of delimiters:
single and double quote®gand%Q We restrict to the strings in double quotes in this thesis.
Although in Ruby strings in double quotes allow the substitutions andlaabknotations, we
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won'’t project this feature due to its complexity.

In Ruby, many operations are defined on strings. The first operaitooduced here is
concatenation. Let's have a look at this example:

str1="This is”;

str2=" RC5”,

Stri=strl+str2;
The result of this operation is that, the contergtdf is Thisis RC5  and that obtr2 is
RC5 (begins with a space). For another example,

strl= “There are two spaces :
str2=  “ between them ”;
Stri=strl+str2;
The result ofstrl is There are two spaces between them because the last
character ofstrl and the first character aftr2 both are spaces. Because strings are
immutable in Ruby, the concatenation operation does not modifyaitent of the calling
objectstrl . Instead it returns a new string object with confEmtre are two spaces
between them , and assigns it tstrl . The concatenation can also be done in another way:

str1="This is” + “ RC5";

Another important operation is the equality test. For exampl&R@b” == “RC5” , the
result of this test isrue . If the strings of each side don't have the same corftdeg  will
be returned.

Although there are also some other operations like repetitioracérty characters and
extracting substrings, in RC5 onlgoncatenation (+) and equality test ==)
methods are implemented.

7.3.1 Example

Here is an example of a cladBeoks . A Books instance is initialized with two string elements:
name andauthor in the instance variable@nameand @author . The methodgetname
andgetauthor  are used to access the elements. The matlspiaybook  concatenates
two elements of 8ooks instance with another strifigfrom ” , both the first and the last
character of this string are spaces.

74



class Books;
def initialize(n,a);
@name=n;
@author=a;
end;
def getname();
return @name;

end;
def getauthor();
return @author;
end;
def displaybook();
return @name+“ from "+@author;
end;
end;
7.3.2 Syntax

The syntax for RC5 is also extended with strings, which are translatestiimg objects.
* Astring consists of a sequence of characters.
string (expn

7.3.3 Projection

* The String class initialization should be done before the user program isitedecThe
projection function of the program is changed accordingly.
rc2ipl(ul;...... ;uk)=

¢init—c|asses' ¢init—methodsv ¢init—integer' ¢init—string' ¢init—StackFrame

7738 (V) y Y i (UK)

*+ TheString class defines two instance methodsncatenation and equaltest
(equality test).

¢init —string =

String=new:;String.+class=Class;String.+super=0bject ;
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¢im—begin (Strl ng ,eq Ua|test) X

result=new;result.+class;result.+boolvalue;
+self.content==argl.contentf;
result.boolvalue=True;
result.class=TrueClass;
1
result.boolvalue=False;
result.class=FalseClass;

Bim-ena (String,equaltest);

¢im_begin(8tring,concatenation);

result=new;result.+class=String;result.+content:str X
temp=new;temp.+content:str=self.content;
append temp.content argl.content;

result.content=temp.content;
@.n-ena (String,concatenation)

* string represents a string, a new object of the clBisglg is created containing the
content ofstring.
Y (string)=
result=new;result.+class=String;result.+content:str =string

» The concatenation operation has an infix notation, which is translated into a method call.
¢ (exp0 + exp)= ¢ (expQ +( expl)

7.4 Projection example of the strings

An instance of the cla®dooks , which was defined in Section 7.3.1 is created in the following
program.

s1="Making using of Ruby”;

s2="Suresh Mahadevan”;

book1=Books.new(s1,s2);

displaybookl1=book1.displaybook()";

Part of the final state of this example is depicted in [Eigud. The whole fluid can be
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found in Appendix A, String.gif.
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Figure 7.4 Part of the execution result
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Chapter 8

Ruby Core Six (RC6)

Up to RC5, the data types that objects containirdegiers, Booleans and strings. RC6 extends
the previous projection with another two important type conirsicarrays and hashes. Both
arrays and hashes in Ruby are indexed collections of objectsafd¢he commonly used data
structures in Ruby. Both arrays and hashes in Ruby are indeltedtioas of objects. With
arrays, the indices are non-negative integers while with babbg can be any objects. Arrays
and hashes can hold different types of objects: integers, strings and floating nutabers, e

8.1 Arrays

Arrays are instances of the clagay , whose superclass is tii#bject class. An array is
formed by comma-separated list of objects in square bradfetsahd the index begins with
zero. The elements of an array are arbitrary Ruby objects.

Arrays have several index methods: if an array is indexgdansingle integerd[n] ", it
returns the object at that position or retunils if nothing's there; if an array is indexed with a
negative integét, it counts backward from the end. The index of the last eleisetit For
example:

array1=[1,2,3,4,5];

arrayl[-2];

arrayl[3];

The results of these two expressions botiarerrays can also be indexed by a pair of numbers
“a[start,length] ", which return a new array object holditength  number of objects
starting from thestart  position, such as

array1=[1,2,3,4,5] ;

arrayl[2,2] ;

This expression produces a new arfay] . If thelength is negativenil is returned?

" The negative index will not be implemented hereaise in PGA integers are non-negative.
12\We omit this kind of condition because there areegative integers in PGA.
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Arrays can be indexed by ranges alsastart..end] " or “a[start...end] . In ranges,
start and end positions are separated by two or three periodsdiffEnence between these is
that the two-period form includes the end position while the threegoform does not. If the
end is larger than the length of the array, in both casedllibe rounded to the length. If the
start is out of the range of an array, both retaiin . And if thestart is larger than the
end, both return an empty array. For example:

array1=[1,2,3,4,5];

arrayl[1..3];

array1[1...3];

arrayl[2..5];

arrayl[3..1];
These four expressions prody2e3,4] ,[2,3] ,nil and an empty array.

Besides these index methods, one of the important instandmdsetfArray is the
concatenationt), which returns a new array with the result of concaten#ti@gwo arguments
together. For exampl§l,2,3]+[4,5,6] produces a new arrdy,2,3,4,5,6]

Another important instance method is the equality tes),(which returngrue only if
the contents of two arrays are the same, which means botls hiasg the same number of
elements, while each element of one array is the sanie a®tresponding element of another
array.[1,2,3]==[4,5,6] returnsfalse  while [1,2,3]==[1,2,3] returnstrue .

Calling the set intersectio&) method can return the common elements of both arrays. For
example]1,2,3]&[3,4,5] returns3 and[1,2,3]&[1,3,5] returns 1,3] .

Both size andlength methods return the number of the elements in an array,
[1,2,3,4,5].length returnsb and[1,2,3,4,5,6].size returnso.

There are also many other useful instance methods of array<Can drly the
above methods are included.

8.1.1 Example
Here is a very simple example with arrays:
array1=[1,2,3];

array2=[1,2] ;
arrayl.size;
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arrayl[2];
array1[0..1];
arrayl1[0,2];
arrayl+array?;
arrayl==arrayZ2;

In this example, six instance methods of Amay object are used, which asdn] |,
a[start,length] , @[start..end] , concatenation, equality test aside .**

8.1.2 Syntax

The syntax for RC6 is extended with arrays, which are translatedrirgtp objects.
+ An array consists of a list of elements within square btadke and these elements are
separated with commas.

[ expl......, expy (expy
8.1.3 Projection

Array objects are implemented by a list of atoms connected étheixt fields. Each atom

in the list contains both @walue) and akey field as a pair. The field is used to store the
element of the array and tlkey field is to store the index, which starts from zero. Another
atom represents the end of the array, which has only onélaéld, that is to say, if an atom in
the list has only dail field, then it is the end of the array. If the array is emibign there are
two atoms in the list, the first is in the focus that is réhedter the name of the array, and it has
anext field pointing to the second atom, which has onlad field, representing the end of
the array.

+ The initialization of clas#rray ¢ should be defined before the Ruby program is

init—array

projected.
rc2ipl(ul;......;uk)=

¢init—c|asses' ¢init—meth0ds’ ¢init-integer’ ¢init—string’ ¢init—array’ ¢init—StackFrame

Y ain U)o » Y i (UK)

13 The running results of this example can be foumgigpendix A.

80



The Array class defines four instance methods for indexnegarn-nth (a[n] ),

returnlength (a[start,length] ), returnrange2 (a[start..end] ) and
returnrange3 (a[start...end] ). It also defines other four instance methods:
concatenation , equaltest  (equality test)jntersection (set intersection) and
size (both forsize andlength ). In order to avoid label clashes, we use string labels
here.

¢init—array =

Array=new;Array.+class=Class;Array.+super=0bject;

Bim-vegin (ATTAY,rEtum -nth);

tail=new;tail.+Tail;result=new;result.+class=Array;
result.+next=tail;current=result;

L"Areturn -nth™;
-self/Tail{;
+self.key==n{;
aux=new;aux.+v:int;
aux.+next;aux.v=self.v;
aux.next=tail;current.next=aux;

X;
result=nil;self=self.next;
##L"Areturn  -nth”;
I3
%
P —ong(Array,return -nth);
Pin-vegin (Array,returnlength( start, length));

tail=new;tail.+Tail;result=new;result.+class=Array;
result.+next=tail;current=result;
end=Ilengthincr end startdecr end;

L"Areturnlength:1”;
-self. key==  star{{;
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-self/Tail{;
self=self.next;##L"Areturnlength: 1”;

H
result=nil;##L"Areturnlength:3”;

2

L"Areturnlength:2”;

-self.key==end({;
aux=new;aux.+v:int;aux.+next;aux.v=self.v;
aux.next=tail;current.next=aux;
current=current.next;self=self.next;
##L"Areturnlength:2”;

X;
aux=new;aux.+v:int;aux.+next;
aux.v=self.v;aux.next=tail;
current.next=aux;current=current.next;
self=self.next;
%
L"Areturnlength:3”;
@ .n_onq (Array,returnlength( start, length);
¢im_begin(Array,returnrange( start, eng);

tail=new;tail.+Tail;result=new;result.+class=Array;
result.+next=tail;current=result;

L"Areturnrange:1”;
-self. key== star{;
-self/Tail{;
self=self.next;##L"Areturnrange:1”;
K
result=nil;##L"Areturnrange:2”;
¥
2

L"Areturnrange:3”;
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-self.key== end;
aux=new;aux.+v:int;aux.+next;
aux.v=self.v;aux.next=tail;
current.next=aux;current=current.next;
self=self.next;##L"Areturnrange:3”;

aux=new;aux.+v:int;aux.+next;
aux.v=self.v;aux.next=tail;
current.next=aux;current=current.next;
self=self.next;

L”Areturnrange:2”;

@ .n_eng (Array,returnrange( start, eng);

Pim-vegin (AITAY, CONCateNation);

tail=new;tail.+Tail;result=new;result.+next=tail;
result.+class=Array;current=result;num=0;

L"Aconcatenation:1”;

-self/Tail{;
aux=new;aux.+key:int;aux.+v:int;aux.+next;
aux.key=self.key;aux.v=self.v;aux.next=tail;
result.next=aux;result=result.next;
self=self.next;
incr num:;##L"Aconcatenation:1”;

2

L"Aconcatenation:2”;

-argl/Tail;
aux=new;aux.+key:int;aux.+v:str;aux.+next;
aux.key=argl.key;incr
aux.key num;aux.v=argl.v;
aux.next=tail;result.next=aux;
result=result.next;
argl=argl.next;##L"Aconcatenation:2”;
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h

result=current;

@.-onq (Array,concatenation);

¢im—begin (Array,equaltest);

result=new;result.+class=TrueClass;result.+boolvalu e=True;
numl=self.size;num2=argl.size;
-numl==num2{;result.boolvalue=False;##L"Aequaltest: 1"}

L"Aequaltest:2”;
-self/Tail{;
L"Aequaltest:3";
-argl/Tail{;
+argl/invalid{;
result.boolvalue=False;
result.class=FalseClass;
argl=argl.next;
##L"Aequaltest:3”;
h
+self.v==argl.v{;
result.boolvalue=True;
result.class=TrueClass;
argl.+invalid;
self=self.next;
argl=current;
##L"Aequaltest:2”;
K
result.boolvalue=False;
result.class=FalseClass;
argl=argl.next;
##L"Aequaltest:3"; };

2
L"Aequaltest:1”;

84



¢im—end (Arfay, eq UalteSt) ;

Pim-vegin (AITAY intersection);

tail=new;tail.+Tail;result=new;result.+class=Array;
result.+next=tail;current=result;

L"Aintersection:1”;
-self/Tail{;
L"Aintersection:2”;
-argl/Tail;
+self.v==argl.v{;
aux=new;aux.+key:int;
aux.+v:int;aux.+next;
aux.key=self.key;
aux.v=self.v;aux.next=tail;
result.next=aux;
result=result.next;
self=self.next;argl=current;
##L"Aintersection:1”;
K
argl=argl.next;
##L"Aintersection:2”; };
%
self=self.next;##L"Aintersection:1”;
¥

result=current;

@.n-onq (Array,intersection);

¢im—begin (Arravaize) ;

result=new;result.+class=Fixnum;result.+v:int;resul t.v=0;
L"size™;
-self/Tail{;incr result.v;self=self.next;##L"size"; }
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¢im—end (Array,size)

« [ expl...... ,expn] represents an array. This is a new object of dass/ .
W ([ expl......,expn] ) =2
tail=new;tail.+Tail;result=new;result.+class=Array;
result.+next=tail;current=result;
aux=new;aux.+key:int;aux.+v:int;aux.+next;
aux.key=0;aux.v= explaux.next=tail;result.next=aux;
result=result.next;

aux=new;aux.+key:int;aux.+v:int;aux.+next;
aux.key=l;aux.v= exp2aux.next=talil,
result.next=aux;result=result.next;
aux=new;aux.+key:int;aux.+v:int;aux.+next;
aux.key=n-1;aux.v= expnaux.next=tail;
result.next=aux;result=result.next;result=current

* Both theconcatenation and intersection operations have infix notation, which
are translated into method calls.
¥ (expOconcatenation exp)d = (expQconcatenation  (exp)
Y (expOintersection expld = (expQintersection (expd)

8.2 Projection example of the arrays

Part of the execution result of the example in section 8.1.Ipistdd in Figure 8.1. The whole
fluid can be found in Appendix A, Array.gif.

% The elements of an array can be arbitrary Rubyotdjélere we use integers as an example to showtdawild

an array instance.
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8.3 Hashes

Hashes are similar to arrays except that they can be indéttedrbitrary object types: strings,
regular expressions and so on. Compared with arrays, thisgeificant advantage of hashes.
The values of a hash can be any object of any type. The lisiyofdtue pairs is placed between
braces {} ", with either a comma or the sequerce between the key and the value. For
example:

students=

{“id’=>"000001",“name”=>"Hesper Biggs”,“add"=>"61 V alR.D.,

“zipcode"=>"1111AA"}

However, hashes also have a disadvantage: their elementstayedered as arrays and this
makes that hashes cannot be used as a queue or a stack. Arhashceeated in such a way:
Hash[keyl,valuel,... keyn,valuen] . For example,

Hash[1,1,2,2] produces a hadi=>1,2=>2}

The first important instance method of hashes in RC6 is the elaeferencen[key]
which returns the value associated with keg , if this key is not found in the hash, it returns
nil . In the following examplen1={1=>2,2=>4,3=>6} , h1[2] returns4 and h1[4]
returnsnil  because there isn’'t such an index.

Hashes also have the equality test)( It tests whether two hashes have the same number
of key-value pairs and if each key-value pair is the santbeasorresponding one in the other
hash. Let’s look at an example:

h1={1=>2,2=>4,3=>6};

h2={2=>4,1=>2,3=>6};

h3={1=>2,2=>4,4=>8};

Thenhl==h2 returnstrue while h2==h3 returnsfalse

Like arrays, botlsize andlength methods return the number of key-value pairs in a
hash. In the last examplel.size returns3 andh2.length  also return$.

Hashes also have methddsys andvalues to return a new array. The returning array of
the keys method is combined with all the keys of the hash while ofvitlees method is
combined with all the values. For exampld,.keys returns[1,2,3] and hl.values
returns[2,4,6]
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8.3.1 Example
Here is a simple example with hashes:

hashl1={1=>2,2=>4,3=>6};
hash2={1=>2,2=>4,4=>8}  ;
hashl.keys;
hash2.values;
hashl==hash2;

Two important instance methodkeys andvalues are used here. Both of them are not
included inArray class.

8.3.2 Syntax

The syntax for RC6 is extended with hashes also, which are translatethsiit@bjects.
* Ahash consists of a list of key-value pairs within bracgetsseparated by commas.
{ keyl=>valuel......keyn=>valuen (expy

8.3.3 Projection

Similar to theArray objects, each atom inHash instance has three fields: thext field is
used to connect with the next atom, Key field stores the index and théalue)  stores the
value, except the first and the last ones. The first atomcusfthat is named after the name of
the hash has a nefield  pointing to the next atom, which represents the first elemettieof
hash. The last atom of the list has only one fiedd .

+ The Hash classes must be defined before the user program is executegrdjéction
function of the program is changed accordingly.
rc2ipl(ul;...... ;uk)=

¢init—c|asses' ¢init—meth0ds’ ¢init-integer’ ¢init—string’ ¢init—array’ ¢init—hash’ ¢init—stackframeﬂ

Y ain U)o W (UK)

+ The Hash class defines five instance methoelementref  (element reference),
equaltest  (equality test)size (both forsize andlength ), keys andvalues .
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Prrit-hash=

Hash=new;Hash.+class=Class;Hash.+super=0biject;

Pim-begin (Hash,elementref( key);

tail=new;tail.+Tail;result=new;result.+class=Array;
result.+next=tail;current=result;

L"elementref”;
-self/Tail{;
+self.key== key;

aux=new;aux.+v:int;aux.+next;aux.v=self.v;
aux.next=tail;current.next=aux;

H

result=nil;self=self.next;##"elementref”;

h

@.n_eng (Hash,elementref( key));

B im-begn (Hash equaltest);

result=new;result.+class=TrueClass;result.+boolvalu
numl=self.size;num2=argl.size;

-numl==num2{;
result.boolvalue=False;
result.class=FalseClass;
##L"Hequaltest:3";

L"Hequaltest:4";
-self/Tail{;
L"Hequaltest:5”;
-argl/Tail;
+argl/invalid{;
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result.boolvalue=False;
result.class=FalseClass;
argl=argl.next;##L"Hequaltest:5”;

+self.v==argl.v{;
result.boolvalue=True;
result.class=TrueClass;
argl.+invalid;
self=self.next;
argl=current;
##L"Hequaltest:4”;
1
result.boolvalue=False;
result.class=FalseClass;
argl=argl.next;
##l "Hequaltest:5”;

3

h
h
L"Hequaltest:3";
@.-ona (Hash,equaltest);
Pim-pegin(Hash, size);
result=new;result.+class=Fixnum;result.+v:int;resul t.v=0;
L"Hsize”;
-self/Tail{;incr result.v;self=self.next;##L"Hsize" i+

@.n_ona(Hash,size)

¢im—begin (HaSh ’ keyS);

tail=new;tail.+Tail;keys=new;keys.+class=Array;
keys.+next=tail;i=0;result=keys;

L"Hkeys";
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-self/Tail{;
aux=new;aux.+key:int=i;aux.+v:int=self.key;
aux.+next=tail;result.+next=aux;
result=result.next;self=self.next;
incr i;##L"Hkeys";

2

¢im—end (HaSh’keyS);

Pim-vegin (Hash,values);

tail=new;tail.+Tail;values=new;values.+class=Array;
keys.+next=tail;i=0;result=values;

L"Hvalues”;

-self/Tail{;
aux=new;aux.+key:int=i;aux.+v:int=self.v;
aux.+next=tail;result.+next=aux;
result=result.next;self=self.next;
incr i;##L"Hvalues”;

|3

¢im—end (HaSh,vaIues)

+  {keyl=>valuel...... , keyn=>valuen} represents a hash. This is a new object of
the clas#ash.
W ({ keyl=>valuel......, keyn=>valuep)= *
tail=new;tail.+Tail;result=new;result.+class=Hash;
result.+next=tail;current=result;
aux=new;aux.+key:int;aux.+v:int;aux.+next;
aux.key= keyltaux.v= valuelaux.next=tail;result.next=aux;
result=result.next;
aux=new;aux.+key:int;aux.+v:int;aux.+next;
aux.key= key2aux.v= value2aux.next=tail;result.next=aux;
result=result.next;

* The indexes and elements of a Hash can be any 6hjbyts. But here we restrict them to integersraexample

for simplicity.

92



aux=new;aux.+key:int;aux.+v:int;aux.+next;
aux.key= keynaux.v=  valuenaux.next=tail;result.next=aux;
result=result.next;result=current

8.4 Projection example of the hashes

Part of the execution result of the example in section 8.3.1 istelépn Figure 8.2 and Figure
8.3. The whole fluid can be found in Appendix A, Hash.gif.
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Chapter 9

Ruby Core Seven (RC7)

One of Ruby’s particular strengths is the block, which is mpaiskd to structure programs by
abstracting from loops. Blocks can be used to implement callbemhditionals, to pass around
chunks of code and to implement iterators.

An important difference between Ruby and other OO languagkatiblocks in Ruby can
be invoked in any method, while in Java or C++ a block is justdbe betweebeginandend
commands that cannot be invoked by other methods or functions.

RC7 extends RC6 with blocks, iterators, objectified blocks—closures.

9.1 Blocks and iterators

The blocks we discuss here are different from those in [9]. Ibifgks are consecutive parts of
code, which can be regarded as units. In this thesis, blogkdanks of code between brafes
or do...end that can be associated with method invocation, almost as if wesg
parameters.

In Ruby, a block may appear adjacent to a method call. Both the block and the method hav
the same name. That means if there is a block namséd, then the methotkst is used to
invoke this block. We can call this kind of blocks as “namedtkdo The code in the block is
not executed at the time it is encountered, instead, Rulsmmbers the context where the block
appears (the local variables, the current object, etc.) and then enters the method.

The method can invoke the block one or more times by using theyilty statement
with or without parameters. In the block, the variables betweervertical lineq| are used to
accept the parameters. If there is more than one paratheyecan be separated by commas.
Multiple parameters passed toyield are converted to an array if the block has just one
argument. Blocks can return values to the method or call hochetWhen the block exits,
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control turns to the code immediately after yiedd statement. Here is an example of a block
and its associated method:
def test;
puts “method”;
yield;
puts “method again”;
end;
test {puts “block’};
In this example, the method and the block sharenmetest . First, the statement
puts “method” is executed. Then thgield statement transfers the control from the
method to the block. After the execution of the block, the coigrédansferred back to the
method, continuing with the statement afteryledd  statement. The output of the code is:
method
block
method again
In the following example, a parameter is passed witlyitld  statement.
def aparameter,
yield 5;
end;
aparameter {|i| puts “We have #{i} blocks.};
In the preceding code, thgeld statement is followed by 8, it passes the valug as a
parameter to the block and the vatues received in the variable . The output of the code is:
We have 5 blocks.
The next example is about returning a value to the method from the block.
def find(max);
foriin 0...max;
value=i;
print(value,” )if yield value;
end;
return nil;
end;
find(10) {|v| v>5};
In this example, the value of the expression, evaluated in the blocks passed back to the
method as the value of tgeeld  statement. The code above produces:
6789
In the following example, a method call is used as the statement in the block.
def result;
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puts “Hello!”;
end;
def threetimes;
yield;
yield;
yield;
end;
threetimes {result};
The preceding code calls the metledult  three times and produces:
Hello!
Hello!
Hello!

As mentioned above, the main use of blocks is to produce useedefntrol structures -
especially loops. Blocks help to realize iterators. Itegatre special methods supported by
collections. Collections are objects that store a group of metabers, such as arrays and
hashes in Ruby. Iterators can access the items in a moilenie at a time. Blocks associate
with iterators are normally “unnamed” blocks in contrast tarfed” blocks that associate with
methods.

We introduce two kinds of iterators here. The first oreaish . This iterator returns all the
elements of an array or a hash and it is always associated with a block. For example

a=[1,2,3,4,5,6];

a.each{i| puts i};
Here the iteratoeach returns the elements of the array one by one to the block andltieeisy
stored in the variable. The output of the code is

1

o O~ WN

Another iterator introduced here mllect . This iterator is normally used to do
something with each of the items to get a new collectiontutire a new collection by invoking
the block once for all the elements, passing each elementpasameter to the block. For
example,
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a=[1,2,3,4,5,6];

b=a.collect{]i| i+1};
The code produces a new art®f2,3,4,5,6,7] while the arraya  keeps its content as
original.

There also exist many other iterators to take the place of loops in Ruby. For exanfiple, suc
kind of code is normally used to access each character of a string with a while loop:
str="abc”;
i=0;
while i<str.length do;
putc(str[i]);
puts “\n”;
i+=1;
end;
But with one of the string’s iteratorsach_byte ', the above code block can be simplified:
“abc”.each_byte{|c| putc(c);puts “\n"};
Here each character of the strirabt ” is substituted into the block’s local varialdeThe
output of this statement is the same as the previous block of code:
a
b
c

In the book “Ruby in a Nutshell”[6], the author wrote “ Methods mayaied with blocks
of code specified that will be called from within the method2TR It seems that the block is a
special kind of method that can be called inside a methodtlhgthkame name. The block has its
own character: first, variables are local to a block unless a variabléh&itname already exists.
This means that a block introduces its own scope for newvadables. Here is an example of
a closuré:
fact=proc{|n|
if n<=1
1;
else
fact.call(n-1)*n;
end;

M each_byte s an iterator, it passes each character in tiregsiv a given block.
5 We will introduce closures in 9.3.
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%

fact.call(8);
The program produces 40320 as the result, which is the factbr@llo this examplen is
defined inside the block definition and no such variable exisgdeutThe variable does not
persist beyond the block, and if the block is run multiple timesh @avocation gets its own
fresh copy. On the other hand, if a variable with that namadrexists, then the block refers
to the same variable, its value persists between the bloacations and after the last
invocation. For example,

max=0;

[7,3,19,4].each{]v| max=v if v>max};

puts max;
Here theeach iterator executes four times. In the emdix is 19. Outside the blockpax keeps
this value. This explains the sentence “The scope introduceddbyck can refer to local
variables of outer scope”[6]: a block can use the locahbbes that already exist. At the same
time, a method has its own local variables. A method stattsanéompletely clean state as far
as local variables are concerned; it cannot refer to any local variableddefitside.

i="hello”;

def putsi;

puts i;

end;

putsi;
This program has an error in ‘putsiindefined local variable or method ‘'
for main:Object (NameError) , implying that we cannot use the local variableside
the method.

Secondly, a block which takes parameters sucHadsc| , looks like a method
definition with formal parameters, but actually these aregssignments, where the right-hand
side is given at block invocation time. So the following two programs are the same:

procl=proc{|a,b,c| puts a,b,c};

procl.call("hello","to","you");
and

procl=proc{a,b,c="hello","to","you"; puts a,b,c};

procl.call;

They both produce:
hello

to

you
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9.1.1 Block definitions

Just like instance methods, blocks can be called on instafdhe class for which they are
defined. If a block is defined in the main section, the imptieiss iSObject and the methods
have to invoke this block fro@bject .

9.1.1.1 Syntax

+ Block definition:
m{| p1,...... , ph  statemen}
mis the name of the block, it should be the same as the name of tiadmehich invokes
the block.plto pnare the names of the arguments. $tagemenimakes up the body of the
block definition.

9.1.1.2 Projection

Blocks are added to a branch of the clabgct when the block is defined in the main section,
StackFrame.self points to thanain object and the block is added to bject class.

All blocks are stored i€.bk , whereC is the name of the class alokl is the field that points to
the object that holds all the blocks. The local variables obkhek are stored in thiglv field

of StackFrame .

Whenever a block is invoked, the program jumps to the label atistnl.” C:bk” in the
definition below. The jump before ##L" C:bk:skip” is necessary to prevent the program
from executing the block when it encounters the definition. Afteiping to invoke a block and
before executing the statements inside, the local variadnesinitialized with the block
arguments and theelf reference is updated. The focasgl to argn andself are
supported by thgield statement, which invokes the block.

© Y. (m{|pl,......,pn| statement

self=StackFrame.self;
+self==main{;cl=0Object;}{;cl=self;};
-cl/bk{;aux=new;cl.+bk=aux;};
blocks=c1.bk;

block=new;

blocks.+ m=block;
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block.+label:str=" C:bk™;
##L" C:bk:skip”;

L” C:bk”;

arguments=new;

arguments.+ pl=argl;...... ,arguments.+  preargn;
StackFrame.+blv=arguments;
StackFrame.+self=self;

Y ( statement

R;

L” C:bk:skip”

9.1.2 Invoking blocks

Invoking a block is calling a block with the same namehasassociated method and executes
the statements inside the block. When the block is not definda iolject’s class, the object’s
superclasses are searched up the class hierarchy until the search heg@hext class.

9.1.2.1 Syntax

« Ablock is invoked by &ield statement and the expressiexplto expnsupply the actual
arguments when being evaluated.
yield expl,...... , expn

9.1.2.2 Projection

StackFrame keeps track of the local variables in the block invocation. réh@ning goto
instruction is used to jump to the body of the block. When it enemsi@nR instruction, it
looks up theStackFrame for the label and jumps back to where the block is invoked. The
focusesargl toargn are assigned to the block arguments, which are pueilotal variables
when the program jumps to the block.

« First, all the expressions are evaluated to objects. Thenabmsearch-blocks executed.
If it does not find the block, the program terminates, othenttie block is focused hy,
which holds the jump labeh is the name of the method that invokes a block with the same
name.
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Y (yield expl,...... ,expn

@ (m);

x=result;

¢ (expd;argl=result;......; ¢ (expn;argn=result;

¢searcr’rblock ( m);

self=x;

result=nil;
label=block.label;
R##L[label]

The actual block namm is substituted in the macro. The block invocation is sertéo t
object in focu.

¢search—block ( m)=

cl=x.class;

(cl,bk,  m);

¢search—super

+found==false;!;method=res

This marco is defined in [9] to search the class hierarchyafanethod. Here we use

(x,s,) to search the class hierarchy for a blookfield s of clasx. If the class

¢search—super

x doesn’t have the field, then this class is skipped and the search continues with the
super , the superclass of class If the blocki is found, it is saved in focuges .
Otherwisefalse  in returned.

¢search—super( X,S,) =
loop=true;found=false;sp= x:
L"search: x: s i”
loop==true{;
+sp/ s;br=sp. s
+br/ i{;loop=false;found=true;res=br. i1}

+sp/super{;sp=sp.super;}{;loop=false;};
##L" search: x: s i";}
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9.1.3 lterators

The iteratorseach andcollect , introduced above, are both instance methods for arrays and
hashes. In order to simplify the problem, they are treated aséestaethods only for arrays in
the projection.

9.1.3.1 Syntax

The syntax of the two iterators:

+ ah.eacK |p1,...... , pn| statemeht

+ ah.collect{ |p1,...... , pn| statemeht
ah is the name of an array or a haghii. to pn are the names of the arguments. The
statemeninakes up the body of the block.

9.1.3.2 Projection

* The projection for these two iterators is similar tat e blocks. The difference is that a
block that is defined by the iterator doesn’'t have a namejesprbjection for a block’s
name is omitted anpl,...... , prare actual parameters alreadh denoted the name of the
array or the hash that invokes this iterator.

W oraror ( @N.€QCH |P1,...... , pn| statemeht=

result=new;

L” ah:each”;

-self/Tail{;
result=self.v;arguments=new;
arguments.+ pl=argl;...;arguments.+  pn=argn;
StackFrame.+blv=arguments;
StackFrame.+self=self;
Y (statement##l” aheach”;

W ierator ( @N.COlleC |p1,...... , pn| statemeh)=

result=new;result.+class=Array;
tail=new;tail.+Tail;result.+next=tail;
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temp=result;num=new;num.+v:int=0;

L" ahcollect”;

-self/Tail{;
aux=new;aux.+key:int=self.key;
aux.+v:int=self.v;aux.+next;
aux.next=talil,
result.next=aux;result=result.next;
self=self.next;
arguments=new;
arguments.+ pl=argl;...;arguments.+  pn=argn;
StackFrame.+blv=arguments;
StackFrame.+self=self;
Y (statement##l”  ahcollect”;

%

result=temp.next;temp.-next

9.1.4 Examples of the blocks
In this example we make use of a cl@sstomer . Two instances of this class are created.

cl=({"name”=>"George Black”, “id"=>*00001"});

c2=({"name”=>*John Lee”, “id"=>"00002"});

cl.each{|key, value| print key, " is ", value, "\n" h
c2.each{|key, value| print key, " is ", value, "\n" h

This program produces:
name is George Black
id is 00001
name is John Lee
id is 00002

Another example generates a listFibonacci numbers® from 0 to the max value passed
from the block.

'® The Fibonacci numbers satisfy the same recurresiaion F, = F_, + F, _, for n=3,4,..., with

F,=0F,=1
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def Upto(max);
i1,i2=0,1,;
while il<=max;
yield i1;
i1,i2=i2,i1+i2;
end;
end;
Upto(1000) {|f| puts f};

The output of this program is:

89

144
233
377
610
987

9.2 Closures

In Ruby, blocks can be objectified explicitly and these kindslatks are called closures if
these code blocks are wrapped along with local variable bisdidgpr example,
c=Proc.new{|x| x*2} . In this assignment, the blodkx| x*2} is objectified and
turned into a closure, as we will explain below.

Ruby’s closure is roc object. The objects of the claBsoc are chunks of code that are
bound to have a set of local variables. Once bound, the chunks of cdue caled in different
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contexts but still access the same local variables. Themlevirtables can be referred inside the
closure, but even after the function has returned and its doopke has been destroyed, these
local variables still exist as part of the closure abjébese local variables are shared with the
closure object and the method.

Before we talk about more features of closures, an importanhagstaethod of the class
Proc must be introducedtall . The instance methathll is to invoke the code block and
returns the value of the last expression that is evaluatbé icode block. It has a synonym.

In the last example, bothcall(5) andc[5] evaluate the closure and retd:® as the result.

In a conventional block, once something goes out of the scope ofottie hlis lost. But
closures keep the context as its original appearance. For example:

a=1;

c=Proc.new{|v| puts v};

c.call(a);

a=20;

c.call(a);
Here the firstc.call expression produces the output 1 while the second produces 20. This
shows that the closure keeps the context rather than the initial value of

9.2.1 Syntax

The syntax of RC7 is extended with closures, which are ttadslato the objects of class
Proc .

*+ Proc.new{ pl...... pn| statemen}
plto pnare the names of the arguments. $tatementnakes up the body of the closure.

9.2.2 Projection
+ The Proc class initialization should be done before the user progsaexécuted. The

projection function of the program is changed accordingly.
rc2ipl(ul;...... ;uk)=

¢init—c|asses' ¢init—methods' ¢init-integer' ¢init—string' ¢init—proc' ¢init—$tackFrame'

WY ain (UL); 0 Y i (UK)

* The Proc class has one instance method defined in R&V: ([] ).
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¢init— proc =

Proc=new;
Proc.+class=Class;Proc.+super=0bject;

¢im—begin(PrOCvca”);

label=x.label;
R##L[label];

¢im—end (Proc,call)

* Y (Proc.new {|p1,...... ,ph statement )=
result=new;result.+class=Proc;

result.+label:str=" C.c”’;
##L" C:.c:skip”;
L” C:.c™;
arguments=new;arguments.+ pl=argi;...... ;arguments.+ preargn;

StackFrame.+lv=arguments;
StackFrame.+self=self;

Y ( statement

R;

L” C:c:skip”

9.2.3 Example

This is a very simple example about a metheqgbat n , which multiplies the value of a local
variable with the parameter of the closure.

def repeat_n(n);

return Proc.new{|m| m*n};

end;

p3=repeat_n(3);

p4=repeat_n(4);

p3.call(5);

p4.call(p3.call(3));
The return values of the last two expressionsl&rand36.
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Chapter 10

The Implementation of Our Projections in

IPL

Up to Chapter 9, four new subsets, which are consecutive extens the former four subsets
defined in [9], have been presented starting with RC4+, RC5, RC&@midRC4+, RC5 and
RC6 extended the subset incrementally with features. In RC4+, ierg instance methods of
integers are extendeghonus(- ), greater than test>) andless than tedf<). RC5 extends RC4+
by adding two new types: Boolean and string. RC6 extends the previoudgiprojeith another
two important type constructors: arrays and hashes. RC7 add§ Rabys particular features:
blocks. In this section, only the projections of RC7 to program adgeds been presented. To
simplify matters, the programming work is left out.

In this chapter, we will explain how the projection functions iIdRCRC5 and RC6 are
used in the parser. Some parts of our programs (in Appendix B) withdr@ioned and
explained in this chapter.

10.1 Framework
The programming language used in our projections is the sanibeatanguage in the
implementation of Geerlings’ projections. We continue to userdiraework we designed in

Chapter 5 with some extensions.

First, the subset of Ruby is extended to RC6. The commands iedrethvat are used for
program execution are not changed.
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Input Language
RC1 to RC6

Ruby Programs

ruby <

v

output=17

Intermediate Projection

Language

PGLEcmrs with MSPeame

pglecmrs2pglecr <

PGLEcr with MSPea me

gensim —P PGLEcr —B MSPeame —I

r

—- 17

output

Figure 10.1Scheme

input > output

output

Secondly, the keyword table is extended with several new kegwiefined in RC4+

to RCS6.
Keywords Projection
- Monus
> GT
< LT
&& And
I Qr
1 ArrayDefinition
=> HashDefinition
& Intersection
+ Concatenation
{} Block

Table 9.1Keywords and their responding methods continued
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10.2 Implementation of the projections in IPL

10.2.1 Projections implemented in RC4+

RC4+ adds three instance methods of integamus(- ), greater than tes{>) andless than
test (<). Because integers in PGA are non-negative numbers, ouctirojés about monus
instead of minus, which means if the minuend is less than the sulstr&srreturned. And the

last two instance methods are used later in Boolean examples.

Monus expression:
exp0-expl

Using the @, o e Method, the Ruby instructionx-y  will be read character by

character until we find the keyword ™. And the two operands will be assignedstf

andargl . self keyword argl

X -y

According to the keyword table, the methdddhus” will be called. Then the projection
functions inside the braces will be applied.

{result=new;result.+class=Fixnum;result.+v:int;

result.v=self.v;
decr result.v argl.v;}

Greater Than expression:
exp0>expl

Using the@,c o e Method, the Ruby instructior>y  will be analyzed as below.

self keyword argl

X >y

In this example the keyword is>™ and the two operands will be assigneds&df and
argl . According to the keyword table, the metho@T* will be called. Then the
projection functions inside the braces will be applied.
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{i=self.v; j=argl.v;
+decr i j{;result=new;
result.+boolvalue=True;
result.+class=TrueClass;
H;result=new;
result.+boolvalue=False;
result.+class=TrueClass; };

* Less Than expression:
exp0<expl

Using the@, .o reeMethod. the Rubv instructiorsv  will be analyzed as below.
self keyword argl

In this example the keyword i™ and the two operands will be assigneds&df and
argl . According to the keyword table, the methodT" will be called. Then the
projection functions inside the braces will be applied.

{i=self.v; j=argl.v;
+decr j i{;result=new;
result.+boolvalue=True;
result.+class=TrueClass;
K; result=new;
result.+boolvalue=False;
result.+class=TrueClass;};

10.2.2 Projections implemented in RC5

RC5 add two basic types: Boolean and string. Ruby supports all the stBodérdn operators.
String is probably the largest Ruby class, with over 75 stdndathods. We won't go through
them all here. Instead, we'll look at some common idioms---thimgisare likely to pop up
during day-to-day programming.
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* And expression:
exp0&&expl

Using thed,c o e Method, the Ruby instructiotrue&&true  will be analyzed as

below.
self keyword  argl

true && true

In this example the keyword is&&'. According to the keyword table, the method
And(true,true) will be called and the two operands will be assignedet6 and
argl . The projection functions inside the braces will be applied.

{+self==true{;
result=new;result.+class;result.+boolvalue;
+argl==true{;
result.boolvalue=True;
result.class=TrueClass;
X
result.boolvalue=False;
result.class=FalseClass; };
h
+self==false{;
result=new;result.+class;result.+boolvalue;
result.boolvalue=False;result.class=FalseClass;

In this example, the first operand is true then it evatutite second operand, which is also
true. As a result, the final result will be true. If thestf operand is false, it won'’t evaluate
the second operand and the result will be false.

+  Or expression:
exp0||expl

Using thed, . oq- e Method, the Ruby instructiotrue|true will be analyzed as

below.
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self keyword  argl

true [l true

According to the keyword table, the methodtrue,true) will be called and the two

operands will be assigned self andargl . The projection functions inside the braces
will be applied.

{ +self==true{;
result=new;result.+class=TrueClass;result.+boolvalu e=True;};
+self==false{;
result=new;result.+class;result.+boolvalue;
+argl==true{;
result.boolvalue=True;
result.class=TrueClass;
K
result.boolvalue=False;
result.class=FalseClass; };

Here in this example, the first operand is true. Then it wordtuewe the second operand
and returns true. If the first operand is false, it willleate the second operand. If the
second operand is true it returns true, otherwise it returns false.

Not expression:
lexp0

Using thed,. o rerr Method, the Ruby instructiortrie  will be analyzed as below.

keyword  self

! true

According to the keyword table, the methddt(true) will be called and the operand
will be assigned tgelf . The projection functions inside the braces will be applied.

{+self==true{;

result=new;result.+class=FalseClass;result.+boolval ue=False;};
+self==false{;
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result=new;result.+class=TrueClass;result.+boolvalu e=True;}

In this example, the operand is true. It returns the opposite of its operand, which is false.

+ Equality test statement:
stringl==string2

Using the @, o0 e Method, the Ruby instructiorstringl==string2 will be

analyzed as below.
self  keyword argl

stringl == string2

In this example the keyword is£” and the two operands will be assignedsétf and
argl . According to the keyword table, the metHeglualtest  will be called. Then the
projection functions inside the braces will be applied.

{result=new;result.+class;result.+boolvalue;
+self.content==argl.contentf;
result.boolvalue=True;
result.class=TrueClass;
X;
result.boolvalue=False;
result.class=FalseClass};

+ Concatenation statement:
stringl+string2

Using the @. o0 e Method, the Ruby instructiorstringl+string2 will be

analyzed as below.
self  keyword argl

stringl == string2

In this example the keyword is+* and the two operands will be assigneds&f and
argl . According to the keyword table, the methGdncatenation will be called.
Then the projection functions inside the braces will be applied.
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{

result=new;result.+class=String;result.+content: str;
temp=new;temp+content:str=self.content;
append temp.content argl.content;

resuIt.content:temp.content;

10.2.3 Projections implemented in RC6

RC6 extends the previous projection with another two important typsrootors: arrays and
hashes. Ruby's arrays and hashes are indexed collections. Botltadecdons of objects,

accessible using a key. With arrays, the key is an integer, whereas $igghe&st any object as a
key. Both arrays and hashes provide several instance methodst reymat the projections of
index methods explained in Chapter 8 here.

+ Concatenation expression:
exp0+expl

Using thed,. .o e Method, the Ruby instructioarrayl+array?2 will be analyzed

as below. exp0 keyword  expl
arrayl + array?
According to the keyword table, the meth@dncatenation(arrayl,array?2) will

be called and the two operands will be assignedetb andargl . The projection
functions inside the braces will be applied.

Concatenation(arrayl,array2){
tail=new;tail.+Tail;result=new;result.+next=tail;
result.+class=Array;current=result;num=0;

L"Aconcatenation:1”;

-self/Tail{;
aux=new;aux.+key:int;aux.+v:int;aux.+next;
aux.key=self.key;aux.v=self.v;aux.next=tail;
result.next=aux;result=result.next;
self=self.next;incr num;##L"Aconcatenation:1”;
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L"Aconcatenation:2”;

-argl/Tail{;
aux=new;aux.+key:int;aux.+v:str;aux.+next;
aux.key=argl.key;incr aux.key
num;aux.v=argl.v;
aux.next=tail;result.next=aux;
result=result.next;
argl=argl.next;##L"Aconcatenation:2”;

%

result=current;

}

Intersection expression:
exp0&expl

Using the@,e o reer MEthOd, the Ruby instructioarrayl&array?2 will be analyzed

as below. exp0 keyword  expl
arrayl & array?
According to the keyword table, the metHatkrsection(arrayl,array?2) will be

called and the two operands will be assignedeld andargl . The projection functions
inside the braces will be applied.

Intersection(arrayl,array2){
tail=new;tail.+Tail;result=new;result.+class=Array;
result.+next=tail;current=result;

L"Aintersection:1”;
-self/Tail{;
L"Aintersection:2”;
-argl/Tail;
+self.v==argl.v{;
aux=new;aux.+key:int;
aux.+v:int;aux.+next;
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aux.key=self.key;
aux.v=self.v;aux.next=tail;
result.next=aux;
result=result.next;
self=self.next;argl=current;
##L"Aintersection:1”;
X

argl=argl.next;

##L"Aintersection:2”;

3
|3
self=self.next;##L"Aintersection:1";
h
result=current;
}

10.3 Easy and difficult aspects of this implementain

We have built up the construct of parser in Chapter 5. Sae@sy for us to use it as foundation
and do some extensions.

But at the same time, some new problems arise. For example, ith@onfusion of
keywords. In the former projection functions, there are a lotaskels having the same instance
methods such as integers, strings and array classes. All ofcthtain+ and== operations.
The keywords are limited in the keyword table, which meanthadenames are no longer
mapped one-to-one to the keywords. How can we distinguish the difiestabce methods
with the same keyword?

In our programs, we parse the first operand. If it is an émfeggen we go to the addition
methods defined in thiateger  object. If it is a string, then we call the concatenation methods
defined in thestring  object. Or else, we will call the concatenation methodme@fin the
array object.
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Chapter 11
Other Interesting Features in Our Project

In this project, we first gave the theoretical projection fiomst of a Ruby subset to PGA in the
IPL we defined, and then implemented these functions. In this cheptee interesting features
we found in the process of this implementation will be discussed. Téeseds have nothing to
do with the projection functions, but they helped us with the implementation.

11.1 Projection versus compilation

In the implementation of the projection, the parser starté w&itcompile instruction.
Compilation of the input Ruby program gives the molecule that mill-terminated list of
instructions connected byext fields. At the entrance of the list, an atom with thddfie
basic:str , which selects a basic Ruby instruction, will be evaluatedluation continues
with the next instruction in the list.

The Ruby instructions will be read two times. The first ting,eaplained in the last
paragraph, we transfer the Ruby instructions into a moleculesddmnd time we deal with the
instructions saved in the molecule list and this is the begirofitige parsing. In fact the first
time of reading the Ruby instructions is not a part of praactit leaves all the input Ruby
instructions untouched but separates them by semicolons. This taces the input Ruby
program, stored in a string, into a list of instructions. Ipbhdahe parser to dispose the Ruby
instructions more easily. For example, we can put a small Rubyapnogr a stringx.
Compilation ofx gives the molecule in Figure 11.1.

x="class Shape;
def initialize(a);
@e=a;
end,;
end;”;
compile x;
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"class MutablePair{Pair” "def initialize(a)"” "@e=a" "end”
basic:str basic:s basic:s
next next next basicistr "
e e e - e “end

next

Figure 11.1Compilation result ok
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11.2 Operations on strings

In MSP, five operations on strings have been defined. Theyirate , delfirst ,
append, int andstr . We introduced these operations in section 3.2.1. In our project, we can
define other operations on strings with the help of the existing basic instructions.

In Figure 11.1 we can see that after “compilation”, all theuirfRuby instructions are
stored in the fields namdahsic:str of the list of atoms in the molecule. We take the Ruby
instruction stored in the first atom of the Ii&Jass Shape”  as an example. This instruction
represents the beginning of a class definition in Ruby. It will pars¢ed into two parts later on.
The first part is the key wortClass” used to call thenethod definitiormethod. The second
part is the name of the clasSHape”. It is a parameter that will be transferred to thethod
definition method. In the projection functions defined in [9], we use an atom ifo¢hs of the
class name to represent the class. We will create amiatfibcusShape in this example. Here
comes the problem. Till nowShape” is a string in a value field of an atom, how can we turn
this string to the name of an atom?

There are various ways to solve this problem. For examglean define a new operation
on strings as a supplement to the current basic instruction set. We istimante .
strname extfocusl extfocus2

Here extfocusl is a string. This instruction uses the string value safediy
extfocusl to nameextfocus2 . If extfocus2 is an existing atom, then it is placed in the
focus of the string value selected éxtfocusl . If it does not exist, a new atom is created in
the focus of the string value selectedexgfocsl . If it is a field selection, then the field is
named by the string value selectedelxyfocusl . Otherwisefalse is returned.

Alternatively, we can define a method and use this method to ulveroblem. We
prefer this solution because the IPL we defined in this pragestitable to write such a method
and we don't need to extend PGA and the PGA Toolset. The careciim we use here is
eval , which compiles a string into a molecule and evaluateshiadtbeen explained in section
3.2.2.

11.2.1 String-to-New-Atom

In this section, we define a methetta to use a string as the focus name of an atom. It is
mainly used in the projection of the class definitions.
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stra(s1,s2){;
append s2 s1;
append sl "=new;";
append sl s2;
eval s1;

Let's use an example to show what this method does.
strl="MutablePair";

str2="C=",

stra(strl,str2);

stra(s1,s2){;
append s2 s1;
append s1 "=new;";
append sl s2;
eval s1;
2
We define two stringsstrl andstr2 in the first two instructions. Then we call methods
stra with strl andstr2 .strl andstr2 are transferred into the method and accepted by
sl ands2.

s1

p "MutablePair"

52

- no=n

Then we append the string selectedsbyto the end of the string selectedds.
52

p- "C= MutablePair"

In the following step, we append the strirgew;” to the end of the string selectedddy.
51

e
Ll

"MutablePair=new;"

Then, we append the string selected®yto the end of the string selectedddy.
=1

™
| il

"MutablePair=new; (= MutablePair"

At last, theeval instruction complies the string selectedddy into a molecule and evaluates
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the instructions stored in this string. In other words, thencana inside the double quotes
selected byl is executed in PGA. The execution result is depicted in Figure 11.2.

FMutaklePair
C *»
basic:str "MutabklePair=neuw"
t basic:str
¥ nex - astc:s ;p C=MutabklePair
next
str2 e
e "C= I}
stril

e “"MutablePair™

Figure 11.2Result of the String-to-New-Atom example
11.2.2 String-to-Existing-Atom
In some other cases, we want to place an existing atom iro¢he 6f a string. Here a new

method is defined to implement this. It is mainly used in gbarch-instance-methodnd
search-supermacros defined in [9].

stre(s1,s2){;
append s2 s1;
eval s2;

¥

For example, there is a class definition that begimth this instruction:class
MutablePair<Pair . ThePair class, which is the superclass of MetablePair  class,
must already exist in the molecule when definirgysubclass. Thus, when we create the
class MutablePair , we should first find its superclass in the class hierarosyead of
generating a new class object. Here is the PGA program for this example.

strl="Pair";

str2="H=",
stre(strl,str2);
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stre(s1,s2){;
append s2 s1;
eval s2;

|3

Here we first define two stringsirl andstr2 . Then we call the methostre  with
two parametersl ands2, which are used to accept two strings.

51

»  "Pair"

52

J- ITH="

We append the string selectedddyto the end of the string selectedd®y.
52

P

- II].[= Pairll

At last, theeval instruction compiles the string selectedd®y into a molecule and evaluates
the instruction selected by this string. In other words, the @mdnnside the double quotes
selected bg2 is executed in PGA. The execution result is depicted in Figure 11.3.

basic:strh “H=Pair"
next

str2 . “H=
stril » “Pair’
Pair

H

Figure 11.3Result of evaluation
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11.2.3 String-to-Field

All the instance methods are placed in the fi@lan , whereC is the class name ama is its
field pointing to the object that holds all its instance methods. We need a metbad tiansfer
a string to a field name. It is mainly used in the projection of the method definition.

strf(s1,s2,s3);
append s2 s3;
append s2 "=";
append s2 s1;
append sl "=new;";
eval s1;
eval s2;

This is a part of the projection function of the method definition in [9].
methods=cl.im;

method=new;
methods.+first;
methods.first=method;

In our implementation, this part of code is changed.
str="first™;

methods=cl.im;

strf(*method”,”"methods.+",str);

strf(s1,s2,s3);
append s2 s3;
append s2 “=";
append s2 s1;
append sl “=new”;

eval s1;

eval s2;

¥
In this part of the program, we define one strisig: in the first instruction, which is used to
store the method naniérst” . Then we call the methostrf ~ with two string constants
“method” and"methods.+” and one string variablstr as the parameters. They are
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transferred into the method and acceptedbys2 ands3.

=1

p "method"
s2

b "methods. +"
=23

p FLlrst”

Then we append the string selected 43y to the end of the string selected b%. This

instruction do the real method definition, which adds a new fiefast” to
the’methods.+”  branch.
=52

I

P "methods.+ Flrst™

In the following step, we append the string to the end of the string selecteddy.
=2

-

P '"methods.+ flret =

Then we append the string selectedbyto the end of the string selectedd.
=2

T

» '"method=. + Flrst = method"

Further more, we append the strirmew” to the end of the string selectedddy.
=1

p "method = new

s2

.

P '"methods. + Flyst = method"

The instructions stored in the string selectedbycreate a new atom and assign itrtethod .
The instructions inside the double quotes selectexPbgdd a fieldfirst  to the atom in focus
methods , and assigning it the atom in focoeethod . At last, theeval instruction compiles
the string selected bgl and the string selected 32 into molecules and evaluates the
instructions selected by these two strings. In other words, the coninséhelthe double quotes
selected by s1 and s2 are executed in PGA. The execution result is depicted in Figure 11.4.
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basic:str
e “methods, +second=method™

next

basic:str

= “methods.,+first=method"
next

str2 " "
» “"second
tri .
bl » “First”
first
cl im

second

methods

Figure 11.4Result of evaluation
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Chapter 12
Conclusion

In this thesis, a projection of a Ruby subset to PGA has bdescribed as a follow-up of
Geerlings’ work [9]. The whole projection focuses on Ruby’s é@@structors and data types. It
can be regarded as a theoretical compiler of this Ruby subset. The projecdiesigned using 8
Ruby subsets: RC1 to RC7, including RC4+. Each former subdwst isasis of the latter one
(i.e., RC2 includes RC1, RC3 includes RC2 and so on). RC1 to R@éfared in [9] while the
other four subsets, RC4+ to RC7 are the extensions introduced in this thesis:

+ RC4+ extends RC4 with several integer instance methods.

+ RC5 adds two new data types: Boolean and string.

* RC6 adds arrays and hashes.

+ RC7 adds blocks, iterators, objectified blocks—closures and continuations.

The projection is defined in an intermediate projection langlg).): a combination of the
primitive instruction set PGLEcmrs and the basic instomctset MSPeame. Both these
instruction sets are extensions of PGA that we implementdteiRGA Toolset. The definition
and the implementation of these extensions are described in this thesis.

We have also described how to implement the projection dRtiy subsets to PGA with
the IPL we defined. The projection functions defined indB3 implemented as the first step.
The structure of this implementation is built up in thipstin the second step, the projection
functions defined in this thesis are implemented. With this imeigation, an 1/0 equivalent
PGA program can be generated from a program in the Ruby subsets we described.

Before starting this project, we did some literature stimbuding Geerlings’ master thesis
[9], some Ruby books [3][6], some papers about PGA [4][5][7][8] andesaievant websites
[1][2][10][12][14]. This helped us to decide the topic of our propadl organize this thesis. We
also studied a programming language Perl [11][13] because itimpiementation language of
the PGA Toolset.
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When choosing the features of Ruby to project, we faced somdesolRuby is a so
interesting language that it has many attractive featuneh, &s blocks and regular expressions.
At the same time, we wanted to make our work practical, so we had to narrow downutes fea
of Ruby we worked with. After discussion with our supervisors,decided to start with the
basic elements: data types. Later on, we gave the projeatiotidns of Ruby’s blocks and the
objectified blocks.

Another problem on which we spent quite some time is the extensi®GAfand the
implementation in the PGA Toolset. Obviously, there are vagatensions we can work with
to implement the projections of the Ruby subset to PGA. At Vestworked with the string
labels and some operations on the integers because theyaetiegh and sufficient for our
project, as well as not too complex.

Doing this project as a follow-up of another master's projeat, focused on the
methodology described in the latter work [9]. Both [9] and our work ghatvPGA is not less
expressive than some higher level OO programming languagesianqmbgsible to use PGA to
model the core of such languages as well as help us to understand those languages.
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Appendix A

Fluids of the Projection Examples’ Execution Results

There are seven fluids discussed in this appendintialization.gif, RCL1.gif,
Integerplus.gif, Boolean.gif, String.gif, Array.giind Hash.gif. They are the execution
results of the projection examples in this theBexause they are too large to put in the
document, we provide these .gif files via the inétr

+ Initialization.gif
This fluid’'s corresponding Ruby program can be found in section 5.BoWssthe initial
program state, including the clasgeiject , Class , Integer , Fixnum , TrueClass
FalseClass and NilClass , as well as their instance methods. Because this
initialization is done before we worked with RC4+ to RC7, the eEBsolean , String
Array andHash are not included.
Initialization.gif is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixA/lhietion.gif

RC1.gif

This fluid’s corresponding Ruby program can be found in sectidri 5t shows the final
state of running RC1's sample program in the PGA Toolsetr@dt of this sample input
Ruby program, which is the atom in foagsult can be found in this fluid.

RC1.gif is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixA/RC1.gif

+ Integerplus.gif
This fluid's corresponding Ruby program can be found in sectionltéshows the final
state of executing the example for RC4+, which extends RC4 with swtance methods.
These new instance methods can be found imthigeld of the atom in focuBixnum . The
atom in focugesult  shows the execution result of this program.
Integerplus.gif is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixA/Integerplis.qgi

Boolean.gif
This fluid’s corresponding Ruby program can be found in sectionlt7shows the final
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state of executing the example for Booleans. The atom in foesuidt  shows the
execution result of this program.

Boolean.gif is available from:

http://www.idealworld.hostrocket.com/Thesis/draft/ AppendixA/Bonlgi

String.gif

This fluid’s corresponding Ruby program can be found in sectionlt7shows the final
state of executing the example for strings. The atom in fezudt  shows the execution
result of this program. This atom has a string field: “Makuse of Ruby from Suresh
Mahadevan”.

String.gif is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixA/Stigrfg

Array.gif

This fluid's corresponding Ruby program can be found in sectionlt8shows the final
state of executing the example for arrays. The atom in fiesudt shows the execution
result of this program.

Array.gif is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixA/Array.qgif

Hash.gif

This fluid's corresponding Ruby program can be found in sectionlt8shows the final
state of executing the example for hashes. The atom in keggs andvalues show the
execution result of this program.

Hash.qif is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixA/Hash.gif
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Appendix B
Implementation Programs for the Projection of the

Ruby Subset to PGA

In this appendix, 6 example programs are given. The core pargkinuggse programs or
modules are explained in Chapter 5 and Chapter 10. A detail explanation of the programs using
array examples is also given in this appendix.

* recursion
This example shows the projection of an entire RC1 program to a PGA progcamiains
all constructs and instance methods in RC1. A recursive methocdeds imsthe input
program, which allows multilayert&kFramefor every method call. The input program is
based on the primitive instruction set PGLEcmrs with basstruction set MSPeame.
Before the input program is executed in the Toolset, it shoulfirgieprojected to the
PGLEcr program that is executable in program algebra.
We use the command:
pglecmrs2pglecr <recursion> output
The result of executing can be seen in a fluid generated by such a command:
gensim —P PGLEcr —-B MSPeame —v —I output
It is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixB/recursion

* integer
This example shows the projection of an RC4 program to a PGA progiraontains alll
the constructs and instance methodmiager class. The input program is based on the
primitive instruction set PGLEcmrs with basic instruction BSPeame. Before the
execution of the input program in the Toolset, it should bé pirsjected to the PGLEcr
program that is executable in program algebra.
We use the command:
pglecmrs2pglecr <integer> output
The result of executing can be seen in a fluid generated by such a command:
gensim —P PGLEcr -B MSPeame —v —| output
It is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixB/integer
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Boolean

This is an example of the basic type: Boolean in RC5. It oentall constructs and
instance methods iBoolean class and shows the projection of an RC5 program to a
PGA program. Two instance methodsand< of integer class in RC4+ are also used in
the example. The input program is based on the primitiveutigin set PGLEcmrs with
basic instruction set MSPeame. Before the execution of phe gmogram in the Toolset, it
should be first projected to the PGLEcr program that is executable in progranaalgebr
We use the command:

pglecmrs2pglecr <Boolean> output

The result of executing can be seen in a fluid generated by such a command:

gensim —P PGLEcr -B MSPeame —v —| output

It is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixB/Boolean

string

This is an example of the basic type: string in RC5. It destall constructs and instance
methods irString  class and shows the projection of an RC5 program to a PGA program.
The input program is based on the primitive instruction seLHe@irs with basic
instruction set MSPeame. Before the execution of the input prograire Toolset, it
should be first projected to the PGLEcr program that is executable in progranaalgebr
We use the command:

pglecmrs2pglecr <string> output

The result of executing can be seen in a fluid generated by such a command:

gensim —P PGLEcr -B MSPeame —v —| output

It is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixB/string

array

This is an example of the basic type: array in RC6. Itaipstall constructs and instance
methods inarray class and shows the projection of an RC6 program to a PGAaprog
The input program is based on the primitive instruction seLHe@irs with basic
instruction set MSPeame. Before the execution of the input prograire Toolset, it
should be first projected to the PGLEcr program that is executable in progranaalgebr
We use the command:

pglecmrs2pglecr <array> output

The result of executing can be seen in a fluid generated by such a command:

gensim —P PGLEcr -B MSPeame —v —| output
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It is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixB/array

hash

This is an example of the basic type: hash in RC6. It conédlicenstructs and instance
methods inhash class and shows the projection of an RC6 program to a PGAapmogr
The input program is based on the primitive instruction seLHe@rs with basic
instruction set MSPeame. Before the execution of the input prograire Toolset, it
should be first projected to the PGLEcr program that is executable in progranaalgebr
We use the command:

pglecmrs2pglecr <hash> output

The result of executing can be seen in a fluid generated by such a command:

gensim —P PGLEcr -B MSPeame —v —| output

It is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixB/hash

Explanation.pdf

This explanation of programs and models is based on the examgieaygs. It describes
the parser programs and other interesting features of our implementation parts.by pa
It is available from:

http://www.idealworld.hostrocket.com/Thesis/draft/ AppendixB/Explanation.pdf
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Appendix C
Programs and Modules for Implementing the PGA

Toolset Extensions

In this appendix, the Perl-programs and Perl-modules that extenBGA Toolset with the
extensions we discussed in Chapter 3 are referred to. The axbiefpts in these programs or
modules are explained in Chapter 4.

+ PGLEcmrs.pm
This Perl-module is used to parse an input PGA program iprih@tive instruction set
PGLEcmrs. Because this primitive instruction set is necetable in the PGA Toolset, we
first project it to PGLEcrs or PGLEcr by running the Redgram pglecmrs2pglecrs or
pglecmrs2pglecr.
PGLEcmrs.pm is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixC/PGLEcmrs.pm

+ PGLEcrs.pm
This Perl-module is used to parse and execute an input PGAaprdgrthe primitive
instruction set PGLEcrs. The result of executing a PGLE@gram can be seen in a fluid
generated by such a command:
gensim —L /PATH —P PGLEcrs —B MSP —v —| filename
-L is the option to load a module. Substitute the path where this mcatulbe found for
/PATH. If this module is in the current directory, theAL can be omitted.
PGLEcrs.pm is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/ AppendixC/PGkHxn

pglecmrs2pglecrs

This Perl-program is used to project a program in PGLEcmrs to one in PGLEcrstugibst
the path in the second line of this program with the installation location of the PGA&fTools
such asuse lib '/home/sylviahe/pga-1.1';

To run this program:

pglecmrs2pglecrs < input > output

pglecmrs2pglecrs is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/pglecmrs2pglecrs
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pglecrs2pglecr

This Perl-program is used to project a program in PGLEcrs to one in PGLEcr. 8alibit
path in the second line of this program with the installation location of the PGA Toolset
such asuse lib '/home/sylviahe/pga-1.1';

To run this program:

pglecrs2pglecr < input > output

This program together with the previous one can be used as a filter in a compositand
like:

pglecmrs2pglecrs < input | pglecrs2pglecr > output

pglecmrs2pglecrs is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixC/pglecrs2pglec

pglecmrs2pglecr

This Perl-program is used to project a program in PGLEcmrs directly to one BBdPGL
Substitute the path in the second line of this program with the installation location of the
PGA Toolset, such asse lib '/home/sylviahe/pga-1.1";

To run this program:

pglecmrs2pglecr < input > output

pglecmrs2pglecr is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixC/pglecmrs2pgle

MSPeame.pm

This Perl-module is used to parse an input PGA program in the inagruction set of
MSPeame and output the execution result from another Perl-module ii&ga.om. It is

an extension of MSPea.

It can be used in a command like this:

gensim —P PGLEcr —L /PATH —B MSPeame —v —| filename

-L is the option to load a module. Substitute the path where this module can be found for
[PATH. If this module is in the current directory, theln can be omitted.

MSPeame.pm is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/AppendixC/MSPeame.pm

MSPeamecore.pm

This Perl-module is used to execute the MSPeame instructions. The results ayerse
Perl-module MSPeame.pm and outputted by that module.

MSPeamecore.pm is available from:
http://www.idealworld.hostrocket.com/Thesis/draft/ AppendixC/MSPeamecore.pm

138



