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1 Introduction

This manual describes a new programming language called Bantam Java and an infrastructure from
which a student can build a Bantam Java compiler. The Bantam Java language and compiler are
designed specifically for the classroom (i.e., a compilers course). As the name suggests, Bantam
Java contains a subset of the Java programming language, which is the language used in many
computer science programs. As such, Bantam Java will seem familiar to most students. The
compiler infrastructure, as well as the language, are designed so that an undergraduate student can
complete the compiler in a one semester course.

Before describing the Bantam Java language and compiler, this manual motivates compiler
construction for an undergraduate computer science student, which, unfortunately, some computer
science programs have removed from their curriculum. There are many benefits in having an under-
graduate student construct a compiler. First, constructing a compiler requires a deep understanding
of the source programming language, the target machine, and everything in between. Very few as-
pects of computer programming seem like magic to a student after successfully implementing a
compiler.

A compiler also makes for a challenging software engineering project. Modern compilers are
incredibly complex. To deal with this complexity, most compilers make use of modular design,
well-organized layers of abstraction, and design patterns such as the visitor pattern [13]. Imple-
menting a compiler gives students experience applying all of these techniques. It also provides
students with an opportunity to take part in designing a large software infrastructure.

A compiler is also a wonderful application of many concepts from other areas of computer
science including programming languages, computational theory, data structures, algorithms, and
complexity analysis. For instance, a compiler relies on finite automata and context-free grammars
(usually covered in a computational theory course) for performing lexical and syntactic analysis.
Building a compiler helps students appreciate the importance of these topics via their application
in a practical context. In addition, a compilers course can help strengthen the understanding of
those students who may have had some initial trouble with these often challenging concepts.

For all of these reasons, incorporating compiler construction into an undergraduate computer
science curriculum is important. Unfortunately, there are very few compilers that are suitable for
an undergraduate course project. Commercial compilers are too complex to be undertaken in a

one semester course. At the other extreme, there are a number of programming languages and



compilers [4, 21], which do not include some of the important features of modern languages such
as objects and inheritance. Although these languages and compilers abstract aspects of real pro-
gramming languages, they appear toy-like (and possibly irrelevant) to students. The challenge is
building a compiler infrastructure, which has most of the important features of modern program-
ming languages, but which can be designed and implemented in a one semester course.

This manual presents a new programming language, Bantam Java, and a compiler infrastructure
that are designed specifically for use in the classroom. The toolset will run on any Linux/x86
machine. Bantam Java (or Bantam for short) is a small subset of the Java language, making it
reasonable to implement a compiler for it in a one semester course. (Bantam is a city in the north
of the Indonesian island of Java and connotes smallness.) Although small, Bantam is sufficiently
practical that it can easily be used to write any text-based application. The same cannot be said for
many languages compiled by instructional compilers.

Bantam also has several other virtues that make it well-suited for an undergraduate compiler
course. First and foremost, the project uses a language similar to Java, which is commonly used
in introductory programming courses. This approach leverages the student’s existing intuitions
developed in earlier programming courses. The instructor also does not have to argue the relevance
of the compiled language; the student instantly believes that the language is relevant and that the
leap to a commercial compiler is in their grasp. Moreover, the insights that the student develops in
constructing the compiler can be applied directly to Java.

A second virtue of this project is that several aspects of the project are customizable. For in-
stance, this project supports several tools (e.g., lexer and parser generators) and target architectures
(e.g., MIPS, x86, JVM). This project also allows instructors to choose between a base language
with a small set of core features or an extended language. In addition, the components of the
project can be easily swapped in and out so that an instructor could, for example, choose to skip
lexing and parsing and instead have students implement a garbage collector. The project is also
easily extended if an instructor wanted to add additional language features or targets.

A third virtue of this project is that it includes a free, comprehensive student manual (the
document you are reading), which can be used in conjunction with any traditional compiler text-
book [2, 122,18, [19].



1.1 Project Goals

We had five goals in mind when designing the Bantam language and compiler.

Well-known language. Our first goal was to design a language that was a subset of Java, since Java
is often used in introductory programming courses. We wanted to leverage the student’s experience
in earlier programming courses. The student spends less time learning the syntax and semantics of
the language, and more time focusing on the implementation of the language, perhaps relearning
some advanced language features, which they did not fully grasp the first time around. The student
can also apply what they learn directly to Java. Finally, by using a Java-like language, the project

as a whole is more compelling to the student.

Carefully-selected features. Of course, we could not include all or even most of the Java fea-
tures in our language. Building a compiler for such a language would require more than a single
semester. Our second goal was to select an appropriate subset of Java so that the project retained
the character of Java yet resulted in a project that can be realized in a semester-long course.

We chose to emphasize object-oriented programming in our language leaving out such features
as static methods and variables, interfaces, abstract classes, nested classes, packages, exceptions,
arrays (at least in the base Bantam Java language), and most primitives (besides int and boolean).
While some of these features add significant intellectual content to the compiler implementation,
they all require a significant amount of time to implement.

For more advanced compiler courses, we provide an extended Bantam language and compiler
infrastructure, which includes all of the features of the base project plus some additional useful
features. In particular, the extended language includes (single-dimensional) arrays and some lan-
guage constructs, which are not strictly required but are convenient such as for loops and break

statements.

Well-engineered infrastructure. Our third goal was to build a well-engineered compiler infras-
tructure. We wanted instructors and students to be able to easily extend our infrastructure. By
carefully designing our infrastructure, students can also complete more sophisticated assignments
in less time. The compiler project also serves as an example of quality software engineering for

students.

Comprehensive documentation. Our fourth goal was to provide a comprehensive, free manual

(the document you are reading) describing all aspects of the project. This manual will work well



in tandem with any traditional compiler textbook [2} 22| |8} [19]].

Customizable project. Our fifth and final goal was to give instructors the flexibility to tailor the
project to their own classroom needs. For instance, instructors can choose between a base source
language with a small set of core features or an extended language with some additional useful
features. The base language includes many object-oriented features of Java, but in order to ensure
that the project is doable in a one semester course, it does not include arrays as well as some
useful language constructs (e.g., for loops). In particular, the following features were added to the

extended language:

e Single-dimensional arrays

For loops

Unlabeled break statements

++ and -- increment/decrement operators (prefix and postfix)
Arbitrary placement of return statements

In addition, there are two other ways that instructors can customize this project. First, in-
structors can choose between two sets of popular lexer and parser generators. Our infrastructure
supports using either the JLex scanner generator [7]] and the Java Cup parser generator (an LALR
parser generator) [14], or the JavaCC scanner and parser generator (an LL(k) parser generator) [6]].

There are also two installation packages to choose from: one that uses the make utility and
another that uses the Apache ant tool. The make installation package is intended for a *nix system.
The ant installation package will potentially install on any machine with pre-installed versions of
Java and ant. In fact, this package has been installed on a Windows XP machine.

There are some optional assignments, which instructors can choose to incorporate into their
courses. In one assignment, students build an optimizer for their compiler. In a second, students
build a Bantam Java interpreter. In the future, we will add other optional projects such as a project
in garbage collection.

Finally, the infrastructure supports three target machines: MIPS, x86, and the Java Virtual
Machine (JVM). The MIPS target uses the SPIM emulator [[15], which can be downloaded and
installed on any x86 machine. The x86 target is a native target. It will work on any 32-bit, Intel
x86 machine running the Linux operating system (although other x86 processors and Unix-based
operating systems may work). The JVM target generates textual Java bytecode (or Java assembly

code), which can be assembled into class files via the open source Jasmin Java assembler [18|,



17]. In addition to these three targets, there is also a fourth target available to instructors only.
Instructors can email the first author to obtain a version of the compiler targeting the educational
architecture Larc [10, 9], which can be as a resource in an introductory computer architecture

course.

Summary. We made the Bantam language a subset of an existing, ubiquitous programming lan-
guage, Java, so that students would already be familiar with it, understand the relevance of the
course projects, and be able to apply existing intuitions. Because the Bantam compiler had to be
fairly simple, we could only choose a small subset of the Java features to include in Bantam. We
chose to include those features that emphasize object-oriented programming. We use many tools
from software engineering to make our infrastructure easy to understand and extend. We have
written a comprehensive manual (this manual), which can be used in concert with a traditional
compiler textbook [2, 22| 8, [19]. Finally, this project has some customizable components (lan-
guage features, lexer/parser generator, target machine) that allow the instructor to tailor the project

to their own classroom needs.

1.2 Resources
There are several resources for helping both students and instructors install and work with this

toolset. They are all freely available online at http://www.bantamjava.com. These include:

e Student manual. A comprehensive student manual (this manual), which documents all

aspects of the Bantam Java compiler project (a PDF document).

e SIGCSE paper. A condensed description of this work (a PDF document) published in
SIGCSE 2008 [11]. The slides from the SIGCSE talk are also available (a PDF or Power-

Point document).

e Bulletin board. An online bulletin board for submitting questions, comments, and requests.

e Compiler API. The application programming interface (API) of the compiler generated

from comments in the source code using the javadoc utility.



In addition, instructors (and instructors only) can obtain solution code for the project as well
as a version of the compiler targeting the educational architecture Larc [10, 9] by emailing the first

author of this manual.

1.3 About This Manual

This manual along with the corresponding toolset provide support code and documentation for
course projects in a compilers course. This manual should be supplemented with a traditional
compiler textbook [2, 22, 8, [19]]. For example, this manual does not discuss the theory of lexing
and parsing, nor does it discuss the compiler issues that arise when compiling languages besides
Bantam. It also assumes that the student is following the design template laid out in the subsequent
sections. It will offer limited help for those following a different design recipe.

In addition, this compiler project and this manual are intended for students who already know
some Java. It does not teach programming or programming in object-oriented languages, although
it does discuss some of the concepts when describing the Bantam Java language. Students should
be familiar with Java or at the very least familiar with a similar object-oriented language (e.g., C++,
C#). For those students who are less familiar with Java, they may need to consult a Java reference
book [5], while reading this manual.

There are two versions of this lab manual: one that uses the Bantam Java base language and one
that uses the Bantam Java extended language (which includes additional features such as arrays).
You are reading the base language version. If you would like the extended language version, it is
available online at http.//www.bantamjava.com. There are also two versions of the toolset: a base
version and an extended version. You should use the same version of the toolset as the manual.

Either version of the toolset can be downloaded at http.//www.bantamjava.com.

1.4 Related Work

The Bantam project is not the first classroom compiler project, but it does have some advantages
over its predecessors. There are a number of compiler projects [4, 21], which do not use object-
oriented source languages. The major drawback with these projects is that the dominant program-
ming paradigm today is object-oriented programming. Most of the recent successful commercial

languages are object-oriented (e.g., Java, C#, C++, Python).



The COOL (Classroom Object-Oriented Language) project by Alex Aikens [3] is one example
of an object-oriented educational compiler project. This project uses a source language called
COOL, a simple object-oriented language, which the authors are able to formally prove is type safe.
While this project is appealing for a compiler course that emphasizes type theory, the language
itself is syntactically and semantically different from any other language that students are familiar
with. Students must spend significant time learning the COOL language before beginning the
compiler project. Students may also have difficulty applying what they have learned to practical
languages like Java.

The MiniJava project [22] is another educational, Java-based compiler project. The MiniJava
project is integrated into a particular compiler textbook [22], reducing the project management
for the instructor, but this tight integration makes the project an impractical option for instructors
wishing to employ a different text. In addition, the object-oriented aspects of the project appear
in the “Advanced Topics” section of the text, relegating object-orientation to an optional add-on.
Finally, the publisher-provided instructor code is incomplete. The Bantam Java project can be
used with any textbook, object-orientation is fundamental, a complete implementation is available
to instructors, and it has a complete and clear student manual.

Although Bantam Java is significantly different from Cool and MiniJava, and has the virtues
discussed above, many ideas were borrowed from both projects. First, the context-free grammar
for Bantam Java is specified in a similar syntax to the Cool context-free grammar [3]]. The encoding
of objects, object construction, and parts of the runtime system also work in a similar way as in

Cool [3]]. The Bantam Java compiler makes use of the visitor design pattern as in MiniJava [22].

1.5 Outline

The remainder of this manual is organized as follows. Section [2]describes the Bantam Java toolset
and provides instructions for installing the toolset. Section (3| describes in detail the Bantam Java
language. Section [] describes the (incomplete) Bantam Java compiler (minus the optimization
component), which students will complete in course projects. Section [5] describes the Bantam
Java runtime system, which will be used by the generated code. Section [6] describes the (incom-
plete) optimization component in the Bantam Java component, which students can complete in an
optional course project. Section contain the core project assignments and descriptions for

building the lexer, parser, semantic analyzer, and code generator. Section [ITHI2] contains some



optional project assignments. Section |1 1| contains a project assignment for building an optimizer.

Section[I2] contains a project assignment for building a Bantam Java interpreter.



2 Bantam Java Toolset

This section gives an overview of the Bantam Java toolset as well as instructions for installing and
running the compiler. The toolset can be built using either the Unix make utility or the Apache ant
tool. The next two subsections describe how to install the toolset using make and ant, respectively.
You can safely skip the subsection corresponding to the building tool that you are not using. How-
ever, even if your toolset is already pre-installed, you should still read (or at least skim) one of these
subsections, as well as the following subsections, as they describe how the project infrastructure is

layed out and how to run the Bantam Java compiler.

2.1 Overview and Installation Instructions using Make

The Bantam Java toolset will compile and should run on any linux/x86 machine, although it is
primarily tested on an Intel 32-bit x86 machine running Suse, Red Hat, and Ubuntu Linux. It also
may run on other *nix platforms and other architectures. It is available as a compressed tarball
(bantamjava.tar.gz) at the website: http://www.bantamjava.com/. Note: there are two versions of
the toolset: one for building a compiler for the base Bantam Java language and one for building
a compiler for the extended language. Make sure that you have downloaded the correct toolset.
The version of the toolset that you use should be the same as the version of this manual (you are
reading the base version).

Once you have downloaded the tarball, move it to the appropriate location. To uncompress and
untar the tarball, use the following:

bash$ tar xvfz bantamjava.tar.gz

This command will create a new directory, bantamjava/ (the root directory), in the current
location. The bantamjava/ directory contains the following files and directories (note: directories
end with ‘/, files do not):

README Makefile api/ bin/ lib/ man/ src/ tests/  tools/

Each of these files and directories are described below (although not in order).

README. The README file provides installation documentation as described in this chapter. It

also indicates which version of the toolset you have downloaded (base or extended).

bin. The bin/ directory contains executable files for running the compiler and other auxiliary tools.

This directory is initially empty. Executable files are automatically added to bin/ when the toolset



is built.

lib. The lib/ directory contains library files needed for building the compiler and also running
auxiliary tools (e.g., Spim). This directory is initially empty. Library files and directories are

automatically added when the toolset is built.

man. The man/ directory contains man pages for the Bantam compiler as well as some of the
auxiliary tools (e.g., Spim), although the man pages for the auxiliary tools are added only after the

toolset is built.

Makefile. The Makefile will compile and install all of the components of the toolset. There are
basically five parts of the toolset: the Javadoc web documentation describing the Java class files
of the compiler (api/), the source files for the (incomplete) compiler (src/), the bantam test pro-
grams for debugging the compiler (tests/), and various tools used by the compiler (tools/). These
components are described in more detail below.

To use the Makefile, you will need to edit one line of the Makefile. The definition of the variable
PROJPATH (near the top of the Makefile) will probably be incorrect. Set this variable to the path of
the installation directory. You may also want to edit a line just below the definition of PROJPATH
that sets whether the compiler will be installed using the JLex and Java Cup lexer and parser
generators or the JavaCC lexer and parser generator. The variable VERSION indicates which version
will be installed. If it is set to “bantam” then JLex/Java Cup is used (the default), if it set to
“bantam-jj” then JavaCC is used.

To make the entire toolset, type either “make” or “make all” in the root directory. You can also
make an individual component as discussed below. To uninstall the toolset, type “make clean” in
the root directory or in any of the subdirectories, which contain a Makefile. Note: if the compiler is
unimplemented (as it is when first installed) “make” will result in an error since the last thing the
Makefile attempts to do is compile the test programs using the Bantam Java compiler. However, if
installed correctly, this error should occur only at the point that the Makefile attempts to compile a

test program, and not at any point before.

api. The api/ directory houses the Javadoc application programming interface documentation.
After uncompressing and untarring the toolset, the directory will contain only a Makefile. The
documentation is created from comments in the source code using the javadoc command provided
with the Sun JDK [20]. It is placed in a directory html/ within the api/ directory. After generating

the API (from the Makefile), it can be viewed online by copying this directory to a website. For

10



example, if /var/www/ is a website directory viewable at http://www.foo.com/, then the following
commands would make the API viewable at http://www.foo.com/bantam-api/.

bash$ make api
bash$ cp -r api/html/ /var/www/bantam-api

When making changes to the compiler, Javadoc comments should be maintained so that
any changes will be reflected in the API documentation. Sun Microsystems provides a
free tutorial describing Javadoc commenting [20]. The API is also available online at

http://www.bantamjava.com/.

tools. The tools directory houses external software required by the Bantam Java toolset. These
tools include JLex, a lexer generator [7]; Java Cup, a parser generator [[14]; JavaCC, a lexer and
parser generator [6]; and SPIM, a MIPS emulator [[15]. These tools do not come with the toolset,
but must be downloaded and moved to the tools/ directory. Links to the respective websites are
included online at http://www.bantamjava.com. These tools are built by typing “make tools” in the
root directory or “make” in the tools/ directory. This manual does not describe these tools (at least
the auxiliary tools) in much detail. For more information on these tools, check out their respective
manuals [7, 14, 16, [15]].

Although the tools/ directory does not initially contain the external tools, it does contain some
code. First, it contains a directory lib/ that holds two Jar files, which contain reference Bantam
Java compilers for each version of the compiler: one that uses JLex and Java Cup (bantamc-ref.jar)
and one that uses JavaCC (bantamc-jj-ref.jar). The tools/lib/ directory also holds a runtime library
file (containing assembly code) for two of the supported targets: MIPS/SPIM (exceptions.s) and
x86/Linux (x86-runtime.s). In addition, it holds Java class files (TextlO.class and Sys.class), which
serve as the runtime library when targeting the Java Virtual Machine (JVM). (Note: other built-in
objects like Object and String as well as support for garbage collection need not be included in the
JVM runtime library as they are already included in the JVM, itself.) In addition to lib/, the tools/
directory also contains a Makefile that will install each tool once they are downloaded, untarred and
uncompressed, and moved to the tools/ directory.

In order for the Makefile to work properly, you must use the following names for each tool:
jlex, javacup, javacc, and spim. For JLex, JavaCC, and Spim you must simply unpack the source
files in tools/ and rename each with the appropriate name (i.e., jlex, javacc, spim). For Java Cup,
the latest jar file should be downloaded and put in the directory tools/javacup. The jar file should

be called java-cup.jar.

11



Like the root directory Makefile, to use the Makefile in tools/ you will need to edit one line of the
Makefile. The definition of the variable, PROJPATH, on line 2 will probably be incorrect. Set this
variable to the path of the installation directory. Once the tools have been downloaded and moved
to the correct location, type ‘make’ to install them (Note: if compiled from the root directory the
PROJPATH variable does not have to be changed. This change is only necessary when compiling
from the sub-directory.)

Note that the tools do not have to necessarily be installed within the tools/ directory. They can
be installed in other locations. However, a shell script or binary for running each tool must be
installed in the bin/ directory within the root directory. In addition, the lib/ directory within the root
directory must contain a link called JLex to the JLex directory within the installation of JLex. Also,
the lib/ directory must contain a Java Cup jar file called java-cup.jar for running Java Cup. Finally,
some files within tools/lib/ must be copied to lib/. These include the reference compilers (bantamc-
ref.jar and bantamc-jj-ref.jar) and the runtime library assembly files for MIPS/SPIM (exceptions.s),
x86/Linux (x86-runtime.s), and JVM (TextlO.class and Sys.class).

src. The source files for the compiler are contained within sre/. The Bantam compiler is written
entirely in Java. Of course, the compiler is incomplete and will need to be completed by the student
(although the code will compile). This directory contains two directories, bantam/ and bantam-jj/.
The bantam/ directory contains the source files that use the JLex lexer generator [7] and the Java
Cup parser generator [14]. The bantam-jj/ directory contains the source files that use the JavaCC
lexer and parser generator [6]. The bantam-jj/ directory uses some symbolic links to the bantam
directory to prevent duplication of code. Students should implement the compiler within one of
these directories (but probably not both) as specified by the course instructor.

Within each directory (bantam/ and bantam-jj/) are the following files and directories:

Makefile Main.java ast/ cfg/ codegenjvm/ codegenmips/ codegenx86/ interp/ lexer/

opt/ parser/ semant/ util/ visitor/

Main.java contains the main class file for running the compiler. The lexer/, parser/, semant/, opt/
directories contain Java packages for performing lexical analysis, syntactic analysis, semantic anal-
ysis, and optimization, respectively. The codegenmips/, codegenx86/, and codegenjvm directories
contain packages for performing code generation to the MIPS architecture, x86 (32-bit) architec-
ture, and Java Virtual Machine (JVM), respectively. The ast/, cfg/, util/, and visitor/ contain auxil-

iary class files required by the other packages. Finally, interp/ contains a package for interpreting
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Bantam Java programs. These packages are described in more detail in Section

The bantam/ and bantam-jj/ directories share the ast, cfg, codegenjvm, codegenmips, code-
genx86, interp, opt, semant, util, and visitor packages. The actual files are contained within ban-
tam/. The bantam-jj/ directory contains symbolic links to the shared directories in bantam/.

The Makefile within each of these directories will build the compiler. Each Makefile depends
on auxiliary tools (in the tools/ directory within the root directory) and so the tools must be built
before building the source code. Like the root directory Makefile, to use the Makefile in either
bantam/ or bantam-jj/ you will need to edit one line of the Makefile. The definition of the variable,
PROJPATH, on line 2 will probably be incorrect. Set this variable to the path of the installation
directory. To make the source, type “make” in either of the src/ subdirectories: src/bantam/ or
src/bantam-jj/. Alternatively, you can type “make src” in the root directory. This will build the
version of the compiler that is specified in the VERSION variable within the root directory Makefile.
(Note: if compiled from the root directory the PROJPATH variable in the source makefiles does not
have to be changed. This change is only necessary when compiling from the sub-directory.)

As stated above, the Java code for the compiler is incomplete. In particular, the lexer, parser,
semantic analyzer, and code generator packages contain only skeleton code. However, within each
of these packages are working class files that will allow students to test their phases of the compiler
in isolation. These files are backed up in files ending with “.ref” so if they are over-written or
removed for some reason they can be recovered. To build a compiler using the reference class

files, you can type “make ref”” within the src/bantam/ or src/bantam-jj/ directories.

tests. The tests directory contains several Bantam programs that can be used to test the Bantam
compiler. It must be built after building the compiler. Bantam Java programs end with the suffix
“.btm”. The tests/ directory contains several “.btm” files and a Makefile.

The source code for the compiler (in src/) must be built before building the test files. In ad-
dition, compiling the test programs will fail, of course, if the compiler is not fully implemented.
Alternatively, the reference class files within the source code directory (see above) can be used to
compile the test programs before the compiler is fully implemented. Once a working version of the
compiler is built and the program file bin/bantamc is built, then the test files can be compiled. To
compile the Bantam Java test programs, you can either type “make tests” in the root directory or
“make” in the tests/ directory. This will create several MIPS assembly files (the default target) with

extension “.asm”, which can run via the SPIM simulator. Note: MIPS assembly files use extension

13



“.asm” and x86 assembly files use extension “.s” to avoid confusion.

The SPIM simulator [15] can be used to run any one of the compiled programs, e.g., hello-
world.asm (assuming we are in tests/):

bash$ ../bin/spim hello-world.asm

The Makefile will also allow the user to compile for one of the other two targets: x86 or JVM.
The target can be changed by editing the TARG variable in the Makefile. For example, the following
will compile the tests for the x86 architecture (assuming we are in tests/):

bash$ make TARG=x86

This will run the Bantam Java compiler on each source program producing an assembly file
(ending in “.s”. The Makefile then uses gcc to assemble these into x86 binaries. Each binary
has extension “.bin”, which can of course be run natively. For example, the following will run
hello-world.bin:

bash$ ./hello-world.bin

The following will compile for the JVM target:

bash$ make TARG=jvm

This will eventually create a jar file with extension “jar” for each source program. However,
this build is done in several steps. For each source program, the Makefile first uses the Bantam Java
compiler to generate Jasmin [[18, 17] input files for each class defined in the program. It then uses
Jasmin to assemble these into class files, which are finally bundled into a single jar file. The jar
files can be run via the Java Virtual Machine. The following runs hello-world.jar using Sun’s JVM:

bash$ java -jar hello-world.jar

In addition, you may also want to set some of the other Bantam Java compiler arguments. These
can set by editing the FLAGS Makefile variable (the flags are discussed in more detail below). For
instance, the following enables garbage collection (which is disabled by default) and debugging
during parsing:

bash$ make FLAGS="-gc -dp”

Make automatically builds all of the test programs. One can also build a particular test pro-
gram. The following will make only the x86 assembly file hello-world.s from the Bantam program
HelloWorld.btm.

bash$ make TARG=x86 hello-world
The base name for the output file (in the case above hello-world) can be found by looking at the

TESTS variable inside the Makefile.
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The Bantam toolset includes a reference compiler for testing purposes. After implementing
all of the compiler phases, the student’s compiler should work like the reference compiler. The
reference compiler is built as part of the auxiliary tools (described above). After building the tools,
the reference compiler is placed in bin/ (either bantamc-ref or bantamc-jj-ref). To run the reference
compiler we could use the following:

bash$ ../bin/bantamc-ref HelloWorld.btm

We can also use the Makefile in tests/ to compile the Bantam programs with the reference
compiler by editing the BTMC variable in the Makefile. For example, the following will compile all
of the Bantam programs with the reference compiler:

bash$ make BTMC-=../bin/bantamc-ref

2.2 Overview and Installation Instructions using Ant

The Bantam Java toolset will compile and should run on any Microsoft Windows or linux/x86
machine, although it is primarily tested on an Intel 32-bit x86 machine running Suse, Red Hat, and
Ubuntu Linux. It may also run on other *nix platforms and other architectures. It is available as
a ZIP file at the website: http://www.bantamjava.com. Note: there are two versions of the toolset:
one for building a compiler for the base Bantam Java language and one for building a compiler for
the extended language. Make sure that you have downloaded the correct toolset. The version of
the toolset that you use should be the same as the version of this manual (you are reading the base
version).

Once you have downloaded the ZIP file, move it to the appropriate location. Then extract its
contents using the following command. Note: we show commands for *nix. For other operating
systems, you will need to use the corresponding commands.

bash$ unzip bantamjava.zip

Note: in some operations systems, like Windows, you will just need to click on the ZIP file to
unpack it. This will create a new directory, bantamjava/ (the root directory), in the current location.
The bantamjava/ directory contains the following files and directories (note: directories end with
‘/’, files do not):

README build.xml api/ bin/ lib/ man/ src/ tests/ tools/

Each of these files and directories is described below (although not in order).

README. The README file provides installation documentation as described in this chapter. It
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also indicates which version of the toolset you have downloaded (base or extended).

bin. The bin/ directory contains executable files for running the compiler and other auxiliary tools.
This directory is initially empty. Executable files are automatically added to bin/ when the toolset

is built.

lib. The lib/ directory contains library files needed for building the compiler and also running
auxiliary tools (e.g., JLex). This directory is initially empty. Library files and directories are

automatically added when the toolset is built.

man. The man/ directory contains man pages (for use on *nix systems) for the Bantam compiler
as well as some of the auxiliary tools (e.g., Spim), although the man pages for the auxiliary tools

are added only after the toolset is built.

build.xml. The build.xml ant script will compile and install all of the components of the toolset.

There are basically five parts in the toolset: the Javadoc web documentation describing the Java
class files of the compiler (api/), the source files for the (incomplete) compiler (src/), the bantam
test programs for debugging the compiler (tests/), and various tools used by the compiler (tools/).
These components are described in more detail below.

Before you start using the ant script, you may want to edit the value of the first two properties
in build.xml. The first property, called “VERSION,” determines which version of the compiler
will be installed: use the value “bantam” if you are using the JLex and Java Cup lexer and parser
generators; use the value “bantam-jj” if you are using the JavaCC lexer and parser generator.

The second property, called “TARGET,” determines which architecture your Bantam Java com-
piler will target. Use the value “mips” if your compiler’s target is the Spim simulator; use the value
“5vm” if your compiler’s target is the Java Virtual Machine; otherwise, use the value “x86.”

To build the entire toolset, type either “ant” or “ant all” in the root directory. You can also
make an individual component as discussed below. To uninstall the toolset, type “ant cleanall” in
the root directory or in any of the subdirectories that contain a build.xml file. Note: if the compiler is
unimplemented (as it is when first installed) “ant” will result in an error initially since the last thing
the build.xml script attempts to do is compile the test programs using the Bantam Java compiler.
However, if installed correctly, no error should occur until the point where the script attempts to

compile a test program.

api. The api/ directory houses the Javadoc application programming interface documentation.
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After uncompressing and untarring the toolset, the directory will contain only a build.xml ant script.
The documentation is created from comments in the source code using the javadoc command
provided with the Sun JDK [20]]. It is placed in a directory html/ within the api/ directory. After
generating the API (from the build.xml script), it can be viewed online by copying this directory to
a website. For example, if /var/www/ is a website directory viewable at http://www.foo.com/, then
the following commands would make the API viewable at http://www.foo.com/bantam-api/.

bash$ ant api
bash$ cp -r api/html/ /var/www/bantam-api

When making changes to the compiler, Javadoc comments should be maintained so that
any changes will be reflected in the API documentation. Sun Microsystems provides a
free tutorial describing Javadoc commenting [20]. The API is also available online at

http://www.bantamjava.com/.

tools. The tools/ directory houses external software required by the Bantam Java toolset. These
tools include JLex, a lexer generator [7]; Java Cup, a parser generator [[14]; JavaCC, a lexer and
parser generator [6]; and SPIM, a MIPS emulator [[15]. These tools do not come with the toolset,
but must be downloaded and moved to the tools/ directory. Links to the respective websites are
included online at http://www.bantamjava.com. These tools are built by typing “ant tools” in the
root directory or “ant” in the tools/ directory. This manual does not describe these tools (at least
the auxiliary tools) in much detail. For more information on these tools, check out their respective
manuals [7, 14, 16, [15]].

The tools/ directory initially contains the JLex, Java Cup, and JavaCC tools. It does not contain
the SPIM simulator, which will need to be downloaded separately. The directory tools/lib holds
two Jar files, which contain reference Bantam Java compilers for each version of the compiler:
one that uses JLex and Java Cup (bantamc-ref.jar) and one that uses JavaCC (bantamc-jj-ref.jar).
The tools/lib/ directory also holds a runtime library file (containing assembly code) for two of the
supported targets: MIPS/SPIM (exceptions.s) and x86/Linux (x86-runtime.s). In addition, it holds
Java class files (TextlO.class and Sys.class), which serve as the runtime library when targeting the
Java Virtual Machine (JVM). (Note: other built-in classes like Object and String as well as support
for garbage collection need not be included in the JVM runtime library as they are already included
in the JVM itself.) In addition to lib/, the tools/ directory also contains a build.xml script that these

tools and library files.

src. The source files for the compiler are contained within sre/. The Bantam compiler is written
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entirely in Java. Of course, the compiler is incomplete and will need to be completed by the student
(although the code will compile). This directory contains two directories, bantam/ and bantam-jj/.
The bantam/ directory contains the source files that use the JLex lexer generator [7] and the Java
Cup parser generator [14]. The bantam-jj/ directory contains the source files that use the JavaCC
lexer and parser generator [6]. The bantam-jj/ directory uses some symbolic links to the bantam
directory to prevent duplication of code. Students should implement the compiler within one of
these directories (but probably not both) as specified by the course instructor.

Within each directory (bantam/ and bantam-jj/) are the following files and directories:

Makefile build.xml Main.java ast/ cfg/ codegenjvm/ codegenmips/ codegenx86/ interp/

lexer/ opt/ parser/ semant/ util/ visitor/
Main.java contains the main class file for running the compiler. The lexer/, parser/, semant/, and
opt/ directories contain Java packages for performing lexical analysis, syntactic analysis, semantic
analysis, and optimization, respectively. The codegenmips/, codegenx86/, and codegenjvm di-
rectories contain packages for performing code generation to the MIPS architecture, x86 (32-bit)
architecture, and Java Virtual Machine (JVM), respectively. The ast/, cfg/, util/, and visitor/ directo-
ries contain auxiliary class files required by the other packages. Finally, interp/ contains a package
for interpreting Bantam Java programs. These packages are described in more detail in Section

The bantam/ and bantam-jj/ directories share the ast, cfg, codegenjvm, codegenmips, code-
genx86, interp, opt, semant, util, and visitor packages. The actual files are contained within ban-
tam/. The bantam-jj/ directory contains symbolic links to the shared directories in bantam/.

The build.xml script within each of these directories will build the compiler. Each ant script
depends on auxiliary tools (in the tools/ directory within the root directory) and so the tools must
be built before building the source code. To compile the source, type “ant” in either of the src/
subdirectories: src/bantam/ or src/bantam-jj/. Alternatively, you can type “ant src” in the root
directory. This will build the version of the compiler that is specified in the “VERSION” property
within the root directory build.xml script.

As stated above, the Java code for the compiler is incomplete. In particular, the lexer, parser,
semantic analyzer, and code generator packages contain only skeleton code. However, within each
of these packages are working class files that will allow students to test their phases of the compiler
in isolation. These files are backed up in files ending with “.ref” so if they are over-written or
removed for some reason they can be recovered. To build a compiler using the reference class

files, you can type “ant ref” within the src/bantam/ or src/bantam-jj/ directories.
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tests. The tests/ directory contains several Bantam programs that can be used to test the Bantam
compiler. It must be built after building the compiler. Bantam Java programs end with the suffix
“.btm”. The tests/ directory contains several “.btm” files and a build.xml script.

The source code for the compiler (in src/) must be built before building the test files. In ad-
dition, compiling the test programs will fail, of course, if the compiler is not fully implemented.
Alternatively, the reference class files within the source code directory (see above) can be used to
compile the test programs before the compiler is fully implemented. Once a working version of
the compiler is built and the program file bin/bantamc (or bin/bantamc.bat on Windows machines)
is built, then the test files can be compiled. To compile the Bantam Java test programs, you can
either type “ant tests” in the root directory or “ant” in the tests/ directory. This will create several
MIPS assembly files (the default target) with extension “.asm”, which can run via the SPIM simu-
lator. Note: MIPS assembly files use extension “.asm” and x86 assembly files use extension “.s”
to avoid confusion.

The SPIM simulator [15] can be used to run any one of the compiled programs, e.g., hello-
world.asm (assuming we are in tests/):

bash$ ../bin/spim hello-world.asm

The build.xml script will also allow the user to compile for one of the other two targets: x86
or JVM. The target can be changed by editing the “TARGET” property in the script. This change
can be performed once and for all in the script file itself. Alternatively, a different target may
be specified on the command line. For example, the following will compile the tests for the x86
architecture (assuming we are in tests/):

bash$ ant -DTARGET=x86

(Note the “-D” in front of the “TARGET” property name). This will run the Bantam Java
compiler on each source program producing an assembly file (ending in “.s”. The build.xml script
then uses gcce to assemble these into x86 binaries. Each binary has extension “.bin,” which can of
course be run natively. For example, the following will run hello-world.bin:

bash$ ./hello-world.bin

The following will compile for the JVM target:

bash$ ant -DTARGET=jvm

This will eventually create a jar file with extension “jar” for each source program. However,
this build is done in several steps. For each source program, the ant script first uses the Bantam

Java compiler to generate Jasmin [[18, 17] input files for each class defined in the program. It then
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uses Jasmin to assemble these into class files, which are finally bundled into a single jar file. The
jar files can be run via the Java Virtual Machine. The following runs hello-world.jar using Sun’s
JVM:

bash$ java -jar hello-world.jar

In addition, you may also want to set some of the other Bantam Java compiler arguments.
These can be set by editing the “FLAGS” property in the build.xml script (the flags are discussed
in more detail below). For instance, the following enables garbage collection (which is disabled
by default) and debugging during parsing:

bash$ ant -DFLAGS="-gc -dp”

(Again, note the “-D” in front of the “FLAGS” property name). The ant script automatically
builds all of the test programs. One can also build a particular test program. The following will
make only the x86 assembly file hello-world.s from the Bantam program HelloWorld.btm.

bash$ ant hello-world -DTARGET=x86

The base name for the target file (in the case above, hello-world) can be found by looking at the
compile-all target inside the build.xml file.

The Bantam Java toolset includes a reference compiler for testing purposes. After implement-
ing all of the compiler phases, the student’s compiler should work like the reference compiler. The
reference compiler is built as part of the auxiliary tools (described above). After building the tools,
the reference compiler is placed in bin/ (either bantamc-ref or bantamc-jj-ref). To run the reference
compiler we could use the following:

bash$ ../bin/bantamc-ref HelloWorld.btm

We can also use the build.xml script in tests/ to compile the Bantam Java programs with the
reference compiler by editing the BTMC variable in the build script. For example, the following
will compile all of the Bantam programs with the reference compiler:

bash$ ant -DBTMC-=../bin/bantamc-ref

2.3 Using the Bantam Compiler

This subsection describes the command-line usage of the Bantam compiler. This material is also
described in the Bantam Java compiler man page.
Although parts of the compiler are unimplemented (and will be implemented by the student),

the main class of the compiler is implemented, which includes command-line, flag handling. So the
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unimplemented compiler will accept all options, although some may have no effect (e.g., enabling
debugging for the code generator).
The Bantam Java compiler accepts the following options:

bantamc [-0 <output_file>] [-t <architecture>] [-gc] [-int] [-opt <level>]
[-dI] [-dp] [-ds] [-di] [-do] [-dc] [-s]] [-sp] [-ss] [-s0] <input_files>

Options. Each of the compiler options are enumerated and discussed below.

-0 output_file
Specify the output file to use; the default is out.s. Note: with the JVM target the output file

is ignored (instead an output is produced for each user-defined class).

-t architecture
Specify the target architecture to generate code for; mips, x86, and jvm (must be all lower-

case) are the currently supported target architectures. mips is the default.

-gc
Enable the garbage collector. The Bantam compiler uses a simple, mark-and-sweep garbage
collector. When the JVM is the target, garbage collection cannot be toggled (i.e., it is always
enabled) and thus this flag is ignored. By default the garbage collector is disabled.

-int

Enable interpretation of the Bantam Java code. This flag allows the compiler to act as an
interpreter; it will execute the program rather than compiling it. Note: optimization is not
supported while in interpreted so the “-opt”, “-so”, and “-do” flags are ignored in interpreter
mode. Code generation specific flags are also ignored such as “-t”, “-dc”, and “-gc”. By

default interpreter mode is disabled.

-opt level
Set the optimization level. The level can be set to an integer between O and 4. The higher
the level, the more aggressive the optimization. A level of 0 means optimization is disabled.

By default the level is 0.

-di
Enable lexical analysis debugging. Note: students must add the debugging code that uses
this flag. By default this flag is off.
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-dp
Enable syntactic analysis debugging. Note: students must add the debugging code that uses
this flag (unless using the Java Cup implementation, in which case, debugging code is auto-

matically inserted by the parser generator). By default this flag is off.

-ds
Enable semantic analysis debugging. Note: students must add the debugging code that uses

this flag. By default this flag is off.

-di

Enable interpreter debugging. This flag is ignored unless interpretation has been enabled via
the -int flag. Note: students must add the debugging code that uses this flag. By default this
flag is off.

-do
Enable optimization debugging. This flag is ignored unless the optimization level has been
set to a value greater than 0. Note: students must add the debugging code that uses this flag.

By default this flag is off.

-dc
Enable code generation debugging. Note: students must add the debugging code that uses
this flag. By default this flag is off.

-sl
Stop the compiler after lexing. If this flag is set, the compiler halts after performing lexical
analysis. If lexical errors are discovered, these are printed to standard error, otherwise the

scanned tokens are printed to standard output. By default this flag is off.

-sp
Stop the compiler after parsing. If this flag is set, the compiler halts after performing syntac-
tic analysis. If lexical or syntactic errors are discovered these are printed to standard error,
otherwise the parsed program is printed to standard output (as a Bantam source program). If

-sl is specified, then this flag is ignored. By default this flag is off.

=SS

Stop the compiler after semantic analysis. If this flag is set, the compiler halts after perform-
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ing semantic analysis. If errors are discovered these are printed to standard error, otherwise
the annotated program (annotations indicate type information) is printed to standard output
(as a Bantam source program with annotations in comments). If -sl or -sp is specified, then

this flag is ignored. By default this flag is off.

-s0
Stop the compiler after optimization. If this flag is set, the compiler halts after performing
optimization and prints the optimized program (as a set of control flow graphs) to standard

output. If -sl, -sp, or -ss is specified, then this flag is ignored. By default this flag is off.

Input files. The input files to the compiler must be Bantam files. These files should contain
Bantam code (as discussed in Section [3) and end with the suffix “.btm”. If an input file is specified
that does not end with “.btm” then the compiler will immediately print an error and exit. If the
input files contain errors, then the compiler will not produce an output file, but instead print error
messages and exit (unless the student has implemented a buggy compiler).
Output file. The output file is either a MIPS assembly file or x86 assembly file depending on the
particular target machine. Although not required, by convention this file should end with “.s”. By
default, the compiler uses the file “out.s”.

The output file is ignored when targeting the JVM. In this case, one Jasmin [18},[17] input file is
created for each Bantam Java class in the program. These files have a “.;” extension. For example,
if the program includes the classes Main and Foo then the compiler will create Jasmin assembly

files Main.j and Foo.j. Jasmin can then be used to translate these into Java class files.

Examples. Here are some example uses of the Bantam compiler. These examples assume we are
in the tests/ directory.

bash$ ../bin/bantamc -o foo.s Foo.btm
bash$ ../bin/spim foo.s

The first command above will compile the Bantam program Foo.btm and create a MIPS assembly
file (to be used with the Spim emulator [15]) called foo.s. The second command above runs the
program using the Spim emulator for MIPS.

bash$ ../bin/bantamc -t x86 -o foo.s Foo.btm
bash$ gcc -o foo foo.s
bash$ ./foo
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The commands above compile and run Foo.btm on an x86, 32-bit machine. The first command
compiles Foo.btm to foo.s, specifying the target as x86. The second command uses the gcc assem-
bler [1] to translate the assembly file to an executable called foo. Finally, the third command runs
the program. The x86 target uses the AT&T x86 assembly format, and must be run with an AT&T
assembler, such as gas, the GNU assembler that is bundled with gcc. Currently, the x86 target can
only be used on 32-bit x86 machines. In the future, we will add a target for 64-bit x86 machines.

bash$ ../bin/bantamc -gc -t x86 -o foo.s Foo.btm
bash$ gcc -o foo foo.s
bash$ ./foo

The commands above are identical to the previous set of commands (they compile and run Foo.btm
on an x86 machine) except in this case the garbage collector is used.

bash$ ../bin/bantamc -t jvm Foo.btm
bash$ jasmin Main.|

bash$ jasmin Foo.|

bash$ java -cp ../../lib:. Main

The commands above compile and run Foo.btm on the Java Virtual Machine (assume here that
Foo.btm contains two classes: Main and Foo). The first command compiles Foo.btm to the Jasmin
input files Main.j and Foo.j. The next two commands convert these text-based bytecode files into
actual Java class files: Main.class and Foo.class. Finally, the last command runs the program by
running the Main class. Note: it also includes the runtime library class files TextlO and Sys from
.././lib in the classpath. One could also create a JAR file and run that as well as follows:

bash$ cp ../../lib/*.class .
bash$ jar cvfm foo.jar manifest Main.class Foo.class TextlO.class Sys.class
bash$ java -jar foo.jar

In this case, the class files from the program as well as the built-in class files TextlO and Sys
are bundled together (the other built-in class files are already a part of the JVM). The file manifest
is a simple JAR manifest file specifying that the main class is Main.

The “-opt” flag can be used to optimize the compiled program:

bash$ ../bin/bantamc -opt 4 Foo.btm
The command above turns on optimization and sets the optimization level to 4 (the most aggressive
optimization).

bash$ ../bin/bantamc -sl Foo.btm

The command above performs only lexical analysis on Foo.btm and then prints out the scanned
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tokens to standard output, unless errors are discovered, in which case the errors are printed to
standard error.

bash$ ../bin/bantamc -dp -sp Foo.btm
The command above performs lexical and syntactical analysis on Foo.btm and then prints out the
parsed program to standard output, unless errors are discovered, in which case the errors are printed
to standard error. In addition, debugging is enabled during parsing.

bash$ ../bin/bantamc -int Foo.btm

The command above interprets rather than compiles the source program Foo.btm.

2.4 Last Words

You have now seen how to install and use the Bantam Java compiler. The upcoming sections will
look in more depth at both the Bantam Java language and the Bantam Java compiler, starting first

with the language.
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3 Bantam Java Language

This section presents the Bantam Java programming language, the source language for the com-
piler. Bantam Java is a subset of the Java language. This section discusses those Java features that
were included and excluded from the Bantam language. This section also describes in some detail
the included features, although for a more detailed explanation one should consult a Java refer-
ence [3]. This section and this manual are intended for students who are already familiar with the
Java programming language and its features. Note that you are reading the base language version

of this manual.

3.1 Overview

Bantam Java, like Java, is an object-oriented programming language. As described in numerous
textbooks [12, 5] (too many to cite all of them), an object is a self-sufficient component that has
some data and behavior associated with it, which is meant for modeling a real world entity such as
a player, animal, room, efc. To construct an object in Bantam or Java, one defines a class, which
is effectively the blue print for all objects generated from that class. In other words, an object is an
instance of a class. The class defines both the data elements and behavior of any object constructed
from that class.

A class in Bantam Java and Java is essentially a type. A type specifies how a value (in this case
an object) of that type can be used. Bantam Java, like Java, is a strongly-typed language, meaning
that the compiler, either during compilation or at runtime, prevents a value of one type being used
where a value from a different type is required (there is an exception to this rule, which will be
discussed in the next subsection). In other words, the compiler effectively prevents values from
being used in an improper way.

A Bantam program consists of one or more files (with suffix “.btm”), each of which contains
one or more class definitions. All code must reside within a class definition in Bantam. For this
reason, classes and objects are critical and necessary components of any Bantam program.

Each class in Bantam, contains zero or more members. A member is either a field (part of the
object’s data) or a method (part of the object’s behavior). A field is one kind of variable, which
can hold various data values throughout the course of the owner object’s lifetime. A field has a

type, which specifies the type of data it can store. A method, on the other hand, is effectively a
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name for a block of code, which can be executed on behalf of the owner object. The method can
be executed by referring to its name, which is known as a method call. We will show later how
fields and methods can be declared and used.

Unlike in Java, all fields and methods must be instance members, that is to say they cannot
be declared static. In other words, each member is specific to a particular object; there are no
class-wide members in Bantam.

When an object is created, the syntax and semantics of which are discussed later in the section,
it is allocated its own copy of each field. The object’s field values may differ from the field values
of other objects created from the same class. When an object’s method is called, it may use the
object’s fields, therefore the outcome of a method depends largely on the owner object. Before an
object is created, it is set to the special value null, which loosely speaking means it is an empty
object.

One of the classes defined in a Bantam program must be called Main. This class must contain a
method called main (among possibly other members). When a Bantam program is started, a Main
object is created and the main method is called. The program terminates when the main method
finishes. The main method does all of the work of the program or calls methods that do the work on
its behalf. Note that this starting point is different than in Java. In Java, which has static members,
a static main method within a user-specified class is initially called.

There are also some built-in classes that allow the programmer to perform input and output
to the screen or to a file (TextlO), exit the program (Sys), and store and manipulate sequences of
characters (String). These are discussed in Section (3.7

In addition to classes, there are two primitive types of data in Bantam: int and boolean. A
primitive, unlike an object, holds a simple value. An int holds a 32-bit signed integer. A boolean
holds either true or false. Other primitives from Java, such as double and long were not included in
Bantam. These additional types add little intellectual challenge to the design and implementation
of the compiler and for this reason were excluded from the language. As in Java, primitive types
can be used in similar places as object types (e.g., a field can have type int).

One important distinction to make is between primitive variables and object variables. A prim-
itive variable (e.g., a field) holds the value (e.g., 42). However, an object variable does not hold an
object itself, but rather a reference, or more precisely a memory pointer, to the object. If two or
more object variables refer to the same object, then we say that they alias.

Memory management in Bantam Java is similar to Java. Memory allocation occurs when
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Figure 1: Example class hierarchy tree in Bantam.

objects are constructed (using new). Memory deallocation is handled implicitly, i.e., a garbage
collector is responsible for deallocating memory. Unlike in Java, the garbage collector is disabled
by default and can be enabled using a compiler flag (see Section [2).

There are two types of comments in Bantam Java. The first is a single line comment, which
begins with //. The text following // up to and including the end of the current line is ignored by
the compiler (including //). The second type of comment is a multi-line comment that begins with
/* and ends with */. As the name suggests, these may span multiple lines. The compiler ignores all
text in between /* and */ (including /* and */). Multi-line comments may not be nested.

In the remainder of the section, we will look in more detail at defining classes and class mem-
bers. But before doing that, we discuss a core feature of Bantam and most object-oriented lan-

guages, namely inheritance.

3.2 Inheritance

As in Java, Bantam allows classes to extend other classes. If class A extends class B then class
A inherits all of class B’s members including all the members that B inherits from other classes.
We say that A is a child of B and B is the parent of A. If a class does not explicitly extend another
class then it automatically extends the built-in class Object, which is similar to the Object class
from Java (albeit with less functionality). Bantam and Java support only single inheritance: a class
inherits from exactly one other class except the built-in Object class, which does not extend any
other class.

To visualize the class dependencies, we can build a class hierarchy graph where each node in
the graph represents a class. A directed edge is drawn from node A to node B if and only if class
B is the parent of class A. Because Bantam only supports single inheritance, the class hierarchy

graph of a well-defined Bantam program is actually a tree with the class Object as the root.
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Figure |1{ shows an example class hierarchy tree in Bantam. Notice in the figure that the class
Tiger is a descendant of the class Object (it extends Animal, which extends Object). We say that
Tiger is a subclass of Object and that Object is a superclass of Tiger. More precisely, a class A is a
subclass of a class B (or equivalently, B is a superclass of A) if we must pass through node B to get
to the root of the class hierarchy tree from node A. Because a class is actually a type, we also say
that Tiger is a subtype of Object and that Object is a supertype of Tiger. Each class is defined to be
a subclass (or subtype) and a superclass (or supertype) of itself. The class Object is a superclass of
all classes and is only a subclass of itself.

When a class A is a subclass of a class B, we also say that A conforms to B since A must contain
all of the functionality of B . Therefore, anywhere that we can use an object of type B, we can also
use an object of type A. The opposite is not true. Because A may have more functionality than B,
an object of type B cannot be used in place of an object of type A.

One implication of conformance is that the type of an object variable at compile time may
differ from the type at runtime. For example, we can construct a new Tiger object and store it in
a variable of type Object since Tiger conforms to Object. The compile time type of the variable,
which is often called the static type, is Object, while the runtime type, which is often called the
dynamic type, is Tiger. The dynamic type is often unknown until the program is run.

We will have more to say about inheritance and conformance in our discussion of class mem-

bers (3.4) and casting (3.6).

3.3 C(lass Definitions

The format of a class definition is:

class <name> [ extends <parent> ] {
<members>

where <name> is replaced with the name of the class, <parent> is replaced with the name of the
parent class, and <members> is replaced with the class members (fields and/or methods). Note:
[ and ] are not part of the language, but are instead used to indicate that extends <parent> is
optional. A class can explicitly extend another class by using extends. Alternatively, extends can

be omitted, in which case the class automatically extends the built-in class Object.
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Both class and extends are keywords in Bantam. Neither can be used as a name of a class,
method, or variable. Bantam is case-sensitive, so class and extends are keywords, while Class and
EXTENDS are not. The class name (<name>) and parent name (<parent>) are also case sensitive
(in fact, all tokens in Bantam are case sensitive). Therefore, a class named Animal is not the same as
a class named aNimal. The names may contain any sequence of upper or lowercase letters, digits,
or the symbol _’, although the name must start with a letter. By convention (taken from Java), class
names generally start with an uppercase letter. If a class name contains multiple words combined
into one name the start of each new word begins with an uppercase letter. For example, if we
wanted a class name to include both “Bantam” and “Java” we would name the class BantamJava.

Unlike in Java, class definitions cannot use modifiers such as public and package. Since there
are no packages in Bantam these modifiers are not necessary and using one is illegal. In addition,
Bantam does not include abstract and static classes so the abstract and static modifiers are also
illegal. Bantam also does not include interfaces so a class cannot use the keyword implements nor
can an interface be defined. Finally, classes cannot be nested within other classes.

To define a (trivial) class Animal, we write the following:

class Animal {

}

This class implicitly extends Object. It defines no data elements and no behavior. To do this,

we must define some class members.

3.4 Member Definitions

As stated above there are two kinds of class members: fields and methods. We look in turn at

defining each, below.

Fields. The format for defining a field (i.e., instance variable) is:
<type> <name> [ = <expression> ] ;

where <type> is replaced with the field’s type, <name> is replaced with the field’s name, and
<expression> is replaced with the field’s initialization expression. Note the ‘=" and initialization

expression are optional. The <type> must be either a primitive type (i.e., int or boolean) or a class
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name (e.g., Object). The <name> is a non-empty sequence of upper and lowercase letters, digits,
and the special symbol ‘_’. Each field defined within a particular class must have a distinct name.

By convention, field names generally start with a lowercase letter. Like class names, when
multiple words are combined into one variable name, the start of each word (except the first word)
begins with an uppercase letter. For example, if we wanted a field name to contain “Bantam” and
“Java” we would call it bantamJava. The beginning lowercase letter indicates it is not a class name
and the subsequent uppercase letters indicate the separation of words embedded within the name.
If the field is meant to be constant (i.e., never changed) then the convention is to use all uppercase
and use ‘_’ to indicate separation of words (e.g., BANTAM_JAVA).

Below is another (slightly more interesting) definition of class Animal, which includes three

field definitions:

class Animal {
int numLegs = 4;
boolean canFly;
Animal mate;

}

The first field, numLegs, is a primitive variable with type int, which initially holds the value
4, although this can be changed later. The second field, canFly, is a also a primitive variable,
but with type boolean. It defines no initialization expression. When a field definition omits the
initialization expression, it is automatically assigned a value based on its type. Fields with type
int are automatically assigned 0, fields with type boolean are automatically assigned false, and
fields with object types are automatically assigned null. Therefore, canFly is initially set to false.
The third field is an object of type Animal. Its initial value is null, since it does not define an
initialization expression. It has the same type as the clas