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Introduction

Abstract

This thesis consists of two separate parts. The first part contains information about the MacLWB
and its implementation. The creation of the MacLWB required much new implementations, but
also forced changes in existing code of the LWB. Furthermore, the first part also gives some
general information concerning porting and maintenance, using the LWB as an example.

The second part is completely different, only connected to the first through the common tool used,
the Logics Workbench. This second part provides information about a special propositional logic
and its implementation in the LWB. The logic of likelihood LL is a modal logic that allows to
express statements denoting probability. The second part contains some theoretical aspects of
the logic, like the sequent calculus used for the implementation, as well as the practical aspects
of the implementation of the prover using object oriented techniques.

The Logics Workbench

The Logics Workbench, short LWB, is an interactive system allowing symbolic computations in
various propositional logics. The LWB was first introduced in [26], but has been extended many
times! A more detailed overview of the LWB and its internal structure can be found in [43].

The LWB offers the possibility to work in a user-friendly way in classical and non-classical
propositional logics, including nonmonotonic approaches. Provided are functions concerning
provability, simplification, computation of normal forms, embeddings, and many more. There
are functions available for various logics, including classical propositional logic, intuitionistic
propositional logic, various modal logics, like KT, S,, and temporal logics. The LWB also
provides a programming language, to allow easy extension of the builtin functions.

The LWB was created by a lot of people (¢fttp://www.lwb.unibe.ch/about/au-
thors.html ). The first version was done by Alain Heuerding (cf. [26] and Stefan Schwendi-
mann (cf. [43]). Many years of effort of these and other people were put in the creation of

1 this thesis uses a beta version of the LWB 1.2
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the LWB. Currently, the LWB comprises about 2’500 files with roughly 400’000 lines of code,
documentation and tests.
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Chapter 1

Introduction

This part contains information about the the porting of the graphical user interface of the LWB
from a Unix system to the Apple Macintosh. While doing this, some problems surfaced that
needed special treatment. These problems and their solutions are presented here. Furthermore,
a general overview and description of the implementation of the GUI for the Logics Workbench
LWB is given. The material presented here also contains some guidelines and strategies for
porting code from one machine to another. Furthermore, information is given describing how to
write code that is portable between several systems. Thus, information about the Unix version of
the LWB does also appear in this chapter, mainly because of porting to Linux, but the information

is limited to those parts affected by porting and maintenance.

1.1 Prerequisites

For the development of the graphical user interface of the MacLWB, certain prerequisites were
given. They had to be taken into account when designing the graphical user interface and thus
somewhat limited the possibilities for its development.

1.1.1 Existing X WiNDoOws GUI

When the development of the graphical user interface for the Macintosh was started, a fully
functional, graphical user interface for Unix with X Wbows already existed. Therefore, it

was obvious to require that the new user interface should at least be similar to theDOWs
version. This allows users to switch from one system to the other, without having to learn a new
way of using the program. Furthermore, that way some of the documentation and maybe even of
the implementation can be shared.

The drawback is that the look and feel of the user interface is already fixed and can only be
changed in minor details. Large scale changes would require much change in the existing user

5
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interface and thus they are hardly possible. This includes changes that would simplify the imple-
mentation on another system, but also prohibits the use of some system specific features.

1.1.2 Existing Code and Algorithms

For the graphical interface, only the appearance was fixed beforehand, the code could be created
from scratch. Most of the rest of the code of the LWB had to be reused on the Macintosh. This
includes all the logic specific algorithms like provability algorithms, but also most of the kernel
and the parser of the LWB, documentation and tests.

Most of these things are not system dependent at all, and thus do not produce porting problems.
Unfortunately, there are some small but significant parts of the existing code that turned out to be
highly system dependent. These parts had to be identified and adapted to a version compatible
with both systems.

1.1.3 Native Look and Feel

The implementation of the MacLWB should create a real, native Macintosh application. Thus,
the user interface has to have the same look and feel as any other macintosh application. Because
the Macintosh look and feel differs from the one of XINbows, it is not possible to strictly

comply with both systems and at the same time produce a user interface that looks and works
similar. Therefore, a compromise had to be found between the existing user interface for X
WINDOWS and the one for the Macintosh, requiring changes on both sides.

Furthermore, to make sure the application seamlessly integrates in the operating system, some
Macintosh specific oddities have to be taken care of as well. This includes program installation
and initialization, for example.



Chapter 2

Operating System Comparison

This chapter compares some operating systems, mainly Unix and Macintosh, to show their dif-
ferences, especially concerning the implementation or porting of applications. The information
detailed below is mostly from a developers point of view and not from the one of a user. Further-
more, only the parts somehow concerning the Logics Workblenihbe treated.

When porting an application, or even when just developing an application which is intended or
expected to be ported, most of the time the following differences are crucial to be known and
to be taken care of. Otherwise, at the latest when actually porting an application to another
operating system, problems almost certainly arise. Chapter 5 will will actually explain problems
when porting programs and how to solve them. This chapter just shows some of the differences
between operating systems and how they affect program development.

2.1 Introduction

2.1.1 Unix

There are a lot of different Unix systems available for many different hardware platforms. But
many of the concepts and strategies used in all these different systems are the same. The later
chapters will only contain general information about Unix, to be able to not have to specify a
particular Unix system. Nevertheless, the information presented below is mostly taken from
Solaris and Linux systems and may be different for other Unix systems.

! the LWB does not support networking, thus this part, for example, is left out.
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2.1.2 Macintosh

Contrary to Unix, there is just a single Macintosh operating system, although various versions of
that operating system exist. Although there are basically two different hardware platforms that
are important for the Macintosh, we will only treat one here, the PowerPC architecture. The older
architecture, using Motorola 68’000 processors was, due to compiler problems, never supported
by the LWB. Furthermore, most Macintosh computers in use today use the PowerPC architecture
anyway.

2.2 \ersions

Because operating systems change over time, there are normally various versions of an operating
systemin use. This may cause serious problems when developing a program for a specific version
and then running it on another version, be it newer or older. This has serious impact on how long
an application can be used without special maintenance to ensure compatibility.

2.2.1 Unix

The version of the Unix system is not really important when developing for &niore im-

portant is the version of the different libraries used by a program. Because these libraries are
normally not binary compatible between different versions, it is not possible to create a binary
release of a program for different versions of a library. For that reason, a lot of Unix programs
are distributed in source format and are compiled on the destination machine with the current set
of libraries.

2.2.2 Macintosh

On the macintosh the situation is much better, because programs here rarely use external libraries
and the operating system is normally upward compatible. Thus, as long as the operating system
is not older than the one a program was written for, there should not be any problems. Of course,
problems will arise as well if the operating system is much newer.

The first Macintosh operating system, version 0.0 was introduced, along with the first Macintosh
in 1984. Since then, several new version were released. Currently, version 9.04 is available. The
port of the LWB was done on a MacOS 7.6 system. Some care has been taken to ensure that

2 actually the version number of a Unix system cannot easily determined, because the version numbers of individual
tools greatly differ; the version number can only be used to compare it to versions of the same software producer;
comparisons with other Unix implementations of other producers are mostly useless
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the Logics Workbench will also run with future versions of the MacOShas be successfully
tested on a MacOS 8.1 system.

2.3 System Software Routines

The Operating System provides routines to perform basic low-level tasks. This includes, among
others, low-level file input and output, memory management, or process and device control. In a
way, the operating system provides the communication between an application and the hardware
used.

2.3.1 Unix Libraries

The system routines provided by Unix systems are packed together in libraries. These libraries
actually are just a bunch of system routines put together in a file. A program using such a library
can either statically link the libraries to the executable program, thus actually copying the used
system functions into the own program code. Or, as a more modern method, dynamically link
the program to the libraries. When the program is run later, the operating system locates the
libraries used by a program and dynamically loads the needed functions for use by the program.

Static linking has the big advantage that a program does not need external files to be installed on
a computer and thus can be installed more easily. The disadvantage is that libraries used in more
than one program have to be stored each time they are used. Thus, a program uses more space
on disk and in memory that wdy.

Dynamic linking removes this disadvantage by using a single library by multiple programs, as
well on disk as in memory. The drawback is that the system library must be present when the
program is run, or a run time error will occur. Thus, the installation of the program has to make
sure that the correct libraries in the correct versions are installed on the system. Furthermore,
after a system upgrade it is possible that certain programs stop functioning because libraries are
no more present or are not compatible to the old ones.

Unix systems are generally quite strict when dealing with dynamic libraries. When a library is
used, the version number of the library has to completely match the one used when developing
a program. Otherwise, the library will not be found and the program terminates. This does not
make it easy to provide binary releases of a program. Therefore, as mentioned, a lot of programs
are distributed as source installations.

3 the CARBON DATER provided by Apple indicated no serious problems.

4 this can be quite important, considering that some libraries occupy several MBytes of memory.
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Process Manager launching, scheduling, and termination of applications; infor-
mation about open processes

Memory Manager dynamic allocation and release of memory

Virtual Memory Manager  virtual memory services

File Manager creation, opening, reading, writing, and closing files

Alias Manager location of specified files, directories, or volumes

Disk Initialization Manager initialize disks

Device Manager input from and output to hardware devices

SCSI Manager information exchange to SCSI devices

Time Manager periodical execution of routines, execution of routines after a

specified delay
Vertical Retrace Manager synchronize routines with the redrawing of the screen
Shutdown Manager execution of routines at startup or shutdown

Table 2.1: Some Managers of the Macintosh Operating System

2.3.2 Macintosh Managers

Distinct collections of system software routines on the Macintosh are called managers and get
their own names. There is a collection of routines dealing with the initialization of disks, called
theDisk Initialization ManageP Table 2.1 lists the main managers that are part of the Macintosh
operating system. Several Managers are sometimes further grouped into bigger parts, like the
TooLBOXx or the HNDER.

For most tasks, higher level routines provided by the MacintashBox (see 2.4) or other ser-
vices are easier to use and more directly provide the required functionality than the low level op-
erating system functions. While Unix systems distinguish between static and dynamic libraries,
managers are always present in the system and may directly be used by any grogram.

Most of the time, Macintosh managers are compatible between different versions of the operating
system. Newer operating system versions may contain new managers or existing managers may
get additional functions, but normally old functions are still present for compatibility. Thus, a
program developed for a specific version of the MacOS normally runs on newer systems as well.
It may have problems running on older systems, though. This makes development of programs
running on different version easier, but on the other hand makes the managers quite rigid and
with a lot of old routines that are only present for compatibility. Thus, overall, these managers
are slower to change than Unix libraries.

5in the past, such collections were called packages, a term that is still used for some collections, like—for
example—the Standard File Package.

6 modern MacOS versions do support dynamic and static libraries as well, but these are only used for user defined
or third party libraries and not for system functions.
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2.3.3 CJ/C++ Library

The compilers provide several standard libraries supporting the C and C++ standards. While
the functionality of these libraries is the same for all Unix systems and for the Macintosh, the
implementations are normally not compatible. Thus the program needs to use the compiler
dependent libraries to run correctly. This is normally automatically handled by the compiler.

In the case of Unix systems, these libraries can be dynamically linked to the program, resulting
in reduced size of the executable file. The drawback is that the user of the program needs to
have the same set of C/C++ libraries installed, i.e. an installation of roughly the same version
of the compiler. Most compilers do not allow to ship the dynamic libraries with the compiled
program, thus the libraries have to linked statically in any case. Fortunately, most compilers
allow the dynamic and static linkage of libraries in the same program. If a program is distributed
as source, then this is not a problem, because with the recompilation of the program the correct
libraries are used automatically. A binary distribution runs into serious trouble, though.

The same is true for modern Macintosh operating systems, where dynamic libraries are available
as well. As long as static linking is used, there is no problem, but dynamic linking is even
worse than on Unix systems, because contrary to most Unix systems, Macintosh systems don’t
normally have a compiler installed.

2.4 Windowing System

The windowing system is the part of an operating system most often seen when working with
a computer. While the windowing system of different operating systems fulfill about the same
tasks, their implementation and most importantly their use from a developers point of view is
strongly different.

2.4.1 X WINDOWS

On Unix, the windowing systems is actually divided into two major parts. One part normally is
X WINDows, while the other part is the overlaying window manager. While there are various
different window managers available, the underlying XN\&wows normally is the same for all
Unix systemsd.

X WINDOWS is standardized and thus can be used from every program without having to worry
about a specific type of Unix. On the negative side, XN\@ows is a fairly old standard and

as that does not use modern programming practices. That means that the library is not object
oriented and thus is quite hard to use. Furthermore, the available standard libraries do not support
sophisticated user interfaces, e.g. dynamic positioning of interface elements. On the other hand,

7 X WINDOWS is also available for non Unix machines, for example for Windows or MacOS.
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X WINDOWS provides a fairly broad standard, which includes network support and is compatible
between a variety of Unix systems.

To provide a more comfortable development environment and at the same time give the user
a more intuitive and easier to use user interface, there are several window managers available.
These are additions to the core XiMbows libraries, providing additional functionality. While

the basics of all the window managers is always X\eows, the mangers themselves are not
compatible to each other. Thus, in order to be able to use a special application, the end user needs
to use the same window manager.

A variety of window managers with associated interface libraries are available. Below is a short
description of two major products using two different approaches.

MoOTIF

MOTIF is a quite old extension to X WDows and allows much easier handling of a graphical
user interface and is also available for most Unix systems. Furthermore, it is possible to link it
statically to the final program, removing the requirement to hawer M installed.

On the other hand, MTIF has some of the same drawbacks of XNWows, because it does not

use object oriented techniques. FurthermoreM is not freely distributable and thus can only

be redistributed using static linking. The graphical version of the LWB was implemented using
the MOTIF interface library.

QT

QT itself is only an interface library, but several window managers were built using this library,
most notably KDE for Linux. @ is completely object oriented and supports dynamic placement
and runtime creation of interface elements. It provides an abstract graphical user interface layer,
to implement the final user interface. This makes the porting of a program to another operating
system supporting Qeasy and simplifies the integration of the user interface into an object
oriented C++ program. Qitself is available for all Unix systems as well as for various Windows
systems. Furthermore, at least the Unix version of the Qt development libraries are available for
free.

2.4.2 HNDER

The FNDER is the most visible part of the MacOS. It is responsible for managing the user’s
desktop display. The INDER uses many of the other parts of the operating system, like the

8 itis possible to create an application with static linking which runs on anyIXiM@w system, but this application
might have a look and feel totally different to other applications installed on the system because of incompatible
window managers.
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QuickDraw screen display operations (drawing of graphics or text)

Window Manager creation and management of all kinds of windows

Dialog Manager creation and management of dialog boxes

Control Manager creation and management of controls (buttons, checkboxes, radio
buttons, pup-up menus, scroll bars)

Menu Manager creation of the menu bar, handling of drawing and actions within
menus

Event Manager reporting of events, communication with other applications

TextEdit simple text-formatting and text-editing (input, selection, cutting,
pasting)

Resource Manager reading and writing of resources

Finder Interface interaction with the FNDER

Scrap Manager cutting and pasting among applications

Standard File Package standard dialog boxes for file selection

Help Manager Balloon Help

List Manager creating of lists of items

Sound Manager sound output

Sound Input Manager sound input

Table 2.2: Macintosh ®oLBOX Managers

Macintosh TooLBOX or QUICKDRAW, to keep track of all files stored on a Macintosh. The
FINDER also takes care of copying and moving files, or creating folders.

As mentioned, the IKDER uses other components to provide its functions. The two most impor-
tant of these parts are described below.

TooLBOX

The TooLBOX is a set of routines provided for developers to create user interfaces.ddie T

BOX is not visible as an individual part of the MacOS or its interface, because unlikeNb&ER

itis not present on the disk and there is no single program using it. Instead, it is used to create the
user interface of most applications, thus it visible in most applications. Actually, it isdloa -T

BOX that ensures the Macintosh look and feel, i.e. tlmeTBOX makes sure that all Macintosh
applications look and work similar. It mainly deals with the management of the user interface,
i.e. helps to establish the connection between the application and the user.

The Macintosh DoLBOX contains a variety of Managers. Table 2.2 lists the most commonly
used TooLBOX Managers. It is a level above the Operating System, thus it uses some of the
low-level functions provided by the Operating System to provide its functionality.
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QUICKDRAW

Where the DoLBOX provides high level support for graphical user interface elemenis; K}

DRAW provides the routines to do basic drawing on the screen. Thus, it is comparable to X
WINDOWS on Unix Systems, although much of the functionality present in XNBOWS is
distributed into several distinct parts on the Macintosh.

2.5 Files

The handling and internal structure of files and their names varies greatly from operating sys-
tem to operating system. Unfortunately, even modern programming languages don’'t support a
uniform handling of files and their names.

Actually, there are two different situations when developing a program where file names are
important. First, when a program is able to use files, it needs a way to determine the name of the
file to read or write. Second, the source code of the program most certainly needs to include text
from external files, which must again be referenced from the code itself. We will deal with this
second problem later, while looking at the different developing environments for the operating
systems (see chapter 3).

2.5.1 Unix Files

A Unix file is a simple block of data, without additional, file specific information. Unix can
only distinguish different file types by directly looking at the contents of the file (i.e. magic
numbers). While this is bad for applications dealing with files, it is a great benefit when copying
files between different operating systems. Because no additional information is present, the files
can be copied as is.

There are still some considerations to be taken care of when dealing with Unix files on different
operating systems. When dealing with ASCII files, the ending of a line is unfortunately not
standardized. While Unix uses a line feed to represent a new line, the Macintosh uses a carriage
return and Windows even uses a carriage return and a line feed. Thus copying an ASCII file from
one operating system to another might make probfems.

Even more problematic are binary files, i.e. files where data is not stored in text format but
instead as it is present in the memory used by the program. In such cases, the processor used
determines how integer values are stored. Different processor, even using the same operating
system, may interpret the values differently. That's why most Unix programs use the text format
to store data instead of directly using a binary format.

9 programs to transfer files, liktp automatically convert line endings in ASCII files depending on the systems
involved
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2.5.2 Mac Files

The file concept of the Macintosh operating system differs in some key concepts from other op-

erating systems. The most important difference is the concept of resources. While a file on most
other operating systems, including Unix and Windows, consists of a single part, a Macintosh file

basically consists of two separate parts. One part contains the normal contents of the file, like on
other operating systems. The second part of a file, contains additional information concerning
the file. This information is stored in the so called resource fork and contains a variable number
of resources. This resource fork makes it impossible to copy a Macintosh file to another operat-
ing system without conversion. At least the resource fork has to be stripped from the file to get

the real data to another operating system. In that process, some vital information of the file may
be lost. Thus, even simple text files cannot be easily converted from Macintosh to Unix.

Macintosh files have another specialty. While Unix and Windows use a file’s extension or some
magic number at the beginning of a file to determine its type and which application to use to open
the file, the Macintosh has a creator and a file type stored in a resource. Both are 4 Byte character
sequences, uniquely identifying the program that created the file and the file’s type. With this
information it’'s easy to determine how to treat a file. Using this information, it is possible for the
MacLWB to start the LWB when a file is double clicked. In such a case, the LWB is started and
the selected files are automatically executed. With this mechanism, it is possible to implement a
sort of scripting for the LWB, i.e. automatically calling a predefined set of commands at startup.

2.5.3 File and Path Names

Of course, the names of the files also differ from one operating system to another. On Unix,
directories are delimited with the slash /', while DOS/Windows uses the backs|aahd the
Macintosh uses a colon "’. Furthermore, the maximal length allowed for a file name differs from
operating system to operating system as Well.

2.6 Software Installation

The installation of a program is an important aspect of a program’s distribution. Several key
guestions have to be answered before a program can be released. Most importantly, if the pro-
gram is to be released as a source or a binary distribution. The latter has the advantage of much
easier installation, while the earlier is more compatible with different versions of an operating
system (cf. 2.2 and 2.3).

The installation of a program is highly system dependent. As already mentioned, a program is
normally written for a specific version of an operating system and using it on a newer, or worse

10 fortunately, the very restricting 8/3 limits of DOS are finally gone on Windows systems; thus file names up to a
length of 32 characters don’'t make any problems.
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on an older version of the same operating system might or might not work. Below we have a look
at the two different basic distribution methods and how feasible they are for Unix or Macintosh
systems.

2.6.1 Source Distributions

A source distribution of a program contains the complete source code and all the information
necessary to build the final executable program. The end user needs the appropriate compiler
and all other additional tools necessary to built the executable program from the sdurces.

There are several tools that help to make building the final executable program easier. Never-
theless, the building process can be complicated, time consuming and error-prone. On the other
hand, source distributions have many advantages that often make them the only choice for a
program’s distribution. The main advantage surely is the compatibility to the current operating
system. When a program is compiled on the machine it is intended to run on, a lot of com-
patibility problems are solved. The version problems with libraries on Unix systems (cf. 2.2)
are solved, thus prohibiting compatibility problems with system software routines and problems
with positions of dynamic libraries on disk.

Of course, the source distribution has to be prepared for the desired target operating systems or
compilation almost certainly won’t work. The building process on a specific Unix system may
work if it was prepared for another Unix system. But, actually compiling a program for a system

it was not originally intended for generally requires a port of the program which involves a great
deal of work.

A natural requirement when installing a program from a source distribution is the presence of
an appropriate development environment. While such an environment can be assumed to be
present on most Unix systems, most Macintosh or Windows systems don’t have a development
environment installed and thus are not a good choice for source distributions.

2.6.2 Binary Distribution

The binary distribution only contains the final executable program and all the files necessary to
run the program. The source code of the program is not part of a binary distribution.

Normally, a binary distribution only contains an executable program for a specific operating
system and a specific hardware platform. It is generally not possible to run the same program
on a different hardware platform or on a different operating system. This, of course, is the
main drawback of binary distributions. Their advantage, on the other side, is generally a quite
easy installation. With binary distributions it is, with some effort, possible to create installation
packages that are easy to install and don’t require special skills or efforts when installing.

11 |ike the MAKE tool
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Because there are a lot of different computer systems and most of them are incompatible, a
program may have to offer many different binary distributions in order to be able to allow it
to be run on a variety of computer systems. This requires huge maintenance effort and thus is
rarely done for Unix systems. For Macintosh systems, on the other hand, this kind of software
distribution normally is the only possible way.

2.6.3 Comparison

For the Macintosh, only binary distributions make sense. It cannot be assumed that the user of a
program has access to a C++ development environment. Furthermore, Macintosh systems tend
to be quite compatible between different operating system versions (compare 2.2.2). Thus, a
binary distribution is much easier for the user and does not have many drawbacks.

This is different for Unix systems. The various Unix systems are not binary compatible between
each other, mainly because the processors used are not compatible. Furthermore, Unix systems
tend to be quite strict concerning library versions (cf. 2.2.1). Thus a lot of programs are dis-
tributed as source code, which the user has to compile to be able to use the program. This has the
advantage of providing a single installation file which will then, after compilation, run on any
Unix machine. The developer has to make sure, that the compilation runs without problems on
any system, which can be challenging task.

Nevertheless, the LWB is distributed using binary packages. Mainly because distribution as
source would make the build process much more difficult and would require drastic changes.
See chapter 3 for more information about the tools used for creating distribution packages.

2.7 Scripting and Redirection

Scripting describes the process of automatically control one or more programs with a predefined
sequence of commands. With scripting it is possible to call programs and process their results
with other programs. Furthermore, it is possible to generate a sequence of commands which can
then be run without user intervention to carry through a time consuming or repeating event.

Redirection is used to change where input to a program comes from or where output goes to.
With redirection, a program can take its input from a file or another program instead from user
interaction. Similarly, output can be stored in a file or redirected to another program instead of
displaying it on screen.

For the LWB, scripting is mainly used to automatically test the internal algorithms for correct-
ness. This is done by issuing commands to the LWB and compare the results to a previously
computed and hand-checked result. For LWB users, scripting and redirection allows the auto-
matic execution of LWB commands stored in a file, for example to carry through time consuming
computations without requiring direct user interaction.
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2.7.1 Unix Shell

The shell is an important part of a Unix system. It provides a text oriented way of invoking and
controlling programs.

Input and output using a shell are standardized and an integral part of the C++ language. Thus, an
application using only shell in- and output can easily be ported to another computer system sup-
porting C++ and shells. Furthermore, using a shell makes scripting of programs and redirection
of input and output easy possible, without additional implementations.

While these programs are often not as user friendly as programs with a graphical user interface,
they can still be quite easy to use. Furthermore, using the shell has several advantages from the
developers viewpoint.

By using scripting and input/output redirecting it is quite easy to implement procedures that
automatically test a program for errors. That way, after changes are made, it can easily and
automatically be checked if all that worked before still does.

The drawback of shell oriented programs is of course the lack of a comfortable user interface.
Thus it is normally best, as was done with the LWB, to implement two version of a program,
one using Shell input and output (the ASCII LWB) and another one using a more sophisticated
graphical user interface (the XLWB and the MacLWB).

2.7.2 Apple Script

The Macintosh operating systems does not contain a shell. Because the user interface of the
Macintosh is completely graphic oriented, a shell would be out of place. Nevertheless, there is
still a way to use scripting on the Macintosh, although a more complicated one. The Macintosh
supports Apple Script, a Macintosh specific scripting system. While it does not allow to redirect
input or output, it can be used to control the execution of a program.

The drawback of this approach is that only programs actually supporting Apple Script can be
controlled and only those features of a program can be used which are supported via a command
in the Apple Scripting Language. Furthermore, the this language is quite complicated and uses a
complicated method of writing script files.

All'in all, scripting on the Macintosh is much harder to use than it is on a Unix system. Because
the LWB mostly uses scripting for automatic testing, it is not supported on the Macintosh. The
automatic tests can be carried through on Unix much easier and because the program code cor-
responding to the LWB algorithms is the same for Unix and the Macintosh, the tests actually test
the Macintosh version of the LWB as well. The automatic executing of certain commands, is
solved on the Macintosh by the so called initialization files, i.e. files that are automatically read
with the MacLWB when double clicked.
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2.8 Compilation and Building

We look at two principally different approaches for the building process of a program. The first
is shell oriented and the second graphic oriented.

2.8.1 Shell Oriented

The shell oriented approach uses makefiles, th&®tool and the shell to create an application

(see chapter 3). The makefile contains the commands and rules necessary to create an application
from its source files. MKE is then able to create the application, using the compiler and all other
necessary tools. It has the capability of automatically deciding which files need to be remade
because their sources were changed. This makes the tool very powerful and can drastically
reduce the time required for compilation.

The MAKE tool cannot only be used for the creation of the program itself. It can also generate
distribution archives, run test procedures, create documentation files and a lot of other tasks that
can be started in a shell. The creation of correctly working makefiles for the building process can
be quite complicated and time consuming. On the other hand, all tasks required for compilation
and building of a program and its maintenance can be done uskgeM This can greatly
decrease maintenance overhead and reduce the number for errors.

All'in all, MAKE is a powerful tool, capable of integrating many other programs. It is available
for all Unix systems and used for almost all programs.

2.8.2 Graphic Oriented

Because some operating systems—Iike the Macintosh—do not provide a shell, another than shell
oriented approach has to be used. A graphic oriented development environment includes han-
dling of projects and their building and compiling process using a completely graphic oriented
user interface. The developer only has to select the source files to be compiled into the final
program. Building and linking is done automatically by the development environment.

Clearly, this type of building is much easier, because most of things necessary are done by the de-
velopment environment and do not concern the developer. There are several drawbacks, though.
Only tasks that are actually supported by the development environment can be done. This is nor-
mally only compiling and linking of a single program. If there are tasks that need to be done in
order to create a final program that are not supported by the development environment, they have
to be done using external programs and, worse, have to be repeated by hand whenever necessary.
Such things are, for example, the automatic generation of source code, like a parser generated
with LEX (cf. 3.2.5) and ¥cc (cf. 3.2.6), or the automatic generation of program documenta-

tion. While such things can be integrated into shell oriented development environments, there is
normally no way to include them in a graphic oriented development environment.
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Furthermore, graphic oriented development environment use proprietary data structures and files
to store project specific information. Thus, the building information is not compatible with other
development environments. If a program is to be developed for different computer systems, then
either the same development environment is available for all systems, or multiple systems have
to be maintained.

2.9 Preferences and Configuration

The configuration values, i.e. preferences, of a program are stored at different position and in
different ways on Unix and on Macintosh systems. The Macintosh uses the preferences folder,
while Unix generally uses dot files.

2.9.1 Preferences Folder

The preferences folder is a special directory on the hard disk of a Macintosh system. This folder
is used to store the preferences information of all programs installed on the system. This way,
the program as well as the user know where to look for program specific configuration files.

The data is stored in standard Macintosh files using resources. The Macintosh operating system
provides only some very basic functions to deal with preferences. This is mainly a way of
locating the preferences folder, because its name and location are user defined. Handling of the
preferences values is left to the program, with no additional support by the operating system.

2.9.2 Dot Files

The standard for configuration files on Unix systems are so called dot files. These are files
beginning with a dot’.’. They are normally not shown when displaying the contents of a directory
and are thus hidden from the user.

The files normally contain ASCII text defining the configuration values of a program. Normally,

a program reads a specific dot file at startup. That way, it is possible to set the configuration
of a program permanently. The location of the dot files is not as standardized as Macintosh
preferences files, but the files are generally stored either in the users home directory, a program
specific configuration directory or in the program directory itself.

2.10 Documentation

Because operating systems are quite different from each other, there also exists different docu-
mentations for the systems. Below are some of the standard documentations essential for Unix
and Macintosh software development.
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2.10.1 C++

Most general C/C++ books assume Unix systems for development and thus provide enough
information to start programming on such systems. Furthermore, the input/output system of
C++'2 was actually made for Unix and thus is easy to use on Unix systems. On the Macintosh,
the books can be used for general C/C++ programming, but additional information is necessary
for input and output, because standard input and output may not be available.

To be able to use operating specific routines and libraries, additional books are required, even
if coding in C++. Thus books for X WWDOws or MOTIF are necessary for Unix systems

and documentation for general Macintosh programming is almost certainly required to develop
Macintosh Software.

2.10.2 System Software Routines

The documentation for calling system software routines is usually either available online on the
Internet or on the system itself. This information normally is enough to be able to call a specific
system function, but additional documentation may be necessary to be able to really use these
functions effectively.

Man Pages

Unix uses the man pages for system documentation. The man pages allow easy and fast access
to the most important information concerning a system routine. Additional information must be
found either on the Internet or in books about Unix development.

Inside Macintosh

Inside Macintosh is a library of books forming a complete reference manual of the system soft-
ware of the Macintosh. The books are primarily designed as reference books, not as step-by-step
tutorials. One notable exception to this rule is the introductory Boskie Macintosh: Overview

[6]. It does not contain references to a specific part of the macintosh operating system, but a gen-
eral introduction to programming on Macintosh computers and to the other Inside Macintosh
books.

The Inside Macintosh library consists of approximately 35 volufesach with several hundred
pages describing a specific part of the Macintosh operating system. They contain a reference
of all available functions and data structures. There are books for text processing [10], imaging
[12], memory [14], files [11] and all the other parts of the operating system. The whole contents

12 theiostream  s.

13 see the bibliography for a complete list of available volumes
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of these books is electronically available [5]. Furthermore, the most recent additions to the Inside
Macintosh library are available on the word wide web only.

The books are, like the whole operating system, mainly written for Pascal or Assembler pro-
grammers. There are always some side references about using the functions and data structures
in C, but object oriented techniques or paradigms are neither used nor supported. This makes
usage of some of the functions a bit unpredictable at first, for example when dealing with Pascal
or C Strings (cf. 2.12). The functions normally just assume one or the other, without clearly
stating which.

One of the most important volumes in the Inside Macintosh series, apart from the introductory
volume [6], is the volume describing the MacintosbdLBox [13]. It contains the references to

the most important routines of the operating system. The contents of the volume is continued in
[9]. For application containing text or graphics, the volumes [12] and [10] are important. Most
application will also need information from [14], [11], and [16].

2.11 Memory

Every application has to deal with memory in a way. Most of the time memory will handled
care of by the compiler. Even if the compiler does not have complete memory management with
garbage collection, like C/C++, most memory allocations and its uses are still handled. Only
freeing of memory must concern a C++ developer.

Below are some consideration concerning allocation and use of memory for Unix and the Mac-
intosh. The release of memory is not specially treated, because this is a general C++ problem,
discussed in any basic book about C++.

2.11.1 Unix

A program running on a Unix system can assume that it has complete control of all memory
available in the system. The individual memory spaces used by different programs are all man-
aged by the operating system and need not concern the program or its developer. An application
cannot, even if faulty, write into the memory space of another program. Virtual memory is au-
tomatically handled by the operating system, actually providing the Unix program with more
memory than is available as physical memory of the machine. Additionally, a memory block is
never moved by the operating system.

All this makes memory management for Unix programs easy and most of details are handled by
the C++ compiler. A C++ program written for Unix thus has to do nothing special to allocate or
free memory, even when calling system software routines.
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2.11.2 Macintosh

The Macintosh uses a cooperative multitasking (see below) to share the hardware between several
processes. Therefore, an application can only use part of the total available memory. Some of
the total RAM available on a machine is used by the operating system, while the rest is shared
among all open applications.

The whole memory is split into two sections, called partitions, the system partition and the ap-
plication partitions. The system partition mainly consists of a system heap and a set of global
variables. The system heap is reserved for exclusive use by the operating system and other
system software components. The set of global variables, called system global variables (or low-
memory system global variables), are used to maintain different kinds of information about the
operating environment. For example, thieks global variable contains the number of ticks

(% of a second) that have elapsed since system startup. Additionally, pointers to the heads of
various operating system queues are also stored in system global variables. The system partition
is not normally used by applications, except in some rare cases when reading some variables.

All memory outside the system patrtition is available to applications and other software compo-
nents. When an application is launched, the operating system assigns it a section of memory
known as its application partition, which normally is the only memory usable by an application.
Therefore, an application has a fix amount of memory, determined beforéh@hd application

heap will be allocated at the bottom of the partition, growing upward, while the stack starts at
the end of the partition and grows down. The operating system makes sure that the heap does not
grow above a predefined limit (th&pplLimit ), but it does not prevent the stack of growing

into the heap, but instead checks approximately 60 times a second if the stack has moved into the
heap. A system error is generated if it has. The application stack mainly contains the memory
used for the execution of functions, i.e. arguments and return values of functions, as well as local
variables. The application heap, on the other side contains the data that is dynamically allocated
during process execution, like window records, dialog records or document data.

The system used by the Macintosh makes handling of low memory usage absolutely necessary.
Because the memory a program can use usually is limited beforehand, it is always possible that
memory runs out. On most Unix and similar systems, the available memory generally is so
big that most developers don’t check if an allocation of memory actually succeeded. On the
Macintosh this kind of carelessness can be fatal.

The Memory Manager does all the necessary bookkeeping about free and used memory blocks.
Contrary to the stack, the allocation and freeing of memory can occur in any order. Thus, the
heap can, after the application has been running for a while, become fragmented into a patch-
work of allocated and free blocks. This fragmentation is known as heap fragmentation. If the
memory is fragmented too much, the system may no more be able to satisfy a request for a single,
large block of memory, even if the total amount of free memory is much larger than the desired
block. If this happens, the Memory Manager tries to collect the free space into a single block,

14 this amount is fixed in the information panel of a program icon in thedER.
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an operation which is known as heap compaction. To be able to do this, the blocks of memory
used by the application need to be relocatable, i.e. the operating system must be allowed to move
memory blocks. This heavily concerns application programs. Data allocated by an application
may suddenly be moved by the operating system, making all pointers to this data tAvadid.
prevent this, the Macintosh operating system supports a special data type, the handles. These
are actually double indirected pointers, which are adjusted when the operating system moves a
memory block. This prevents these pointer from becoming invalid, but on the other hand requires
additional tasks to be done when allocating, freeing or using such memory in a program.

The system used by the Macintosh operating system is quite old and originates from a time
where memory was scarce and it was useful to save memory. Most modern computer systems
have enough memory nowadays and thus most of these techniques have become obsolete. Fur-
thermore, the virtual memory mechanism used in current computers does similar things on the
hardware level. This solution is much faster and furthermore does not burden the developer with
additional considerations to take care of.

2.12 Data Types

C++ uses various data types that may be problematic when porting programs from one system
to another. Below, we briefly look at some standard data types generally used in programs that
might produce problems.

2.12.1 Pointers

Pointers are normally no problem, because all systems know this data type and support it in the
same way. Depending on the architecture, pointers may have different sizes though, but this does
not normally create any problems if the code is written properly.

Handles

Handles are pointers to pointers, indirectly giving access to memory blocks. Unix programs
rarely use handles to access memory. They are mainly used on the Macintosh, because of the
relocatable memory blocks. Because handles are just pointers to pointers, they can be used on
any system, but rarely make sense unless required by the operating system.

15 jn C++ this means all data not stored on the stack
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2.12.2 Strings
C Type

Unix uses C type strings, i.e. strings which are terminated by a NULL character. This is the same
used by C++ and thus there are no problems using strings on a Unix system, even when calling
system software routines.

The object oriented string class provided by C++ cannot directly be used to call system functions.
But it provides a means of converting the string into a standard C string, which can be safely used
with any system function.

Pascal Type

Although some of the new the operating system routines of the Macintosh use C type strings as
well, most still use use Pascal type strings. These strings contain the length of the string in the
first byte of the text, but are not NULL terminated.

While the text itself is completely the same for both types of strings, the values can neverthe-
less not be interchanged. Thus, special care has to be taken when using a string obtained by a
Macintosh system function in a C string function and vice versa. Normally, the string has to be
converted, or output may not be as desired.

Additionally, because the length of a string is stored in the first byte, a Pascal type string may not
be longer than 255 characters. For longer strings, a different data structure has to be used.

2.12.3 Integers

Integers are a bit more complicated, because they more closely depend on the processor used.
Mainly the size of an integer may vary from one system to another. That can be a problem,

if a computation produces numbers that are bigger than those that can be stored on a specific
processor.

Another problem with integers is the internal ordering of the value in memory. This ordering
differs from processor to processor. Normally all memory access is handled by the compiler, but
in some special cases problems might arise. This is for example the case, if a memory block is
directly stored in a file. While this file can be read without any problems on a similar processor,
the values might be interpreted completely different on another machine.

These problems are the same for Unix and Macintosh machines. Normally, they are not to hard to
solve. If no data is interchanged between systems in binary format, the latter problem disappears.
If code is not written using the full storage capabilities of integer values up to the limits, but
instead in a way that only uses the standard 4 Byte integers, then the size considerations are not
a real problem as well.
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Of course, similar problems arise for floating point numbers, but they can be solved accordingly.

2.12.4 Complex Types

More complex types are normally built up using the basic types and thus produce no additional
problems. There may be some problems if compilers handle some parts of the language differ-
ently, which rarely occurs. The problem most often encountered is when a compiler does not
support one of the more recent additions to the C++ standard. Using such features results in a
program that cannot be compiled on all compilers.

The internal layout of complex data types is highly compiler dependent, though. Thus, itis never
a good idea to store the values of a complex data type in binary format by simply storing its
memory. This most certainly results in unportable programs. Furthermore, it is never guaranteed
that a future version of the same compiler will actually place the data in completely the same
order. Thus, binary files written like that might become unreadable when the program is compiled
with a new version of the compiler.

2.13 Interprocess Communication

Interprocess communication is used every time a program or process tries to communicate with
another one. There are several solution how this communication can be carried through. The
most important ones will be detailed below.

For the LWB, interprocess communication is important in several parts. The same type of com-
munication is used to get information from the operating system to the graphical user interface.
Furthermore, interprocess communication is used when a program needs to be interrupted by the
user. Lastly, interprocess communication is used to communicate with external programs, like
the web browser used for the help system.

2.13.1 Signals

A Unix system uses signals to provide simple communication to a program. This only allows
very basic, one way communication. All that can be sent to another process is a signal, a simple
number. The system provides various predefined signals, for example to interrupt, quit, abort,
kill, alarm, restart or stop a process.

The signal is received by a process, which should react appropriately. Some of the basic standard
signals, like stopping, are automatically handled by the C library, thus need not be handled by
the program code.
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2.13.2 Events

The Macintosh does not use signals for interprocess communication but instead uses a similar,
though more versatile event system. Events are complex data types used to exchange information
between processes. An application can receive or send many types of events. They are usually
divided into three categories, low-level events, operating system events, and high-level events.

Low-level events are created by the operating system for simple, hardware or user generated
information. Low-level events are sent by the Event Manager when the user presses a mouse
button, releases the mouse button, presses a key on the keyboard, or inserts a disk. Furthermore,
the Event Manager sends an application an event when the window is to be activated or when
part of a window has to be redrawn. If an application requests an event and there is none, a null
event is returned by the operating system.

The Event Manager sends an operating system event when an application’s processing status is
about to change or has changed. For example, an operating system event is sent to an application
that is brought into the foreground by the user. The application then has to reactivate itself.

High-level events are sent to an application by another application or another process. They are
mainly used for interprocess communication on a higher level.

The communication between two processes (or a process and the operating system) conforms
to the client/server model. The communication is normally initiated by a client process sending

a request to a server application using an Apple event. Both processes can run on the same
computer or on remote computers connected over a network.

[39] contains a standard vocabulary of Apple events that can be used to for the communication
between applications. These are predefined events, corresponding to many services an applica-
tion might request of another. Additional events can be defined by an application, but communi-
cation is only possible if both processes interpret the event the same way..

Event Loop

The central part of most Macintosh applications is the event loop. This is the loop in the program

in which all events are treated. The event loop initiates the appropriate reaction to all events
received by a program. This approach is especially useful for applications with a graphical user
interface, because all user actions are transmitted to the program via events. The event loop will
treat these events and thus makes the program able to react to user input.

The process of obtaining and reacting to events is active, the program needs to poll events in order
to treat them. As long as no events are read, no user input reaches the application. Because of
the Macintosh’s cooperative multitasking (see next section), the computer looks frozen when an
application seizes the CPU for an extended time. To prevent this, each time events are requested
from the event manager, the CPU switches to the operating system, giving it some time to update
the display and do other important things. Thus, the event loop also helps to keep the user
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interface alive. This only works, if each reaction to an event does not use more than some
fraction of a second of CPU time. Otherwise, the display may fréeze.

2.13.3 Shell and I/O Redirection

There are many situations, where an application needs to be able to start an external program to
carry through some specific task. Because this is an important situation, C/C++ has a special,
system dependent function defined just for this case.syeeem() function starts an external
program, independent from the current one. Technically, this function takes a string and treats it
just as if it was entered into a shell (cf. 2.7.1).

Using this method, it is easy to start external programs and with I/O redirection it is even possible
to get back some output of the program after the external program is finished.

The LWB needs to communicate with a web browser for the help system and with the ProofWish
tool to display classical proofs. On the Macintosh, this is handled using the events described
above. On Unix, signals cannot be used to achieve the desired result. Thusysemg() |,

the shell is used.

2.14 Processes

Most modern operating systems support multi tasking, i.e. allow multiple programs to be exe-
cuted simultaneously. Even if just a single program is running on the computer, normally other,
system specific processes are running as well. The operating system needs a means to switch be-
tween these process, because most machines only have a single processor and thus can execute a
single program at a time.

2.14.1 Cooperative Multitasking

The Macintosh supports a simple form of multi tasking, so called cooperative multi tasking. As
the name implies, cooperative multi tasking requires the cooperating of all tasks running on a
machine. Thus, each application is required to hand on the CPU to other tasks from time to
time, to give each other task a possibility to do something. The operating system relies on each
individual task to be cooperative, i.e. an application can never be forced to give up the CPU but
instead should do it on its own.

Cooperative multi tasking puts several requirements on an application, essential for smooth op-
eration of the whole machine. The Macintosh operating system adds further requirements to the
application to give the user a better handling of multiple programs running at the same time.

16 this is contrary to the Unix signals, which can interrupt program execution and force a program into a certain
state.
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These requirements will be detailed below, mainly because ignoring some of these requirements
results in serious troubles for the operating system.

Application States

The Macintosh distinguishes two main states for an application. An application can either be the
active application, a foreground or a background application.

The active application is the application that currently interacts with the user. It is not neces-
sarily the application that currently has control over the processor, i.e. the application currently
running. Itis gets all events generated because of user actions, like mouse or keyboard events. If
a proces¥ is currently in control of the CPU, it is called the foreground process. As mentioned
above, the active application may also be the foreground process, but this is not necessary. A
process that is open and ready to run but isn't the foreground process, is called a background
process.

Context Switches

As long as an application runs, it can only be interrupted by hardware interrupts. To give time to
background processes, the application needs to call the Event Manager from time to time. That
way, the application gives away the control of the CPU for a short period, during which another
process gets some time for computations. The process of changing the CPU from a currently
running process to a process waiting for execution is called a context switch.

There are two distinguishable types of context switches, major and minor switches. A major
switch fully switches from one application to another, maybe for a long period. For that switch,
the application has to move it’'s windows from the back to the front or vice versa. Furthermore,
some windows may be hidden or shown again. Thus the active application switches from one
process to another.

For a minor switch, the Process Manager gives a background process some computing time,
without actually changing the active application. The windows are not changed in any way for
such a switch and the background application is still not capable of getting user input.

Events

Several special events are used to change an applications processing status. If an application
should be switched into the background, the Process Manager sends it a suspend event. This
tells the application to prepare to give the CPU away. The switch is carried though the next time
the application checks for an event. If an application is switched into the foreground, it gets a
resume evengfter the switch.

17 an application or a desk accessory.



30 Chapter 2: Operating System Comparison

If an application gets a suspend event, it should deactivate its front window, and remove the high-
lighting from any selections and hide all floating windows. After a resume event, the application
should activate its front window and restore any states inside the windows.

One special type of event is the null event. If an application receives a null event, this means that
no other application needs the CPU for computation. Thus the application can then perform idle
processing. This includes blinking the insertion point, for example. The application should do
only minimal processing at this time though, because some other process might want to compute
something soon. If an application is in the background, it can do other processing while in the
background. It should not perform lengthy tasks, because these might slow down responsiveness
of the foreground process. Furthermore, an application should never interact with the user if it is
in the background.

Summary

All in all, the Macintosh’s process handling system is quite old fashioned and puts a lot of
requirements to the programs running on the system. Thus, if an application is faulty, locks
and hang-ups often occur and cannot be prevented. Furthermore, there is no real process and
resource management. A process may not easily be killed and there is no way of giving execution
priorities to processes. Last but not least, there is no real interrupt system, making it hard to
control a program which runs out of bounds (the only solution on the Macintosh is to completely
terminate the program).

2.14.2 Preemptive Multitasking

An operating system supporting preemptive multi tasking is capable of switching from one pro-
cess to another, without having to rely on the cooperating of the processes involved. Thus, the
operating system switches from one process to another using its own scheduling information. It
is capable of interrupting a running application and switch to anothetfone.

Thus, a program can be written without regard to other programs or the operating system. The
program is assumed to have complete control of the whole machine. The process switching is
done by the operating system without the program even noticitfigRurthermore, a program
cannot normally prohibit process switching, and thus even if a program crashes, the machine
might go on. More importantly, development is easier because no care has to be taken to consider
process switching. On the other hand, this solution requires a complicated operating systems and
puts special requirements to the hardware.

All Unix systems support preemptive multi tasking.

18 this is normally done through hardware interrupts.

19 the program can notice it if need be, but normally this is not necessary.
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2.15 Compatibility

It is quite important for an application to be compatible with future versions of the operating
system. As already mentioned (cf. 2.2), this task is quite hard on Unix systems but feasible on
Macintosh systems.

2.15.1 Macintosh

To ensure compatibility for a Macintosh application means to write applications that are able to
run with little or no modifications on all members of the Macintosh computer family and on all
system software versions. There are some basic guidelines to be followed to ensure compatibil-

ity:

e never directly address the hardware
e never directly write to the screen
e don’t rely on system global variables

By keeping these guidelines in mind, an application will most certainly run with future Macin-
tosh systems. Furthermore, Apple released a special program, Calibdn Dater , which
checks an application program for its fitness with new versions of the operating system, espe-
cially System X.

2.15.2 Unix

Unix applications are not normally binary compatible with major changes in the Unix system.
While small changes or updates normally don't interfere with programs, major changes won't
allow the program to go on working, mainly because the necessary libraries are no more available
or are not compatible with old ones.

The solution to this problem is the recompilation of the program. This normally solves all com-
patibility programs, because now the current, updated system libraries are used. Because the C++
standard and the compilers normally change very slowly, compilation is normally no problem on

a new system.
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Chapter 3

Development Tools

This chapter gives a brief overview of the tools used for the creation of the MacLWB and the
Unix LWB. For further, more detailed information, have a look at the program documentations.

3.1 Macintosh

3.1.1 CobDEWARRIOR

CODEWARRIOR by Metrowerks is a commercial integrated development environment for the
Macintosh. It has a completely graphical user interface and includes an editor for writing the
source code, a compiler to create the executable files and a debugger, in case the program does
not work as expected. It also includes automatic project management. This means, the compiler
will automatically decide which files need to be recompiled and does automatically link the
appropriate files to create an executable program.

The integrated development environment does not allow additional steps to be taken into the
computation process. Thus it is not possible to create source files when building an application,
like usinglex (cf. 3.2.5) oryacc (cf. 3.2.6) to automatically create a parser.

The integrated compiler is a complete C/C++ compiler supporting all current standards of C++,
including function templates and the standard template library (STL). Furthermore, it has special
additions dealing with Macintosh specific issues, like handling Pascal type strings or resources.

Picture 3.1 shows the project management oDEWARRIOR, picture 3.2 displays a sample of
an editing session, and picture 3.3 shows the debugger when debugging the Macbwi. C
WARRIOR contains extensive online documentation but further books like [23] are also available.

1 these source files had to reused over from Unix.
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Figure 3.1: @ DEWARRIOR

: graphical project management
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Figure 3.2: ®DEWARRIOR: source code editing

3.1.2 PRPOWERPLANT

POWERPLANT is part of the @ DEWARRIOR development environment. It is an extensive li-
brary for the creation of graphical user interfaces (cf. [24]).

Overview

Although the Macintosh Toolbox already provides quite a lot of routines and support to create
graphical user interfaces, it does not directly support object oriented programming and thus is
complicated to use. ®VERPLANT smoothes these problems by providing a layer between a
graphical user interface and the Macintosh operating system. This layer is completely object
oriented and thus can be easily introduced into any C++ program.

Furthermore, the GNSTRUCTORtoOI (see 3.1.3) allows to graphically create a user interface
using the BWERPLANT libraries.

Structure

The POWERPLANT library is written in C++ and its source code is available to developers,
making debugging and problem solving easier. The library bases all graphical user interface
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Figure 3.3: @DEWARRIOR: a debugging session
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elements on a pane, defined by the claBane. A pane is a simple display element, including

a size and position and the methods necessary to paint, move and otherwise handle it. All other
graphical elements are derived from that base object. For example, the object forlweews |

is directly derived from a pané.Pane) and additionally provides a means of displaying a pane
that is larger than its display and whose visible portion can be scrolled.

If a graphical interface element is required that is not directly supportecobyeRPLANT or if

one of the provided elements needs to be changed somewhat, the existing classes can be derived
to create new, user defined custom classes. These classes can then be integrated @awe the P
ERPLANT library structure just like the internal classes. Even the graphical construction tool, the
CONSTRUCTOR can support custom defined classes in a limited way.

The library has some predefined structures which must be taken into account when developing
applications, to ensure that own classes are smoothly integrated intoweRPLANT environ-
ment? This requires the implementation of some necessary methods in custom interface classes.

Problems

Unfortunately, The BWERPLANT library has some drawbacks as well. One of its most serious
drawbacks is the big overhead used for drawing interface elemedt&ERPLANT uses quite
inefficient ways for drawing and often draws a single pane several times. Together with the
already inefficient interface handling of the Macintosh operating system and a slow computer,
this results in painfully slow display updates. Especially when dealing with a big number of
interface elements, as is the case with the MacLWB and its input and output regions, this can
become unbearable.

Furthermore, BWERPLANT does not completely support all available Macintosh managers.
Thus it can be necessary to directly deal with a manager. While this itself may be inconvenient, it
gets really problematic if directly calling some manager routines interferes \WMWERPLANT’S

internal data structures. Unfortunately, this is often the case and can most of the time can only
be solved by reimplementing some parts o\ERPLANT.

A major drawback and especially time consuming were some errors in the library, which resulted
in faulty handling of interface elements. While most of these errors were minor, they still caused
quite a lot of debugging. Most of these minor errors were corrected in newer versions of the
POWERPLANT library, directly leading into new problems. New versions of tieeMERPLANT

library were quite incompatible to previous versions and the changes sometimes were quite se-
vere. This required the rewriting of some parts of the graphical user interface with each change
of library version.

One last drawback is that the library is not portable, i.e. there is only a version for the Macintosh.
If the same library was also available for Unix or Windows system, then porting a program—
including the graphical user interface—would be easy and not time consuming. Furthermore,

2 Examples are the calling chain used to process keyboard and menu commands or the drawing procedure used to
draw the individual interface elements on the screen.
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Figure 3.4: @NSTRUCTOR graphical interface creation

changes in the user interface would not only benefit a single system but all systems where the
interface library was used.

3.1.3 CONSTRUCTOR

The CONSTRUCTORIS a development tool closely working together with th@WERPLANT li-

brary. It is a graphic oriented tool (see figure 3.4) for the creation of graphical user interfaces
using FOWERPLANT. The interface is composed by putting interface elements of various pre-
defined types at their places and define all their values. From a thus designed user interface, the
CONSTRUCTORCcreates the necessary resources, which can be added to an application program.
From these resources, theWERPLANT library automatically constructs all objects necessary

to display the graphical user interface on the screen.

The ConsTRUCTOReven allows the handling of custom classes. This is done when providing
the appropriate information to thedBISTRUCTORDbY creating a new type of interface element.

The program gets the base class of the new interface element to define its general behavior and
additionally all newly added variables of the clas©@NSTRUCTORthen allows the positioning of

these new custom elements just as the predefined elements, additionally with the new Variables.

3 Other, special properties of the new elements are not shown in the created interface, though. It is only possible to
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/I a type for a window dimension
type TYPE_DIMENSION

{
unsigned integer; /I width
unsigned integer; /I height
unsigned longint; /I top position
unsigned longint; /I left position
h
resource TYPE_DIMENSION (PREF_DIM_MAIN, "Position of Main Window")
{
DEF_DIM_MAIN_WIDTH, DEF_DIM_MAIN_HEIGHT,
DEF_DIM_MAIN_TOP, DEF_DIM_MAIN_LEFT
h

resource TYPE_DIMENSION (PREF_DIM_INFO, "Position of Info Window")
{
DEF_DIM_INFO_WIDTH, DEF_DIM_INFO_HEIGHT,
DEF_DIM_INFO_TOP, DEF_DIM_INFO_LEFT
h

Table 3.1: Rez: Definition of the Dimension type and some resources

The CoNsTRUCTORhas one major drawback, sharing it with theWweRPLANT library. It

does not allow the relative positioning of interface elements. Thus, only static user interfaces
can be built using the GNSTRUCTOR If an interface element has to be positioned relative to
another one, especially one that may change its size, or if the size or position of an interface
element has to react to changes in the layout of the user interface, then the positioning and
moving of the element has to be done in the program code an cannot be |efvieRPLANT or

the CONSTRUCTOR

3.14 Rez

The Rez tool provides a resource description language that can be used to create Macintosh
resources. It uses a C preprocessor like language to generate the final resoercasoRIlows

the definition of user defined types and resources of such custom types EZtu®Rpiler takes

a description file and generates a file containing the defined resources.

Defining a resource with Bz may be a bit more complicated than doing the same with a tool
using a graphical user interfefgdut using the Rz language has the advantage of automation.
Resources can be generated automatically, without user interaction. Thus, certain elements of the
resources may depend on other parts of the program, including values from a definition file. This

define new variables.

4 like CONSTRUCTOROr RESEDIT
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Figure 3.5: RESEDIT: graphical resource editing

way, information has to be stored and maintained at a single place in the source code, making
maintenance much easier. Furthermore, when changing the information, automatically all similar
information is changed throughout the whole program.

3.1.5 ReEsSEDIT

Like REz, RESEDIT is used to create Macintosh resources. Unlilez RRESEDIT is a graphical
resource editor. It shows all the resources of a file and allows changing, deleting, and adding of
resource values. This prevents automatic generation of resources, but on the other hand allows
easier definition, especially for icons and other pictures. Lik&,RRESEDIT does also allow

the definition and treatment of custom resources.

Luckily, CODEWARRIOR allows multiple resource files to be included in a single executable.
Thus it is possible to generate part of the resources using Rez orakeT®&ucTORand other
resources using ESEDIT.

3.1.6 INSTALLER MAKER

The INSTALLER MAKER is used to generate an installable archive of a program. This archive is
distributed to the end user for installation on the target machine.
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Figure 3.6: NSTALLERM AKER: installation package creation

The generation of the installation package is easily done using a graphical user interface. The
files to be installed can be placed in the archive, along with additional information, for example
where the file will be installed. This allows files to be installed in predefined locations, like fonts
in the fonts folder or preferences in the preferences folder.

The final installation package makes the installation of a program simple. All a user has to do is
to double click on the archive icon, select an installation directory where the application should
be installed (or accepting the default location) and all the rest is done automatically.

Unfortunately, the NSTALLER MAKER does not allow the automized creation of installation
packages. Thus, for each new release or update of a program, the package has to be newly
assembled by hand. This makes the process of creating installation packages error prone and
time consuming.

3.1.7 TcL/TK

TCL/TK is a scripting language with user interface support, available for a variety of operating
systems. The language allows the creation of programs with a user interface that may be run on
any implementation of TL/TK on any of the supported systems.

This type of user interface seems to be a clever way to create portable programs that may be run
on different systems. It has several drawbacks, though. First, the language is a scripting language
and thus quite slow. Furthermore, itis not fully object oriented, making the development of larger
programs hardly possible.

But even using TL/TK only for some small tasks is not without problems. While the language

is theoretically system independent, several limits still exist. Not all that is possible on a Unix
system can be done on a Macintosh and vice versa. Thus, an application has to be developed
with all target systems in mind and must be thoroughly tested on each system to make sure that
the program will smoothly run on all of them.

5 Unix, Macintosh, Windows
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3.2 Unix

3.2.1 SN VISUAL WORKSHOP

SUN VISUAL WORKSHOPIs a commercial C and C++ development environment by #i-
CROSYSTEMS It contains an integrated development environment and thedpiler. The
compiler in its current version 5.0 does support most of the current C++ stah@aelcompiler

is quite slow in compiling code with templates and sometimes uses a lot of memory. Further-
more, program compiled with €that use the standard template library (STL) are quite slow,
especially when compared to other compilers, likeu35cc.

On the positive side, the IFUAL WORKSHOPcomes with a lot of additional tools convenient
for development. For example, it contains an integrated development environment, a debugger
and performance and benchmarking tools.

3.2.2 G\U Gcc/Ecces

Contrary to CC, the Gu Gcc' is freely available. It can be used on any Unix system and on a
lot of other systems, like Windows, as well.

The implementation of the standard template library withindGs quite fast, especially when
compared to €. The compilation of the source code is fast as well. On the negative side,
compiling with optimization turned on is very slow and requires up huge amounts of mémory.

Gcc does not come with a set of tools and programs to help in the development process. Instead,
the compiler relies on the many freely available tools that can be used for programming. Some-
times, these tools lack the professional quality of a commercial product, but because there are a
lot of them, the right tools can almost always be found.

3.2.3 GNU MAKE

As all other Quu tools, G\uU MAKE? is freely distributed using the G license. The program
is available for all Unix systems.

The program is used to automate program building and compilation. It provides a language to
define rules and commands for building files from other files. When run, it does automatically

6 earlier versions of the compiler lacked some important parts of the standard, like template functions and the
standard template library (STL).

7 previously called Ecs
8 more than 256 MBytes at least

9 SUN Cc also contains a MKE tool, which supports much less features and is much less sophisticated.
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GLOBAL_DIR = /home/lwb/beta/src#  # dir of global Ilwb
LOCAL_DIR = /home/lwb/beta/src#  # dir of local installation
TMP_DIR = /homeltil/betatmp# # dir for temporary files
X_DIR = Jusr/openwin# # X directory
%.cpp: $(RCS_DIR)/%.cpp$(RCS_EXT)
@$(CO) $< $@ # generate C++ file from RCS
%.h: $(RCS_DIR)/%.h$(RCS_EXT)
@$(CO) $< $@ # generate header from RCS
$(DEST_DIR)/%.0 : %.cpp
@$(PRINT) "$(INDENT) compiling $<"
@$(CXX) -c $(CXX_FLAGS) $(CXX_LIBFLAGS) $(CUR_INC) -0 $@ $<
# C++ files

Table 3.2: Giu MAKE: excerpts of an example makefile
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compare file modification dates to determine which files need to be remade and which files are
up to date.

The features supported byN& MAKE are many, thus writing complex makefiles is possible. It

is possible to integrate almost any other, shell based tool into the building process. Thus, itis easy
to integrate RS, LEX, YACC and the various compilers into the building process of a program.
MAKE does automatically generate source files with these programs and compiles them into a
final executable.

MAKE is not limited to building of programs, though. Any task that depends on files to be created
by shell tools using some predefined rules can be done byeM Thus, cleaning the directory

tree, testing a program, creating distribution packages, making backups, layouting documenta-
tion and a lot of other things can all be automated usimxHEL

Figure 3.2 shows some small excerpts from the standard makefile used to for the building process
of the Logics Workbench.

3.2.4 BvACS

Because the Gc does not have an integrated development environment, a separate editor has to
be used. WMACS is the standard and very powerful editor for Unix. It is available for free for
Unix and also for Windows. It contains an own programming language and a lot of predefined
features helping in various editing tasksncluding program development.

3.2.5 LEX

LEX is a freely available tool for the automatic generation of a lexical analyzer. Together with
YACC it can be used to automatically generate a parser from a given set ofurBlesreates fast

and powerful lexical analyzers, but only produces C code and is not object oriented. This makes
integrating the lexical analyzer into an object oriented program complicated.

Table 3.3 contains some excerpts from the file containing the rules for the lexical analyzer of the
Logics Workbench.

3.2.6 YACC

As a lot of Unix tools,YAcc is available for freeyAcc takes a file containing rules describing a
language and produces C source for a parser capable of interpreting text for this language.

YACC can use.EX to lexically analyze the text before its is actually parsedLAs, it does not
produce object oriented code and is thus problematic to integrate into an object oriented program.

10 |ike text coloring or automatic indentation.
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Figure 3.7: MACS: source code editing



46

Chapter 3: Development Tools

alpha
digit
integer
symbol

{help}
quit|bye|g2h

pluslll+ll
mult
div
mod

[a-zA-Z]

{alpha}({alpha}|{digit}|_)*

{ tokenpos += yyleng; return tEQUAL; }

{ tokenpos += yyleng; return tNONEQUAL; }
{ tokenpos += yyleng; return tGREATEREQ); }
{ tokenpos += yyleng; return tGREATER; }

{ tokenpos += yyleng; return tLESS; }

{ tokenpos += yyleng; return tLESSEQ; }

{ tokenpos += yyleng; return tHELP; }
{ tokenpos += yyleng; quitReadFlag = true; return 0; }

{ tokenpos += yyleng; return tPLUS; }
{ tokenpos += yyleng; return tMINUS; }
{ tokenpos += yyleng; return tMULT; }
{ tokenpos += yyleng; return tDIV; }
{ tokenpos += yyleng; return tMOD; }

Table 3.3:LEX: excerpts of an example lex rules file
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%token tPROC tBEGIN tEND tLOCAL tVAR tRETURN tIF tTHEN tELSE
%token tFOREACH tIN tDO tRAISEERROR tCATCHERROR tWHILE tAPPEND
%token tPUSH tPOP tRANGE tEVAL tBY tTO tFOR tARRAY tINC tDEC

arg_decl_list :
tSYMBOL { if(declare_argument_value($1, 1)) YYERROR;
free($1); $$ = 1, }
| tVAR tSYMBOL { if(declare_argument_reference($2, 1)) YYERROR;

free($2); $$ = 1, }
| arg_decl_list ', tSYMBOL { if(declare_argument_value($3,$1+1))
YYERROR;
free($3); $$ = $1 + 1; }
| arg_decl list ')’ tVAR tSYMBOL {
if(declare_argument_reference($4,$1+1))

YYERROR,;
free($4);
$$ = $1 + 1; }
opt_arg_decl_list :
tSYMBOL { if (declare_opt_argument($1))
YYERROR,;

free($1); $$ = 1, }
| opt_arg decl list '’ tSYMBOL { if (declare_opt_argument($3))
YYERROR;
free($3); $$ = $1 + 1; }

Table 3.4:YAccC: excerpts of an example yacc rules file
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Table 3.3 contains some excerpts from the file containing the rules for the parser of the Logics
Workbench.

3.2.7 MOTIFATION

MOTIFATION is a commercial tool used to create graphical user interfaces for Unix machines
with X WINDows and MoTIF. The user interface is created with a graphical editor by placing
the desired interface elements at their positions. The C code generatedtyAviON has then

to be completed with own functions.

The C code obtained by BITIFATION is not object oriented and almost impossible to read.
Therefore, it is problematic to integrate such code into an object oriented program.

3.2.8 ReEDHAT PACKAGE MANAGER (RPM)

The REDHAT PACKAGE MANAGER (RPM) was originally developed for Linux systems, but
because it is freely available as open source, has in the meantime been ported to various other
Unix systems. It is the standard installation package manager for most Linux systems. From a
specification file, the program creates installation packages of programs for their distribution. It
is also used to install the package on the target machinel. d®es support additional tasks to be
carried out when installing a package as well as the possibility to install different files in different
destination directories. It is able to check that the correct libraries or other programs are installed
on a system before installing a program.

The program automates the creation of installation packages and makes final installation an easy
and controlled task. It also allows the removal of programs after their installation and other
administration tasks. Furthermore, it is also possible to distribute source packagesPwith R
which can automatically be built on the target machine.

Table 3.5 contains the beginning of the specification file used to create the Linux distribution
package of the Logics Workbench.

3.2.9 TAR and GzIP

TAR andGzIp are both small, freely distributable Unix tools. They can each be used alone, but
are mostly used together to created compressed archives of multipfé files.

TAR is used to pack multiple files together into a single file. Originally, this was used to make
backups of files to tapes, but nowadays it is more often used to create archives ohiéself

does not compress the resulting file. Thats weaite is for. It takes a file and compresses it,
generating a compressed version of the file.

11 modern versions ofAR can automatically calbzip when creating archives
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Summary: The Logics Workbench

Name: Iwb

Version: 1.1

Release: 1

Copyright: distributable

Group: Applications/Math

Source: ftp.iam.unibe.ch:/pub/LWB/lwb_1.1_source.tar.gz
Icon: Iwbicon.gif

URL: http://lwbwww.unibe.ch:8080/

Vendor: University of Bern

Packager: Peter Balsiger <balsiger@iam.unibe.ch>
ExclusiveOS: Linux

Prefix: /usr/local/lwb-1.1

BuildRoot:

%description

The LWB offers the possibility to work in a user-friendly way in
classical and non-classical propositional logics, including nonmonotonic
approaches.

%prep

%setup -c

cd src

co Makefile.linuxlocal
co Makefile.Xlinuxlocal
co Makefile

co Makefile.default

%build

cd src

export RPM_BUILD_DIR

make -r SYS=linux --no-print-directory prepare
make -r SYS=linux --no-print-directory

make -r SYS=Xlinux --no-print-directory prepare
make -r SYS=Xlinux --no-print-directory

%install
if Itest -d $RPM_BUILD_ROOT/usr; then mkdir $RPM_BUILD_ROOT/usr; fi
if ltest -d $RPM_BUILD_ROOT/usr/local; then
mkdir $RPM_BUILD_ROOT/ust/local; fi
mkdir $RPM_BUILD_ROOT/ust/local/lwb-1.1
In -s $RPM_BUILD_ROOT/ust/local/lwb-1.1 $RPM_BUILD_ROOT/usr/local/lwb
mkdir $RPM_BUILD_ROOT/usr/local/lwb-1.1/bin
cp $RPM_BUILD_DIR/lwb-1.1/bin/lwb $RPM_BUILD_ROOT/usr/local/lwb-1.1//bin

Table 3.5: BPM: beginning of a specification
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Using theTAR-GzIP combination can create simple distribution packages of a program, contain-
ing all required files. WithrAR-GzIP it is not possible to create sophisticated installations. It

is not possible to easily distribute files into different directors or to execute some pre- or post-
installation steps. On the other hand, creating and unpackimgRaczIp archive is easy and

fast.

3.2.10 Rcs

Rcs is the abbreviation for RvisioN CONTROL SYSTEM. It is another freely distributable
Unix tool, used to manage different versions of files, mainly source code of programs.

It allows the space efficient and controlled storage of multiple versions of a file, including the
handling of revision numbers and log entries. Furthermors $dlves most problems occurring
when different people work on the same files. In such a case, it has to be made sure, that not
two persons change a file at the same timesRolves this by providing a locking mechanism,
which only allows a single user to edit a file at a time.

In order to use RS, all users need access to the same storage area, where the master files for
each file are stored. ThuscR cannot be used over a network without direct access to a common
file server.

3.2.11 Grs

Cvs stands for ©NCURRENTVERSIONSSYSTEMS and is another free Unix tool. Itis a en-
hancement of Rsand is actually based on it.

The focus of s is on distributed development. Thus, it supports a client/server mechanism
for file modification. Users connected over a network can all work together on the same sets
of files at the same time. \& does not, like RS, normally lock files while they are modified,

to allow all users to change files when necessary. Instead, d@ntains a powerful merging
strategy. Files updated by two users at the same time are automatically merged into a single file
containing all changes. If changes overlap,SGs not able to automatically merge the files and
thus inserts special comments to make merging by hand easisiprGvides additional features,

like the support of multiple releases of a program or different development branches.

3.2.12 HsC

Hscis a small, simple HTML preprocessor. It generates HTML files froatidource files.

Hsc understands all current HTML statements and automatically checks that they are correctly
used. Furthermore, $t understands additional statements that are translated into HTML text
when the files are generated. These statements allow the definition of macros, including loops
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<$INCLUDE FILE="macros_titlepage.hsc">

<PAGE TITLE "The Logics Workbench"

DESC "the main page of the LWB Documentation”

KEYWORDS = "logic, propositional, computational, symbolic,
education; decision procedures, simplification
of formulas, proofs, normal forms, embeddings;
classical, non-classical, nonclassical,
intuitionistic, modal, provability, multimodal,
tense, linear; non-monotonic, nonmonotonic,
autoepistemic, circumscription, closed world
assumption, default logic">

<TABLE>
<TABLERULE>
<WIDTHLINE VALIGN=MIDDLE><A HREF=":about/index.html">
<IMG ALIGN=MIDDLE SRC=":pics/information.gif* ALT="about"
BORDER=0></A>
<TD><A HREF=":about/index.html">About the LWB</A>
<TD><A HREF=":new.html"><IMG ALIGN=MIDDLE SRC=":pics/new.gif"
ALT="News" BORDER=0></A>
<TD><A HREF=":new.html">What's New</A>
<TABLERULE>
<WIDTHLINE VALIGN=MIDDLE>

Table 3.6: Hsc: sources for a HTML page
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and conditions. It is even possible to directly include text from external programs right into the
HTML text.

Hscis mainly used to generate static HTML pages and to check their correct use of the HTML
syntax. It also allows to create a common and easily changeable layout of pages by using macros
instead of directly using HTML statements.

Table 3.6 show the beginning of the source of the LWB home page. IRage >’ statement
at the beginning is a macro that automatically sets up the general layout of the page.

3.2.13 TcL/TK

TcL/TK as described in the previous chapter for the Macintosh is also available for Unix systems.
It is generally the same as the Macintosh version.



Chapter 4

Parts of the LWB

Before we look at the different steps done for porting the LWB, we take a closer look at those
parts of the LWB that are most affected by porting. A complete overview of the LWB can be
found in [26] and [43].

4.1 Installation

The installation of the LWB is a crucial step for the program development. It has to make sure
that the program is correctly installed and run on the target system. Furthermore, the installation
has to be as easy as possible, to make it feasible for the end user.

The Macintosh Installation of the LWB is done with the Installer Maker (cf. 3.1.6) and the Unix
installation is done either using a compressed archive (for Solaris, cf. 3.2.9)Rprapackage
(for Linux, cf. 3.2.8).

The installation process of the LWB has to meet some requirements to ensure correct installation
and to allow running the LWB without problems.

4.1.1 Compression

The final installation file needs to be compressed for several reasons. A compressed package
needs less memory on the server offering it for download. But more importantly, the download
time for the user to get the installation package onto the target computer is much less with a com-
pressed package. Furthermore, the installation package should consist of a single file. Otherwise,
the user has to download and take care of too many files. Forgetting one of the installation files
would result in serious installation problems.
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4.1.2 Installation Directories

The LWB contains some files that have to interact in a special way with the operating system.
These are mainly the configuration files, fonts and dynamic libraries. It depends on the operating
system where these files have to be put after installation.

On Unix, the files have to be stored either in a directory already containing similar files or the
environment variables pointing to these files have to be adjds®ecause the LWB for Unix

is also distributed as a simple compressed archive, only the second solution is feasible. The
installation itself cannot adjust the environment variables, therefore this has to be done when the
LWB is started (see the next section).

On the Macintosh, the situation is different. Because a special installation tool is used to install
the application on the target machine, files can be distributed to the appropriate directories. This
is actually necessary on the Macintosh, because the MacOS does not have something similar to
environment variables. Fonts and preferences files have to be stored in their respective directories
or they can’t be used.

4.1.3 Post Installation Steps

After the installation of the application on the Macintosh, some additional steps have to be taken
to integrate the application into the operating system. The file types, creator and icons used by
the MacLWB have to be registered with the MacOS. This step makes it then possible to recognize
LW files by their icons and to start the LWB by double clicking on one of its files.

The LWB internally uses a variable to access its auxiliary files. This variable contains the position
of the directory the LWB was installed in. The installation cannot set this directory in any
way. On the Macintosh this is impossible because the Macintosh does not have a concept of
environment variables. On Unix, a simple compressed archive does not allow to set any variables.
Thus, the variable has to be set at startup of the LWB (see below).

4.2 Startup

As mentioned above, several additional tasks have to be carried through each time the LWB is
started. Some of these tasks are necessary because the installation cannot do them, others are
just better done while starting the LWB to make sure all things are set correctly each time.

! these are the environment variahB_Library _Path. for dynamic libraries and the X font path for the fonts
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4.2.1 Configuration Files

The LWB has to make sure that the configuration settings—given by the user the last time the
LWB was used—are restored when the LWB is started. That way, the user can adjust the look
and feel of the LWB to his liking in a persistent way. Thus, at startup, the LWB has to locate and
read the configuration settings from the appropriate file.

4.2.2 Scripting

There has to be a way to allow some sort of scripting of the LWB. This means the capability of
executing a predefined set of commands. This can be used to automatically compute results or
to compute various problems without user interaction. This has to be taken care of at startup, to
allow running the LWB without user interaction.

4.2.3 Dynamic Libraries (Unix)

The LWB on Unix systems makes heavy use of dynamic libr&ri€se operating system auto-
matically loads all dynamic libraries whenever they are used. This can only be done when the
operating system knows where to look for these files. Thus, at startup, the LWB has to make sure
that the operating system will look at the right place to find the libraries.

4.2.4 Home Directory

The home directory where the LWB was installed, has to be set at startup. Together with a fixed
directory structure, the LWB is then able to locate its auxiliary files, like the font translation files
(see 4.3 below), in one of its subdirectories.

4.2.5 Font Directory (Unix)

The LWB supports special fonts containing special symbols for the logical operators used by the
LWB. On Unix, X WINDOWS has to be informed where these fonts can be found. Because this
cannot be done while installing the LWB, this has to be done at each startup.

2 the MacLWB on the other hand does not use dynamic libraries at all.

3 actually, this has to be domeforethe LWB executable is actually started; just starting the program might already
cause the operating system to try to load dynamic libraries.

4 on the Macintosh, fonts are put in the correct directories by the installation.
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4.3 Fonts

The additional fonts that are part of an LWB installation have to be made available to the op-
erating system, either by installing them in the correct place or by adjusting the environment at
startup.

But this is not all that is necessary to be able to use these fonts. The LWB also has to do a correct
mapping of the special symbols, i.e. the correct symbols have to be displayed whenever a special
logical operator is used. This has to be done the same way for all operating systems, to prevent
that central parts of the LWB, like the parser, have to be adjusted when porting the LWB to a new
system.

4.4 Compilation

A special part of the LWB, which is not actually visible in the final product, is the creation of the
executable program itself. The compilation process itself should also fulfill some requirements
to make current and future management of the LWB easier.

4.4.1 Handling and Speed

The compilation process itself should be as easy as possible, while, at the same time, being as
fast as possible. The first requirement makes sure that a recompilation of the LWB can be done
without having to read a lot of documentation. The latter ensures that—while developing the
LWB—small changes can be integrated into the executable in short time. This keeps the turn-
around cycle short and speeds up development, especially for debugging and testing, because
small changes can be incorporated into an executable program in short time, allowing immediate
testing and, if necessary, debugging.

When building an application, it is not necessary to always recompile all sources. Itis much faster
to just compile those files that were changed since the last compilation. Unfortunately, some
source files depend on other files and have to be recompiled when one of those files is changed,
even if it itself was not. The building process has to include this dependency information and
use it when compiling. To make management easier, this dependency information should be
generated automatically, if possible.

4.4.2 Multi-User Development

A program with the size of the Logics Workbench cannot be developed by a single person. Thus,
multiple users have to work on the same program. Therefore, the development process, including
editing, compiling and building has to support multiple users.
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There are several issues that need to be treated. First of all, every developer needs access to the
same set of source files. It should also be possible for each developer to make changes to the files
and to distribute these changes to other developers. Because people make mistakes, it should be
possible to take back any changes if problems arise. All these demands are comfortably solved
by tools like Rcs (cf. 3.2.10) or s (cf. 3.2.11). The building process just has to handle

the automatic interaction with these tools to make sure the newest revision of a files is used for
building.

4.4.3 Space Consideration (Unix)

When development for the Logics Workbench was started, hard disk space on the systems was
limited.® Thus, the compiling and building process had to make sure that only as much disk space
is used as really necessary. As long as possible, disk space should be shared between different
developers, reusing as much space as possible.

4.4.4 Package Generation (Unix)

The building process should contain the generation of the installation package &s @ell.

Unix systems, the installation packages should be generated using the same procedures as those
used for building the program itself. Especially the packages should be generated automatically,
without user intervention.

4.45 Testing (Unix)

With every change of or addition to the source code of a program, errors may be incorporated
as well. Either, code that worked without problems may now be faulty or the newly introduced
features don’t work as expected.

To detect as much errors as possible, the program should be tested periodically. These tests
should be done totally automatically. That way, tests can be carried through without user in-
tervention, especially convenient for time consuming tests. Furthermore, test results should be
easily readable and should help to identify the errors as fast as possible.

Because a lot of scripting facilities are only available on Unix systems, testing was only done
on such systems. Because the code of the main algorithms, like the provers, is the same for all
versions, testing on a specific system is enough to make sure that they work as intended on all
systems.

5 this changed when more disk space became available later.

6 this is not possible on the Macintosh due to a mouse and graphical oriented package generator and building
process.
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4.4.6 Documentation (Unix)

As with package generation and testing, the documentation has to be generated automatically
as well. This includes the generation of a printable version of the documentation as well as
generating the necessary web pages and text files for the LWB help system.

Of course, it is not possible to actually write the documentation automatically. But to make
maintenance feasible, a single document should contain all documentation information. Specific
types of documentation, like ASCIl or HTML, have to be generated automatically from this
central document. This generating process should also be initiated and supervised by the general
building process of the Logics Workbench.

Because only the building process on Unix systems supports arbitrary commands to be invoked,
the documentation is only generated on Unix system and is then copied onto the Macintosh when
finished’

4.4.7 Maintenance

Additionally to all the building tasks mentioned above, the building process should also support
additional tasks used for program and source code maintenance. This includes cleaning up the
directory tree, making backups or preparing the development environment, for example.

4.5 User Interface

The Logics Workbench provides several different user interfaces. These user interfaces are first
predetermined by the operating systems, but there is also a distinction between text oriented and
graphical user interfaces.

45.1 TextOriented User Interfaces

The ASCII-LWB contains a text oriented user interface without graphical interaction. Instead, it
uses simple text input and output to take commands and give back results.

This interface is the most simple and requires the least programming effort. On the other hand,
it is not as comfortable for the user as the other interfaces. Nevertheless, it can be used for big
benefits with the automatic execution of commands in the LWB. This can be used for automatic
testing as well as for automatically computing complex problems.

This type of interface is the easiest to port to another operating system. If an operating system
provides a Unix like shell with support for C++ input and output, the interface is already ported
because of the C++ standard.

’ the generated documentation uses a standard format that is usable on all systems.
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4.5.2 Graphical User Interfaces

Because text oriented user interfaces are not very comfortable to use, the LWB is also available
with a graphical user interface. The implementation of a graphical user interface is much more
time consuming and complicated than that of a text oriented one. Furthermore, porting a graph-
ical user interface is much harder as well. Actually, directly porting the user interface is rarely
possible and also rarely makes sense. Instead, the user interface has to be completely rewritten.
This makes sure that the look and feel of the operating system is considered and also ensure
smooth operating on the destination system.

Motif/X

The MoTIF/X interface is the graphical user interface available for Unix systems. It usasAv
and X WINDows to display its interface and provides various features to make working with the
LWB more comfortable. It was created usingowiFATION (cf. 3.2.7).

This version of the interface can be used in addition or as a replacement of the ASCII, which is
also available for Unix systems.

Macintosh

The Macintosh version of the user interface, along with other modifications of the program,

makes it available to run the LWB on the Macintosh. Because the Macintosh operating system
does not support a shell, using the ASCII version of the LWB is not possible. Thus this inter-

face is the only one available on the Macintosh. Details concerning the implementation of this
interface can be found in chapter 6.

Interaction

To make maintenance of the LWB easier, as much of the source code as possible should be shared
between the different versions of the LWB. This means sharing of code between different user
interfaces, but also sharing between different operating systems.

To make this possible, the interface speéifiode has to be decoupled from the code of the rest
of the LWB. This allows switching the interface without forcing changes in the rest of the LWB
code?

8 and for the reuse of operating system dependent code the system specific.

9 Unfortunately, the already existing version of the LWB did not already have such a decoupling and introducing it
would have required heavy reengineering of much of the LWB; Because this would have required too much work,
a complete decoupling could not be done.
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4.6 File Handling

The LWB is capable of reading and writing files, mainly session and configuration files. As
mentioned in section 2.5, file handling is a system specific task. Nevertheless, certain things
should be shared between the different LWB versions.

Because the Macintosh uses an operating system specific system of storing configuration val-
ues, configuration files of the Macintosh cannot be used with other systems. Nevertheless, the
MacLWB should be able to handle the shell based startup scripts used by the ASCII Version of

the LWB.

Session file¥ should be compatible between all systems. Thus, a session file from an XLWB
session can be used with the MacLWB as well.

4.7 System Specifics

Several aspects of the LWB code can only be implemented using system specific code. The
following lists the system specific parts of the LWB. These parts have to be implemented in a
way that allows their exchange and adaptation without interfering with the rest of the code.

4.7.1 Interrupts

Interrupt handling is highly system specific. Not only the name and calling conventions of the
functions differ for the various operating systems, but the interrupt handling in general can be
totally different. While Unix supports the standard C interrupt handling, the Macintosh does not
really have an interrupt handling at all.

Thus, besides interrupt handling, there has to be another way of dealing with user interrupts to
allow the same features on all supported systems (see the following section).

4.7.2 Periodical Tasks

Mostly because the Macintosh does not really support interrupts, periodical tasks have to be in-
troduced. This is operating system specific source code that is called at periodical times through
program execution. This allows the different operating systems to carry through all tasks that the
system has to complete while running a program.

Furthermore, this easily allowed the introduction of lineitstart() andlimitstop()
commands, which allow to limit the maximal computation time that may be used by a computa-
tion, forcing a break in execution if the time is surpassed.

10 these are files containing all the text that was entered into the LWB, along with all results that were returned.
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4.7.3 Timing

Timing is operating system specific as well. Unlike the interrupt handling, timing issues don’t
vary too much from system to system. Thus, only calling conventions and the names of the
functions differ from system to system. Furthermore, the number of clock ticks fitting into a
single second vary.

Timing is used for theimitstart() andlimitstop() commands mentioned above but
also for the timing commands used to determine the execution time of one or multiple LWB
commandst(mestart() andtimestop() ).

4.8 Additional Parts

The LWB contains other important parts, which have to be considered when porting. Different
to the parts mentioned above, the following parts don’t require much changes when porting. It
is normally enough to make sure that these parts can be compiled on the target system. Other
problems rarely arise. The parts listed below are briefly described to give a complete overview
of the LWB. Additional information can be found in [43] or [29].

4.8.1 Modules

The modules encompass the most important part of the Logics Workbench. They contain the
various algorithms for the different logics to actually compute results. While other parts of the
LWB provide functionality for user interaction or general data structures, the modules contain
the real algorithms, like the automatic theorem provers.

Because the implementation of the various modules only use standard C++ code, they don't have
to be changed much for different operating systems. What has to be adjusted are mainly compiler
specific issues, i.e. things that are valid for one compiler but not allowed in another one.

4.8.2 Parser

The parser is the part of the LWB that gets the user input and prepares them for execution. It
takes the user input and splits it into commands and expressions. Then it uses functions and data
structures of the kernel and the modules to execute the commands and compute the results. The
parser also contains the LWB programming language with its debugger.

Because no system specific parts are contained in the parser, it does not have to be changed when
porting it to another operating system. The only problematic part is the automatically generated
parser usingEx (cf. 3.2.5) andvAcc (cf. 3.2.6). Because these tools are not available on all
systems, the generated code has to be copied to other systems instead of individually generating
the parser on each system.
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4.8.3 Kernel

The kernel contains the general parts of the Logics Workbench that are used by all modules
and other parts of the LWB. It contains the basic data structures used for handling formulas and
expressions, as well as the internal structures necessary to handle all user and system defined
functions and expressions.

The kernel should not contain any system specific code, instead using these parts from the user
interface or other system specific parts of the LWB. This way, the kernel can be ported to other
systems as easy as the modules or the parser.
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Porting and Maintenance Steps for the
LWB

This chapter describes some of the steps that were done to create the Macintosh version of the
Logics Workbench. Several of the steps detailed below allow any program to be more portable,
sometimes even without a focus on a specific operating system. Additionally, some steps listed
below are not necessary for porting but generally make the maintenance of a program and its
development environment easier.

This chapter only contains a rough overview of the implementation of the steps and mechanisms
involved in porting the LWB and of ensuring its maintenance. More detailed information about
the implementations of the graphical user interface of the MacLWB is presented in the next
chapter. Additional details to the steps below, can of course be found in the source code of the
parts concerned.

5.1 Prerequisites

When the implementation of the MacLWB was started, a Unix Version of the LWB was already
finished, including a prototype version of the XLWB with a graphical user interface. Thus, most
of the implementations necessary for the Unix version of the LWB were already done. These
things needed to be ported in order to create the MacLWB.

The LWB was only running on &LARIS systems, though. Furthermore, only thensCc
compiler was used to compile the program. To make transition to the Macintosh easier and
to additionally support the INUXx operating system the, Unix version had to be changed as
well. This chapter contains information about these changes and also general information to be
considered when creating a program that should run on different Unix systems.

The chapter uses the different parts of the LWB introduced in the previous chapter as a guideline
to describe which steps were done to make the LWB more portable and ease maintenance, and
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finally to create the Macintosh and Linux versions. It also contains some general steps that were
done to make development easier and to ensure future maintenance of the LWB.

5.2 Modularization

To make the internal structure or larger programs clearer, they are often separated into different
modules. These modules are more or less independent from each other and thus make them
easier to oversee and understand, mainly because only smaller parts have to be studied at a time.

The same technique can be used to make a program more portable. Instead of mixing system
specific code with the rest of the program, it is put into on or more modules. This allows to
clearly ascertain which parts need to be adjusted.

The LWB already used modularization for the kernel, parser, and of course for the modules
themselves. System specific code on the other hand, was spread over the whole program, and
thus needed to be collected and grouped together.

5.2.1 Strategies

Before actually being able to start to extract the system specific parts, they had to be identified.
The previous chapter lists mainly two kinds of system specific code. One is the complete user
interface. As mentioned, user interfaces are generally hard or impossible to port to another
operating system. Thus, they are clearly system specific and need to be separated from the rest.
The other is code includes code that requires system specific functions or data structures. This
includes the interrupt handling, timing and the periodical tasks.

When the problematic parts of the code are identified, there are several possible ways to separate
them from the rest of the program.

Complete Detachment

As part of the system specific code, the user interface can be completely detached from the rest of
the program. Such a detachment actually splits a program into two new programs, one containing
the user interface and the other the rest of the original program.

A complete detachment of the user interface from the computation part of the program brings
several benefits. Foremost, the part containing the non-interface part is most certainly quite easy
to port. Furthermore, it allows multiple, distributed computation parts to be used with a single
interface. This includes the use of the program via a network connéction.

! the programs for mathematical symbolic computationsrNEMATICA and MAPLE both support multiple oper-
ating systems and in their newer version both make use of complete detachment.
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A complete detachment also has drawbacks, though. Foremost, implementing a detached user
interface requires a lot of work. The detachment requires the implementation of a communica-
tion interface to allow the program to exchange the necessary data, if necessary over some sort
of network. The interface is likely to be system specific, and thus may itself porting more com-
plicated. Furthermore, this solution is hard to incorporate into an existing program, because a
lot of redesign would be required. It is much better to actually use complete detachment when
development is started.

For the LWB, the situation is even worse. The parser and the symbol table of the LWB would
have to be incorporated either into the interface or the computation part. Both solutions immedi-
ately bring up serious problems. If parser and symbol table are a part of the computation part, the
client/server use or the use of multiple computation parts are no more possible, thus removing
one of the main advantage of a complete detachment. If they are part of the user interface, then a
big part of the LWB kernel has to be present in both, the user interface and the computation part.
Furthermore, kernel and parser would have to be heavily redesigned.

For these reasons, a complete detachment was no implemented. Instead, a simpler, more re-
stricted solution was used (see below).

5.2.2 Abstract Interface

Instead of completely separating the user interface from the rest of a program, it can be con-
ceptually separated by using interface functions. The same can be done for all system specific
parts, not just the user interface. Thus, it stays a part of the same program but is clearly separated
from the rest of the code. These modules, containing user interface and system specific code, are
independent from the rest of the program. They communicate with the rest of the program by
using special interface functions, grouped together in the abstract interface.

The abstract interface remains the same even if some system specific parts are changed, changing
the system specific modules does not require to change any code in the rest of the program. This
makes porting much easier and additionally prevents the introduction of new bugs into already
existing code. Furthermore, it allows to clearly detect system specific parts, because they are all
collected into specific modules. Thus, when the program is ported, only these modules need to
be specially treated.

5.2.3 Technical Aspects

Technically, separation using an abstract interface is done by putting all methods with system
specific code into a special class. The same class declaration is used for all versions of the
program, while its implementation differs from version to version. This easily ensures that the
interface remains the same for all implementations, while allowing different implementations
for different versions. The building process has to make sure that the correct implementation is
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Figure 5.1: Schemata of an abstract interface

used for a specific system. The abstract interface corresponds to the bridge or adaptor patterns
mentioned in [19].

Figure 5.1 shows the relationship between different parts of the program and different operating
systems.

5.2.4 LWB Implementation
User Interface

The Logics Workbench uses the clasterface as interface between kernel and parser and
the user interface. The class only contains the interface functions, additional data is not necessary.

The implementations of the member functions of theerface class are distributed over
different files. The filanterfaces/basic/interfaceToLWB.cpp contains the imple-
mentation of the interface functions called from the user interface. It would be possible to directly
call functions in the computation part of the LWB. But by using interface functions, the compu-
tation part is separated from the user interface and thus changes in the computation part don’t
require changes in the various user interfaces. Because there are multiple implementations of the
user interface, such a change would otherwise require changes in all the implementations for the
different systems.

The implementations of the member functions ofititerface  class for the functions called

from the computation part are stored in different files, depending on the interface and operating
system to be used. For the Macintosh, the implementation is storetenfaces/Pow-
erPlant/interfaceToGUI.cpp . The Unix implementation for the XLWB is stored in
interfaces/Motifation/interfaceToGUI.cpp and the one for the ASCII LWB is
stored in the filanterfaces/ASClIl/interfaceToGUI.cpp

The building process automatically compiles and links the desired implementation to the final
program created. Only one of the implementations is present in the final program, thus no addi-
tional steps are necessary to determine which functions to call at runtime.
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unsigned long
systime::clockticks()

{

return clock();

}

Table 5.1: example implementation@bckticks() for the Macintosh

unsigned long
systime::clockticks()

{

static tms procTime;

times(&procTime);
return procTime.tms_utime;

}

Table 5.2: example implementation@bckticks() for Unix

System Specifics

The system specific parts are put into several classes and thus also use multiple abstract inter-
faces. The interrupt handling is access usingitherrupt class, the timing functions use
thesystime 2 class, the periodical tasks tperiodical class, and the process handling for
external program in theysproc class.

As with the user interface, the declaration of the class is the same for all systesgstéms/
generic/interrupt.h etc.) while the implementation of the member functions is different
for the Macintosh and for Unix. The implementations are thus stored in the system specific
directoriesnterfaces/PowerMac andinterfaces/unix

Analogous to the user interface, the building process only compiles and links exactly one version
of the implementations to the final program.

Example 1 Implementation of System Specific Functions

As an example for the implementation of a system specific function using abstract classes, we
look at the methodalockticks() . This function determines the number of clock ticks that
passed so far. This information is used to compute the time required by the LWB commands
timestart() /timestop() andlimitstart() llimitstop()

The implementation of these functions for the Macintosh and for Unix is shown in tables 5.1
and 5.2. As can be seen, the interface is the same for both functions. Thus, somewhere in
the computation part of the LWB, the function calbckticks() calls the correct system

2 the namdime is already used for system specific purposes, as well as the pracess .
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dependent function and returns the result. The calling of the function does not change, even if
the implementation changés.

5.3 Building and Compiling

The building process had to be changed for several reasons. First of all, due to the fact that
more developers were starting to make changes to the LWB, a revision control system had to
be added. Furthermore, due to space considerations, the makefile had to support a global and
a local version. Additionally, some tasks were added to the building process to make overall
maintenance easier.

5.3.1 General

The general goal of the building and compiling process is the creation of the executable program
which can then be run. Depending on the development environment used, this can be done in
different ways. When a graphical development environment is used, then all the details of the
building process are done by the development environment and need not concern the developer.
All that is required is to define the building and compilation options once and to make sure that
all required files are included in the building process.

If a text oriented development environment is used, then the building and compiling process
has to be organized in some way. While this requires additional work, it also allows to include
additional tasks into the building process, as mentioned in the previous chapter. The rest of this
section only deals with the steps that were done for the text oriented building and compiling
process used for the LWB on Unix systems.

5.3.2 Local and Global Version

Space requirements for the sources and auxiliary files of the Logic Workbench are quite high,
especially if all files have to be stored multiple times because several developers work on the
program. To solve this, a distinction was made between a local and a global version of the LWB
development.

The local version contains all the source directories in which a developer wants to make changes.
Parts of the LWB that are not changed are taken from the global version. Thus, the local version
is different for each developer, while the global version is the same for all.

3 unless the interface is changed, which would require the adjustment of all implementations for all systems as well
as all parts actually calling the functions concerned.
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The global version on the other hand, contains all sources available. The global version is used
to provide the files that are not part of the local version, but also to provide a complete, stable
version of the final program. The global version is used in the end to create the final product.

Space

The distinction into a local and global version clearly saves disk space. Each developer only
needs to have those files locally which he intends to change, instead of copying all files. It
nevertheless allows each developer to change any part of the final program without interfering
with other developers.

Speed

Speed is another advantage of the local and global versions. The compilation of global parts of
the LWB has to be done only once for all developers. Thus, overall compilation time can be
drastically reduced, again without disadvantages.

Implementation

The building process with MKE does not need much changes for a local and global version.
Instead, the set up of the development environment has to be done more complicated. It has to
make sure that the local parts are correctly set up and that special links are generated to be able to
automatically use the global parts without interfering with the general building and compilation
process. All the set up is done with theaME targetprepare

5.3.3 Configuration

Because development environments tend to change over time, the building process needs a way
allowing it to be configured easily. Additionally, the configuration has to support individual
changes for specific users without interfering with the configuration of other users. This allows
easy adaptation of the building process to the needs of single users without influencing the gen-
eral building process of other users. The configuration must also support the global and local
versions mentioned above. This includes the definition of which parts should be made local and
which ones should be take from the global version.

Implementation

The LWB on Unix systems uses theAWE tool to manage the building process (cf. 3.2.3).
MAKE bases the whole building process on makefiles, text files containing rules and variables
defining how a program is built or another tasks is carried through. All configurable parameters
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of the building process are stored in variables. These variables are used for building instead of
directly using some specific values, thus allowing easy management of the whole process.

Because the LWB uses many different directories, each requiring amuatkefile , these
configuration variables have to be collected in a single external file. This is done in the file
Makefile.default , wWhich contains the default configuration for all users, and all directo-
ries.

As mentioned, each individual developer should be able to modify his personal configuration
without interfering with the default configuration. For that reason, after reading the default

Makefile, the fileMakefile.local is read. This file may set any of the variables of the
configuration. Because MKE only uses the most recent definition of a variable, variables from
Makefile.local always override the ones from the default configuration.

Additionally, the building process has to be able to differentiate between different versions to
build. This is done by automatically use a version spedifakefile.local file, which con-

tains all version specific settings, including which interface to build and which implementation
of the abstract interfaces to use.

5.3.4 Dependencies

When building a program, the building process has to decide, which files need to be recompiled
and for which files the compilation results of the last compilation can be reused. Although it
is always possible to just make a rebuild of all files, this would require much more compilation
time?

For these reasons, the building process needs a way to find out which files are required to re-
compile. Clearly, all files that changed since the last compilation have to be compiled anew. But
because C/C++ allows the inclusion of other files, a file must also be recompiled in one of the
included files was changed. Thus, to check if a file needs to be compiled, not only the file itself
has to be checked for modification, but also all included files, the so called dependencies.

To be able to do this, the building process needs to know all the dependencies of a source file.
This information can either be entered manually or generated automatically. An automatic gen-
eration of the dependency structure is not without problems but is much safer, because changes
in the dependency structure are taken into account when compiling.

4 when first developing for the LWB, compilation of all files of the LWB required approximately 30 minutes; with
the faster computer today it still takes about 5 minutes; too much time to wait for a small change.

5 if the dependencies are not up to date, a file that actually needs compilation might be left out, possibly resulting
in a faulty program.
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Implementation

Automatically generating all dependencies each time compilation is done was too time consum-
ing, even if only the dependencies are recalculated for changed files. Thus, the generation of the
dependencies has to be initiated by hand, using a predefined Nargef. MAKE then uses the
compiler to generate the set of files included from a file and stored them in a special dependency
file (makefile.dep ), which will be automatically used for future compilations. The target
depend _upd is provided to store the current set of dependencies into the global installation.

Initiating the generating the dependency information by hand is also necessary to make sure that
the dependency information is up to date in respect with the global installation. If one user adds
a dependency to the global version, all other users need to take care of that automatically. If
the dependencies are generated automatically, it could be possible that this global information is
lost.

5.3.5 Multi-User Support

As mentioned in 4.4.2, revision control is required for every larger development project. There
are several tools available to do the revision control, namely RCS and CVS. The building and
compilation process has to work with these tools to always use the correct set of source files.

For the LWB, RCS was selected as revision control system, mainly because CVS was not yet
available and the network support provided by CVS was not required because all users have
direct access to the same repository.

Using RCS allows to automatically fetch the newest revision of a file when compiling, even if
the file was changed by another user. Thus, it automatically makes sure that the newest files are
used’

Preparation

As mentioned, RCS requires access to a common repository for all developers. This can easily
solved by using file system links to access the global repository. These links need to be set
up for each developer. This process is also integrated in the building process wih b
providing the targeprepare which sets up the complete development environment for a user.
The includes the correct creation of links to the RCS repository.

6 the targetdepend , initiated withmake depend

" this is not possible with CVS, where new files have to be fetched from the repository by hand; although this
is more complicated, it has the advantage of better control of which files are compiled, because no files are
automatically copied.



72 Chapter 5: Porting and Maintenance Steps for the LWB

5.3.6 Documentation

As with other development tasks, it is essential that the program documentation is generated
automatically. Thus, the building process has to include rules and commands to generate the
documentation as well. For the AKE tool, documentation can be treated just like source files,
thus it is no problem to integrate the documentation into the general compilation and building
process.

The documentation is automatically generated fréfg{_sources using variouseRL Scripts
written by Alain Heuerding. Th@ERL scripts translate theéfTigX sources into several ASCII

and Hsc files. The Hsc files are then used to automatically generate the final HTML files.
This intermediate step makes it possible to easily change the layout of the pages without having
to change the translation scripts. At the same time, all the pages remain static, allowing an
installation of the documentation anywhere desfred.

5.3.7 Installation

The creation of the final installation packages is done in several ways. On the Macintosh, the
INSTALLER MAKER is used and Linux usesHR1. Both tools cannot be integrated into the
general building process. The generation of simple compressed archives, though, can be easily
integrated in the general building process witaik. Thus, the creation of the installation
package can be fully automized. The building process provides the {aagkage for this
purpose.

Additionally, the building process also allows the creation of source packages, containing all
source files of the program. Using the building process for this task has the big advantage, that
automatically the same files are stored in the source package that are used to generate the final
program.

5.3.8 Tests

One of the most important tasks of software development is testing the final application. This
task is so important because it helps ensuring that an application works correctly. This not only
means that the application runs without crashing but also has to make sure that the computed
results are accurate.

For the LWB, this means that all algorithms have to be checked for two criterias. First, the testing
has to make sure that the algorithms terminate without crashing or otherwise producing errors.
Second, testing has to ensure that the results obtained are correct, thus the algorithm produces
the correct result, at least for the examples tested.

8 the layout change could also be done using server side includes or other dynamic pages, but then the pages would
require a specially configured server to be viewed.
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It is not easily possible to test user interfaces, especially graphical ones. Thus a test of these
features of the program was not done.

Implementation

As the previous task, testing was also implemented by including a special target into the make-
files. The target used st , thus withmake test testing can be initiated. The actual
testing is then done by a perl script, which feeds a special test file (extehsgon to the LWB
executable. The resulting output is compared to a correct, manually computed file (extension
Jdwbout ). If the results don’t match, a warning message is printed.

Using this test facility, it is quite easy to check that code still works after making changes. On
the other hand, the testing requires the creation of test files with the commands to test and also
writing and manually computing a file with the correct results.

5.4 Compiler

An important step when creating a potentially portable program is to compile it with different
compilers, even if it is on the same system. Different compilers, although supporting the same
programming language, generally interpret source code in different, sometimes surprising ways.
Code that quietly compiles on one compiler may generate a lot of warnings on another compiler
or even produce compilation errors. Most of the time, these problems arise with code that is ac-
tually faulty and needs to be corrected but somehow compiled without errors or warnings. While
removing those errors and warnings is time consuming, it nevertheless assures that the program
is more stable and can be more easily compiled on other systems and with other compilers.

For the LWB, the change to another compiler was required because of the port to Linux. The
SuUN compiler used so far was not available, thus another compiler had to be used. The change
to a new compiler allowed to detect several problematic and even some outright wrong pieces of
code.

5.5 Scripts

Several scripts were necessary to ease the installation of the LWB as mentioned in 4.1. The
following steps are only necessary for the Unix versions of the LWB and do not concern the
Macintosh version. On the Macintosh, the installation does automatically take care of the neces-
sary adjustments during the installation.
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5.5.1 Startup Script

To make it possible to install the LWB from a simple compressed archive without requiring
several manual steps after the installation, several things have to be done before starting the
LWB. That means, instead of adjusting the environment after the installation, the same steps are
done each time the application is run. All the things that can be done after the LWB is actually
started are done in the program itself. Only steps that need to be done before the application is
started are done in the startup script.

The program can be started by simply executing the startup script. The script automatically sets
up the environment as necessary and then simply starts the LWB application itself.

The startup script makes the following settings to the environment:

e determine in which directory the dynamic libraries are stored and add the determined value
to the environment variable for the dynamic librafies

e check if there is a configuration file to read and give the found filename over to the LWB
executable,

o forthe XLWB additionally add the directory where the fonts are stored to thelXD&ws
font patHP.

The startup script for the ASCII LWB is shown in figure 5.3. The script for the XLWB addition-
ally just contains the setting of the X font path.

5.5.2 Invocation Scripts for External Programs

Scripts are not only used for calling the LWB itself, but also every time the LWB calls an external
program. Currently this is the case for the help system and the ProofWish tool (cf. [4]).

Again, an intermediate step between the LWB and the environment serves to decouple the appli-
cation from the external programs used. Thus, the invocation details used to launch an external
program can be changed without requiring changes of the source code of the application.

The invocation script for the LWB help system is shown in figure 5.4. This default script calls
NETSCAPEWith the appropriate page to show.

9 LD_LIBRARY_PATH

10 yia xset
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#1/bin/sh
\# variables that need contents
\# $dir:  directory with the path to the executable (may contain

\# relative paths)

\# S$fonts: directory with the path to the fonts (may NOT contain
\# relative paths)

\# $lib: directory with the library path of the Iwb (may contain
\# relative paths)

\#

if test -h $0; then
echo "Sorry, the LWB cannot be started via a symbolic link !"
exit 1

fi

\# determine the directory in which the current script is located
if test ‘uname‘ = "Linux"; then
dir="dirname $0*
else
dir="which $0*
dir="dirname $dir*
fi

dir=*/bin/sh -¢ "cd $dir; pwd™
lib="/bin/sh -c "cd $dir/../lib; pwd"

if test ! -f $dir/lwb.exec; then
echo "Executable $dir/lwb.exec not found, aborting !"
exit

fi

# set the LD_LIBRARY_PATH to the corresponding directory
LD_LIBRARY_PATH=$LD_LIBRARY_PATH${LD_LIBRARY_PATH:+:}$lib
export LD_LIBRARY_PATH

echo "Starting the LWB, please wait..."

\# if there is a configuration file, we use that as well
if test -f .lwbrc; then
$dir/lwb.exec .lwbrc $*
else
if test -f $dir/.lwbrc; then
$dir/lwb.exec $dir/.lwbrc $*
else
$dir/lwb.exec $*
fi
fi

Table 5.3: LWB startup script
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#!/bin/sh

netscape -remote "openURL("$1")" 2> /dev/null
result=%$?

\# netscape is not yet running

if [ $result -ne 0 ]; then
netscape $1 &

fi

Table 5.4: Launch script for the LWB help system
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MacLWB Implementation

6.1 Introduction

This chapter describes the structure and implementation of the graphical user interface (GUI) of
the LWB for the Macintosh (MacLWB). While earlier chapters showed why something has to be
done in a special way, this chapter shows how things were really done in the end. This chapter
only contains information concerning the Macintosh version of the LWB. While a version for
Linux systems was also done, using the strategies described in the previous chapters allowed to
implement this version on-the-fly, without much additional considerations.

The tools and utilities described in chapters 3 were heavily used in the creation of the user
interface. The MTROWERKSCONSTRUCTORWaSs used to graphically create the positions of
the individual interface elements. The underlying code had to be created normally, though, with
all the limitations given from the use of the®ER PLANT library structure, as mentioned earlier

(cf. 3.1.2).

Some side glances to the graphical user interface of the Unix version will be done, to show both
versions are used the same way. At the same time the native look and feel of the Macintosh
version is preserved. The versions only differ where the general look and feel of the Macintosh
differs with the one of Unix.

The first part of this chapter will deal with the user interface from a users point of view, i.e. it
will briefly show how the Logics Workbench on the Macintosh is used and what features the
user interface offers (more details are available in the LWB help padetpaiwww.lwb.

unibe.ch ). The second part of the chapter takes a closer look at the implementations of the
functionality described in the first part.

77
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Figure 6.2: MacLWB: main and info windows

6.2 A User’s View

The first thing a user sees when starting the Logics Workbench on the Macintosh, is the about
message, a small display showing the version number and logo of the LWB (see figure 6.1). It
automatically disappears after a short time, to be replaced by the main and info windows of the
LWB (figure 6.2). The LWB is now fully started and ready for user input.

First attention will be focused to the main window, the most important part of the user interface
and later to the info window.

6.2.1 The Main Window

The main window, as its name implies, is the central input and output interface of the MacLWB.
All user inputs are entered in this window and here all results of the LWB are displayed.
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Figure 6.3: MacLWB: main window after entering some commands

Beside the standard interface elements of a window, like close or resize elements, the main
window additionally has three main elements. These are the regions, the module display and the
memory display.

Regions

In the beginning, the main window only contains three things, as shown in figure 6.2. The blue
bar is the so called input region. It is used to enter formulas and commands. Any text entered
here will be given to the LWB parser for interpretation and execution. Right below the input
region is its associated output region, shown as a yellow bar. This region will contain the output,
i.e. result of the statements given in the input region.

Figure 6.3 shows the same regions after some commands have been entered and the LWB gen-
erated some output. As can be seen, the LWB automatically generates a new pair of input and
output regions after the first one is completed. Thus, previous in- and outputs are still visible
and accessible for copying and pasting. Of course it is possible to navigate in and between these
input and output regions using the cursor keys or by selecting a specific text position with the
mouse pointer.

Of the three parts mentioned at the beginning of this section we have looked at two so far. What's
left is the small triangular button just left of the input region. This button can be used to shrink
its associated input and output regions. When the triangle points down, the complete input and
output regions are displayed. If the triangle is clicked, it changes to pointing right and now only
the first line of the input region and no output region is displayed. Another click on the triangle
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Figure 6.4: MacLWB: main window with some regions hidden

shows the complete input and output region again. This can be used to get a better overview of
the whole LWB session by hiding currently not used information. If some sort of indication is
present in the first line of the input region to what is stored in that input/output region pair, then

a desired input/output region can easily be found afterwards. Figure 6.4 shows the same session
as in figure 6.3, but this time with some of the regions hidden.

Additionally, there is third type of region available to the user. The so called text region is a
region where text can be entered which will not be executed or evaluated at all. Regions of this
type are mainly used for documentation. Figure 6.5 shows an example.

As shown in figure 6.5, each type of region can have its own fore- and background color and its
own font, all configurable by the user.

Module and Memory Display

On the bottom border of the main window are two displays showing information about the current
state of the MacLWB. On the left side is the module display, showing the current order of loaded
LWB modules. Functions called are searched in the modules in the order shown. Figure 6.6
shows a MacLWB session with several modules loaded.

As shown in 2.11.2, the Macintosh provides each application with a set amount of memory as
defined in the NDER. For the MacLWB, it is hard to determine the amount of memory required
beforehand, because it highly depends on the kind of computations done. For that reason, it is
essential for the user to know how much memory is free for the application to use. This helps
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preventing low memory situations. Given that information, a user is able to adjust the preset
amount of memory in theINDER if not enough memory seems to be available.

The MacLWB shows the free memory in the bottom right corner of the window border, as shown
in figure 6.6. This display is frequently updated to always show the current amount of free
memory.

6.2.2 Menus and Keyboard

The following sections describe the various keyboard and menu commands. Some of these com-
mands can either be called using the keyboard or using the menu entry, while others can only be
called from the keyboard or a menu, respectively.

The keystrokes and menu commands will only briefly be treated below. The LWB Help Pages
at http://www.Iwb.unibe.ch/mac/keyboard.html contain a complete list and de-
scriptions of all keystrokes available in the MacLWB.

Navigation

As already mentioned, the cursor keys can be used to navigate the current input position, either
inside a region, or if a region boundary is reached, between adjoining regions. If at the same

time as using some cursor movement, the shift key is pressed, then the text passed over will be
selected, to be available for copying or deletton.

Using the command keys, it's possible to directly position the cursor at either the start or the
beginning of the line, using the left and right cursor key respectively, or at the beginning or end
of the whole region, using the up and down keys. Furthermore, using the option key in addition
to the left and right keys allows the hiding and showing of the current input/output region, while
the option key in combination with the up and down keys jumps to the beginning of the first or
to the end of the last region, respectively.

Region Handling

In addition to the navigation commands listed above, the MacLWB also supports several com-
mands dealing with complete regions and their contents.

First, cut, copy and paste works in all the regions as expected. Thus, it is possible to copy and
paste a text from one region to another. Of course it is not possible to change or enter text in an
output region, because they cannot be modified. Second, there is a command to insert a new pair
of input and output regions before the current one. It's also possible to insert a new text region
in the same way. Third, input regions support automatic name completion. After entering the

! This feature does not work over region boundaries, though.
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beginning of a name of an LWB symbol, pressing the tabulator key will automatically complete
the symbol name as long as itis unique, using the current symbol table. This works for predefined
functions and variables as well as for user defined ones. Lastly, there is a command available to
print a single region.

The return key has a special meaning in an input region. It terminates the commands entered and
hands them over to the LWB for parsing and computation. The LWB will compute the result and
show it in the corresponding output region, as well as creating a new input/output region pair, if
necessary.

Session Handling

Some commands are available to deal with complete sessions, i.e. all currently shown regions.

The reset command resets the whole session, i.e. all input and output regions are deleted and a
new, empty pair of input/output regions is created. As is the case with the X version of the LWB,
this does not affect the internal state of the LWB itself, i.e. all variables or functions keep their
values and are not reset.

The MacLWB also has commands to save and load complete sessions. They only load and save
the text in the regions but won't actually change or save the internal state of the LWB. Thus,
saving the current session will not store the variables defined or results obtained. Furthermore,
reading a session does not define or change any values, just sets the text of the regions. The
sessions need to be reevaluated to actually set the values again. This requires the repeated com-
putation of all results.

Lastly, there is a command to print all the current regions. The regions will be printed as they are
shown, using the same colors and the same font. Another command shows or hides all current
regions and one will reevaluate all regions, i.e. recompute the output of all regions starting with
the first and ending with the last.

Program Handling

As a last group, there are some commands that affect the whole MacLWB. Of course there is a
command to quit the MacLWB. Another commands allows to display the main help page (see
below for more information about the help system). While the MacLWB is computing a result, a
command is available to interrupt the computation and to return to editing. Of course, in such a
case, no result is obtained from the computation, but a computation that takes too much time my
be stopped.

Above, a command was mentioned that saves the text of the LWB regions without interfering
with the internal state of the LWB. Similarly, a command is available to save or read the internal

2 to reset the internal state of the LWB, tleset command is used; this does not affect the display in any way,
though.
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Figure 6.7: MacLWB: info window during a proof

state of the LWB. Commands for reading and writing the current configuration and for setting
up the page used for printing are available as well. Additionally, three commands allow to load,
unload and change the order of LWB modules. Last but not least, one command shows or hides
the info window and one sets the preferences of the program.

6.2.3 Info Window

Next to the main window, another window may be visible while working with the LWB, the
info window. This window displays information produced by the LWB algorithms. Output
only appears in this window, if the info level in the preferences is set to a value above 0 (see
below). The higher the info level setting, the more output will be generated. Especially for
proofs, the amount of output can be quite high, and thus slow down computation considerably.
The information in the info window can be quite useful to see in more detail what exactly happens
when the LWB computes a result. This is especially useful while debugging. Figure 6.7 shows
an example info window while making a proof with the infolevel set to 5.

The info window itself has two buttons, one to reset the window, i.e. clear its contents, and the
other to print the whole text.
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Figure 6.8: MacLWB: the preferences dialog

6.2.4 Preferences

The preferences are used to set the LWB configuration variables and to adjust the look of the
graphical user interface. First the configuration settings that influence the behavior of the LWB
and its algorithms will be explained. Later the ones that can be used to adjust the general outlook
of the MacLWB. Figure 6.8 shows the dialog used to set the preference values.

All the configuration settings influencing the LWB itself can either be adjusted with the graphical
user interface or by using tteet() command of the LWB. For a complete overview of these
variables look at the LWB home page ttp://www.lwb.unibe.ch . The values set in

the MacLWB preferences are stored in the LWB preferences file and are automatically reloaded
upon the next start.

The MacLWB allows to configure the following values:

Output Mode

This value defines how normal output is printed. It can be set to either "output’, printing in
ASCII using normal characters for the logical operators, in ’ASCII’, using full words for the
operators, to 'LaTeX’ to print inAlpXor to 'pretty’, using special symbols for the logical
connectors.

Bracket Mode

This mode defines if all brackets should be shown or, because of associativity and operator
precedence, only the necessary ones.
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Help Mode

This mode chooses the type of help system to be used. Help information will either be shown
as ASCII text in the info window or as a web page, using the configured web browser.
Percents

This switch determines if a progress bar is shown when computing a result. Computing with-
out a progress bar may be a trifle faster, but does not give any indication how long a compu-
tation may take.

Infolevel

This defines the level of output generated in the info window. The higher the number, the
more output will be generated.

Cut Off

If this switch is set, then long output is cut off after some amount of text; this can greatly
increase computation speed if a lot of output is generated. This switch applies to the text in
an output region as well as to the one in the info window.

The following values can only be configured using the preferences panel and not directly with
LWB commands. They configure the user interface and not the LWB itself, thus setting them in
another version of the LWB would not make sense.

Infowindow

This switch determines if the info window will be shown at startup of the MacLWB or not.

Help Homepage

This defines the main page to be shown for the help system; this can mainly be adjusted if the
help files are installed locally.

Browser

This value specifies the program that is used to view the help pages; any browser compatible
with the standard Mac events can be used.

ProofWish

This value determines the ProofWish tool used to display classical proofs. This tool is part of
the LWB installation, but nevertheless must be selected here.

Finally, there are several options which define the graphical look of the operating system, i.e. its
fonts and colors. It is possible to set the general fore- and background color of a window and to
set the fore- and background color and font of input, output, text, and info regions individually.

Font Dialog

The font dialog is a sub window, displayed whenever a font has to be selected. It allows the
selection of the font, its size and other display styles, like bold or italic printing. An example is
depicted in figure 6.9.

3 at least Netscape Communicator and Internet Explorer are compatible.
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Figure 6.9: MacLWB: the preferences font dialog

6.2.5 Help System

The MacLWB has the same two help systems as the other versions of the LWB, namely an ASCII
and a WWW version. The ASCII version consists on several text files containing descriptions
for all built-in functions. These texts are shown in the info window whenever the user issues a
help command.

Furthermore, there is the web based help system using the LWB web pages. These pages can
either be viewed directly from the main LWB page over the Internet or can be installed locally.
The former is easier to install and the latter faster to access. The correct page is automatically
shown as a reaction to a help request in the LWB. If necessary, the web browser selected in the
preferences will be started. Using special Macintosh events, the browser is informed to show the
correct page, either from the Internet or from the local disk. The information for both versions

of the help texts is taken from the same set"®EX files, thus both versions contain the same
information.

Figure 6.10 shows an example help page of the WWW help system for the provable command
of the classical propositional calculus (cpc). Figure 6.11 shows the same information displayed
in the info window with the ASCII help system.

6.2.6 Progress Indicator

The progress indicator is a simple display to show the progress of a computation in the LWB.
It shows how much of a computation was already done and thus allows to estimate the time
required to finish the computation. Furthermore, it allows the user to stop a computation if it will
take too long. Figure 6.12 shows an example.



88 Chapter 6: MacLWB Implementation

File Edi View Go Communicator Help |
< 9 3 * a2 L @
Back  Fonvard  Reload Home  Search Netscape  Prmt  Scuity Shop
" Bookmarks & Location: [uttp-//vau. 1ub. unibe. ch/nodules /cpo/cpe_provable. htal /| @37 whars mlmu‘

£ Google LTI _£LE0 £ STL 4 Crazy Mage 2 bbachils £ TSR £ The Dragon's Trove 42 DMA 4 Mirors g Cutency 2 Anazon 4 SUSE 2 LWE @ Per |

v

cpe::provable

Description

formula provable ? formula provable i theory ?

Syntax
Signatures:

provable (4)
provable (4,T)

« provable tests whether the formula Ais provable in cpe.

< Ifasecond argument s given, provable tests whether the formula 4is provable in cpc plus T.

 If the formula i t00 hard for cpc : : provable, then you can try touse cpe : :bddsat. The formula Ais provableiff cpe : :bddsat (not A)
is false.

- Choose an appropriate infolevel for additional information during the execution (e.g. set ("infolevel”, 4)).
Displayed sequents have the form [LV], [L1]=>[RV)] , [R2]. The parts of the sequent contain the following formulas: LV and RV: variables, L1:
v, =>, <—> formulas, RI: &, <—> formulas,

Examples
? &
> provable((p0 —> (pl —> p2)) & pl —> (p0 —> p2));
rue
> provable(p0 v p2, [p0 v ~pl, p2]);
true
> set("infolevel”, 4);
> provable p0 v pl <=> pl v p0
cpe vable( & = p0 vp1<—>plvp0)
0,1 >[],[P0 v pl <> pl v p0]
(r <=>)
(r v)
1. E],[Pl v p0l==>[p0, p1],[]
1.1. [pl],[] >[p0 pll. 0]
axiom (id
1.2. [pU],[] >[p0 p1l. 0]
axiom
(r v)
2. EJ'[?DVPI] =>[p1, pOl, (] m
2.1.[p0], [1==>[p1, pO],[]
axiom (;d)
2. [Plll[] >[P1 P01, 0]
iom (id)
Resullt] of cpc :provable: true.
true
See Also
bddsat,consistent, satisfiable
tub@uamunbiech LWE L1
July 25, 1998
= T S e mz|

Figure 6.10: MacLWB: WWW based help system
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true
provable(pOyp2, [poy ~pl,p2]);
true
set("infolevel”,4);
true
provable(pOypl<-=p1vpll;
cpo:provablel A=pQOypl<->plwpld)
[10==+[1[p0vp1<=pTvpl]
(=)
)
1[1[p1 vp0l===[p0, p1][]
(1)
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axiom (id)
1.2[p0][]==>[p0,p11[]
axiom iid)
()
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(1)
2.1.[p0L[]==>[p1,p0L[]
axiorm (id)
2.2[p11[0===[p1,p0][]
axiom iid)
Result of cpo:provable: true,
true

SEE ALSO
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provablel{p0 = (p1->p2)1& pl1-=>ip0-= p2});

-

Figure 6.11: MacLWB

: ASCII based help system
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Figure 6.12: MacLWB: progress indicator

6.3 Implementation

This section contains some information about the implementations of the features presented
above. The information below only shows a rough overview of how things were implemented,
detailing important parts only. Additional information can be found in the sourcetode.

After some notation remarks and a short overview over the predefined classes awteR P
PLANT library, a first look goes to some general features that required implementation for the
MacLWB. Afterwards, a short look to the main classes used to implement the user interface is
made. As mentioned, the information given will not go into much detail.

6.3.1 Notation

This chapter uses several figures displaying the structure of and relations between the classes
used. The notation used in these diagrams is shown in figure 6.13.

Relations between classes are shown if there is an inheritance between two classes, one class is
a member of another or a class is referenced from another one through a pointer. Furthermore,
additional relations between classes are shown when they use each other in an other, important
way. For example, if a class is used in an interface or through another, not listed intermediate
class

The diagrams only show own classes and the first level of the system classes. No additional
details are shown for the system classes, for example the ones providedMBRPLANT . For

more details on these classes see [24]. Thus a lot of classes used in the creation of the user
interface are not directly shown on the following figures.

6.3.2 PowER PLANT Predefined Classes

As mentioned in 3.1.2, ®WER PLANT offers a lot of features to make the implementation
of graphical user interfaces easier. To achieve thewPR PLANT offers many predefined

4 in the directoriesnterfaces/PowerPlant andsystems/PowerPC .

5 this is especially the case when a class is used in a window or dialog and put there in the Constructor; while the
window clearly uses the class, it is not necessary visible in the code.
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classes that can be used. These classes can either be used directly or—if they lack some de-
sired functionality—they can be derived and extended with additional code.

The following gives a short, incompléteummary of the classes used:

Display Classes

LPane this is the base class for all displayable GUI elements usedWeR
PLANT.

LView this is a class that can hold several panes; it allows scrolling of a pane
inside the view, to display a pane that is larger than the window, for
example.

LCaption this is a WER PLANT class used to display simple static texts, i.e.
captions.

LGACaption like LCaption this class shows some static text, this time with ad-

ditional background color handling; all classes starting WwiAfea-
ture background handling.

LGACheckbox this shows a check box in the user interface.

LGARadioButton this is a display element for a radio button.

LGAEditField with this class, a simple editable text field is displayed.

LWindow this is the class for a basic window, supporting all the standard be-
havior of Macintosh windows.

LDialogBox this is a derivation of thé.Window class, additionally supporting
button handling.

LGADialogBox this class is similar to theDialogBox  class but offers a more mod-

ern display style, for example background handling.

Utility Classes

LCommander this class is not directly visible in the user interface, but instead works
behind the scenes to provide the mechanism used for handling menu
and keyboard commands.

LHierarchyTable this class is responsible for the management of the cells of a hierar-
chical table; in the case of the LWB this means the management of
the regions. Unfortunately, this class does not support the automatic
placement of variable sized cells.

LPreferencesFile this is a special class for storing preferences values in a file; it mainly
supports localizing a preferences file and some basic reading and
writing methods.

6 incomplete, because we only look at the classes we will later derive from; some of these classes are derivations
again, but those won't be detailed.
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Figure 6.14: Classes for background color handling

6.3.3 Background Color

At the time the MacLWB was created, the Macintosh operating system did not yet support col-
ored backgrounds. All elements of the user interface generally had a white background. The
POWER PLANT library already supported some basic coloring of buttons and the like, but there
were still some parts missing. For example, it was not possible to make an input region with a
background other than white.

Because the LWB uses background colors quite heavily to distinguish input from output text,

it was necessary to implement correct background handling for all the GUI elements used. For
most layout elements this meant to make sure that the color was set to the preferences value when
the object was created. This had do be done in addition to the normal initialization of the standard
classes, because mostWER PLANT classes don't support background colors. For some of the
classes this was not enough, mainly for the edit fields. Because edit fields tend to change quite
a lot, they are often erased, which means they are overwritten with the background color. In the
case of BWERPLANT this meant that the fields were reset back to a white background. This had

to be prevented by erasing the background with the correct color at certain points afilerP

PLANT layouting process.

Along with the correct handling of the background color, it was also necessary to implement a
way that allows the user to set these colors. This was done in the preferences (see below).

Most of the background color handling is implemented in the various classes for the GUI ele-
ments they represent. We briefly look at two classes here. Firsbtlaption class, because

this class will not be detailed below and second ré&ColorEraseAttachment , a class

which is an auxiliary helper class to enable other classes to correctly handle their background
color. As shown in figure 6.14, the classes are simple derivations of standavd FPPLANT
classes, adding some additional features.

colCaption

The colCaption  class adds background handling to the standav@BR PLANT caption
class. The class is capable of reading and writing its color values directly from the preferences.
Thus, it is more easily integrated into the MacLWB preferences structurd_.tBACaption .
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resColorEraseAttachment

POWER PLANT supports an attachment mechanism allowing the attachment of instances of cer-
tain classes of object$o other objects These attachments will be called at predefined positions

in the layouting and event process ad\WeER PLANT, for example before layouting an object or
before actually handling an event. It allows the attachments to carry through some special task
for different classes. Thus, it is easier and more flexible than deriving a class.

The standard ®wWER PLANT classLEraseAttachment  can be attached to any drawable
object to automatically erase its background before drawing it. This is enhanced by adding
correct background handling with values from the preferencess@olorEraseAttach-

ment. This attachment can be added toWeR PLANT classes as well as to own classes to add
background handling.

6.3.4 Printing

Printing of individual regions or a complete session is not supported in the X Windows or
ASCII versions of the LWB, mainly because printing on Unix systems requires the generation of
Postscript files, which is quite complicated. ThePER PLANT library, on the other hand, quite
nicely supports printing by allowing the creation of a virtual display containing the information
to be printed and then automatically convert this to Postscript, using the Macintosh operating
system.

Although FOWER PLANT helps a lot when doing this, there are still several important things that
had to be done. First, the virtual display had to be created, a step which is not all that hard,
because this display is static and can’t be changed by the user. What had to be done though, is
the correct computation of page breaks. If possible, page breaks should not occur in the middle
of a region, but with possibly very large regions spanning more than one page, this cannot be
avoided all the time. In such a case, the page break should not occur in the middle of a line, of
course. Furthermore, page counters, footers and headers have to be computed as well.

This required several changes and enhancements to existing classes to seamlessly support print-
ing of regions. Mainly the classeslitRegion andregionTableCell had to implement
support for printing (see below for more details).

6.3.5 Menu and Keyboard Commands

Whenever a user presses a key or selects a menu entry, he expects some sort of reaction from the
program. Sometimes, this is as simple as just displaying the key pressed, but other commands

7 derivations ofLAttachment

8 derivations ofLAttachable
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Figure 6.15: Handling of keyboard events

require more than that. In 6.2.2 is an overview of the keyboard sequences and menu command
that are supported by the MacLWB.

POWER PLANT uses a special mechanism to deal with keyboard and menu commands. These
commands are translated into events that are sent to the currently active interface element. This
element can either directly handle the event or pass it up to its enclosing object.

Figure 6.15 shows an example of a simple window with a check box enclosed in a scrolling
view. It also shows the chain used to handle the keyboard event issued from the chéck box.
This mechanism allows treatment of element specific commands in the element itself but may
relegate treatment of more general commands to superior elements. This way, commands directly
concerning the current element, can be implemented directly in the class of the element, while
passing on all other commands without the need to treat them in any way. It requires a strictly
hierarchical organization of all the interface elements, to make sure that these commands are
handled.

The handling of these commands made no additional classes necessary. Instead, all classes that
need to react to menu or keyboard commands define the appropriate handling methods which are
called when necessary.

6.3.6 Font Handling

Like most Macintosh applications, the MacLWB supports different fonts for the different parts
of the user interface. The fonts can be selected by the user in the preferences.

POWER PLANT itself supports fonts for all of its display elements containing text. Thus, the
MacLWB only has to make sure, that all display elements get and display new font settings

9 cf. chain of responsibility in [19].
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and 236
v 235
->231
<->234

liplus 188
times 187

~ 194
dia 215
box 249

false 217
delta 182
mu 181

pi 230
Sigma 183
Pi 184

pi 185
Omega 189
chi 244
lambda 251

Table 6.1: example of a font translation file for the Konstanz font

whenever these are changed. This was solved by providing methods in each relevant class that
either directly update the fonts and the display or pass it on to their content classes.

Furthermore, the LWB supports so called 'pretty’ fonts. These are fonts that contain special
symbols for some or all of the logical operators used in the LWB. Unfortunately, different fonts
will most certainly have the special symbols at other positions inside their font definition. To be
able to support different fonts nonetheless, so called 'font translation’ files are used. These files
describe the positions at which the symbols used can be found in the font. When a new font is
selected, the MacLWB checks if there is a font translation file and if one is present, loads and
uses it to print the defined logical operators. Table 6.1 shows an example of a font translation
file.

One thing is not possibte with these font translation files. If the input and the output regions
don’t use the same font, then copy and paste between these regions may fail. When copying some
text, the characters are taken as is. Thus, when the text is used with another font, the wrong or no
translation takes place. This could actually be solved translating the copied text into the standard
LWB format and by translating it into the appropriate font translation when pasting. This would
require interference with the Macintosh operating system, because the operating system handles
all copy and paste operations.

10 or at least not yet implemented.
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6.3.7 Object Construction

Most of the interface elements used in the MacLWB are arranged and positioned witbthe C
STRUCTORtool. Thus, ®PWER PLANT needs a special mechanism to initialize these objects,
using the values defined by theo@STRUCTOR As so often on the Macintosh, this is done
using resources. ThedNSTRUCTORtool stores all values concerning interface elements in a
special resource which is read when an object is created.

The predefined classes 0bRER PLANT do this automatically and thus are automatically ini-
tialized. Own classes, on the other hand, need to read the initialization data when they are
instantiated. The GNSTRUCTORtool allows the setting of these values as well, thus the/BrR

PLANT concept for initializing can easily be incorporated into own classes.

Some of the objects also need so called 'on the fly’ constructors. Such a constructor creates an
object dynamically, without using any values from resources. This is mainly necessary for the
regions, because the number of regions cannot be determined beforehand and regions have to be
added and removed dynamically while the program is running.

6.3.8 Preferences

A major part of the user interface deals with the preference values. This part has to deal with all
configuration values that can be adjusted by the user. They influence the graphical user interface
as well as adjusting the behavior of the LWB itself.

As described in 6.2.4, the MacLWB offers two dialogs dealing with preference values. These two
dialogs are implemented in their respective claspefDialog  andfontDialog ) and have

to set the configuration values internally. Furthermore, they have to load the stored preferences
values at startup and to store changed values when the user saves the preferences. When the user
applies (or saves) preference values, these changes have to be incorporated into the user interface
and the LWB kernel, updating interface elements, if necessary.

A distinction is made between the preferences values for the graphical user interface and for
those setting internal states of the LWB. Setting, storing, and changing of configuration values
for the GUI is done in the preferences objects itself and thus automatically handled correctly.

The internal LWB values have to be configured differently. Because the values are used for
all LWB versions, they have to be stored and handled in a way compatible with all systems.
Furthermore to prevent discrepancies between values of the user interface and values of the
kernel, only one set of variables is stored for all versions of the LWB. Therefore, the LWB kernel
had to be changed to take its configuration values from an abstract interface function instead
of directly using it. This allows different versions of the LWB to implement different interface
methods, specially targeted for an operating system. For the MacLWB, this means to implement
an abstract interface that takes the values from the preferences, the same as for values of the user
interface.
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Figure 6.16: Class diagram of the preferences classes

These abstract interfaces and the dialogs were not the only thing that needed to be done when
implementing the preferences. The configuration needs to be stored in and loaded from a file.
On the Macintosh, special care has also to be taken to make sure that the values are stored in the
proper placé! POwER PLANT partially supports the storing and loading of preferences values

by providing a clas&PreferencesFile . This class only supports basic file handling. Thus,
functions had to be added to be able to save and load individual values as used by the MacLWB.

The classes used for handling the preference , including the dialogs, are detailed below. Figure
6.16 shows the class diagram for these classes.

prefDialog

This is the main dialog used for setting preferences values. This dialog displays the current
settings of the LWB and of the user interface. It allows to store the values and provides means to
change all configuration values. The nestadent class is just a simple storage class used to
hold the current directory for file queries using the Macintosh file dialogs.

The class mainly fulfills the following tasks:

Value Management

TheprefDialog  manages a set of values for the current settings and a set of values for the
currently displayed values, to allow a user to change the values without changing the stored
values. This is necessary to allow a user to cancel his changes and to revert to the last saved
values.

11j.e. the Preferences Folder, wherever on the system it is.
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Commands
The class listens to commands, mostly pressed buttons, and execute their associated actions,
like

e geta color for an area’s background or foreground

e getafont, using théontDialog  class and dialog

e revert to the last saved values

e revert to the default values

e apply the changes made to the configuration to the LWB kernel and to the user interface
Display Update

The class adjusts its display to react to changes of configuration values, be they from user
manipulation in the dialog or by the execution of an LWB command. The dialog has also to
be changed if a value is changed through LWB commands.

External Program

The class manages filenames and directories of the helper applications, the web browser and
the Proof Wish tool. This is done by allowing the user to select an arbitrary program to be
launched either for the help system or for the proof display.

Values

The prefDialog makes sure that preference values are read at startup. It also provides
functions to load and store the preferences values.

Closing

Instead of closing the window and destroying the objectptieéDialog ~ merely hides the
window when it is closed. This speeds up the display and also allows to easily store the values
in the class for later use.

fontDialog

This class is fairly simple and only needs to support the handling of the user interface. This means
handling the commands issued by pressed buttons and the like and then adjusting the display as
necessary. Furthermore, the class has to provide functions that allqvetidalog  to set

the initial values to start with, as well as a means to return the values selected by the user.

preferences

Thepreferences class is responsible for managing all configuration values of the MacLWB.
It mainly contains a list of preferences values for each type of data stored.

The class handles the following tasks:

Resource File
The class handles the Macintosh resource files used, i.e. writing and reading the actual files.
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Values
As main part, the class provides methods to get individual configuration values stored. Values
of the following types are possible:

color,

font characteristics (type, name, size, color),
integer,

string,

dimension (with and height of windows).

The values are automatically read from disk the first time they are used and are written back
if they were changed when the instance is destroyed. Furthermore, the configuration values
can be reverted to the last saved or set back to the default values.

Dimensions

The class can adjust the dimension of a window to a dimension stored in the configuration. A

dimension of a window can also be stored in the corresponding preferences value.

Files

The class allows to save the values of the configuration variables to a user defined file or to
load the configuration values from such a file.

The nested clagsaneDim is used to provide a place to store the dimensions of a pane, including
windows. It does not provide any methods other than a constructor and is solely used to store
values.

prefVariable

While the preferences  class manages the whole set of preferences variable, this class is
responsible for the management of a single configuration valueprgferences  class uses
an instance of this class for each configuration value to be stored.

The class provides the following features:

List Management

The class provides simple list management by providing a pointer to the next value. This
is used to manage multiple valuesgreferences

States

The class handles three different states of a value in the resource file: A default value, the
last saved value and the currently set value.

Resources

The class automatically releases the resources when the variable is destroyed. Furthermore,
it can save a resource to the resource file and tell the rest of the list to do the same. It can
also revert its value to the saved or default state of the variable. This is also propagated
further down the list.



6.3 Implementation 101

Files
The class can not only save its value to a resource, but can also save and load the value and
the rest of the list to or from a normal text file.

6.3.9 Regions

The regions are the most important part of the interface of the MacLWB. Here, commands are
entered by the user and the results are given back. This is also the part of the user interface which
changes most. Contrary to most other parts of the user interface, the regions are not static but
instead will often change in size and position. Furthermore, the user can add additional regions
or remove existing ones.

Unfortunately, the BWER PLANT library only rudimentary supports fields in which text can be
entered. While these classes support inserting and deleting of text, word wrapping etc., they to-
tally lack support for dynamically sized regions. TheWrER PLANT classes support the resizing

of a single element of the user interface, but they do not automatically allow the repositioning of
adjoining elements. But because the input and output regions of the LWB directly follow each
other, a size change of one region has to change the positions of the following regions. Adding
even more complications, VER PLANT internally uses no less than four different coordinate
systems to store positioning and dimension values, . Furthermore, methods and user elements
had to be added to support the expansion and collapsing of regions.

Several classes had to be implemented to handle a single region and to put multiple regions into
a list capable of correctly displaying all its regions, even if the size of one of its regions changes.
This has to be done by computing and setting the positions for the region whenever one of the
regions changes its size. These positioning adjustments had to be incorporated irdoviétre P
PLANT layouting process, without disturbing existing drawing procedures and by making sure
that the positions are not changed again byf2R PLANT. This includes the general positioning

of the interface elements as well as cursor positioning and scrolling.

The layouting process of the Macintosh operating system is quite inefficient, because many draw-
ing operations are done multiple times, to make sure the resulting display is correct. The addi-
tional level of the BWER PLANT layouting makes it even slower by adding even more repe-
titions. Additionally adding positioning and resizing operations for the regions, resulted in a
display that was much too slow. Considering that the LWB tends to output quite a lot of text, this
situation had to be greatly improved.

In the first version of the implementation, the display of the regions took much more time than

it took the LWB to compute them. Therefore, the speed of the layouting process was improved.
This was done first by ensuring that display changes were only done when really necessary, thus
preventing multiple drawings. In a next step, text added to a region was not shown straight away.
Instead, the display was updated only after a certain time passed. Thus, instead of updating and
redrawing the display each time a short text is added to a region, the display is updated after
some time only, incorporating all texts added since the last update. Much less updates had to be
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regionTable regionTableCell

Figure 6.17: Region Classes

pagebreak

done that way, resulting in a much faster output with only a very short delay of showing results.
As a last step, the layouting process had to be adjusted to remove flickering caused by many
successive redraws. While the last step did in no way increase the speed of drawing, it made it
visually faster. Now a user can no more distinguish between time used for displaying and time
used for computing the results.

The implementation of all region specific parts is done in the clasdiéRegion |, region-

Table andregionTableCell . The first class actually handles the region itself, while the
last two classes are used for positioning multiple regions in a window. The class diagrams for
these three classes is shown in figure 6.17

editRegion
TheeditRegion class implements the following features:

Object Creation

The class is capable of creating objects not only using the Constructor resources but by di-
rectly constructing an object on the fly. This is necessary because a user can add an arbitrary
number of regions while the MacLWB is running. Thus at startup, only one set of input/output
regions is created using the Constructor method and all other regions are constructed and
added to the window on the fly.

Background Color Handling

As mentioned, theditRegion  has to correctly handle its background color, even when
text is changed in the input field.

Command

The keyboard commands dealing with a single region have to be handled by this class. This
includes name completion, command processing, cursor positioning and selection.

Size Adjustments

The class has to automatically adjust its size to match the amount of text entered. This is quite
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time consuming, because not only the size of the current region needs to be computed, but it
may become necessary to adjust the positions of the following regions as well.

Scrolling

Regions need to be able to be scrolled, either because a single region is larger than the window
it is in or because multiple regions exceed the size of their window. A region has to be able
to scroll itself to an absolute position, allowing the superior interface elements to scroll the
regions according to the wishes of the user.

Execute Insert, Delete and Print Commands

These three commands have to be handled by this class, although their keyboard sequences
are handled by the superior classes. The superior classes just delegate the commands to each
individual region affected.

Text Adding

TheeditRegion class provides a method to allow other parts of the MacLWB to add text

to a region. This method takes care of the size limits for edit fields on the macihtosh
initiates the updates of the display in specific intervals.

Reset

A region needs a way to be reset, i.e. to clear all its contents. This can either be as a reaction
to a user command or through some other part of the LWB.

Information

The class needs to provide some methods returning information about the current state of the
region. This includes the regions height and position as well as the text currently shown.
Expand and Collapse

The region needs to be able to expand or collapse itself. For output regions this means to
hide itself completely, while input and text regions only reduce itself to display their first line.
Again, this can either be the reaction to a user command or a direct call of the method by
some other part of the program.

Cursor Positioning

The class provides a method to set the cursor to a specified position in the text. This is mainly
used to allow cursor navigation between regions, for example if the cursor is moved from the
last line of a region to the first line of the following region.

Bracket Matching

To make input safer and easier for the user, closing brackets entered are automatically matched
with their opening brackets, visibly showing which two brackets belong together. If a bracket
is entered without a matching opening respectively closing bracket, then a acoustic message
is played.

Selection Handling

A region has to support the various ways of selecting text. The user can select text either with
the mouse, by cursor keys or menu commands.

Positioning

To make dynamic sizing and positioning of regions possible, they must provide a means of
positioning or moving them. This way, an enclosing interface element can move a region to a

2 no more than 32 KBytes of text may be present in an edit field.
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new position according to a size change of another region.

Printing

A region has to be able to print its contents, including handling of page headers, footers and
correct page counting.

regionTable

TheregionTable is responsible for handling the list of regions in the main window. It has to
manage all the positions and sizes of the regions and to readjust them, if necessary. This required
the following parts to be implemented in the class:

Drop Flag

TheregionTable is responsible for drawing the drop flag, the little triangle left of each
input region. Because the drop flag is not directly a part of the region itself, its management
is done in the region’s enclosing class, i.e. thgionTable

Expand and Collapse

Like regions, theregionTable  supports collapsing and expanding. But this time, this
means to collapse or expand all regions at once, not just a single region. Thus, The command
has to be redirected to each individual region.

Insertions and Removals

The table allows the insertion and removal of input/output region pairs and of text regions, as
directed by user commands or other program parts. Again, the positions of affected regions
have to be adjusted accordingly.

Positions

The table takes care of all positions of its regions. This includes handling when a region
changes size or when a new region is inserted into the table. In these cases, the correct
position changes are communicated to the affected regions.

Scrolling

The whole table supports scrolling, allowing more and larger regions to be used than actually
fit in the window. The table supports automatic scrolling when text is entered or the cursor
position is changed, as well as user initiated scrolling when the scroll bar is hit or page up or
page down keys are pressed. The table determines which parts of which regions have to be
displayed and sets the values for drawing accordingly.

Command Execution

All the keyboard and menu commands that are not directly handled by a region or that may
be called without a current region, are handled in tbgionTable . This includes the
commands to resize a region, add text to a region, scroll the table or a region, delete a region,
move the cursor between regions, and the collapsing and expansion of multiple regions.

Font Update

An update of fonts originating from a superior class is routed to all the individual regions in
the table.
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Printing

The table computes the page breaks that are necessary when printing the whole session, i.e.
all current regions.

Reevaluation

The regionTable  supports the reevaluation of all input regions currently stored. This
means that all input commands are reexecuted, starting with the first region.

Information The table only supports access to the whole text of all presently stored regions,
but not to the text of individual regions.

regionTableCell

This is an auxiliary class used by thegionTable  class to store the information of each table

cell. This class stores a pointer to the aceditRegion  along with the regions type. Itis only

a wrapper for theditRegion  class. The main purpose for this class lies in the structure of the
POWER PLANT providedLHieararchyTable class. This class uses small, simple objects to
store the contents of each table cell. Because these objects are copied when adding them to the
table or when moving them around, it's more efficient to use a wrapper class instead of directly
using the wholeeditRegion

The class does not fulfill any other tasks and does not have any functions beside its constructor
and destructor.

6.3.10 Progress Indicator

Another, on the Macintosh especially important part to be implemented was the progress indi-
cator. It displays the amount of a computation already done. On the Macintosh it also allows to
interrupt the current computation.

The actual computation of the percentage values is part of the LWB algorithms and was reused
without problems. This information has to be displayed, though. This required to add some code
to display values, but also required changes in existing code. Earlier versions of the LWB directly
wrote the percentage information to the scréeAgain, the main part of the LWB and the user
interface were decoupled using an abstract interface (cf. 5.2.2). Thus, when the percentage value
changes, an interface method is called. This method, depending on version of the LWB, does the
things necessary to update the display showing the value. For the MacLWB this means to adjust
the progress bar.

The user interface of the progress indicator must fulfill another important task. It must provide
the means to interrupt the current computation. This is done by providing a button which initiates
the interrupt. How the computation is actually interrupted is described in the next section.

13 more precisely to the info window.
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Figure 6.18: Class diagram of the progress dialog class

The implementation of the progress indicator—excluding interrupt handling—is done in the class
progressDialog . The class diagram for this class is shown in figure 6.18.

progressDialog

This class implements all the layout specific tasks concerning the progress indicator. As already
mentioned, the actual computation of the percentage value is done in the LWB algorithms and
the interrupt handling is done in the system specific part (see below).

The implementation has to respond to the interrupt request either from the button or from a
keyboard or menu command. As with other windows, this window is also merely hidden from
view when it is closed, to allow faster display. Of course, the class has to provide a method
allowing the LWB kernel to adjust the value displayed.

6.3.11 Interrupts

Interrupts are used in the LWB to stop a lengthy computation right in the middle of its execution.
This can be used as a means to stop a computation that’s not worth waiting for or that simply
takes more time than is acceptable. The implementation of interrupts faces some problems.
The main problem when interrupting a program in the middle of its execution is that its current
state is unknown. Such an interrupt may easily result in inconsistent data, locking of resources
(files, devices, memory), and general loss of memory. Furthermore, somehow the program has
to continue, if possible with as little loss of data as possible and by returning into a stable state.

Earlier versions of the LWB used the interrupt handling mechanisms provided by Unix to in-

terrupt program execution. This mechanism allows to store the state of the machine (program
counter, registers, stack pointer) in a special data structure. Later in the program execution, as
a reaction to the interrupt, this state can be reloaded, forcing the program to continue right after
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storing the state, just as nothing had happened. This approach has the advantage to be easy to
implement. It only requires to add an initializing statement to save the state and an interrupt
handling routine which reloads and sets the machine back to a previous state. Thus, most part
of a program does not have to be changed. It has some serious drawbacks, though. First and
foremost, the Macintosh does not have a similar interrupt handling mechanism. While it is pos-
sible to interrupt a program on the Macintosh, this does completely stop the program. It is not
possible to interrupt a program and give it some way to react to the interrupt. Furthermore, the
program is interrupted at an arbitrary position in the program code. While the restoring of the
machine state adjusts the stack and the program counter to resume normal program execution,
it does not otherwise handle memory considerations. All memory that was not allocated on the
stack cannot be freed again and is lost. Furthermore, any cleanups that should have been done
when freeing such memory is not done as well. Worse, data may have been partially initialized
or modified and can now contain inconsistent data. Using such data later will probably create
serious problem¥!

To take care of both of these disadvantages, a new, different interrupt handling mechanisms
was implemented, on Unix and especially on the Macintosh. Instead of allowing an interrupt
at arbitrary program position, an interrupt is only handled at certain positions. To achieve this,
each algorithm calls, at certain, safe positions, a periodical function. This function checks if an
interrupt occurred and if necessary handles it.

Instead of restoring a previous machine state to handle an interrupt to return to a stable program
state before the computation, an interrupt is handled by using the exception handling mechanism
of C++. This mechanism allows a chain of positions to be defined while a program is running.
This positions can, if necessary, be resolved backwards using the exception mechanism. As a
result, the program can resume at a desired, previous position.

This mechanism replaces direct restoring of machine states in a portable way, supported by the
C++ language. Furthermore, each affected function may include special exception handling
routines that allow to clean up resources, free memory and to make sure all data is consistent.
This mechanism can theoretically clean up all resources, including memory. This requires special
clean up routines each time memory is allocated. This means to make lots of modifications to
an existing program. But even if no additional routines are added, this solution is not worse
than the previous one and with little effort, the most important memory losses may be prevented.
Furthermore, future algorithms could provide the necessary exception handling routines from the
start, allowing a complete clean up of their resources.

As a result, existing algorithms only need to define the positions in their execution, where an in-
terrupt can be allowed. This is done by calling a special function at these positions. This function
checks for interrupts. If each algorithm makes sure that this function is called periodically, for
example at least once per second, the program can respond with little or now delay to an interrupt
request by the user.

14 of course, algorithms should always correctly clean up all memory previously allocated when terminating nor-
mally.
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For the Macintosh, this solution has several benefits. First, it allows the implementation of
interrupt handling at all. Second, periodically calling a function also allows to periodically give
the user interface time to update its display and to react to user input while a computation is
under way. Without this, the graphical user interface is blocked and does not react in any way to
the user. The user is only able to move the mouse pointer, but windows moved or resized are not
redrawn until a computation is finished. With this new approach, the user is even able to switch
to another application while the MacLWB still continues to compute. Furthermore, the user can
actually see that the computation is still done and that the computer is not crashed. This includes
the updating of the progress indicator, of course. A third benefit is the timing features that are
now possible (see next section).

The following two classes implement interrupt handling. As all system specific parts, both use
an abstract interface (cf. 5.2.2) to decouple the implementation of the methods from their callers.

interrupt

This is the main class responsible for interrupt handling. It handles interrupts by throwing an
interrupt exception and disabling further interrupts, to prevent additional interrupts while one is
being handled. It also provides a method to check if an interrupt is pending or if one is currently
handled. Furthermore, methods allow to enable, disable and initialize interrupt handling.

periodical

The periodical class is not directly involved in the interrupt handling process, but instead
provides a means for the LWB algorithms to periodically do certain things, including checking

for pending interrupts. The class contains a single method, which is periodically called by each
algorithm of the LWB. On the Macintosh, this method makes a limit check to find out if a time
limit has passed (see next section), checks for low stack space to warn the user and processes
Macintosh events. The last allows interrupt handling and gives the user interface time to refresh
its display while a computation is done.

6.3.12 Timing
The LWB provides commands to determine the time used by a computation. Adding the peri-

odical and interrupt tasks previously mentioned, allowed to add commands to set up a time limit
for a computationl{mitstart() andlimitstop() ).

systime

Part of the timing process, i.e. tiperiodical andinterrupt classes were already men-
tioned in the previous section. The rest of the timing specific code is encapsulated in the class



6.3 Implementation 109

editRegion

Figure 6.19: Class diagram of the main window

systime .1° This class provides an abstract interface with methods to get the current number of
clock ticks and the number of clock ticks per second. Furthermore, it is possible to directly get
the amount of 1/100 s passed so far, thus allowing to determine how much time has passed.

6.3.13 Main Window

As mentioned in 6.2.1, the main window deals with the user input and with displaying results.

mainWindow

The main window is implemented through the classnWindow . Its class structure is shown
in figure 6.19. The classesgionTable , editRegion andregionTableCell are de-
scribed in 6.3.9.

The mainWindow class is derived from the &ER PLANT classLWindow, the RFOWER
PLANT class for general windows. This base class does most of the layouting and basic event
handling for the window. ThenainWindow class has to fulfill the following additional tasks:

Quit
When the window is closed, after asking the user for confirmation, it has to quit the whole
MacLWB.

15 the namaime is already used on Unix systems.
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Figure 6.20: Class diagram of the info window

Commands

Most of the keyboard and menu commands are handled by this class or must be relegated to
the appropriate interface elements.

Preferences

Preferences values for dimensions, fore- and background colors are read—and used—when
first opening the window.

Regions

Methods are available to write to the current output region, to update fonts and to show an
error. Furthermore, it is possible to insert input/output and text regions and a method returns
the text of all current regions.

Modules

The class handles the display of which modules are loaded, i.e. shows when modules are
added, removed or changed in sequence.

Memory

Finally, the class shows with the memory display how much memory is available for compu-
tation.

6.3.14 Info Window

The info window is responsible for displaying status and debugging information of the LWB
algorithms.

infowindow

The Info Window is implemented in the clasgoWindow . Its class diagram is shown in
figure 6.20. This section will deal with thiefowindow class and thenfoBack class. The
classeditRegion  was detailed in 6.3.9.
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The infowindow class is not derived from thedWER PLANT LWindow class but instead
from the LDialogBox class. This is because the info window also has buttons which need
to be handled. This can be done easier using-brlogBox class, which in turn is itself a
derivation of thd.Window class.

The following tasks are implemented in tifoWindow class:

Preferences

Depending on the preferences values, the info window is shown or hidden at startup. Further-
more, the size, position, font and color of the window is adjusted to the values last stored.

Quit

As the other windows, the info window is merely hidden when it is closed by the user instead

of really destroying the class. This way, the text in the window is saved and additional text
can be added as well, even if it is not shown.

Commands

The class listens to the events issued by the reset and print buttons and execute the appropriate
actions, i.e. resetting the window contents or printing the whole text.

Update

The class provides methods to update the font used, in case it is changed by the user, and also
allows to refresh the text display.

infoBack

TheinfoBack occupies most part of the info window. It is responsible for scrolling the text
display. It also manages resizing and cursor movement and provides the means to display the
correct background color in the window. Finally, it is responsible for printing, mainly for deter-
mining the number of pages and the actual page breaks.

6.4 Conclusion

The information presented in this chapter only contains an overview of the implementations that
were done for the MacLWB and for the LWB in general. Further information on the implementa-
tion can be found in the documentation of the source code itself. For that reason, the source code,
along with executable versions of the LWB for the Macintosh, Linux and Solaris are present on
the attached CD-ROM. The CD also contains the complete documentation as it is available on
the world wide web.
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Chapter 7

Introduction

The logic of likelihood LL was introduced in 1987 by Halpern and Rabin in [22]. They motivate
their logic mainly with an example of a protocol verification of data transfer. The logic can be
used for other things as well, though and it has some interesting relationships other modal logics
and even with logics dealing with common knowledge.

Most of this part will deal solely with a subset of the logic of likelihood, called LMVhile one
important operator of the logic is not preseht)(in this subset, it is still strong enough for the
examples shown in the paper. The subset of the logic can be implemented much easier and more
efficiently than the full logic.

The next chapter gives the semantics and some simple examples for the logic, while later chapters
deal more closely with proof search in the logic. Chapter 9 introduces a Hilbert calculusfor LL
which will be used to obtain the Tait calculus of chapter 10. The Tait calculus will be used as a
basis for the double-sided sequent calculus of chapter 11. The remaining chapters will deal with
an extensive example of the logic that was done using the Logics Workbench, followed by some
remarks about the implementation of the automatic theorem prover foirLthe LWB.

7.1 Motivation

A lot of logics are used to formalize real world problems to be able to better understand and
handle them. In this context, a set of statements is translated into the notation of the logic. The
logic then helps to find out i—from this set of statements—it is possible to deduce certain facts,
i.e. other statements.

While it is sometimes necessary to use a first order logic to formalize real world problems, a
lot of problems can be dealt with in the context of propositional logics. This often results in a
big number of propositional variables that have to be used. But, because propositional logics
are often much simpler to deal with than first order logics, this step is only a notational but not
always a computational disadvantage.
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One category of interesting real world problems that is to deal with, is the decision making

process. It is often interesting to know, given certain facts, which decision can be deduced
from them. Because most real world facts are not based on certainty, likelihood is an important
component to formalize and make deductions for them.

One way to deal with likelihood is to use probability theory. Unfortunately there are several
drawbacks to this solution. Most importantly, it may not always be possible to attach probabilistic
values to the events and facts in question. For example, in a lot of medical situations the expense
and inconvenience to the patient from obtaining probabilistic values rarely justify the conclusions
that can be drawn from them. Furthermore, even if the exact probabilistic numbers are available,
people are often quite uncomfortable using them. Although people are ready to state that some
fact is more likely than another, they are rarely willing to give exact numerical probabilities for
them.

Lastly, a lot of expert systems have shown that their results do not change for sniib4)
perturbations in the numerical probabilities used. This observation suggests an approach to like-
lihood may be preferable that only uses a qualitative, non numerical notion of likelihood. The
logic of likelihood LL by Halpern and Rabin uses this approach. It takes normal classical propo-
sitional logic and adds a modal operaltofThis operator will be used to express that a formula is
likely. Thus, the formuld.p can be roughly translated tp fs reasonably likely to be a consistent
hypothesis”. Clearly, it is the user of the logic who decides what confidence should be given to
the operatot.. As we will see, it is also possible that at the same timandL—p hold.

Although the logic wants to avoid the problems for probabilistic approaches mentioned above,
it is still possible to express various degrees of likelihood. This is done by nesting multiple
operators, i.eLLp could be translated a®‘is somewhat likely to be a consistent hypothesis”.
Adding even moré., would make the statement less and less likely. Furthermore, given the fact
thatp, is reasonably likely givep; (formalp; — Lp,), and thap; is reasonably likely givep,
(formal p; — Lps), it can be deduced that is somewhat likely givem; (formal p; — LLps).

This means that likelihood behaves as expected.

In addition, the logic of likelihood contains an operafois used to denote necessity. This allows
formulas to express facts that must hold in general, without making use of likelihood.

If we compare the logic of likelihood with one of the standard modal logics HikeS,, we can

relate the operatdr to the( operator of the modal logic arféto its [J operator. Although both

logics are similar in many ways, it has to be noted that there are subtle, but important differences.
While the{ operator in standard modal logic can be defineehas- this is not the case for the

logic of likelihood. While we still havesp — —L—p, the direction backwards is not necessarily
true. We will see a more detailed example at the end of the next chapter after the semantics of
the logic were introduced.



Chapter 8

Semantics

This chapter defines the semantics of the logic of likelihood LL. It concentrates on the subset
LL ™ from [22], that does not contain thé operator for the transitive closure bf

8.1 Syntax

Before we start describing how to express statements and facts in the logic of likelihood, we have
to look at the syntactical structure of the logic. The following definitions take care of the basics
of the logic.

Definition 1 Language of LL~
The language of L consists of

countably many propositional variables py, p1, ps, - - -,
the operators — and A,

(and) to group formulas,

the modal operators G and L.

The complete logic of likelihood LL has an additional operdtgrwhich will be left out for this

and the next chapters. Later, several abbreviations for commonly used formulas and operators,
like disjunction or the dual operators @andL, will be introduced. They are left out in the
definition above to simplify the following definitions and proofs.

Definition 2 Formula of LL ~
A formulaof LL™ is inductively defined as follows

e each propositional variable py, p1, . . . is a formula,
e if A is a formula, then — A is a formula as well,
e if A and B are formulas, then (A A\ B) is also a formula,
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e if A is a formula, then GA and LA, are formulas.

The set of all formulas of LL™ is called Fml | —.

The parentheses in the previous definition are omitted if they are clear from context, i.e. we write
A A —Binstead of(A A —B). Furthermoren is left associative. This allows to leave out even
more parentheses, i.e. instead of writitgd A B) A C') A D we can writeA A\ BAC A D.

Definition 3 Theory of LL™
A theory T is a finite set of formulas of LL™, i.e. T'C Fml - and T finite.

Definition 4 Formula Length
We define the length of a formuld - | inductively as:

|pi =1,

Al =4+ 1,
|AAB| =|A|+|B|+1,
|IGA| = A|+1,

ILA| = |A|+1.

Using this definition, the length of a formula is exactly the same as the number of its symbols,
counting each propositional variable as a single, different symbol.

To simplify the following definitions and propositions, we introduce several abbreviations. It
must be noted, though, that these abbreviations are not a part of the language and thus are not
treated in proofs and propositions.

Definition 5 Abbreviations of LL~
AV B = —\(—\A A —\B),

A— B =—-AV B,
A< B :=(A— B)\N(B— A),

FA = —G-A,
KA = -l-A.
8.2 Notation

To make writing and reading statements easier, some notations will be introduced below. These
notations in no way extend the language of1,lbut allow to write down statements in a more
compact, easily readable form.

The following notations will be used in this and later chapters:
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Figure 8.1: An example of a model in CL

we use the symbols, ¢, po, p1, . . . for propositional variables,
the capital lettersi, B, C, and D are used to denote formulas of the logic,
we use the lettef for theories,
as mentioned, we omit parentheses that are clear from context
we writeL"Afor L---L AandK"A for K.--K A,
N—— N——

nxK

nxL
e we useM for models and; or ¢ for single states in such models.

8.2.1 Models

As usual for modal logics, the semantics forLIs given be means of Kripke models.

Definition 6 Model
An LL~ modelM is a quadruple (S, Z, %, ) with the following properties

S is a set of states,

£ C S x S is a binary reflexive relation,
% C S x S is a binary relation,

7 {p;:i €N} — 25

A comparison with a usual modal logic might help to completely understand the definition above.
The setS of states corresponds to the different worlds used in modal logics. Tnitliepresents
different sets of hypotheses considered to be valid at each state. The relgtiansl ¢ are

later used to define theand G operators, similarly to the definition of the operator in modal
logics. From a specific state, they represent which states are likely respectively conceivable .
The functionr intuitively associates with each propositional variable the set of states in which
the variable is assumed to be true. Thuss the truth function of an individual state.
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Example 2 Simple Model
Before we go on with additional definitions for models, we take a look at a simple example. Let
S = {81752583754}5
f — {<81781)7<81783)7(81754)7(52752)7
(53,53), (54, 53), (54,54) },
€ = {(81752)7(31754)7(32754>}7
7r(p1) = {51> 52},
7T(p2) == {82) 53, 84}‘

The model has four states to s,. The states; andsz are connected by, as well ass; to s,
and so on. We have a similar situation fér Furthermore, the propositional variahigis true
in the stateg; ands,, while p, is true in the states;, s3, ands,. As required, the definition of
Z is reflexive. The whole model is shown in figure 8.1.

To be able to talk a little more about models of LLsome additional definitions are required.

Definition 7 Model Size
The sizeof a model M = (S, £, €, ) is |S|, i.e. the number of states in the set of states S.

Because the definition of a model does no put any requirements to the set of states, models in
LL ~ can be finite or infinite.

The following definitions helps us to speak about the connections between different states.

Definition 8 Successor
A state t is a successoof a state s if (s,t) € L UE.

A state t is a £-successoof a state s if (s,t) € L.

A state t is a €-successoof a state s if (s,t) € €.

Clearly, because the relatio® has to be reflexive, every state is a successor (evefi-a
successor) of itself. Furthermore, if a state is@nor ©-successor of another state, it's clearly
a successor as well.

Using our previous example shown in figure 8.1 we see ¢haé a successor, a’-successor
and a%’-successor of;. s, is only a%’-successor and with that of course also a successqr of
Last but not leastss is an.Z-successor of; but not ag-successor.

As will be shown below, theZ relation will be used to define the OperalorThis means, ary’-
successor describes the set of hypotheses regarded as reasonably likely given the hypotheses of
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the current state. On the other han&; @uccessor describes the hypotheses that are conceivable
but not necessarily likely given the hypotheses of the current state.

Example 3 Likely and Conceivable

As an example for the two relations we regard a state describing weather situations. If our current
state has hypotheses that state that we are in the month of April and located in Switzerland, then
it's likely that it will rain the next day. Thus, a state where it rains the next day might be an
Z-successor. Although it is not likely that it will snow the next day, it did happen. Thus, it is
surely conceivable though not likely that it will snow the next day. Thus, a state where it will
snow the next day is @-successor of our current state.

The next definition treats relationships between states that are not direct successors but connected
via multiple states.

Definition 9 Reachable
A state t is reachablgrespectively .Z-reachable from a state s, if there is a finite sequence of
states sy, . . ., Sp, Where sy = s, s, =t and s;,1 is a successor (respectively an £ -successor) of

s;, forall0 < i < k.

Again, given the fact that the&-relation has to be reflexive, every state is reachable &nhd
reachable from itself.

Coming back to our previous example for a model inl.shown in figure 8.1, we see that s;,
and s, are all reachable from;, but only s, ands; are alsa.Z-reachable. Furthermore; is
reachable frons,, using a path oves,, but it's not.Z-reachable. Lastlys, s5, ands, are all
not reachable froms.

Now we have everything we need to define the truth value of a complex formula in a specific
state. As expected, this has to use information from other states as well.

Definition 10 Valuation
We extend the mapping 7 to a valuation# : Fml,, - — 2° as follows

wp) =7

#(-A) =S - #(A),

(AN B) =7(A)N7(B),

7(GA) ={s|t e n(A) forall t reachable from s},

7(LA) ={s|ten(A) forat that is an £ -successor of s}.

1 it would have been possible to interpret the relatioas just meaning conceivable by itself, but then a relationship
between the relation&’ and% would have to be postulated, because everything that is likely should also be
conceivable.
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The definition for the value 06 A uses the union of the relatiod® and%’. That means th&
operator includes all states that are conceivable, including the likely ones. This actually defines
GA as meaning thatl has to hold in any case, i.e. generally. Th@sgl, is similar to a transitive
[J-operator of modal logic (for example théof S,).

On the other hand, the definition of theoperator only uses th&’-relation, as expected. It is
comparable to &-operator, which is not transitive and does not include all successors.

The definition of the other values are the same as for classical propositional logic. If we take
a look at the abbreviations we have done, then we see that for the classical operators

, <> nothing extraordinary happens. The operdfasays thatK A holds if A holds inall .Z-
successors. That does not mean that it must hold in all successors, b&causeessors need

not fulfill this property in order folK A to hold. K can thus be viewed as a sort of modal, non-
transitive[J-operator, with the difference that not all successors have to be used. Thus, the duality
of theL andK-operators from the definition nicely corresponds with the duality of standard modal
logics. The operatdf says thafF A holds if there is a reachable state whdréolds. Thus, it is
comparable to a transitivg-operator, again the dual ® respectively thél-operator.

All'in all, we see that LL is actually comparable to a logic with two sets of modal operators,
where one set is transitive and the other is not. This will be shown in more detail in 11.9.

Definition 11 Models
As usual we write M, s = A instead of s € m(A) and M |= Aif M, s |= Aforalls € S.

The following two definitions are the same as for other logics, but still necessary.

Definition 12 Satisfiable
A formula A is satisfiableif M, s = A for amodel M = (S, £, %, m) and a state s € S.

Definition 13 Valid
A formula A is valid, if M, s = A for all models M = (S, £,%,w) and all states s € S. In that
case we write = A.

If we take a look at the strength of the various operators, we can order them in strictly decreasing
order as follows:

Gp, ..., K'p, ..., Kp, p, Lp, ..., L'p, ..., Fp

This means that, for example, the formulgs — Kp, Kp — Lp, orp — Lp are all valid. The
last one clearly makes sense, if we know thé&lds, it is also at least likely that it holds. The
inverse of the formulas are generally not valid.
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8.3 Properties

Before we take a look at some examples, we state some important properties aindLits
models. The proofs of these statements (or at least a proof sketch) can be found in the original
paper [22].

Theorem 1 Finite Models
An LL~ formula A is satisfiable iff it is satisfiable in a model of size < 2!4I.

Theorem 2 Decision Procedure
For some ¢ > 0, there is a procedure for deciding if a formula A is satisfiable (respectively valid),
which runs in deterministic time O(2°4/).

8.4 Examples

In this chapter we take a look at two examples which will show how kthn be used to express
statements including likelihood. Both examples originally are from [22], but are presented here
in a slightly different form.

8.4.1 Medical

Example 4 Simple Medical Deductions

As a first example, we take a look at medical patients. Each patients may show several symptoms,
has a medical history and may have diseases. For each possible symptom, history data and
disease we define a propositional variable. Each variable states if a patient has the corresponding
symptom, history data, or disease. For example, we can use the following set of propositional
variables:

Symptoms:

Dy the patient has a yellow complexion,
pw  the patient has a white tongue.

History:

por the patientis a heavy drinker,
pur  the patient has heart troubles.

Disease:

prp  the patient has hepatitis,
) the patient will die,
DT the patient has a tumor.
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S
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Figure 8.2: Medical example: some hypotheses

Of course, this set is far from complete for a real medical application, but it is enough to show
some basic properties and applications of LL

A medical doctor can use the language of Land the propositional variables defined above

to formalize a patient’s symptoms and medical history. He can usle-tiperator to express his
uncertainty, not only in the disease he wants to deduce, but also in the symptoms and the patient’s
medical history. Thus, while a doctor may not know for a fact that a patient has a drinking
problem, he may still have suspicions. Thus, instead of directly taikacas a hypothesis he

can only takd ppr. Thus, he expresses that it is likely that the patient has a drinking problem,
but it's not necessary so.

It has to be noted that the logic of likelihood is not a temporal logic. Thus, the successors defined
for the states in a model are not temporal successors in the sense that after the current state
the successor state will follow. Instead, the successors represent the sets of hypothesis that are
likely respective conceivable if the current state is accepted. That means, each state represents
a consistent and complete set of hypotheses which are taken to be true for now. Of course, in
practice only the 'relevant’ formulas will be treated in each of these sets.

From a specific set of states we can create other sets of hypotheses either as being likely or
conceivable (or nothing at all) from our current set of hypotheses. This is the modeled iman LL
model using the previously defined relatio#sand% .

For example, we start in statewith the following hypotheses for a specific patient. The doctor
observes that the patient has a yellow complexion, thus weputto our set of hypotheses.
Furthermore, the medical record of the patient does not show that he has heart troubles, thus we
add —-ppr. Then, after a close examination, the doctor is sure that the patient does not a have
a tumor, thus we adeipy. For the rest of the propositional variables we know nothing special,
thus we add their negation to our working hypotheses. This gives us the state as depicted in
figure 8.22 We can now define hypotheses that are eitifesuccessors o¢’-successor of our

2 all additional propositional variables are assumed to be false and are not shown



8.4 Examples 125

current working hypothesis. As a likely successor, the doctor decides that the patient may have a
drinking problem, thus we havgyr here. We leave the rest and get the state

Another likely hypothesis given could be that we had wrong or outdated information in our
history record of the patient and thus didn’t see that the patient has a heart problem. In that case,
we want a likely successas in which we havenyr, and because of that, algg. This is shown

in statess.

As a last set of hypotheses, we think it is conceivable, also not likely, that, the thorough exam-
ination did not notice that a tumor is present. Thus, we @addt states;. We could also think

that the observation of the patients skin complexion might have been wrong, thus we have here
—py as a working hypothesis. This is all shown in state

From the model shown in figure 8.2 we can now determine the values for some more complicated
formulas. For example, while we haveyr in s, we still have a likely successor withg. Thus,

in s we havelpyg, i.e. itis likely that the patient has heart problems. We also kayg, and
because? is reflexive alsd.—pyr. This shows that A andL—A can both be valid in the same
state. Althouglpy is in every likely successor of, it is not in every successor, thus we don't
haveG py in s. It's another matter fopyp. This is, negated, present in all successor states of
thus we havé&—ppp in s.

These last two examples show that it's not the same that a formula is valid at a certain state and
that is generally valid, i.e. th& of it is valid. Therefore, if, for the previous example, we want to
express that it is certain that the patient does not have a tumor, wé takato our hypothesis

and not simplypr. While the latter allows a successor to haye the former does not.

The example shows how a decision making process could be done using the logic of likelihood.
An expert creates a model by stating a state and its hypotheses and then subsequently enlarges
the model by adding all the likely and conceivable successors. This process is done until a
complete model is created. Then, for each state the values for more complex formulas can
be determined until an answer to the question sought is found. While this process is feasible for
certain problems, it is too complicated and too time consuming to effectively use it. Furthermore,
it's most of the time hard to determine what sets of hypotheses are likely and what sets are
conceivable given a specific set of hypotheses. And, last but not least, the resulting decision
should be valid for all models and not just for the one which is created.

Thus, to solve problems, it will be much easier to state special, non-logical axioms instead of
directly working with hypotheses. For our example, this could mean that the doctor states, from
his experience, that if a patient has a yellow complexion he either has a drinking problem or he
has hepatitis. This could be formalized@s, — Gppr V Gpyp. Note that we don't simply take

py — por V pup, Which would be much weaker.

The deductions that can be made from such a set of hypotheses and its non-logical axioms don't
normally result in clear answers to a problem. Consider the earlier example and assume that it
can be deduced thatG pr. The doctor might in that case decide it's best to operate. But what is

he to do if onlyL®*Gpr can be deduced, or something even weaker. In that case, much will depend
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on the interpretation of the resulting formulas. This could again be formalized with extra logical
axioms. For example, the doctor could includepr — po, wherepg stands for an operation,

to model his interpretation of the system. Such extra logical axioms are similarly problematic,
though.

8.4.2 Correctness of a Protocol

The second example is much more complicated than the one of the previous section. It is the
reason why Halpern and Rabin created the logic of likelihood. The main reason for the logic was
to be able to verify the special protocol used in this example. This example shows thaahL

be used to prove certain properties of a protocol used to exchange data between two persons. In
this situation, credibility and threats get important, and’ldan be used to formalize and analyze
these facets as well.

We take a close look at this example after the introduction of the various calculi used to make
proofs in the logic. Furthermore, we can use the LWB to show that the results for the protocol
really hold. This is all shown in chapter 12.
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Hilbert Calculus

Semantically dealing with LL formulas can be quite problematic, as mentioned in the previous
chapter. Thus, it is often much easier to use a syntactical approach. For that reason, this chap-
ter defines a calculus which is provably equivalent to the semantical definition of the previous
chapter, but much easier to prove with.

In [22] Halpern and Rabin give a Hilbert calculus for LL This calculus can be used to make
proofs in LL™ and it also shows some properties of Litself.

9.1 Calculus

Definition 14 Hilbert Calculus

(AX1) instances of classical tautologies
(AX2) GA— A

(AX3) GA— GGA

(AX4) GA— —-L-A

(AX5) A—LA

(AX6) L(AV B)«< (LAVLB)

(AX7) G(A— B) — (GA — GB)
(AX8) G(A— B)— (LA—LB)

Inference Rules:

A

(R1) GA (generalization)
AA— B

(R2) B (modus ponens)

127
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All the axioms are axiom schemes, i.e. every formula of ldan be substituted fod and B.
These axioms are completely the same as in [22]. Only small notational changes were made and
the axioms concerning tHe operator are left out.

A closer look at the individual axioms of the Hilbert Calculus helps to better understand the
motivation behind each of them:

(AX1) This axiom makes sure that CLdoes include the classical propositional calculus.
Everything that is classically provable can also be proven in.LL

(AX2) This axiom enforces the reflexivity @. It can actually be deduced easily from AX4
and the contraposition of AX5. Thus, it could be left out.

(AX3) This comes from the transitivity di. G is semantically defined over reachability, i.e.
over an arbitrary number of states, thus is transitive.

(AX4) Using the previously defined abbreviations, this is actually u$t— KA and states
that G does includeK (which is based on the fact thatis defined over U ¥ and
thus includes all the relationships used fandK).

(AX5) This expresses the reflexivity bf(it would be somewhat clearer using the abbreviation
for K, then the axiom could be formulate K3l — A, which nicely corresponds to
AX2).

(AX6) This axiom expresses thiais a modal operator. More common, but equivalent would
be to use the abbreviation faragain and use the axiofKA A K(A — B)) — KB.

(AX7) This is similar to AX6 but for the operatds.

(AX8) Finally, this axiom states that the modal opergtoencompasses the modal operator
L.

Furthermore, the Hilbert calculus also defines two inference rules:

(R1) Thisis the same generalization used in most modal logics. Similar to modal logic, this
rule is not the same as an axiotn— GA. Such an axiom, together with (AX2) would
directly lead toA < GA, which would make the operat@ruseless.

(R2) This is the standard inference rule used for classical propositional logic.

9.2 Properties

Before treating some properties of the Hilbert calculus, we need some more definitions.

Definition 15 Proofs
We say we have a proof of formula A, written as {7 A if

e A is an instance of one of the axioms (AX1) to (AX8), or
e A is the conclusion of one of the inference rules and there is a proof for the premiss(es) of
this rule.
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Definition 16 Proof Lengthi;
The lengthn of a proofi; A is inductively defined as

A for every n > 0 if A is an instance of one of the Axioms (AX1) to (AXS).
A if A is the conclusion of an inference rule and for each of its premisses A; we have

[ )

The following theorem makes sure that the semantics introduced in the previous chapter are
equivalent to the Hilbert calculus defined above.

Theorem 3 Axiom System
The previously given Hilbert calculus is sound and complete for LL™, i.e.

FA & |FA

A proof of this theorem can be found in [22]. Because only notational changes were made to the
calculus, the proof is not shown here.

Theorem 3 allows us to use this syntactical calculus instead of examining models to decide of a
formula if valid or not. As we have seen in an example in the previous chapter, the treatment of
models can be quite complicated and error prone. Thus, making proofs in the strictly syntactical
Hilbert calculus can be much easier.

Example 5 Hilbert Proof

As an example, we make in the following a small, simple proof in the Hilbert calculus. This
proof shows some of the benefits and problems of Hilbert style calculi. We want to prove the
formula(GA A GB) < G(A A B) in LL™. The following is a proof in the Hilbert style calculus,
showing on the right side the axioms and inference rules that were used:

g A—(B—(AAB)) (classical)
=z G(A— (B— (AAB))) (R1)

7 GA— (GB — G(AAB)) (AX7 and R2)
7 (GAANGB) — G(AAB) (classical)
g AANB— A (classical)
7 G((AAB)— A) (R1)

7 G(AAB) — GA (AX7 and R2)
7 G(AAB)— GB (analogous)
7 G(AAB) — (GAAGB) (classical)
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9.3 Automated Theorem Proving

There are two main problems with proofs in the Hilbert calculus. First, (AX1) states that every-
thing which is classically provable is also provable in"L.LOf course, we could use a classical
theorem prover to decide if a given formula is classically provable. Thus, it would be quite easy
for a computer to decide if the proof given above is a valid proof or not. But that is not exactly
the goal of an automated theorem prover. Instead, a theorem prover should take an arbitrary for-
mula of the logic and try to find a proof for it. But, as in the example above, the first step of the
proof could be to take a classically provable formula and to go on deriving from there. Unfortu-
nately, there are infinitely many classically provable formulas that we could use, thus if we want
a decidable procedure, this solution is not feasible. Even if we are content with a semi-decidable
theorem prover, such a procedure would be much too slow for practical use.

Thus, most theorem provers go a different way. Instead of starting with an axiom and then using
rules to try to deduce the desired formula, they start with the formula to prove and apply the
rules backwards, until an axiom is reached. This would, in a way, solve the previous problem,
because we could check any formula if its provable in classical logic with an external theorem
prover and if its not we’'d try to apply an inference rule or axiom of the Hilbert calculus. This
might work, but would be quite slow. Furthermore, there is the second problem with the Hilbert
calculus. The modus ponens rule (R2) violates the so called subformula property which states
that the premiss of a rule only contains subformulas of its conclusion. This makes it very hard,
if not impossible, for a theorem prover to apply the rule backwards. Which formslzould be

taken in the premiss of the rule. There are infinitely many formulas available, and even if we can
somehow limit the number of available formulas it’s presumably still too slow.

Thus, the Hilbert style calculus has several drawbacks, preventing it from being implemented on
a computer in an automatic theorem prover. While the proof of theorem 2 says that there is a
decision procedure—which terminates—that can be implemented on a computer, it does not use
the Hilbert calculus given above. Instead it tries to create a counter model to a given formula,
and if that fails, the given formula must be satisfiable, thus its negation provable. Although this
solution does work, it is quite error prone for implementing. Furthermore, all the decision pro-
cedures already implemented in the Logics Workbench LWB use a syntactical approach instead
of a semantical one.

Thus, we need a syntactical calculus like the Hilbert calculus given above, which does not have
the same drawbacks and which can easily be implemented on a computer. This task is the con-
tents of the next chapter.
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Tait Calculus

Most of the decision procedures implemented in the Logics Workbench use sequent calculi (see
next chapter). But before we introduce a sequent calculus for, e start with a Tait calculus.

The main reason behind this are the completeness and soundness proofs. Using intermediate
calculi, instead of directly making these proofs for the calculus that will be implemented in the
end, is much easier.

The Tait calculus does no more just deal with single formulas, but instead with sets of formulas.
Thus, before we take a closer look at it, we need some additional notational remarks.

10.1 Notation

We use the symbols andA, sometimes with indices, for sets of formulas.
I', A stands for the union df andA and we also writd", A for the union ofl" and the set
consisting solely of the formuld, i.e.T', A :=T U {A}.

e We write\/T" and A T" for the disjunction, respectively the conjunction of all elements of
I.
We write—I" for the set consisting of all elementsiofwith an additional leading negation.
We write FI" for the set consisting of all elements Bf with an additional leadings-
operator. Similarly we writ&I', KI', andLT.

All formulas treated in this chapter are assumed to be in a special form, the so called negation
normal form.

Definition 17 Negation Normal Form
The negation normal form nnk) of a formula A is inductively defined as:

nnf(A A B) = nnf(A) A nnf(B),
nnf(Av B) = nnf(A) v nnf(B),

131
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nnf(A — B) = nnf(—AV B),
nnf(A <~ B) =nnf(A — BAB — A),

nnf(LA) = L(nnf(A)),
nnf(KA) = K(nnf(A)),
nnf(GA) = G(nnf(A)),
nnf(F A) = F(nnf(A)),
nnf(=p;) = i,
nnf(—=—A) = nnf(A),

nnf(-A A B) = nnf(—=A) v nnf(—-B),
nnf(—A Vv B) = nnf(=A) A nnf(=B),

nnf(—LA) = K(nnf(=A)),
nnf(—KA) = L(nnf(=A)),
nnf(—-GA) = F(nnf(=A)),
nnf(—F A) = G(nnf(=A)).

The negation normal form actually just moves all negation symbols down (if the formula is
viewed as a tree) to the propositional variables. To be able to define it as easily as in the previous
definition, i.e. to have negation really only in front of propositional variables, we need the dual
operators/, F andK. Otherwise, nnftLA) would be defined asL—nnf(—A). Although this is

the same aKnnf(—A), the latter form directly shows that negation symbols are only in front of
propositional variables.

Example 6 Negation Normal Form
As an example,
nnf(=L(GA A =——F-LB)) = K(F-A Vv GLB).

If no abbreviations for the dual operators are used, this would instead be
—L=(=(GA A -GLB),

which is not easily recognizable as being in negation normal form.

Notation T,
If T is a set of formulas, theh, denotes a set of formulas with the property that

Ael, = *Ael,

wherex is one of the operatdr, F, G, or K.

This notation will later be used to easily describe a special set of formulas determined by their
context.

Thus,I'| is a set of formulas containing some or all of the formula§ which begin with the
operatorL but where the leading operator is removed. Most of the tifeyill contain all the
L-formulas ofl", but this is not required.
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Example 7 Operator Sets
As an example, if' = {A,LB,LC,LD,GE, KA}, thenl', could be, for exampl&, = {B, D}.

10.2 Calculus

Definition 18 Tait calculus for LL™
We define the following Tait calculus

(id)

b, _'p7F

A BT v AT BA A
aver Y ArBT.A N
AT AT\ FT¢
At L kit (K
AT A,FT
FA,T (F) GA I": ()

Later we will need an extended Tait calculus, including an additional rule, the cut rule. This rule
has the following form

AT —AT
% (cut)
Before we look at some of the properties of this calculus, we note what these rules actually mean
and why they are written like that.

When we make a backward proof search with such a calculus, we do nothing else than trying
to create a counter model for the formula given (cf. [29] for a close look at this situation using
graph calculi). If all possible counter model constructions fail, then we know that our formula
must be valid in all models, i.e. that it is provable.

We take a look at all individual rules to see how this counter model construction is done. First,
we have the axiom (id). Clearly, if a state in a model is forced to make such a set of formulas
true, it has to fail. It's just not possible to makeand —p false in the same state of a model.

! Actually, the rules given below, if implemented on a computer, will always take all possible formulas into the set.
That way, no formula that might be used later is forgotten, which could force backtracking. On the other hand, a
proof is valid as well if not all formulas are taken over, if the right ones are present.
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Thus, if we reach such a step, the counter model creation has failed. If all our possible ways to
a counter model reach such a set of formulas (i.e. an axiom), we know that the counter model
search failed and thus that the formula must be provable.

The (v)-rule tries to maked Vv B false, thus must try to make both formula false. Thus, in the
Tait calculus the comma between formulas can be interpreted.as’

The (\)-rule, on the other hand, wants to make\ B false, and that can be done in either of

two ways, either by makingl false or by making3 false. These two possibilities are expressed
with the two premisses of the rule. We have to try both possible paths to be sure that no counter
model can be created. Thus, only if both of the branches end in axioms, we know the formula is
provable.

These first three rules can directly been taken over from a Tait calculus for classical logic, and
actually make sure that the calculus will include the whole classical propositional logic. As we

will see later, the axiom given in the calculus could also have been given using full formulas

instead of only propositional variables. Using the definition above makes the following proofs a
little bit simpler, thus we stick to that for the time being.

The remaining four rules are the more interesting ones, i.e. the ones that define the modal oper-
ators. As mentioned before, all the rules assume that the formulas are in negation normal form.
Because the negation normal form uses four modal operators, we also need special rules for all
of thesé?

The ()-rule simply expresses that ttheoperator is reflexive. Thinking of counter model cre-
ation, we see that if we want to make the formulafalse, we need to maké false in the current
state. This those not make sure that is false. But ifA is true in the current state, we surely
havelL A. Additionally, we need to make sure, thais also false in all stateg’-reachable from
the current one. This is done in th@)¢ and K)-rules (see below).

The rule forF is dual to the rule folL. Limited to the current statd, andF are, for counter

model creation, the same, as both are reflexive. The difference between these two operators will
come into play if we examine the formulas in states reachable from the current one. While it is
enough to treatZ-reachable states far, we need to treat th&’-reachable (or, including?, the
reachable) states fér.

A bit more complicated are the rules fsrandG. As mentioned above, they not only have to
treat their respective operator but also the cases not yet treatecfatF. We first take a look
at the rule forG, because is a little bit simpler. If we want to create a counter moded fbits
easiest to create @-successor to the current state in whi¢hs made false. We could do that
with a rule like

AT
AT (©

2 But because of the negation normal form we don’t need to treat negations, except in axioms.
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because we also wantto be made false. This way we end up with an incorrect rule, i.e. if the
premiss of the rule is valid the conclusion does not need to be as Wwatthermore, we want to
makel to be false in theurrentstate, not in a successor. Thus we could take the rule

which would be correct. But this rule leaves out the conditions mentioned above)fovWe
remarked that, when making a formidalse, we need to make it false in the current state but
also in all successor state. That holds for the state created with this rule as well. Thus, we have
to take over all thé-formulas into the new state as well, to try to make them false. Because
the F operator is transitive, we have to take over the whHofermula and not just the formula
without F. Thus we need not only be able to make the formula false in the successor but also in
its successor, and so on. Thus, we end up with the rule

A FT¢
car (@

i.e. we take over all (or at least the necessary oRdésjmulas into the new state.

Even more complicated is the last rule, the rule forkheperator. A first idea might be to use
the same arguments as ferand use the rule

A FT¢
kar (K

Y

But to make the formul& A false in a state, we need to create @rsuccessor wher4 is false,

not a%’successor as fdg. For an.Z-successor we have to take care of the condition expressed
with the ()-rule. We noted that to makeA false in a state, we also have to makdalse in all
Z-successor states. Therefore, we have to take ovdr-foemulas as well. This time though,
because thé operator is not transitive, we only have to take o¥eif LB was part ofl’. Thus,

we end up with the rule

AarLa FFF
kit K

as used in the definition above.

If we compare the rules of this calculus with existing modal logics, KiKeor S, (as for example
in [29]), we note some similarities. IKT or S,, which are also reflexive, the rule for tie
operator is

3 for example, ifA v B is valid for a modelGA Vv B does not have to be as well.a
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This corresponds nicely with the rules we usedife@ndF above.
The rule ford in KT is, for example

AT,
gar (k)

where as irb, the rule is

A, QT
caT (Os)

The latter rule is similar to the rule we used above &rwhich is quite clear, because only
S, is transitive whileKT is not. The rule foiK, on the other hand, is some sort of mixture of
the O-rules of KT andS,, clearly because thie-operator is reflexive but not transitive, as the
[J-operator inKT, whereas th&-operator is reflexive and transitive, like theoperator inS,.

10.3 Correctness

A first step to show that the newly introduced Tait calculus is equivalent to the previously defined
Hilbert calculus, is to show that the Tait calculus is correct, i.e. that if we have a proof of a
formula in the Tait calculus, we can find a prove in the Hilbert calculus as well. As mentioned,
a proof of a set of formulas is interpreted as having a proof of the disjunction of all formulas of
the set.

Definition 19 Tait Proof
We say we have a proof for a formula A in the Tait calculus, written as |z A if

e A is an instance of the axiom (id), or
e A is the conclusion of one of the rules (V), (\), (L), (F), (K), or (G) and there are proofs
for all premisses of this rule.

We say we have a proof for a formula A in the Tait calculus with cut, written as {7—5 A if A
is either one of the above or additionally the conclusion of a (cut)-Rule, where proofs exists for
both premisses.

Definition 20 Proof Lengthz
The lengthn of a proofi: A is inductively defined as

o |7 Aforeveryn > 0 if A is an instance of the axiom (id).
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e |7 Aif A is the conclusion of an inference rule and for each of its premisses A; we have

Similarly we define 7 A.

This definition is the same as the definition for the proof length of proofs in the Hilbert style
calculus. It just says that if a formula is provable with a length. gthen the longest branch in
the proof tree will have at most length but may have less.

Definition 21 Main and Side Formulas
The main formulaof a rule is the formula that appears distinguished in the conclusions of the
rules in the calculus shown above.

All other formulas of the conclusion are called side formulas

Example 8 Main Formula
As an exampleA Vv B is the main formula in the\()-rule andGA is the main formula of the
(G)-rule.

Theorem 4 Correctness

Proof
We transform every proof in the Tait calculus into a proof in the Hilbert calculus. Because the Hilbert
calculus is correct, the Tait calculus will thus be as well.

The proof is the done by induction over the length of the proof in the Tait calculus. Thfid ithen we
make an induction on to show that; \/ I, by transforming the proof as follows:

n =0 ThenTI is an axiom, i.e. a conclusion of the (id)-rule.
In that case)/ I' is a classical tautology and because of (AX1) provable in the Hilbert calculus.
n > 0 We distinguish different cases, depending on the last rule used in the prdof bBfT" is an
axiom, then the assumption follows as in the case ef 0.

Thus letl’ = A, I, whereA is the main formula of the last rule used in the proof.

(V) A=BVC.
Applying the (/)-rule backwards gives us* B, C,I". From the induction hypothesis
we know that;; \/ B, C,I". But then, by a simple classical transformation ajsa/ BV
C,1,.
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(\) A=BAC.
With the (\)-rule backwards we ge&* B,T” and5* C,I". With the induction hypoth-
esis this gives us; \/ B,I"} and; \/ C,T',. From the classical tautology

(BV\/T) = (CV\/Ty) = (BAC)V (\/T1,T%))

and with modus ponens (R2) follows \/ B A C,T".
(L) A=LB.

We know from the induction hypothesis and the premiss of theule that; \/ A, T".
With AX5, the classical tautology

(AV\/T)A(A—LA) — (LAV\/T)

and modus ponens followg LA, T".

(K) A=KB.
Using the K)-rule backwards and the induction hypothesis folloys\/ A, I'|, FTk.
With generalization (R1) follows; G(A Vv \/T'L,FI's). This is, with some rewriting
7 G(=A — (VT'L,FI'g)). With (AX8) and (R2) follows; L-A — L(\/I'L,FIF).
With (AX6) and some rewriting we géf; KA v \/LI',LFI'r. FromLC — FC and
FFC — FC follows};; \/ KA, LT, FT'r and thus surely; \/ KA, LT'\, FTg, IV, 4

(F) A=FB.
With the )-rule backwards and the induction hypothesis follgwsA v \/ I". Because
oftz A — FAfollows| FA,T".

(G) A=GB.
With the (G)-rule backwards and the induction hypothesis follewsA v \/ FT'r. This is
the same ag; —\/ FI'r — A. With generalization (R1) follows; G(—\/ FI'r — A).

Using (AX7) this isG—\/ FI'e — GA. Translated back this i\/ FT'r V GA. From
FFC — FC andF(AvV B) — (FAV FB) follows|5 \/ FI'r V GA. This surely leads to

7V GA, T,

(-]

10.4 Completeness

Completeness of the Tait calculus cannot be proven as easily as correctness. Before we can start
to prove the completeness theorem, we need some auxiliary lemmas.

4 This shows that theK)-rule cannot be written similar fdr andF. While we haveFFA — FA, i.e. F is transitive,
we do not have the same far which is not transitive. If we putt in the premiss for thé-formulas, the rule
would not be correct.
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Lemmal Weakening
= = FIA
Proof

We make the proof by induction on the lengtlof the proof:

n =0 thenIis an axiom.
In that casel’, A is an axiom as well, thd# I A

n > 0 If I"is an axiom, thed’, A as well.

If T is not an axiom, thef was deduced with one of the rules of the Tait calculus. We assume
thatl’ = A, T”, whereA is the main formula of the last step of the proof.

We now distinguish different cases, depending on the last rule used in the proof:

(V) By applying the induction hypothesis to the premiss and then carrying throughhe (
step we get the assumption.

(n) By applying the induction hypothesis on one of the premisses and then carrying through
the (\)-step we get the assumption.

(L) This too easily follows from the induction hypothesis and the premiss.

(K) The K)-rule has built-in weakening. Thus, from the premiss of the last step we directly
get the assumption by expandifas necessary.

(F) Again, this easily follows form the induction hypothesis and the premiss.

(G) Asthe K)-rule, the G)-rule does have built in weakening as well. Thus, the assumption
directly follows from the premiss.

>

Lemma 2 Cut
From{z I', A and = A, = A follows | T, A.

Proof
We make the proof first by an induction on the constructiord pffe. the lengtm of A.

We now make a subinduction on the lengthof the proof ofl’, A:

m =0 T, Aisan axiom
We can distinguish two cases. HA € T, then we have\, -A C T, A. Thus from
7 A, ~A follows with lemma 1 (weakening) thgt T', A.
Otherwise~A ¢ T. In that casel is an axiom by itself. But theri;, A is an axiom
as well.
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m >0 I', A needs not to be an axiom

If T, A is an axiom, we have the same case asifct 0.

If I, A is not an axiom and becauskis just a propositional variabled cannot be

the main formula of the last step of the proof. Nevertheless, we make a distinction
between the last rule used in the proofipfA.

In the case of the rules/{, (A), (L) and F) we can use the induction hypothesis on the
premiss together with- A, —A to get a new premiss without any. We then carry
through the same deduction step to get the desired result.

If the

last rule was either a( or (G)-rule, thenA cannot appear in the premiss,

because it does not start with &aror F operator. Thus, from the same premiss, it is
also possible to dedudg A, using the built-in weakening of the rule and leaving out

A.

n >0 We make an induction on the sum of the lengthsof the proofs ofl", A and ofmsy of A, —A.

my =0 I',Aisanaxiom
This is equal to the case thdtis a propositional variable.

mQZO

mi >0
mo > 0

A, —Ais an axiom
Again, this is equal to the case thatis propositional variable.

If either I", A or A, —-A are axioms, then we argue as for; = 0 ormgy = 0
respectively. Thus we assume tihatd andA, —A are both not axioms

We now have to distinguish different cases, depending on the last rules of the proofs
and their main formulas. Because—in this special case—it is quite easy to miss one
of the possible cases, we list all 16 possible combinations below, even though several
of them are quite similar.

1)

2)

3)

4)

A was not the main formula; A was not the main formula and both proofs did

not end with a K)- or (G)-rule:

In this case we use the hypothesis of the subinduction on the premiss of the last
step of+ I', A together with A, - A to get the desired result.

A was not the main formula; A was not the main formula and both proofs
ended with aK)- or (G)-rule:

If A does not start with eithdror F, then it cannot be present in the premiss of
the rule. Thus, by using the premiss of the proot’ofd we can also directly
proofI’, A by using the built-in weakening of the rule and leaving dut

If A does start with eithdr or F, then—A on the other hand does not. Thus the
assumption directly follows from the premiss of the last stejg- ok, - A.

A was not the main formula; A was not the main formulés I', A ended with

a (K)- or (G)-rule but A, —~A did not:

This time we use the hypothesis of the subinduction on the premiss of the last
step of~ A, ~A together with= T', A to get the desired result.

A was not the main formula; A was not the main formula; I', A ended not
with a (K)- or (G)-rule but A, —A did:

This is the same as case 1.
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5) A was the main formula; A was not the main formula and both proofs did not
end with a K)- or (G)-rule:

This can be done as case 3.

6) A was the main formula; A was not the main formula and both proofs ended
with a (K)- or (G)-rule:

This case is a bit more complicated. We have to distinguish several subcases:

A = KB and the main formula ¢f A,L-B is KC

Then the premisses of the last steps give-uB, I', FI'r respectively

=B, A{,FAE, C. We can now use the hypothesis of the main induction
onBtogets '\, FI'r, Al ,FAE, C. Now, we carry through theK()-rule

on C with the appropriate weakenings to get the desired proof.

A = KB and the main formula ¢f A, L-B is GC

In this case,~B does not appear in the premiss of the last stef-of
A, L-B. Thus with the right weakenings we can directly obtain the de-
sired proof.

A = GB and the main formula ¢f A, F=B is KC

In that case, the premiss of the proofpfA, F—Bis F-B, A{, FAL, C.
Furthermore, we can change the last step of the proef Gf5, I' to get
from the premiss; B, FI'r justtol= GB, FI'r by not using the built-in
weakening. This does not affect proof length and thus we can now use
the hypothesis of the subinduction together witlk—B, A{, FAL, C'to
obtainFT'r, A ,FAE, C. Now, we just carry through &(-step onC'
again to get the proof we are looking for.

A = GB and the main formula ¢f A, F-B is GC

This case can be handled similar to the one before.

7) A was the main formula; A was not the main formuIaT I", A ended with a
(K)- or (G)-rule but. A, ~A did not:

This is the same as case 3.

A was the main formula; A was not the main formulay I', A ended not with

a (K)- or (G)-rule but A, A did:

Becaused is the main formula of the last step, which is notg-(or (G)-rule,

A cannot begin with eithes or K. Thus—A cannot begin with. or F. Because

- A was not the main formula of the last step of its proof, which wal€)a ¢r
(G)-rule,—~A cannot appear in its premiss. Thus, from the same premiss we can
directly obtain our desired proof by using the built-in weakening.

A was not the main formula; A was the main formula and both proofs did not
end with a K)- or (G)-rule:

This is the same as case 1.

10) A was not the main formula; A was the main formula and both proofs ended
with a (K)- or (G)-rule:

By switching the roles oA and—A this case is similar to case 6.

11) A was not the main formulaz A was the main formulds I', A ended with a
(K)- or (G)-rule but A, ~A did not:

By switching the roles oA and—A this case is similar to case 8.

8)

9)
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12) A was not the main formula; A was the main formulag I', A ended not with
a (K)- or (G)-rule but A, -A did:
This is the same as case 1.
13) A was the main formula; A was the main formula and both proofs did not end
with a (K)- or (G)-rule:
Depending on the structure df we have to distinguish two cases:
AN A=BAC,and—A=-BV-C
From the premisses of the last steps we hay T'y, B A C, B, and
<f Ty, B A C,C and=#2 A,-~BV —C,-B,-C. We can use the
hypothesis of the subinduction to dget I't, B, A, (= I'2,C, A, and
7 I', A, =B, ~C. We can now use the induction hypothesis of the main
induction withI'y, A, B andA, —~B, ~C to gety I'1, A, =C. This, to-
gether withl's, A, C" and the main induction hypothesis yielgsI', A.
vV A=Bv(C,and—-A=-BA-C
with a swap of4 and—A this is equivalent to the previous case

14) A was the main formula; A was the main formula and both proofs ended with
a (K)- or (G)-rule:
This case can actually never occur.Afis the main formula of aK)- or (G)-
rule it has to start witl or K. But then—A has to start either witk or L and
thus cannot be the main formula ofl&)¢ or (G)-rule.

15) A was the main formulaz A was the main formulag I', A ended with aK)-
or (G)-rule but— A, A did not:
Again we distinguish several different cases, depending on the structdre of

L A=LB,and—A =K-B
From the premisses of the last steps of the proofs wé@{ B,LB,T’
andl% -B, AL, FAg. Using the subinduction with the seis LB, T’
andK-B, Avyields}+ B, T', A.
With the main induction hypothesis we getl’, A, A, FAg. Now, we
use one l()-rule for every element i\ and get I', A, LA, FAF.
This sequent is actually the samelag\.

K A=KB,and—A=L-B
With a swap of4 and—A this is equivalent to the previous case.

F A=FB,and—A = G-B
From the premisses of the last steps of the proof w¢%¥ B,FB,T
and=<#2 —B,FAf. With the subinduction hypothesis and the assump-
tion G-B, A, we get B,I', A.
Using the main induction of, I', A and—B, FAf, yields T', A, FAF.
This sequent is actually the samelas\, thus we haves I', A.

G A= GB, and—A = F-B
With a swap ofA and—A this is equivalent to the previous case.

16) A was the main formulazA was the main formulads I', A ended not with a
(K)- or (G)-rule butiz A, ~A did:
With inverse roles forA and—A this is the same as case 15.
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4)

Lemma 3 Extended Axioms
For all formulas A and alls sets of formulas " we have

=T, 4,-A

Proof
We make an induction on the lengtiof A:

n = 0: thenA = p;, i.e. A is a propositional variable.
In that casel’, A, —A is an axiom of the Tait calculus and thus provable.

n > 0: we distinguish several cases depending on the structufie of

e A=BvCand—-A=-BA-C.
From the induction hypothesis we get proofs forB, C, —-B andI', B, C,-C. We use
these proofs to get the following proof:

=5 o—p (induction) ——=— (induction)
? ? ? k) ) ) /\

I'.B,C,~BA-C
I',BVC,~BA-C (\/)

e A=BACand—-A=-BV-C.

From the induction hypothesis we get proofs farB, -B, -C andT’,C,—-B, -C. We
use these proofs to get the following proof:

(induction)

I',BAC,~B,~C
I',BAC,~BV-C (\/)

(induction)

(n)

I,.B,—B,—C I,C,~B,~C

)
Theorem 5 Completeness
A = FA
Proof

LetH; A. We now prove—uwith induction on the lengthof the proof—that; A.
n = 0 For each axiom of the Hilbert calculus we have to find a proof in the Tait calculus.

AX1 Because the Tait calculus contains the derivation rules of classical propositional logic,
A will be provable.
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AX2 A=GB—B

(lemma 3
(F)
(V)

-B.B
F-B,B
F-BVB

AX3 A=GB — GGB

ﬁ (lem ma 3

F-B,B (F)
Fra5 (O
Fa665 (©)
Faveen (V)

AX4 A=GB— KB

(lemma 3

55 (F)

Foxs K)
V)

-B,B

F-BVKB
AXS5 A=B—LB

(lemma 3

(L)
V)

—-B.B
—-B,LB
~BVLB

A=L(BVC) < (LBVLO)

(lemma 3) (lemma 3)

wreae g )

K(-BA-C),LB,LC K-B,L(BVC)

K(=BA-C),LBVLC (V) K=BAK-C,L(BVC)

K(=BA=C)V(LBVLC) V) (K=BAK-C)VL(BVC) (V)
(K(=BA-C)V(LBVLC))A((K-BAK-C)VL(BVC)) (/\)

(lemma 3) (lemma 3)
(V) V)
—~B,BVC -C,BVC
SIS
()

~C,B,C

AX6

-B,B,C

~B,B,C ~C,B,C

A=GB —C)— (GB — GC)

AX7
(lemma 3)

(Iemma 3) SO0-BC
b 9 (/\)

BA-C,—-B,C

FBA-C,-B,C (F)
FBA-C,F-B,C (F)
F(BA-C),F-B,GC (G)
F(BA-C),F-BVGC (\/)
F(BA-C)V(F-BVGC) (\/)

A=GB—C)— (LB—LO)

B,-B,C

AX8
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m (lemma 3) _‘07_‘7370 (lemma 3)

BA—-C,—-B,C
Fan-0)-5.0 ()
F(B/\ﬁC),KﬁB,LC (K)

F(BA-C),(K=BVLC) (V)
F(B/\ﬁC)V(KﬁBVLC) ( )

n>0 R1 A= GBandGB has been deduced in the last step by (R1)
With the induction hypothesis we haWg® B. With the G)-rule immediately follows
i+ GB, i.e.lr A
R2 A = C andC has been deduced in the last step by (R2) fi®m> C' and B.

With the induction hypothesis we g&i* —B v C and-5* B. The last step in the proof
of =B v C must have been &/{-rule, thus we can also get - B, C.

Now we can use lemma 2 (cut) to ggetC, i.e.t+ A.

A

Example 9 Tait Proof
We now take a look at an example of a proof in the Tait calculus. We take the same formula used
for the example in the Hilbert calculus (cf. 5).

The proof of the formuldGA A GB) < G(A A B) in the Tait calculus looks as follows:

~4-54" —a-pB Y

“A,-B.AAB W —x=pa D ~4-B.8 9
-A,F-B,ANB (FF) ~AV-B, A (\/(?:) -AV-B,B (\/(?:)
F-A4,F-B,ArB ") FAV-B), 4 FAV-B), B

©  rravop.ea© Fravop.es ©

F=AVF-B,6(AAB) V) F(=Av —B),GAAGB )

(F=AVF-B)VGAAB) " F(~AV —B)V (GA A GB)
(FRAVF-B)V G(AA B)) A(F(-AV -B) V (GA A GB))

F-A,F-B,G(A A B)

(V)
(N)

The main formula of each step of the proof is printed in bold face. Clearly, this proof is much
more goal oriented and looks much better to automate than the Hilbert proof of the previous
chapter.

10.5 Properties

In this chapter we look at some properties of the Tait Calculus. We already know that the calculus
is sound and complete, i.e. that we can do the same in this calculus as in the original Hilbert
calculus and thus with the semantics of LL
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Subformula Property

Definition 22 Subformulassubfmi()
If A is a formula, then the set of subformulas subfmH) is inductively defined as follows:

A = p; then subfml(4) := {p;} .

A=-B  thensubfml(A) := subfml(B) U {—-B},

A= BV C then subfml(4) := subfml(B) U subfmIC)uU {B Vv C},
A= BAC then subfml(A) := subfmi(4) U subfmI(B) U {B A C},
A=LB  thensubfml(4) := subfmI(B) U {LB},

A=KB  then subfml(4) := subfmI(B) U {KB},

A=FB  then subfml(4) := subfmI(B) U {FB},

A =GB  then subfml(4) := subfmI(B) U {GB}.

Lemma 4 Number of Subformulagsubfmi(A4)|
If A is a formula then

subfmi(4)] < ||

Proof
This can easily been shown by induction over the structuré. of A
Definition 23 Subformula Property

It T is the conclusion of a rule and A one of it’s premisses, then the rule has the subformula
property iff

BeA = BesubfmlA) foraAeTl

Lemmab Subformula Property
Every rule in the Tait calculus has the subformula property

Proof
A closer look at the individual rules of the calculus shows that every formula of a premiss either already
exists in the conclusion or is a subformula of one of these formulas.

A

>

It is important to note here that not all rules of the Hilbert calculus presented in the previous
chapter have the subformula property. The modus ponens rule used for that calculus introduces
a new formula in the premiss. This creates serious problems for implementing the calculus in an
automated theorem prover, as mentioned in the previous chapter.
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10.5.1 Contraction

Contraction is the fact that fropt A, A, T" follows % A, I'. Because we are dealing with sets in
the Tait calculus, the set, A, I" is actually the same as the sé&tl’.

Thus, the Tait calculus surely has contraction. We just mention it here, because the same propo-
sition will be examined for the later calculi, where we deal with sequents of formulas instead of
sets. In these cases, this property is no more trivial.

10.5.2 Invertible Rules

Definition 24 Invertible Rule

Ao Ay A
A rule r of the Tait calculus is invertible iff

= = (FAjforall0 <j<i)

Arule is invertible, if each premiss is provable if the conclusion is provable.

Definition 25 Strongly Invertible Rule

Ay Ay oA
A rule r of the Tait calculus is strongly invertible iff for alln € N

=1 = (7 Ajforall0 < j <i)
A strongly invertible rule is one that is invertible and whose premisses can be proven with the

same length as its conclusion.

Lemma 6 Strongly Invertible Rules of the Tait Calculus
The rules (M), (V) are strongly invertible.

As an example we prove the strong invertibility of thgule:

Proof
We assume that the conclusion has the fetm B, T'.

We make an induction over the structure of the proof of the Conclusion:
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e if AV B was the main formula of the last step—which thus must have beejrale—we get the
assumption directly from the premiss of the rule and the induction hypothesik the same proof
length.

e if the last rule used was (id), thea Vv B,T" must be an axiom. Because axioms must contain a
propositional variable and its negatidnijtself must be an axiom4 vV B cannot be a propositional
variable). Thus, the same proof can be done for the premiss, using the same length

o ifthe last step was aJ), (L), or a F)-rule, we can use the induction hypothesis on its premiss and
carry through the same step to get the desired proof, with the same length.

e ifthe last step was a\)-rule, then we can use the induction hypothesis on both premisses and carry
through the same step to get the proof we are looking for, with the correct length.

e ifthe last step was &) or (K)-rule, then the formulal v B cannot appear in the premiss, because it
does not start with eitherlaor F. Thus, from the same premiss using the rule’s builtin weakening,
we get the proof we are looking for, with the same length as before.

(&)

The proof for the {)-rule is almost the same.

Although the () and §)-rules don’t seem to be invertible at first glance, they are nevertheless
invertible in a special case. Because we deal with sets in a Tait calculus, the farsohay
appear on the premiss of the rule as well ({eA} NT" = {LA}). In that case the rule is strongly
invertible, otherwise it is not.

Example 10 Invertibility
As an example we sdt to the empty set. In this case, invertibility would for example mean
= Lps, 7Lpi = & pi—, Lpi. While the former is always provable, the latter surely ishot.

It has to be noted that th&) and G)-rules arenotinvertible. As a simple example consider the
following set of formulas
bi, 7Di, GB.

This is surely an axiom and thus provable. But the premiss ofGeule is justB and in general
not provable.

10.5.3 Backward Proof Search

A formula A is provable in the Tait calculus if and only if there exists a derivation sequence which
starts with axioms, ends with the formufaand only uses the rules of the calculus. When doing

5 for the case thatl v B appears in the premiss as well

6 the latter is actually.p, — p;, and thus surely not provable.
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backward proof search to actually find a proof of a formula, we do the whole process backwards.
We start with the formula to prove and apply rules backwards until we arrive at axioms in each
branch or don’t have any rule to go on with. A tree built in such a way that ends in axioms only
is clearly a proof of the formula.

Example 11 Backward Proof
Clearly, not every backward proof search ends in axioms only, even if the formula is provable.
Consider the following example of the proofief BV GA Vv GB (which is actually-GB Vv GA vV

GB in negation normal form):

B A
FB A"
F-B.GA.GB ©
F-B.GAVGB "
F-BVGAVGE "

This proof does not work, i.e. we come to a place where we can’'t go on. The problem lies in
the fact that the@)-rule used the wrong main formula. If we u6& instead ofGA as the main
formula we get a successful proof:

~B.B
FB B
F-B.GA GB ©
F-B.GAVGB "
F-BVGAVGE "

This example shows that the main formula selected for a rule, as well as the general sequence of
the rules determines if a proof will be successful or not. Thus, when trying to find a proof of a
formula or to know that the formula is not provable, all possible selections and sequences of rule
applications have to be tried. This might require backtracking, if the selected formula did, for
example, not end in a successful proof.

For backward proof searches, invertible rules have big advantages. With an invertible rule, the
premiss is provable iff the conclusion is provable, thus they never require backtracking. If a
proof can be made starting with the conclusion of a rule, a proof can also be made starting with
its premiss. Thus, invertible rules can always be applied, without fear of dead ends. This can
speed up proof search considerably.
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10.5.4 Termination

In general, the given Tait calculus does not terminate. Because we are dealing with sets, for all
invertible rules the main formula can also appear on the premiss of the rule. But if the main
formula of a rule also appears in the premiss, this clearly may result in an infinite loop. Thus,
backward proof search would not terminate.

To be able to include the main formula of a rule in the premiss is actually essential for the
(L)- and §)-rules to get completeness of the calculus. Unfortunately, this prohibits an efficient
implementation of the calculus in an automated theorem prover, because now the rule is not
invertible. Furthermore, the theorem prover does not always terminate.

10.5.5 Disjunction Principle

Lemma 7 Disjunction Principle
= GA, ..., GAL KBy, ... KB, = [ GA; or ... or GA, or
= KBy or ... or KB,
Proof

Let% GAy,...,GA,,KBy,...,KB,.

Surly this can’t be an axiom, because we only allow propositional variables in axioms. Thus, there has to
be a last step of the proof. We distinguish two different cases:

e the main formula of the last step was!;.

In this case, the premiss of the rule is just By using the same rule again, but without weakening,
we get the desired proof & A;.

e the main formula of the last step WHEB;.

In this case, the premiss of the rule is just Again, by using the same rule again, but without
weakening, we get the desired proofkoB;.

4)

The disjunction principle says that if we have to prove t«ormulas, we can make a proof
using one or the other, but we will never have to use both formulas.

This makes backward proof search much easier and also much faster. EaclGtioeraula is
considered as main formula, all othéfformulas can be removed. Furthermore, the sequence
which is used to determine whicgk-formula to select as main formula does not influence prov-
ability. On the other hand, it also requires that the applicatiorGpihd K) rules is made last

in the proof search, or this principle cannot be used.
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10.6 Deduction Theorem

For the practical use of the logic of likelihood, it is often essential to add special, non-logical
axioms to the proof search. These axioms are assumed to be valid and thus can directly be used
in a proof. Contrary to the logical axioms of the Hilbert calculus, substitution of variables for
arbitrary formulas is not allowed with these types of axioms. The only assumption made is that
non-logical axioms are assumed to be true.

Definition 26 Theories
We say a set A is derivable in the Tait calculus with cut from a finite theory X, written as
Y t7—¢ A if there is a proof of A using only rules of the Tait calculus and the (cut)-rule and
additionally treating all elements of Y. as extra-logical axioms, i.e.

ar &

is an axiom for all A € Y.

Using theories with a calculus is only useful when also allowing the (cut)érliteerefore prov-
ability using theories is only defined for the Tait calculus with (cut).

Theorem 6 Deduction Theorem

Srrc A @ fpgo LA

Proof

<: We assgm@H—C_ EE,A. Furthermore, we know that }m B; for all B; € X. Using
generalization this i¥ \—+ GB;.

Because-GB; = F—B;, we can uséX| cuts to get ta: }m A, as desired.

= This time we assum& |—~ A. Now we make an induction on the lengthof the proof of A
using the theory..

n = 0: in that caseA is an axiom.
If AN =0, thenA is an axiom of the Tait calculus with cut and th\y% A

Otherwise, there is a formuld € A with A € 3. Thus we can use &J-rule to get from
F-A, A, A" to—-A, A, A’. According to lemma 3 this can be proven in the Tait calculus,
thustz—+ F—4, A surely holds.

7 the disjunction principle is not provable for sets containing arbitrary formulas.

8 it's not possible to deducé from the theoryA A B otherwise.
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n > 0: if A still is an axiom, we proceed as in= 0. Thus we assume that the last step of the
proof was a rule application and that the main formula of this rule va#/e now make
a distinction between the last rule used:

Vi A=BvVC
From the last step of the rule we kn@Nr——+ B, C, A. Using the induction hy-
pothesis we get-—— F-X, B, C, A'. Using the {)-rule again yields the desired
proof.

AN A=BAC
From the last step of the rule we kndW—— B, A" andX |7 C, A’. Using
the induction hypothesis twice we dgt—~ F-X, B, A’ andiy—¢ F-%,C, A,
Using the (\)-rule again yields the desired proof.

L: A=LB
From the last step of the rule we knaW |7— B,A’. Using the induction
hypothesis we gét-—- F-%, B, A’. Using the [)-rule again yields the desired
proof.

Ki A=KB
From the last step of the rule we kndW— B, A{, FA¢. Using the induction
hypothesis we gét—— F-%, B, A, FA¢. Using the £)-rule again yields the
desired proof, becausdl F-formulas are taken from the premiss to the conclusion,
including the newly introduced ones.

F: A=FB
From the last step of the rule we knoW (—— B,A’. Using the induction
hypothesis we get—~ F-X, B, A’. Using the F)-rule again yields the desired
proof.

G A=GB
From the last step of the rule we knoW [— B,FAt. Using the induction
hypothesis we g@ur—c F-X, B, FAL. Using the F)-rule again yields the desired
proof, because aHi-formulas are taken from the premiss to the conclusion.

cut: From the last step of the rule we know (77— A, A} andX 7+ -4, As.
By using the induction hypothesis twice we get proofsfer~ F-X, A, A’ and
e FX, -4, Al Using the (cut)-rule again yields the desired proof.

(&)

The G on the right side of the deduction theorem is necessary. It is not true that

Shre A = e 5 A

This can easily be seen with the next example or by examining the parts f&)taed K)-rules

in the proof of the deduction theorem. In order to be able to use the induction hypothesis an the
premiss of the rule and then still be able to apply the rule again, all formulas in the premiss are
required to start with aR-operator, or the rule cannot be applied.
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Example 12 Deduction Theorem
As an example, we consider the case that { B} andA = GB. Then, with generalization, we
can surely prov& B from B.

On the other;~B, GB is surely not provable, because this is the samB as GB. As a counter
model, we can take a simple model with two states, where in the first Bteterue and in the
secondg’-reachable state is not.

The deduction theorem is very important for automated backward proof search with theories.
Adding theory support to an algorithm for automated theorem proving only requires to transform
the theory along with the formula to prove. This new formula can then be proven normally. Thus,
the proving algorithm only requires some preprocessing steps, but no changes in the algorithm
itself.

The following corollary allows us to easily use theories with our Tait calculus without cut.

Corollary 1 Deduction Theorem

ShreA € K (A\GE)— A

Proof
First we use the deduction theorem to get

2 }m A <~ F_|2, A
Then we use lemma 2 to get
As a last step we use the fact that A = F—A and thalG(A A B) < (GAAGB) to get the desired result.

A

This version of the deduction theorem allows us to use theories for our Tait calculus without cut,
thus allowing easy implementation of theory handling in an automated theorem prover.

This version also adds a simple transformation to the theory. Using this in a theorem prover can
improve its performance, especially for large theories. Now, theafle can be applied before
having to use the{)-rule. Because the\(-rule is invertible, it never requires backtracking. The
(G)-rule, on the other hand, always forces backtracking if more tharGefioemula is present.
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Chapter 11

Sequent Calculi

This chapter defines another calculus to be used for proof search. As mentioned in the previous
chapter, the Tait calculus has some serious drawbacks for implementations. Mainly, it does not
necessarily terminate.

11.1 Notation

For this chapter we use the following, slightly different notation:

We use the symbols, A, II, andX for multisets of formulas, i.e. the same formula may
now appear multiple times.

I'" denotes sub-multisets df the particular multiset will be determined by its context

I', stands for a multiset consisting of soiéormulas of I', with the leadind. removed,; it
is notnecessary thdt, consist ofall L-formulas ofl". I'g, 'k andI'¢ are similarly defined.
\/ T stands for the disjunction of all elementslaf Similarly, A I' stands for the conjunc-
tion of all elements of".

nnf(A) is the negation normal form of, and nnf(") is the negation normal form of all
formulas of the multiser'.

—I" stands for the multiset of formulas in which every individual formuld’dfias been
negated.

We writeT" U { A}, or sometimed’ U A for the multisefl” extended by adding the formula
A.

Example 13 Notations
We look at several examples to show the meaning of these notations. For all these examples we
assume tha]f =P, Fp27 Lp37 F(_'(p4 \/]92))72917 _'Gp17 Gp27 LFpQ

I'L could bel'y = p3, Fps, but it could also be just; or Fp, or even the empty set.

! formulas starting with.

155
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e [k could bel'r = —(p4 V p2), but it could also bes, —(p4 V p2), justp,, or again even the
empty set.

\/T =p1VFpsVLpsVF(=(psVp2))Vpr V=Gp V Gpy V LFp,.

AT =p1 AFpa ALps AF(A(ps V p2)) A pr A =Gpy A Gpa A LFp,.

nnf(O") = p1, Fpa, Lps, F(=pa A =p2)), p1, =Gp1, Gpa, LFpo.

—I' = =py, =Fpa, =Lps, =F(=(ps V p2)), =p1, 7=Gp1, ~Gp2, —LFp,.

11.2 Sequents

Throughout this chapter, we will use several forms of sequents of formulas for the calculi. Se-
guents for sequent calculi are primarily split into two main patterns, one-sided and two-sided
sequents, giving one-sided and two-sided sequent calculi. In this chapter we will only use
double-sided sequents, because such sequents are better suited for implementation than one-
sided sequents. Using double-sided sequents allows algorithms to directly deal with implications
and equivalences.

A double sided sequents basically consist of two multisets delimited by th&ign. Sequents
of the formI" > A can be interpreted as meanifAd” — \/ A, i.e. the delimiter is treated as an
implication.

The sequent calculus introduced below requires more complicated sequents. These sequents
consists of the basic two sequents, but each of the two sequent sides gets two additional multisets
containing specially marked formulas. The left side additionally has multisets for miiraad
G-formulas, while the right side has two additional multisets for matkaddF-formulas. These
additional multisets are used to remember formulas already treated, to prevent simple loops.

11.3 Double-Sided Sequent Calculus

The next page show a double-sided sequent calculus that can be used to prove formulas of LL
The main reason to even introduce an additional calculus are the serious drawbacks of the Tait
and Hilbert style calculi mention in earlier chapters. These drawbacks make implementation of
the calculi in an automated theorem prover much harder, a situation which is improved by the
following double-sided sequent calculus.

After the calculus, we will first look at some motivation why this particular calculus was selected.
Then follows the necessary correctness and completeness proofs for the calculus. Afterwards,
we look at some properties of the calculus. This will include some remarks about implementing
it with an automated theorem prover. Because of some implementation problems, we will then
have to adjust the calculus to finally obtain the calculus that was actually implemented in the
Logics Workbench.



157

11.3 Double-Sided Sequent Calculus
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Definition 27 Rule Names
We call the rules (I-—), (r-—), d-V), (r-V), d-N\), (r-N\), (I-—), (r-— ), (I-<), (r-<) the classical
rules of the sequent calculus.

The rules (r-L), (r-F), (I-K), and (1-G) we call L/F rules.
The remaining rules (I-L), (I-F), (r-K), and (r-G) we call K/G rules.

The classical rules are those that are the same as for a classical sequent calculuB:riiles
actually are just marking rules, wheteandF-formulas are marked for later use. TK&G-rules

are the most complicated rules. They may require backtracking when doing backward proof
search.

11.4 Motivation

The axioms of the calculus are the same as the one of the Tait calculus. We just treat the standard
sequents here and also added axioms to directly deal with the cortstendsdfalse.

The classical sequents are also similar to the one of the Tait calculus. Because we are no more
just dealing with formulas in negation normal form, we have to treat negation, implication and
equivalence as well. Furthermore, these rules have to deal with the whole sequents used for the
other rules.

The rules (it), (r-F), (I-K), and (I-G) (L/F-rules) are the same as the ones of the Tait calculus.
Instead of dealing with sets, we now have multisets. Furthermore, to prevent loops by taking the
same formula as main formula of the rule again and again, we mark the formula used by putting
them in a special multi set. Marked formulas can no more be used for this rule.

The rule (rK), (r-G), (I-L), and (1) (K/G-rules) are similar to the Tait rules, but have to take care
of the marked formulas as well. Such formulas are unmarked and again available to be used for
application by other rules. This is necessary, as the next example shows.

Example 14 Unmarking Formulas
The formulaGp — GGp, written in negation normal form &s-pV GGp should surely be provable
in our sequent calculus. The following proof shows that it is provable in our calculus.

(id)

;0| p>p|0;—p )

;01 D>p,—p|0;-p

501 5 6Gpw [0ip ()
0:0] >GGp|d;—p )

0:0] D F-p,GGp|0;0
0;0] DF-pVvGGp|D;0

(V)
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This example shows that it is necessary to put back the marked formulas into the sides of the
sequent. Additionally, it is also necessary to keep these same formulas marked, to take care of
the transitivity ofG.

11.5 Correctness

We prove correctness of the sequent calculus by transforming a proof of the sequent calculus
into one of the Tait calculus of the previous chapter. Because the Tait calculus only dealt with
formulas in negation normal form, we have to do this transformation here as well.

Theorem 7 Correctness of the Sequent Calculus
}g HK; HG ’ I'DA ’ ZL; EF — 'T nnf(_'KHK, ﬁGHg, _|F, A, LEL, FEF)

Proof
We make the proof by induction on the lengtlof the proof:

n =0 We have one of the axioms (id), (t)l-or (id-f)

If we have the axiom (id), then our assumption to prove is

nNf(-KIIx, ~GIIg, A, =", A, A/, LY, FS).

While this is not necessarily directly an axiom of the Tait calculus, it is easy to see that this
formula is provable there, because it is a classical tautology.

If we have the axiom (id), then withtrue = p; V —p; we can make the following proof of our
assumption in the Tait calculus:

(id)

_'KHK, —\GH(;’ —T,pi, —p;, A/7 LEL? FEF (\/)

—KIlk, =Gllg, =T, p; V —p;, A’ LY, FXE

If we have the axiom (id), then withfalse = p; A —p; and with nnfG(p; A —p;) = —p; V p;
and the proof above follows the assumption.

n > 0 If we still only used one of the axioms in the proof, then we argue as in the case-df.

Otherwise, we used one of the other rules. Thus, we check all the remaining rules individually:
(I--) the induction hypothesis gives us
lT nnf(ﬁKHK, =GIlg, A, -I', A, LY, FEF).

But this is the same as the conclusion, thus the assumption holds.

(r-—) this is the same as the case-
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(I-v) again, from the induction hypothesis we get that the premisses of tHeafle provable
in the Tait calculus. Thus

= Nnf(=KTIx, =GIlg, ~A, -, A, LY, FS)
and
lT nnf(ﬁKHK, =GIlg,-B, -, A, LY, FEF)

With the application of a/)-rule and the fact that nnf( A v B)) = nnf(—A) A nnf(—B)
follows the assumption.

(r-v) from the induction hypothesis we know that
}T nnf(ﬂKHK, -Gllg,I',A, B, A, LY, FEF).
With the application of a\()-rule follows the assumption.

(I-A) this case is similar to the case\(}-
(r-A) this case is similar to the case\(}:

(I-—) The assumption follows directly from the induction hypothesis and the application of a

(A) rule with the fact that nnf¢(A — B)) = A A —B.

(r-—) The assumption follows directly from the induction hypothesis and the application of

a (V) rule with the fact thatnni{ — B) = AV —B.

(I-<) The assumption follows directly from the induction hypothesis and the application of

two (V)-rules and af)-rule and the fact that nnf(A < B)) = (AV B) A (mAV —B).

(r-<=) The assumption follows directly from the induction hypothesis and the application of

two (V)-rules and af)-rule and the fact that nnf{ — B) = (-AV B) A (AV —B).
(I-L) From the premiss of the rule and the induction hypothesis we immediately get

- Nnf(=Gllg, ~A, ~Tlk, ~Ilg, X1, X, FEF).
By using the fact that nnf{GB) = F nnf(—B) this is
L= nnf(F-ITg, ~A, ~Ilk, —1lg, 3, X, FS).
We can now apply aF)-rule for every member ofIl; andXg to gef
- nnf(F-Ilg, A, -1k, 51, FEF).
Using the appropriate weakenings, this can be used as the premiss l§j-tude(to get,
L NNf(=KTIk, F-ITg, K—A, =T, A, LS, FS¢).
Now, again with some properties of the negation normal form this is
- nnf(L=TIk, F-Ilg, -LA, T, A, LSy, FE¢),

which is the desired assumption.

2 we left out the double appearancefefll andFXr to make things a bit easier; these formulas would not disturb

the further proof steps in any way.
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(r-L) As before, the assumption follows from the induction hypothesis and the application of a
(K)-rule, weakening and the fact that nnf(4) = K—-nnf(4) and nnfGFA) = G-nnf(A).

(I-F) this case is similar to the case ofi()-
(r-F) this case is similar to the case ofl()-
(I-K) this case is similar to the case ofl(y-
(r-K) this case is similar to the case ofi(J-
(I-G) this case is similar to the case ofl()-
(r-G) this case is similar to the case ofl()-

>

11.6 Completeness

As before, we need some preliminary lemmas before actually dealing with completeness of the
calculus itself.

Lemma 8 Weakening

%HK;HG‘FDAle;ZF :>}§HKUH1<;H(;UH/G|FUF/DAUA/‘ELUZL;EFUEL

Proof
We make a proof by induction on the lengttof the original proof.

n =0 we have one of the axioms (id), (f-or (id-t)
In that casellx UII;TIg UTI; [ TUTY D AUA’ | ¥ UX[; Xf U Xg is an axiom as well.

n > 0 if we still only had an axiom, we have the same situation as before

Otherwise we have to examine the last rule of the proof. If the last rule of the proof was a clas-
sical orL/F-rule, the statement follows directly from the premiss and the induction hypothesis.

If the last rule of the proof was &/G-rule, we get the weakening iHg and X from the
induction hypothesis and the rest can be added to the conclusion of the last step as desired.

4)

This lemma simply states that adding formulas to any of the multisets does not prevent a formula
from being provable.
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Lemma 9 F Invertibility

}EHK;H(;’FDA,FA|ZL;EF = %HK;HG‘FDA,A|ZL;EFUA

Proof
We make an induction on the lengthof the proof oflIx;IIg | T' D A,FA | ¥ ; X:

n =0 thenl’ > A FA is an axiom

ThenT' > A is an axiom itself, because only propositional variables are allowed in axioms.
ThenI’ D A, Ais an axiom as well, thus the assumption holds.

n > 0 inthe case of an axiom, we proceed as before.
Otherwise, one of the rules of the calculus was used in the last step of the proof.

If FA was not the main formula of the last step of the proof, then we can use the induction
hypothesis on the premiss of the rule and then carry through the same step to get to the desired
result. In the case of th€/G-rules, we must also used the rule’s built-in weakening.

If FA was the main formula of the last step of the proof, then the assumption is exactly the
premiss of the last rule. Thus, the assumption clearly holds.

A

Lemma 10 Strong Invertibility
The classical and the L/F-rules are strongly invertible.

Proof

(=) g I [ T D -AA X585 = (gl | AT DA |35
We make an induction on the lengthof the proof:

n =0 inthatcasel’ D -4, A is an axiom
ThenI” > A is an axiom by itself, thugl, I > A is one as well.

n > 0 Inthe case of an axiom, we do the same as before.

Otherwise, a rule was applied. A was not the main formula of the last step of the
proof, we can use the induction hypothesis on the premiss and afterwards carry through
the same rule again. This leads to the desired result. In the case kfGhailes, we

only use the rule’s built-in weakening, becausé cannot appear in the premiss of one

of these rules, it is not the main formula.

If = A was the main formula of the last step, then the assumption is equal to the premiss
of the rule, and thus must be provable.
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(I-=) This proof is similar to the one for (r).

(r-v) I% IIk; Ig | I'>DAVB,A | YIiYE = I% IIk; Ig | I'DA B A | Y XF
We make an induction on the lengthof the proof:

n =0 inthatcasel’ D AV B, A isan axiom
Becaused Vv B is not a propositional variablé\ D T has to be an axiom by itself. Thus
A D A, B,T"is an axiom as well.

n > 0 Inthe case of an axiom, we do the same as before.

If A v B was not the main formula of the last step of the proof, then we can use the
induction hypothesis on the premiss and afterwards carry through the same rule again.
This leads to the desired result. In the cas&#-rules, we only use the rule’s built-in
weakening, becausé v B cannot appear in the premiss of one of these rules.

If AV B was the main formula of the last step, then the assumption is equal to the
premiss of the rule, and thus must be provable.

(I-v) % IIk; Ilg | AVBI DA ‘ YiXE = IF IIk; Ilg ‘ AT DA ’ Y 2F and}g IIk; Ilg |
B,FDA‘EL;ZF

We make an induction on the lengthof the proof:

n =0 inthatcasedV B,A D I'isan axiom

Becaused Vv B is not a propositional variabl€, > A has to be an axiom by itself. Thus
A, T D AandB,T" D A are axioms as well and the assumption holds.

n > 0 Inthe case of an axiom, we do the same as before.

If A v B was not the main formula of the last step of the proof, then we can use the
induction hypothesis on the premiss and afterwards carry through the same rule again.
This leads to the desired result. In the case ofKih@-rules, we only use the rule’s
built-in weakening, becausé v B cannot appear in the premiss of one of these rules.

If AV B was the main formula of the last step, then the assumptions are equal to the
premisses of the rule, and thus must be provable.

(r-A) this proof is similar to the proof of (I#).
(I-A) this proof is similar to the proof of (x).
(I-—) this proof is similar to the proof of (1#).
(r-—) this proof is similar to the proof of ().
(I-<) this proof is similar to the proof of (1£).
(r-<>) this proof is similar to the proof of (1+).

(r-L) % ;g [T D LAA | X% = }—g ;g | T D AA | 3L UA; 3¢
We make an induction on the lengthof the proof:



164 Chapter 11: Sequent Calculi

n =0 inthatcasel’ D LA, A is an axiom

Becausd_A is not a propositional variablé, > A has to be an axiom by itself. Thus
I' O A, Ais an axiom as well and the assumption holds.

n > 0 Inthe case of an axiom, we do the same as before.
If LA was not the main formula of the last step of the proof, then we can use the
induction hypothesis on the premiss and afterwards carry through the same rule again.
This leads to the desired result. In the case of Ki@-rules, we only use the rule’s
built-in weakening, becauded cannot appear in the premiss of one of these rules (only
theL-formulas stored irt andIlk are considered for these rules).
If LA was the main formula of the last step, then the assumptions are equal to the
premisses of the rule, and thus must be provable.

(r-F) this proof is similar to the proof of (1.
(I-K) this proof is similar to the proof of (1.

(I-G) this proof is similar to the proof of ().

A

This lemma shows the improvements of the sequent calculus over the Tait calculus of the previous
chapter. While in the Tait calculus only the classical rules were invertibld,/theules are also
invertible in the sequent calculus. This greatly enhances the efficiency for automated backward
proof search.

Lemma 11 Contraction
a) 5 i [TDAAA|[SLE = Bl [IT'DAA| XX
b)}—gHK;HGlA,A7FDA|EL;ZF = }—EHK;Hg|A,FDA|ZL;EF

Proof
We make a simultaneous induction on the lengthf the proofs ofX ;¢ | I' D A, A, A | Ilk; Il and
PRSI ‘ AAT DA ’ Tlk; Ig.

n =0 inthatcasel’ D A, A,AandA, A,I' D A are axioms.
Butthen,I’ > A, A andA,I" O A must be axioms as well.

n > 0 Inthe case of an axiom, we do the same as before.

If the main formula of the last step was not the formulathen we can use the induction
hypothesis on the premiss of the rule of the last step and carry through the rule again. This
results in the desired assumption.

If the main formula of the last step wals then we have to make a distinction on the last rule used
in the proof. If the rule is invertible (see lemma 10), then we can use the induction hypothesis
on the premiss(es), if necessary several times, and then carry through the same rile again.
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If the last rule of the proof is not invertible, it has to be one of ii&€-rules. In all these cases,
the additionalA is dropped in the premiss anyway. Thus, from the same premiss it is possible
to get a proof of the assumption.

A

The lemma states that if some formula appears twice in the multiset, we can remove one appear-
ance without changing provability of the whole sequent.

Lemma 12 Axiom Extension

5 ;g | A, T D A A | X3¢ for all formulas A

Proof
We make an induction on the lengtiof A:

n=0 A=p;,ie.Aisapropositional variable
In that case, the assumption itself is an axiom of the sequent calculus, and thus surely provable.

n > 0 we make a distinction between the structuredof

A=-B The induction hypothesis gives iik; Il | B,I' D B, A | ¥ ; XF.
Now we use the following proof:
Ix;Ig | B,T D B,A | X; 2k

;1 | T D B, —B,A | S0 5r (EI_:))
I;Ilg | =B, D -B,A | 3; %

A= BvVvC The induction hypothesis gives Uk;Ilg | B,I' D B,C,A | ¥; X and
IIk; Ig ‘ C,I'DB,C,A | Y Y.
Now we use the following proof:
Iik;Ilg | B,T D B,C,A | S; % lik;1lg | C,T' D B,C,A | ;5 1)
Ik; g | BVC,T D B,C,A | ¥; 3¢ (V)
Iik;Ilg | BVC, I D BVC,A| X ;3

A= BAC The induction hypothesis gives Uk;Ilg | B,C,I' D B,A | ¥; % and
IIk; Ilg ‘ B,C,I' > C/A | Y 2.
Now we use the proof:
;T | B,C,I' D B,A | ¥; % Mx;Ilg | B,C,T > C,A | Z; 5
Iik; g | B,C,T D BAC,A | X; 3¢ (-7)
Ik;Ilg | BAC, T D BAC, A | X155

(r-A)

3 the length of the proof is not changed by using the induction hypothesis or by using the strong invertibility of a
rule.
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A = B — C The induction hypothesis gives Uk;Ilg | B,I' D B,C,A | ¥; % and
Iig; g | B,C,T' D C,A | X1; k.
Now we use the proof:
Iik;Ig | B,T D B,C,A | X;% g 1g | B,C,I' D C,A | X;%¢
Iik;Il¢g | B,B—C,I'DC,A| X ;%¢
M llc | B—CToB=CA|suy )

(-—)

A = B «+ C The induction hypothesis gives us
Ix;Ig | B,T D B,C,C,A | 2; 2,
Ix;Ig | B,B,C,T D C,A | X; 2,
Iik;IIg | C,T D B,B,C,A | ¥; X¢, and
;g | C,B,C,T' D B,A | 3; 2.

Now we use the proof:

kil | B.L D B.C.CAI RS MMl |B,B.OTDCAIS:R
[A]: Mg | B,B & C,T 5 C,A | 5, 5 -

IIk;IIg | C,T' D B,B,C,A | ;3% Ilg;Ilg | C,B,C,I' D B,A | ;3¢
(4] Ik; Mg | C,B < C,I' D B,A | ;5
Iik;lIg | B~ C,I' D B« C,A | Z;5F
A=LB The induction hypothesis gives (sl | B, Ik, Ilg D B, X, XF | 0; X¢.
Now we use the proof:
®7HG ‘ Bal_[KuHG D) B7EL7EF ’ @,EF
IIk; IIg | LB,I' D B,A | YL UB;YF
IIk; Ilg | LB, ' DLB,A | Y XF

()

()

(-0)
(r-L)

A=FB The induction hypothesis gives (sll¢ | B,IIg D B, X¢ | 0; X¢.
Now we use the proof:
0;1lg | B,Ilg D B, X | 0; 3¢
Ilk;Ilg | FB,I' D B,A | X ;X UB
Ik; g | FB,I D FB,A | ¥ ;3¢

(-F)
(F)

A=KB  Theinduction hypothesis gives @sllg | B,TIk,IIg O B, %, %¢ | 0; ZF.
Now we use the proof:
@;HG ‘ B, 1k, Ilg D B, %, XF | @;EF
Ik UB;Tlg | B,T D KB,A | ¥; %k
Ik;Tlg | KB,T D KB,A | 31; 3k

(r-K)
(I-K)

A=GB The induction hypothesis gives (sll¢ | B,1Ig D B, X¢ | 0; 2¢.
Now we use the proof:
0;1lg | B,lIg D B, X | 0; 2¢
Iik;llg UB | B,T D GB,A | S.;:5F
Ik; g | GB,I' > GB,A | DIRPIE

(r-G)
(I-G)
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4)

This lemma allows us to directly use complex formulas in the place of the propositional variables
in axioms. This allows us to end proof search much earlier and thus speeds up proving. Directly
using complex formulas in the axioms of the original calculus, on the other hand, would make
most of the proofs in this chapter much more complicated.

Now, we are ready to prove the completeness of the sequent calculus. We do that by showing
that every proof of the Tait Calculus of the previous chapter can be transformed into a proof of
the sequent calculus.

Theorem 8 Completeness

=nnfA) = K00 DA[0;0

Proof
We make an induction on the lengthof the proof in the Tait calculus.

n =0 thenI'is an Axiom,i.eI = A,-A,I" for some formulad
We now make the following proof in the sequent calculus:

0;0] AD> AT |0;0
0;0] DA AT |0;0

Using lemma 12 we get the proof.

()

n > 0 If we still have an axiom, we use the same as before.

Otherwise, we may assume tHatwas deduced by one of the rules of the Tait calculus. We
assume that the formulawas the main formula of the last rule used in the proof and distinguish
the different cases by the last rule used.

(V) thenA = BV C and from the last step we havg* B,C,T”
With the induction hypothesis we get0;() | D A, B,T" | §);0. Thus, we can make the
following proof in the sequent calculus:
0;0] DA BT |0;0
;0] >AVB,I|0;0
(A) thenA = B A C and from the last step we hayg* B,I" and=* C, T
With the induction hypothesis (twice) we get?®;0 | D> B,I" | #;0 andi5 0;0 | D
C,T" | 0;0. Thus, we can make the following proof in the sequent calculus:
0;0| >B,IT|0;0 0;0] >CIT7|0;0 (1)
0;0| >BACT |0;0

(r-v)
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(L) thenA = LB and from the last step we havg* A, T’

With the induction hypothesis we dget®;0 | > B,I" | §;(. Using Lemma 8 this can
be weakened tg; ; B,I' | D | A;(. Now, we can make the following proof in the
sequent calculus:

;0| >B,I|B;0
0:0| >LB,I|0;0

(r-L)

(F) thenA = FB and from the last step we have* B, T”

With the induction hypothesis we get®;0 | > B,I" | §;(. Using Lemma 8 this can
be weakened tg; 0; B, | O | ;B. Now, we can make the following proof in the
sequent calculus:

;0| >B,I|0;B
;0] DFB,T|0;0

(F)

(K) thenA = KB and from the last step we havg* B,I'[ T, FT';.

With the induction hypothesis we get);) | D B,I',T's, FT't | 0;0. Using lemma 9
once for each member &, we get<0;0 | D> B,I'[,I't,I't | ; A. Now we can use
contraction (lemma 11) to achiepg); ) | > B,T'[,T't | §;T'.. We can now make the
following proof in the sequent calculus:

0:0| SB[ T¢|0TE

| OKBILIL T [TUTE o E'soeral times)
r-F several times

| DKB,FIE,IV,T | T ;0 (r-L several times)

| D KB, LI, FIg, I | 0;0

: - (r-K)

0; 0
0; 0
0;0

)

(G) thenA = GB and from the last step we have®* B, FT'¢.

With the induction hypothesis we get); ) | D B,FI'¢ | 0; (. Using lemma 9 once for
each member df';, we get(; ) | D B, Tk | 0;T'r. We can now make the following
proof in the sequent calculus:

;0| > B,TF|0;TE
0;0| DGB,Ig, IV |0;T¢
0;0] > GB,FTL T | 0;0

(-G)
(r-F several times)

>

11.7 Properties

As before with the Tait calculus, we take a look at some properties of the sequent calculus.
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11.7.1 Subformula Property

It can be easily seen that all rules of the sequent calculus have the subformula property, i.e. all
formulas present in the premiss of a rule are subformulas of one of the formulas of the conclusion.
11.7.2 Contraction

Contraction has been proven in lemma 11 and is thus valid in the sequent calculus as well.

Invertible Rules

As shown in lemma 10, most rules in the sequent calculus are strongly invertible. The rest of the
rules, namely th&/G-rules are not invertible, as was the case in the Tait calculus.

11.7.3 Backward Proof Search

A formula A is provable in the sequent calculus, written as
5 A

if and only if there exists a derivation sequence which starts at axioms, ends with the fetmula
and only uses the rules of the calculus. This is exactly the same as for the Tait calculus. Again,
not every derivation ends in axioms only, even if the formula is provable. Consider the following
example of the proof of the formule-~B v GA v GB (which is the same asGB v GA Vv GB,

thus provable):

(r-—)
(r-G)
(r-F)
(r-v)
(r-v)

;0| B> A|0;-B
0| D-B,A|0;-B
;0| >-B,GA,GB|0;-B
0:0] DF-B,GA,GB|0;0
;0] DF-B,GAVGB|0;0
;0| DF-BVGAVGB]|0;0

0

This proof does not work, i.e. we come to a position where we can’t go on. The problem comes
from the wrong selection of the main formula for tH&){rule. If we useGB instead ofGA as
main formula, we get a successful proof:
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;0| B> B|0;-B ()
0] >-B,B|0;-B

0;0| >-B,GA,GB|0;-B (G)
0:0] SF-B.GAGE|0:0 '
0:0] >F-B,GAVGB |00 (Ervv))
;0] DF-BVGAVGB]|0;0

0

Thus, the situation is similar to the situation of the Tait calculus. This time, we have more
invertible rule. Because these rules don’t need backtracking, this calculus prospects to be more
efficient that the Tait calculus. Furthermore, because of the double-sided nature of the calculus,
the classical implication and equivalence can be treated much more efficiently. Instead of having
to replace them with their definition, we can directly treat them.

11.7.4 Termination

The given sequent calculus does not have the same problems concerning termination as the Tait
calculus presented in the previous chapter. Thednd F)-rules are specifically made to treat
anL- or F-formula only oncé’. Thus a loop cannot appear in such a case.

Unfortunately, there is a drawback to this solution. Each tinkefarmula is treated, all previ-
ously handled--formulas are brought back for treatment. If there iS-formula present in the
sequent, then we can create a loop. Consider the following derivation of the foftadta

S A.GA[:64 O

|

| 5 A,GA|0;GA (:'g)
| DA GA|0;GA (r:F)
0] OFGA|[D;0 (r-F)

I

0; 0
0; 0
0; 0
@.

I

Thus, without taking special care, this calculus is bound to loop just as the Tait calculus. This
problem will be tackled in the next section.

4 that is actually once in each state treated; the applicationk)-af (G)-rule makes it possible that such a formula
is used again.
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11.7.5 Disjunction Principle

Lemma 13 Disjunction Principle

lEHK;HG ‘ FAl,...,FAn,LBl,...,LBmDGCl,...,GCk,KDl,...,KDl‘EL;EF

= }g HK;HG ’ FA; D | EL; X or ... or }E HK;HG | FA, D ’ EL; YF or
}g Ik; g | LB D | ;2 or ... or |§ Ik; g | KB,, D | ;2 or
}g IIk; g | D GC, | Y;2XF or ... or Ig Ik; g | D) GC’]C | Y2 or
}g Ik; Ig | D KD, | Y;XF or ... or }g Ik; Ig | D KD, | Y 2F
Proof

Let}gﬂK;HG ’ FAl,...,FAn,LBl,...,LBm > GCl,...,GCk,KDl,...,KDl ’ ELQZF

This can't be an axiom, because we only allow propositional variables in axioms. Thus a rule with main
formula A was applied last.

We only treat the case where= FA;. All other cases can be done similarly.

The premiss of the rule gives ug); Il | A;, Ik, II,G D ¥, Xk | §; . Using the (IF)-rule without
built-in weakening gives ugllk; Il | FA; O | ¥i; XF. This exactly what we want to prove.

A

Again, this property is crucial for proof search. As with the Tait Calculus, it allows to treat
backtracking formulas independent from each other.

11.8 Loop-Check

As mentioned, proof search in this sequent calculus does not always terminate. In order to be able
to implement the calculus in a theorem prover, termination has to be guaranteed. We guarantee
termination by adding a loop-check to the calculus.

11.8.1 Preparations

Before we actually deal with the loop check we have to make some preparations.

Lemma 14 Side Formulas
Ifllk; g | T' D A | ¥ ; 3 is the conclusion of a classical or L/F rule and IT{ ;11 | TV D A’ |
Y1 ; 2 one of its premisses and A is not the main formula of the rule, then

Ae A = AecA
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and
Ael = Ael'

Proof
A closer look at the rules in question shows, that all these rules take over all side formulas from the
conclusion to the premiss. N

>

This lemma just says that side formulas are retained with classicdl/afdles.

Lemma 15 Marked Side Formulas
IfTIk; g | T D A | ¥y; XF is the conclusion of a rule and T1{ ; I1;. | TV D A’ | ¥{; Xt one of its
premisses and A is not the main formula of the rule, then we have

AcYrandAcec A = AeA

and
AcllgandAel = Aecl’

Proof
We have to take a closer look at the rules of the calculus.

We don't have to check the axiom rules, because they don't have any premisses. All the classical rules
take over all side formulas that are present in the conclusion (lemma 14). Thus our proposition surly holds
for these rules. The same is true for tHE rules.

What is left are thé</G rules. For these rules we use the fact, that >r. For all these rules.r and
thus A is present in the premiss. Thus, our proposition holds for these rules as well.

For the second statement we can argue similarly.

A

Definition 28 Logical Element
[ and A are arbitrary, finite multisets. Then we define [['; A]" inductively by

A7 = A,
LA = AP U {(-B | BelAT))
U {BvC | Be[l;A]™ and C €[I';A]"}
U {BAC | Bell;A]" or Cell;A]"}
U {B—-C | Be[A;T]" and C e [I;A"}
U {B—~C | (Be[AT|" and C € [I';A]") or
(Be[l;A™ and C € [A;T)™)}
U {LB | Bel[l;A]"}
U {FB | Bel[l;A]"}
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We say a formula A is a logical elementof I'; A, written as A € T'; A iff there is an n with
Ae ;A

It has to be noted, that if &-formula is in the set, then it's subformulas are not necessarily as
well. ThusGA € I'; A does not require that € T'; A.

This definition allows to say that a formula is present in a sequent, maybe after some proof steps
were carried through and the formula was broken up. The mulfisepresents the left side of
the sequent and represents the right side.

Lemma 16 Properties ofc

I.AeT;A = —A€A;T

22 AeT;AandBET;A = AVBET;A

3. AcT;AorBET;A = AANBEeET;A

4. A¢ A;TandBET;A = A—BeTl;A
5.(Ae¢A;TandBeT;A)or(BEA;TandAeT;A) = A—Bel;A
6. AcT;A = LAETA

7.AET:A = FAET:A

Proof

These propositions directly follow from the definition above. A
The properties of will be used in the proofs below.

Lemma 17 Weakening fore

IfA C AandT C TV then
Ael;A = Ael A
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Proof
This directly follows from the definition of, or more precise the definition @f; A]"”. We surely have
[[; Al C [I7; A’]°. The definition also gives U§'; A]*  [I'; A’]" for eachn.

FromA € I'; A we know that there is anwith A € [I'; A]". Butthenalsad € [I'; A']",i.e. A € IV; A,

A
With this lemma, we are allowed to enlarge the multisets without changing the fact that a formula

is a logical element.

The following has to be noted:

B csubfmld) # Bc)A

This means that not all subformulas of a formula are logical elements of its multisets.

Consider the case that= B A C. In the case that’ € (); A there is no guarantee thB&t< (); A
as well. The definition only requires that eithgror C' must be, but not both.

Lemma 18 Main Formulas as Logical Elements
Iflg; g | T D A | ;X is the conclusion of a classical or L/F rule and I ; 11 | IV D A’ |
¥ ; X one of its premisses and A is the main formula of this rule, then we have

AEAN = AETHAN

and
Ael = AeA T

Proof
We only prove the first part. The second part can be proven similarly.

We distinguish several cases for the different rules that could be used:

A=-B In that caseB € I'" and thusB € A’;T”. With lemma 16 (1), we geti = =B € T"; A.

A=BVC The rule gives us thaB € A’ andC € A. Thus, from the definition oE we have
B eT’; A’ andC € T7; A’. With lemma 16 (2), this gives us the proposition.

A= BAC Depending on which premiss we choose, we either liaee A’ or C € A’. That means,
eitherB € TV; A’ orC € TV; A’. According to lemma 16 (3), this gives us the proposition.

The proofs for the remaining cases can be done similarly to the ones above and thus are
not detailed here.
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A
This lemma says that main formulas of classical bffidrules are logical elements of the premiss
of the rule. This is extended in the next lemma to all formulas.

Lemma 19 Formulas as Logical Elements
Ifllg; g | T' D A | ¥ ; 3 is the conclusion of a classical or L/F rule and IT{ ; II | IV D A’ |
Y1 ; 2 one of its premisses then

AET;A = AeT) A
and
AeEANT = AeA T

Proof
If Ais the main formula of the proof, then, according to lemma 18, we are already done.

Otherwise, lemma 15 directly gives us the desired proposition. A
With this lemma, every formula of a conclusion is a logical element of the premiss. The definition
of € was actually tailored to make this lemma possible.

Lemma 20 Limited Marked Formulas as Logical Elements
IfTl; g | T D A | ¥y; ZF is the conclusion of a rule and 1] ; I1;. | IV D A’ | ¥{; X¢ one of its
premisses, then we have the following

AceYXrand AET;A = AcT; A

and
Aellgand AE AT = AeAN TV

Proof

We assumel € Y andA € T'; A. If A is the main formula of the rule, then according to lemma 18 we
directly get the proposition. Thus, we only have to treat the cases wheraot the main formula of the
rule.

If the rule in question was either a classical dr/B-rule, then lemma 19 directly gives us the proposition,
without using thatd € XF or A € Ilg.

What's left, is to show the proposition for th&€G rules. But for these rules we have—becausel of
Yr—that A € A’ and thus the proposition surely holds.

>
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Lemma 21 Marked Formulas as Logical Elements
For each conclusion Ilx;Ilg | I' D A | ¥; X¢ and premiss I1] ;I | IV D A" | ¥{; X¢ of a rule
in a proof of the sequent §; ) | D> B | 0; (), we have

AeSy = AET;A

and

Aeclly = AeA,T

Proof
We only prove the first statement, because the proof of the second is similar.

If the rule in question is &/G rule, then we surely have from € X that A € A’, thus the conclusion
holds.

If A€ T;Athenwe know from lemma 20 that alsb&e ITV; A'.

What's left is the case thal ¢ T'; A. If A € T, A” of aT”; A” of an earlier rule, then we'd have

A € T'; A as well (lemma 20). Thusd was never a logical element of a rule. But thEd, never was the
main formula of a rule, because otherwi4éanust be an element of its premiss. But then we cannot have
A € ¥, because we started with empty sets for the marked formulas. Thus, this case never occurs.

4)

Lemma 22 Removing Formulas

AEEFandAéF;Aand %HK;HG|FDA,A’2L;EF = IgHK;H(;|FDA|2L;EF

and

AEHGandAéA;Fand}gl_[K;Hg|F,ADA|ZL;EF = }gHer[GlFDA'EL;ZF
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Proof
We make a proof by induction over the structure of the proof:

If IIx; IIg | T’ D A, A | ¥; X is an axiom, then we can have one of two cases. In the first FaseA

is an axiom by itself. Then the proposition surely holds. Otherwise, the sequent is an axiom because
-A € T'. But thenA must be a propositional variable. Thus, froiné A;T follows thatA € A. But

then the proposition surely is an axiom as well.

If A is not the main formula of the last step of the proof, then in the case of classicit aules, A is
present in the premiss as well and we can use the induction hypothesis. In the c&36 otile A is not
present in the premiss and we can directly prove our proposition using the built-in weakening.

What's left is the case that is the main formula of the last step of the proof. We distinguish different
cases by the structure df.

A=-B The premiss of the proof gives bsllx;Ilg | I',B O A | X;Xf. But either we had
from A € I'; A that A € A, which would directly allow us to get the proposition, or we
haveB € A;T'. But then we can use the induction hypothesis on the second part to get the
proposition.

For the other classical andF rules we can give similar proofs.

A =GB Because we know that € T'; A, we know from the definition ofé’ that A € A. But then
the proposition directly follows using contraction.

A = KB This case is similar to the previous one.

The proof of the second part of the lemma is done similarly.

A

Theorem 9 RemovingF A
If A € Y then

IEHK;HG|FDA,FA|ZL;EF = }gHK;HglFDA’EL;EF

Proof
We make an induction on the structure of the proof in question:

If we have an axiom, it can surely not be becausk.6f because we only allow propositional variables in
axioms. Thus we can remo¥ed and still have an axiom.

If FA was not the main formula of the rule, then we can use the induction hypothesis on the premiss to
get the desired result.

We are left with the case th&tA is the main formula of the rule. But then the premiss of the rule is
;g | T D A, A | ;. With lemma 22 follows [ Ilk; Il | I' D A | Xy ; Xf. This is exactly what
we want to prove.
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A
Corollary 2 RemovingGA
If A € 1lg then
@HK;HG|GA,FDA|EL;EF = IEHK;Hg|FDA|EL;EF
Proof
The proof of this lemma can be done analogously as the one for the theorem. A

The theorem shows us that it is completely enough to haverate that treats new formulas
and that it's not necessary to treaformulas again if they were already treated once. Using
theorem 9 allows us to add the conditioh & I'r’ to the (F)-rules, without having to add a rule
for A € I'r. The same is true for the @) rule.

As some tests have shown, this can make proof search a little bit faster. Thus, these optimization
is included in the updated sequent calculus below.

11.8.2 History

Because formulas and theories in the logic of likelihood are finite, the only reason why we get
an infinite proof are loops. Thus, to make sure our calculus terminates in any case, we need to
detected and prevent loops. Each time a rule of the calculus is to be applied we check if the
current sequent was already used once for the same rule. If this is the case, then there is no use
in applying the rule again, because we cannot achieve a result different from that obtained by the
first application of the rule. Thus, we don’t allow the application of such a rule.

The most straightforward way to make a loop check is to store the complete conclusion of each
rule, along with its main formula into a history. Each time a rule of the calculus is to be applied,
we first check if the main formula of the rule, along with all its side formulas are in the history.

If they are, we know that we’'d created a loop and thus skip the rule.

This method can be greatly improved, though. A closer look at the rules of the sequent calculus
shows that all rules except théG-rules decrease the length of the formulas in the premiss. Thus,
the only way to get a loop is by usif{yG-rules. This means, we don’t have to check for a loop
each time a rule is used, only when applyink§/&-rule.

When storing the information of the history, it is necessary to store all elements of the sequent
that are required for recognizing the loop. While all the elements of the conclusion of a rule are

SthatA € Y is given from the assumption; lemma 21 then gives us the second assumptidh A that is used
for lemma 22.
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surely sufficient, it is enough to store the elements of the premiss. Although the elements of the
premiss don’t uniquely identify the sequent before the rule application, a loop is also achieved
if the premiss is the same as one already encountered. A look &f/@heules shows that the
premisses of these rules contain much less formulas and thus require much shorter histories.

In the sequent calculus with loop check, several symbols are used to store the histories. We
use the symbols Hto store the history information fdr-formulas as main formula. Likewise,

Hk stores the history information d¢f-formulas, H; those ofG-formulas, and H those ofF-
formulas.

A short inspection of the rules of the sequent calculus reveals, that the sets for rGaaked
F-formulas never diminish. A formula that is present in such a set will never again be removed.

If a new formula not present in one of the sets is added, then we can never have a loop, because
the set is now bigger than the sets of all previous steps. Thus, it is not necessary to store these
sets along with the main formula of the rule. Instead, the main formula alone is stored and each
time a newG or F-formula is added to the sets of marked formulas, this storage is cleared. This
way, the same loops are recognized as when storing all data, but much less formulas need to be
stored.

For this reason, the historiegHnd H: are simple sets containing the main formulas of the rule
applications. These histories are cleared, whenever a&Gnewr-formula is marked.

The same is only partially true for the historilg and>, . While storing the marke& and
F-formulas is not necessary as well, we need to store the méarked K-formulas. TheK/G-

rules reset thélx andX, sets and thus diminish them. Using the same trick as above is thus not
possible.

The histories K and H¢ thus have a more complicated structure. Each element of the history set
consists of a sequent, itself consisting of the main formula and the corresponding set of marked
K andL-formulas. We write this using the notatigd; I1x; ¥, ). Further we us€ (A;Ilx; %) |

A € I' } for the set consisting of the sequents with each formula frgras the main formula,

each time with the same set of marked formulas. Just as the other history sats] Hc have

to be cleared whenever a néwor G-formula is marked.

All together, the different histories have the following structure:

H = {A4,...,A,}, where each; is a triple (B;; I1;; ¥;), consisting of a formula3;, and
two multisetslI; and;.

He = {A4,..., A}, where each; is a formula.

{A;,..., A}, where each; is a triple (B;;I1;; %;), consisting of a formula3;, and

two multisetd; and:;.

He = {Ai,...,A,}, where eachq; is a formula.

I
=
]

A last optimization step can be done by not only adding the main formula of the rule to the

history, but also all other candidates for this rule as well. Because we have to try all these
candidates with backtracking if one fails, we don't need to use them while trying the first. This

can drastically reduce the amount of time needed for computation.
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All these optimizations are included in the sequent calculus that is shown on the next pages.
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11.8.3 Correctness

Compared to the earlier version of the sequent calculus, all rules just got some additional sets
that are stored and additional restrictions when the rule can be used. This does in no way inter-
fere with correctness. Therefore correctness follows from the correctness of the earlier sequent
calculus.

Especially, a proof in the sequent calculus with history can easily be transformed into a proof of
the sequent calculus without history by simply removing all history sets in all rules.

11.8.4 Completeness

Contrary to correctness, completeness has to be shown again, because the additional restrictions
on the rules could prevent some of the proofs used earlier.

Theorem 10 Completeness

SOGOITDOAIRD = - 00:;0[TDA[0;0]0

Proof
We prove completeness by transforming a proof of the previous sequent calculus into one of the new
calculus.

If we have a proof of a sequent in the original sequent calculus that does not contain any loops, we can
use completely the same proof in the new calculus and just have to add the histories.

If the proof contains one or more loops, we simply remove all rule applications between the two equal
sequents. The resulting structure is still a proof, but does contain one loop less. By doing this for all
loop$, we get a proof with no loops and can easily transform it into a proof in the new calculus as before.

6)

S

11.8.5 Termination

Lemma 23 History Size
If 50;0 D A0, then

|Hy| + |He| + |Hk| + |Hg| < |A]

for each rule of the proof.

6 a proof has to be finite, thus we can only have a finite number of loops.



184 Chapter 11: Sequent Calculi

Proof

Clearly, the double-sided sequent calculus with history has the subformula property. Thus, every formula
appearing in the proof has to be a subformuladofThis enforces that every formula in the sets He,

Hk, and H; is a subformula ofd. Because the setsgHand H; only contain formulas that stem from
different subformulas off and the sets Hand H¢ only havelL- andK-formulas as the main formulas of

their sequents, all sets together cannot have more elements as there are subforrulBsusf we have

IHL| + [He[ + [Hk| + [He| < [A].

On the other hand4 must contain at least one propositional variable, required from the definition of the
structure of a formula (definition 2). But a propositional variable can never be part of one of the histories,
because only, F, K, andG formulas are stored in histories. Therefore, there is at least one subformula of
A which is not present in the history sets, thus the lemma holds. A

S

Lemma 24 Marked Formula Size
It 0;0 | D A|0;0, then

ITk| + [Tg| + |Z0] + |Ze] < |A]

for each rule of the proof.

Proof

The proof is the similar to the one of the previous lemma. Every formula ofithedX sets must be a
subformula of4 and all these formulas were created from a different subformulas &urthermore A

itself cannot be part of any of the formulas, because the top level operator of the formula is removed when
it is put into one of the multisets.

4)

These lemmas make sure that — (|H.| + |He| + |Hk| + |Hg|) > 0 and|A4| — (|TIk| + |TIg] +
|XL| + |Z¢| > 0. This information is used below.

Definition 29 Sequent Measure
We assume that we have a proof of the formula A. We define the following measure for sequents
of a proof of the calculus:

m(Hy, Hr || g; Ilg | T D A | ; X¢ || Hk, Hg) =
(IT + 1A+ |A]) - (|A] = (|HL| + |He| + [Hk| + |Hg|)

This definition ensures that we hawé. . .) > 0 for every sequent that appears in the proofiof

Lemma 25 Termination
If H,He | TIx; g | ' D A | ¥.; 3¢ || Hk, Hg is the conclusion in the a proof of A and fur-
thermore the sequent H| , Hg || TI{ ; TI | TV D A’ | X ; Xt || Hk, Hg one of its premisses, then we
have
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m(HL,HF || IIk; ¢ ‘ I'>A ‘ EL;EF H HK,HG) <
m(Hy, He || TI; 1T | TV D A" [ 330; 3¢ || Hy, He)

Proof
We distinguish different cases according to the rule in question (we don’t have to treat axioms, because
they don't have premisses):

(I-=) According to the rule, we move a formula from left to the right side and remove the negation
operator. Thus, the total length Bfand A surely is reduced, i.6'| + |A| < |TY| 4 |A’|, while
the rest of the sequent stays the same. Thus, the proposition holds.

(r-—) This can be done analogously to the previous case.

(I-v)  Only one part of the conjunction is present in the premiss treated] tlusurely reduced, while
all the rest of the sequent stays the same. Thudecreases.

(r-v) Aswith the previous rules, this rule does remove one operator from the formulaarnd leaves
the rest untouched. Thus;, surely is reduced.

(I-A)  This is dual to the case for {r).
(r-A)  This is dual to the case for (1.
(I-—) This is dual to the case for (1.
(r-—) This is dual to the case for {r).

(I-<) Although both sides of the equivalence operator are taken over into the premiss, the operator
itself is not, thus the length is still reduced. All other parts of the sequent again stay the same.

(r-<») This is the same as for ¢-).

(I-L) Inthis case, it is not necessary thBf + |A| is reduced. It is quite possible that the length of
these formulas increases drastically. The maximal amount these length can inciehseris
[HE| + [Hk| + |Hg| — 1, i.e. if we only have a formul& A in the conclusion. But according to
lemma 24 this is smaller thar|.
At the same time, the number of formulas stored in the history is increased by the rule at least
by one. Thus|A| — |H]| is reduced by at least one, and thereforés reduced at least byi|.
At the same time, it’s increased by at least — 1, thus overalln is at least decreased by one.

(r-L)  This is the same as for {r).

The rest of the rules can be proven similarly.

A

With the previous lemma, it is quite clear that backward proof search must always terminate. At
the beginningyn is finite and for each rule in the proof it is reduce by at least 1. Thus, after a
finite number of steps the proof has to be finished.
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11.9 Embeddings

We have already seen in chapter 8 that the logic of likelihood blas some similarities to
modal logics, mainly t&T andS,. In this section, we show that the logik3” andS, can easily

be embedded in the logic of likelihood. We will use these embeddings to use the benchmark
formulas forKT andS, of [2] to test the efficiency of the implementation of the prover forLL

Definition 30 Transformation fromS,
We define the transformation x of a formula A of S4 to a formula A* € Fml_ - by:

*

e D, = Di
o (HA)r =A%
o (AVB)"=A*V B,
° (DA)* = GA*,
o (QA)*=FA*.
Definition 31 Transformation fromKT

We define the transformation x of a formula A of KT to a formula A* € Fml, - by:

*

e D, =Di
o (DA =-A%
e (AVB)=A*V DB
o (OA)" = KA*,
o (QA) =LA
Lemma 26 Embedding ofS,
51 A = 5 A*
Proof

We have to prove that all axioms and inference ruleS,cdre provable in the Hilbert calculus for CL-
classical: surely all valid classical formulas are provable, because they are axioms
of the Hilbert calculus of LLC .

0O(A — B) — (0OA — OB): the translation of this i&(A* — B*) — (GA* — GB*), which is
exactly axiom (AX7).

0A — A: the translation of this i&§ A* — A*, which is axiom (AX2).
0A — O0OA: the translation of this i€ A* — GGA*, which is axiom (AX3).

modus ponens: the same inference rule is used in the Hilbert calculus for LL
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generalization: this generalization is the same as (R1).

)
Lemma 27 Embedding ofKT

ez A = }ﬁA*

Proof
We have to prove that all axioms and inference ruleidfare provable in the Hilbert calculus for CL

classical: surely all valid classical formulas are provable, because they are axioms
of the Hilbert calculus of LL.

O0(A — B) — (0OA — OB): the translation of this iK(A* — B*) — (KA* — KB*), which can be
easily obtained through (AX6).

0A — A: the translation of this i&A — A, i.e. =4 — L—A. This is axiom
(AX5).

modus ponens: the same inference rule is used in the Hilbert calculus for LL

generalization: this generalization can be easily proven by (R1) and the factGHat-
KA (AX4).
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Chapter 12

LWB Example

This chapter contains an extensive example that shows how the logic of likelihood can be used.
The example is taken from the original paper [22] by Rabin and Halpern. The example is not

only repeated here, but it is also verified using the Logics Workbench. To do that, it uses the
implementation described in the next chapter.

The example deals with the verification and proving of properties of a protocol for the exchange
of secrets. After an introduction into the protocol and some notational remarks, the protocol is
described in detail. Afterwards, a simplified example will be proven, followed by a proof of
some properties of the protocol. All proofs were done using the LWB and the statements used
for the proofs are always shown as well.

12.1 Introduction

The example in this chapter verifies a protocol for data transmission. It proves several properties
of the protocol and can also generally analyze it. For example, proofs are given to show that
cheating with the protocol is not possible or at least not advantageous.

As it is tradition in cryptography, the two participants in the data transmission are called Alice
and Bob. Alice and Bob would like to transmit one bit of secret information to each other. We
can assume that the secrets transmitted are passwords to speciiafflEsfor Alice and one

for Bob.

The protocol is meant to be self-enforcing, i.e. there is no third party which has to be trusted to
adjudicate in disputes. To achieve this, the files are assumed to be trapped in a way that—if a file
is opened with the wrong passwordbethfiles are destroyed. This prevents Bob and Alice from
guessing the password and, under certain circumstances detailed below, also prevents cheating.
Furthermore, we assume that Bob can tell when Alice opens his file and vice versa.

! The transmission and the protocol shown below are only done for a single bit. If multiple bits are to be transferred,
then the same techniques may be used several times to get the desired result.

189
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12.1.1 Notation

We call the secret of Alice, i.e. the password to open Alice’sSile Dually, the secret of Bob is
calledSg. In the following, information of Alice will always use the indek while information
of Bob uses the indek.

The protocol uses addition modulo 2, denotedthby

12.2 Protocol

12.2.1 Oblivious Transfer

Before we actually go into the details of the protocol used to transmit information, we have to
take a look at a special type of communication line used to transfer part of the information of the
protocol. While most of the information transmitted is sent over regular communication lines,
some crucial information has to be sent specially. For that reason, the oblivious transfer was
developed.

A transmission using oblivious transfer has the following properties:

e the probability is exactly 50% that the message sent is really transmitted,
e the recipient knows if he got the message or not,
e the sender does not know if the recipient got the message or not.

The properties of the transfer sound quite strange and it’'s actually not easy to see that such a
transformation can actually be implemented. In [3], for example, a practical method is shown
how to implement oblivious transfer using faint pulses of polarized light. We won't go into
further details how this sort of transformation is actually done, because the only things important
are the properties mentioned above.

12.2.2 Steps of the Protocol

The protocol proceeds along the following four steps:

Step 1. (a) Alice sends a random bif{4) to Bob, using an oblivious transfer,
(b) Bob sends a random biR() to Alice, using an oblivious transfer.

Step 2. (a) Alice setsu, = 1 if Bob’s random bit was transferred to her successfully, and
ua = 0 else,

(b) Bob does the same witlz and the message he got from Alice.

Step 3. (a) Alice sendsS4 @ 1.4 to Bob, using a normal communication line,
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(b) Bob sendsSs @ up to Alice, using a normal communication line.

Step 4. (a) Alice sendsS, & R4 to Bob, again using a normal communication line,
(b) Bob sendsSs @ Rp to Alice, also using a normal communication line.

After these four steps are carried through, both Alice and Bob may be capable of determining the
other’s secret. After step three, Bob is not yet capable to determine Alice’s segréecause

he has no way of determining,, which depends on the oblivious transfer. But if the oblivious
transfer form Bob to Alice transmittefl 4, he can determing, after step 4. The same holds true

for Alice. If, on the other hand, Bob’s transfer worked while Alice’s did not, Alice can directly
determineRp, but Bob can not. If now Alice opens Bob’s file, he knows that his transfer must
have worked, allowing him to deduge, = 1. This information, together with the information
from step 3 allows him to compute, as well. Thus, either both are able to deduce the secrets, or
in the case of both transfers not working, both don’t know the other’s secret. Thus, the protocol
gives exactly 75% chance that the secrets are exchanged.

12.2.3 Simplified Example

Example 15 Simplified Example
Before we look at the detailed example, we have a look at a simplified version, as it is done in
[22].

In this example, we want to see what would happen if Bob lies about his password to Alice. To
further simplify, we assume that the password to Bob’s file is 0 Sige= 0.

This simplified version just uses the following propositional variables to express properties of
the protocdi:

(B, T,1) Bobtells Alice that his password 1§
(A E, 1) Alice enters Bob’s file with password,
(DS)  both files aredestroyed.

We additionally write down some extra logical axioms that define properties of the protocol we
want to take for granted. For this short example, the following three axioms (or hypotheses) are
enough:

(@) G(A,E,1) — G(DS),
(b) G—(DS),
(c) G(B,T,1) — L*G(A,E,1) for somek.

2 for better reading we don’t use thpg notation here.
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(.

t
~(B,T,1), -G(B,T,1),
G(B,T,1) -> LKG(A,E, 1),
G~(DS),
G(A,E,1) -> G(DS)

.

(B,T,1), -G(B,T,1),
G(B,T,1) -> LKG(A,E, 1),
G~(DS),
G(A,E,1) -> G(DS)

Figure 12.1: Countermodel f&—(B, T, 1)

The first axiom just states that the password of Bob is not 1, i.e. if Alice uses that password then
this will destroy both files. The second axiom says that nobody wants that the files are destroyed.
The last axiom expresses, that if Bob transmits to Alice that his password is 1, then Alice will
likely use that password to open Bob’s file. This is an assumption of credibility. How much trust
Alice puts into the information she got from Bob can be expressed with the givEhe higher

k the more unlikely it is that Alice uses the password and thus the less trust Alice gives to the
information obtained by Bob.

From these axiom we can now prové& (B, T,1).3

We now check these results with the theorem prover for Lthe LWB. First we have to define
a theory with the extra logical axioms mentioned above. This can be written in the LWB syntax
like this:

theory = [ G(AEl) -> G(DS),
G('DS),
G(BT1) -> LG(AE1) [;

3in [22] the statement is said to I&-(B, T, 1), which is not provable. Consider the counter example given in
picture 12.1 or the output of the LWB prover for CL Actually, G—(B, T, 1) is the same-(B, T, 1) and could be
translated as “we take the hypothesis that Bob won't tell Alice the password is 1 for now”, whes€RsT, 1)
says that Bob actually does not send the wrong password in any case. The latter surely is the statement that is
interesting to be proven.
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Now we can use thprovable function to show that our assumption can be proven. We can
also show that the original assumption from [22] cannot be proven:

llh> provable(G((BT1)), theory);

false

lIh> provable("(BT1), theory);
false

lIh> provable("G(BT1), theory);
true

The statement from [22] that—if the second of the extra-logical axioms above is weakened, then
only weakened version of our assumption can be proven—does not hold. Even if we replace the
second axiom by something weaker, like

~L"G(DS)

it is still possible to prove our assumption. The reason here is that our adjusted assumption is
actually much weaker than the—not provable—assumption from the paper.

Negations

Another reason why weakening the theory by addirgperators does not change the results, lies

in the fact that the logic of likelihood does not actually show the expected properties for negated
formulas. If we interpret:LA as meaning “it's not likely thatl” then we would think that from

this we cannot deduceA. But this deduction step is nothing else than the contraposition of
AX5. On the other hand, we’d also think that fronlL A it is not possible to deducelLLA. But

again, this is possible. This can be proven using the LWB, for example:

llh> provable("LLA, ['LA]);
true

While in the first case, the implication can be proven, the second case actually needs the fact that
the formula is provable (i.e. uses generalization). A proof in the Hilbert calculus is just a little
more complex:

;LA (assumption)
iz G-LA (R1)
g G-LA — —LLA (AX4)
by -LLA (R2 with the last two lines)

On the other hand, the implication
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-LA — —LLA

cannot be proven in LL.

Summarized, if we have a negation in front of a formula, then the numbegroplerators is
irrelevant. This does actually contradict the understanding one has of a logic of likelihood. Thus,
it is best only to treat non-negated formulas.

12.3 Detailed Example

Example 16 Detailed Example
After the simplified example above, we can now treat the protocol in all its details. For the
detailed example we need much more propositional variables.

From the view of Alice, we need the following variables:

2"
o

the value of the password of Alice is 0,

the value of the password of Alice is 1,

the oblivious transfer from Bob did not succeed,

the oblivious transfer from Bob did succeed,

Alice sends as random bit the value 0,

4,1) Alice sends as random bit the value 1,

Alice sends for the addition af , andy 4 the value 0,

Alice sends for the addition &f 4 andp. 4 the value 1,
) Alice sends for the addition &f 4 and R 4 the value 0,

4@ Ra,1) Alice sends for the addition df 4 and R 4 the value 1,

Alice deduces that Bob’s random value is 0,

) Alice deduces that Bob’s random value is 1,

) Alice deduces that Bob’s password is 0,

) Alice deduces that Bob’s password is 1,
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Alice deduces that her oblivious transfer to Bob did not succeed,
Alice deduces that her oblivious transfer to Bob did succeed,
ip,0) Alice deduces that Bob has the value 0O for the additiof®o&nd 5,
) Alice deduces that Bob has the value 1 for the additiofo&nd .z,
5 @ Rp,0) Alice deduces that the value of the addition of Bosand R is O,
) Alice deduces that the value of the addition of Boljsand Ry is 1,
Alice enters Bob'’s file with password 0,
Alice enters Bob'’s file with password 1,
both files are destroyed.
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We need a similar set of variables—with interchanged roles—for the viewpoint of Bob, with the
exception of(DS).
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Now that we have the necessary variables, we can list the extra-logical axioms necessary for
Alice:

G(SA, /\G(SA7 ))
—(G(pa,0) A G(pa, 1))

(c) G(A,S,R4,0) — LG(B,D, R4,0)
G A,S,RA, )—>LG( ) 7RA71)

(d) G(A,S,S4 @ pa,0) < G(B,D,Sa @ pa,0) AG(A,S,S4® Ra,0) < G(B,D,S4 @ Ra,0)
G(A,S,S4 @ pa,1) «— G(B,D,Ss @ pa, 1) ANG(A,S,S4P® Ra,1) < G(B,D,S4 @ Ra, 1)

(e) [(G(B,D,S4 @ Ra,0)AG(B,D,R4,0)V(G(B,D,S4 ® pa,0)AG(B,D, 114,0))] — G(B,D, S4,0)
[(G(B,D,SA@RA,O)/\G(B,D Ry, )\/(G(B,D Sa® g, )/\G(B D, ua, ))] — G(B, D,S4,1)
[(G(B,D,SAEBRA,].)/\G(B,D Ry, )\/(G(B, D,SAEBMA,l)AG(B D y LA, ))] — G(B, D,SA,I)
[(G(B,D,SA@RA,I)/\G(B,D Ry, )\/(G(B D,SA@MA,I)/\G(B DTy ))] — G(B, D,SA,O)

(® [-G(B,E,0) A~G(B,E,1) A (G(A,E,0) V G(A,E, 1))] — G(B, D, pa, 1) A G(pa,1)

(g) G<BvD7SA7O) - LG(B7 ) )
G B,D,SA,].) - LG(B7 ’ )

(
(h) (G(54,0) AG(B,E 1)) — (DS)
(G(SAz )/\ G(Bv E, )) - (DS)

The axioms can be interpreted as follows:

(a) Because we do all computations in a propositional calculus, we need two variables to express
that S, has the value 0 or 1. This axiom makes sure, that these two variables actually
represent the value 6fy, i.e. it can have either the value O or the value 1 but not never both.

(b) We need to have the same foj as forS 4.

(c) These are actually two axioms, depending on the value Alice sends,foFhe axiom says
that if Alice sends the random hit, using oblivious transfer, then it is likely that Bob will
be able to deduce the value &f,. The L-operator expresses that the transmissio® @f
is done using oblivious transfer, which only allows Bob to receive the value in 50% of the
cases.

(d) These several axioms state that the transmissiagsuab 4 andS, @ R4 are done using
regular, error free communication lines. This means, what Alice sends will be received by
Bob.

(e) The axioms in this group describe how Bob can compute the password of Alice from the
information he obtained. If he got the random bit of Alice, then he can dedydeom
Sa @ R4 sent by Alice. If Bob can somehow deduce the if Alice got his oblivious transfer
transmission, i.eu 4, then he can deduce the password fr§me® 14 received from Alice.
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(f) This axiom says, that if Alice enters Bob file before he enters hergH,&,0) and(B,E, 1)
are not true but one dfA, E,0) or (A, E, 1) is, then Bob can deduce that Alice must have
received his random bit sent by oblivious transfer and thus;that 1.

(g9) As inthe short example above, these are the credibility assumptions. They state that if Bob
can deduce the password of Alice he will likely trust her and enter her file with that password.
Depending on the degree of trust, these axioms could be adjusted to havie omaitee right
side of the implication.

(h) These last axioms just state that if Bob enters Alice’s file with the wrong password, then both
files will be destroyed.

The same set of axioms can be written down from the point of view of Bob. Because we only
want to prove statements from the point of view of Alice, we don’t need this second set of axioms
right now.

Before we start proving that cheating is not possible with this protocol, we have to look at the
theory we need to use to make the proofs within the Logics Workbench. The following theory is
exactly the same as the one above, just written in the LWB syntax:

Alice =
(G(SA_0) & G(SA_ 1)),
“(G(MUA_0) & G(MuA_1)),

G(A_S_RA_0) -> LG(B_D_RA_0),
G(A_S_RA_1) -> LG(B_D_RA_1),

((G(A_S_SA_pl_MuA_0) <-> G(B_D_SA_pl_MuA_0)) &
(G(A_S_SA_pl_RA_0) <> G(B_D_SA_pl_RA_0)),

(G(A_S_SA_pl MuA_1) <-> G(B_D_SA pl_MuA 1)) &
(G(A_S_SA_pl_RA 1) <> G(B_D_SA pl_RA 1)),

((G(B_D_SA_pl RA 0) & G(B_D_RA 0)) v
(G(B_D_SA_pl_MuA _0) & G(B_D_MuA_0))) -> G(B_D_SA_0),
((G(B_D_SA pl RA_0) & G(B_D_RA_1)) v
(G(B_D_SA_pl_MuA _0) & G(B_D_MuA_1))) -> G(B_D_SA_ 1),
(G(B_D_SA_pl RA_1) & G(B_D_RA 0)) v
(G(B_D_SA_pl_MuA 1) & G(B_D_MuA_0))) -> G(B_D_SA 1),
(G(B_D_SA pl RA_1) & G(B_D_RA_1)) v
(G(B_D_SA_pl_MuA_1) & G(B_D_MuA_1))) -> G(B_D_SA 0),

(G(B_E_0) & "G(B_E_1) & (G(A_E_0) v G(A_E_1))) ->
(G(B_D_MuA_1) & G(MuA_1)),

G(B_D_SA_0) -> LG(B_E_0),
G(B_D_SA_1) -> LG(B_E_1),
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(G(SA_0) & G(B_E_1)) -> (DS),
(G(SA_1) & G(B_E_0)) -> (DS)
I

12.3.1 Cheatingin Step 4

If Alice wants to cheat in Step 4, then she can do this only by sending the wrong value for
Sa @ Ry4. This is the meaning of the following formula:

(A, C,4) = (G(A, S, Ry, O) AN G(SA, 0) AN G(A, S,54 @ Ra, 1))\/
(G(A,S, Ra,0) ANG(Sa,1) AG(A,S,S4® Ra,0))V
(G(A,S, Ra,1) ANG(S4,0) AG(A,S,S4® R4,0))V
(G(A,S, R, 1) A G(S4,1) A G(A,S, S4 & R, 1))

This is written in the LWB as follows:

A_C 4 := (G(A_S_RA 0) & G(SA 0) & G(A_S_SA pl_RA 1)) v

(G(A_S_RA_0) & G(SA_1) & G(A_S SA pl RA_0)) v
(G(A_S_RA 1) & G(SA_0) & G(A_S_SA pl_RA_0)) v
(G(A_S_RA 1) & G(SA_1) & G(A_S_SA pl_RA_1));

Now we can prove in LLC that—if Alice really cheats in step 4—it is somewhat likely that both
files will be destroyed. This is expressed with

(A,C,4) — L2G(DS)

This is in the LWB

provable(A_ C 4 -> LLG(DS), Alice);
true

The contraposition of the above formula givesusG(DS) — —(A, C,4). Thus, if Alice does

not want that its somewhat likely that the files will be destroyed, then she should not cheat in
step 4. Of course, we can also prave C,4) — L*G(DS) for all £ > 2. It is not possible to
prove(A,C,4) — LG(DS) or even(A, C,4) — G(DS), though.

provable(A_ C 4 -> LLLLLG(DS), Alice);
true

provable(A_C_4 -> LG(DS), Alice);
false

provable(A_C_4 -> G(DS), Alice);
false
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This computation takes roughly 13 minuteswhile this, by itself, is not really a problem,
it would be good, especially for the following computations, if the execution time could be
somewhat reduced. Thus, we simplify the theory a bit to increase computation speed.

A first simplification is to replace the last two axioms of the set with

) —
)) — G(DS).

( ) A G(B,E, 1
(G(S4.1) A G(B,E,0

This is actually even more natural and directly corresponds to the extra-logical axioms used for
the simple example above. Furthermore, it is easy to show thatrwidd — B we can also
prove- GA — GB and vice versa. Thus, the simplified theory is equivalent to the original one.

Because we are interested in proveing formulas WithS) instead of justDS), our new theory
does speed up provability quite a bit. The example above takes now, with these changes, just
somewhat below one minute, instead of the 13 minutes it took before.

Below, we will use the following, slightly modified theory

(@) —(G(S54,0) A G(54,1))
(b) —(G(pa,0) AG(pa,1))

(C) G(A,S,RA,O) - LG(87 D,RA,O)
G(A.S, Ra,1) — LG(B,D, Ra, 1)

(d) G(A,S,Sa ® pa,0) < G(B,D, S4 @ pa,0) AG(A,S,S4 ® Ra,0) < G(B,D,Sa ® Ra,0)
G(A,S, 54 ® pa,1) < G(B,D, 54 ® pa,1) A G(A,S,S4 @ Ra,1) < G(B,D, 54 ® Ra, 1)

(e) [(G(B,D,Ss® R4,0)AG(B,D, R4,0)V(G(B,D,S4 @ pa,0)AG(B,D, na,0))] — G(B,D, S4,0)
[(G(BaDaSA@RAaO)/\G(BaD A )\/(G(Ba DaSAEBMAaO)/\G(Ba D, ua, ))] —>G(B D SA?]')
[(G(BaDasA@RAa]-)/\G(BaD A )\/(G(B, D,SA@[,LA,].>/\G(B, D, pa, ))] - G(B7D SAvl)
[(G(B,D,S4® Ra,1)AG(B,D, R4,1)V(G(B,D, Ss ® pua,1)AG(B,D, u4,1))] — G(B,D, S4,0)

(f) [_‘G(Bv E, 0) A _‘G(Bv E, 1) A (G(A7 E, 0) v G(Av E, 1))] - G(87 D, nA, 1) N G(/J“Aa 1)

In the syntax of the LWB this is

4 of course this heavily depends on the machine used; the value given here is just used as a reference for the values
that follow.
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Alice =
“(G(SA_0) & G(SA 1)),
“(G(MUA_0) & G(MuA_1)),

G(A_S_RA_0) -> LG(B_D_RA_0),
G(A_S_RA_1) -> LG(B_D_RA_1),

((G(A_S_SA_pl_MuA_0) <-> G(B_D_SA_pl_MuA 0)) &
(G(A_S_SA _pl_RA_0) <-> G(B_D_SA_pl_RA_0)),

(G(A_S_SA pl MuA 1) <-> G(B_D_SA pl_ MuA 1)) &
(G(A_S_SA pl RA 1) <> G(B_D_SA pl_ RA 1)),

(G(B_D_SA_pl_RA_0) & G(B_D_RA 0)) v
(G(B_D_SA_pl_MuA _0) & G(B_D_MuA_0))) -> G(B_D_SA_0),
(G(B_D_SA_pl_ RA_0) & G(B_D_RA 1)) v
(G(B_D_SA_pl_MuA 0) & G(B_D_MuA_1))) -> G(B_D_SA 1),
(G(B_D_SA _pl RA_1) & G(B_D_RA_0)) v
(G(B_D_SA_pl_MuA_1) & G(B_D_MuA_0))) -> G(B_D_SA_1),
(G(B_D_SA_pl RA_1) & G(B_D_RA 1)) v
(G(B_D_SA_pl_MuA 1) & G(B_D_MuA_1))) -> G(B_D_SA_0),

(G(B_E 0) & "G(B_E_1) & (G(A_E_0) v G(A_E_1))) ->
(G(B_D_MuA_1) & G(MuA_1)),

G(B_D_SA_0) -> LG(B_E_0),
G(B_D_SA_1) -> LG(B_E_1),

(G(SA_0) & G(B_E_1)) -> G(DS),
(G(SA_1) & G(B_E_0)) -> G(DS)

12.3.2 Cheatingin Step 3

If Alice wants to cheat in Step 3, she just has to send the wrong valuesfor ;... This alone

thus not have any effect, though. Bob cannot deduce anything if he just has this value. For
him, it's necessary that his random bit was successfully sent to Alicei(i.e= 1) and that he
somehow knows that. The only way to find that out is, when Alice opens his file before he opens
hers. This can be expressed as follows

(A,C,3)= —G(B,E,0) A -G(B,E,1)A
(G(A,E,0) V G(A,E, 1))A
((G(S4,0) A G(A, S, Su @ 14,0))V
(

This is written in the LWB as follows
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A_C 3 = (G(B_E_0) & "G(B_E_1)) &
(G(A_E_0) v G(A_E_1)) &
(G(SA_0) & G(A_S_SA pl_MuA_0)) v
G(SA_1) & G(A_S_SA_pl_MuA_1)));

With the LWB we can now prove, using the theory above

(A, C,3) — LG(DS)
In the LWB this is

provable(A_C_3 -> LG(DS), Alice);
true

Again, we can prove the same formula with mareperators on the right hand side, but not with
less.

If Alice cheats in step three and she enters the files first, then it is likely that both files are
destroyed. Using contraposition this means that—if Alice does not want it to be likely that both
files are destroyed—she can not cheat in step three and at the same time use the information she
obtained from Bob. Thus, while she can cheat at step three, it's not to here advantage. If she uses
the additional information she got, it’s likely that both files will be destroyed.

As expected, if we weaken the axiom that Bob will use the password if he knows it, then we get
weaker results. We change axiom g) of the theory above to

G(B,D, S,0) — LLLG(B, E, 0)
G(B,D, S, 1) — LLG(B,E, 1)

Y

With this changed theory, we can no longer pro&eC, 3) — LG(DS). But we can now prove

(A,C,3) — LLLG(DS).

Thus, the less trust Bob gives to the information he deduces from Alice (or the less credibility he
assigns to Alice), the less likely it is that the files will be destroyed.
For the LWB, this proof looks as follows

provable(A_ C 4 -> LLLLG(DS), WAlice);
true

whereWAlice is the theory changed as mentioned above. To obtain this result, the LWB com-
putes for quite a long time, using approximately 50 mindtes.

5 without the optimizations of the theory for Alice mentioned above, the same example uses approximately 2 weeks
of computation time.
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12.3.3 Cheatingin Step 2

It is actually not possible for Alice to cheat in step 2, because in that step Alice only sets the
value ofu. 4. If she does this wrong, then this is completely the same as cheating in step 3.

12.3.4 Cheatingin Step 1

Again, if Alice wants to cheat here, she sends a wrong valug fowhich is the same as cheating
in step four (see above).

12.4 Stopping before Step 4

Another way for Alice to cheat would be to stop before step 4, i.e. not sending thgslast? 4.

Surely, Alice cannot stop before step three, or she would not be able to enter Bob's file at all.
But, she may already got enough information with step three, i.e. when the oblivious transfer in
step one worked. In that case, she could try to withhold the information from step 4. This can be
formalized as follows

(S,4,0) = -G(B,E,0) A =G(B,E, 1) A (G(A,E,0) V G(A,E, 1)) A G(S4,0) A G(A,S, S4 & pa, 1)
for the case that, = 0 and

(S,4,0) = =G(B,E,0) A ~G(B,E, 1) A (G(A,E,0) V G(A,E, 1)) A G(S4,1) A G(A,S,S4 & pa,0)
for the case that, = 1.
Using the LWB syntax this is

S 40 :="GBEO & "GB_E_1) & (G(AE0) v G(A_E_ 1) &
G(S_A 0) & G(A_S_SA pl_MuA_1);

S 41 :="GBEUO & "GB_E_ 1) & (G(A_E_0) v G(A_E_1)) &
G(S_A_1) & G(A_S_SA pl_MuA_0);

We can now prove that if Alice really stops before step four and opens Bob’s file, then Bob can
deduce the password of Alice. This is formalized as
(57 47 0) - (B, D? SA; O)
and
(S,4,1) — (B,D, S4,1).
Written in the LWB this is

provable(S 4 0 -> G(B_D_SA_0), Alice);
true
provable(S_ 4 1 -> G(B_D_SA 1), Alice);
true
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12.4.1 Bob Cheating

If Bob is trying to cheat, then the situation is completely the same as for Alice. We just need to
inverse the roles of Bob and Alice in the whole theory and in the statements to prove.

12.4.2 Obtaining Result

Another thing which is important to know, beside that cheating is not possible, is to make sure
that the information that ought to be exchanged really is. There is no use in a protocol which
makes itimpossible that any of the involved parties can cheat, if the information is not transferred.
Thus, we want to show that under the circumstances that if Alice and Bob follow the protocol
correctly, then it is at least likely that both can enter the other’s files.

First, as before in 12.4, we can show that if Alice enters Bob’s file before he enters hers, then
Bob can deduce the Password of Alice. On the other hand, if the oblivious transfer from Alice to
Bob succeeded, then Bob is even earlier capable of deducing Alice’s Password. Thus; if,

then Bob can deduck 4. Therefore, he should be able to deduce the password of Alice, even if
she did not yet enter his file. This can be formalized as follows:

(B D, Ry, ) (A S,54® Ry, )—> G(B D, S4, ),
G(B, D, RA, 0) A G(A,S, S4 @ Ra, 1) — G(B,D, SA, 1),
G(B, , A, )/\G(A,S,SA@RA, ) G(B, , A, ),
G(B,D, R4,1) AG(A,S,S4 @ Ra,1) — G(B, D, S4,0).

This is written and executed in the LWB gives us

provable(G(B_D_RA 0) & G(A_S_SA pl_ RA 0) -> G(B_D_SA_0), Alice);

provab:(ralzg(B_D_RA_O) & G(A_S SA pl RA 1) -> G(B_D_SA_1), Alice);

provabtlgzeG(B_D_RA_l) & G(A_S SA pl RA 0) -> G(B_D_SA 1), Alice);

provath:Eg(B_D_RA_l) & G(A_S_SA pl_RA 1) -> G(B_D_SA 0), Alice);
true

Thus, all in all we have shown that if there is no cheating, Bob and Alice will likely be able to
deduce the other’s passwords. Furthermore, we have also shown that if either of both cheats,
then its likely that both files will be destroyed.

12.4.3 Analysis of the the Axioms

In their paper [22], Rabin and Halpern take a closer look at some of the axioms used above. We
won'’t repeat all the theory here, but just point out how the these things can be proven using the
Logics Workbench.
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Axiom (e)

This axiom says that Bob can dedycg = 1 if Alice enters his file before he enters hers. This
deduction process can be captured with the following axioms:

(8A) G(A,E,0) — G(A,D,Sz,0)
G(A,E,1) — G(A,D, Sp.,1)

(9A) G(A,D,S5,0) — [(G(A,D,Ss & Rp,0) AG(A,D, Rg,0)) V
G(A,D, Sy @ R, 1) AG(A,D, Rp,1)) V
G(A,D,SB@,UB,O)AG(A,D,MB,O)) vV

/\G<A7D7,u371))]

G(A, D, SB, 1) —

G(A,D,SB@RB,O)/\G( ,D,RB,].)) V

G(A.D. Sp @ 11.1) A G(A. D, g, 0)) v

G<A7 D, SB @ B, 0) N G(Av Dv 22: 2 1))]
(10A) —=G(A, D, 115, 0) A (=G(B, E, 0) A =G(B, E, 1) — —G(A, D, i3, 1))

Axiom (8A) says that Alice is rational, i.e. Alice only enters Bob’s file if she can deduce his
password. Axiom (9A) gives the modular arithmetic used for deducting the valtig.ofhen,
axiom (10A) describes under which circumstances Alice can deduce the valye of

Using axioms (8A), (9A) and (10A) we can show that Alice can dedigeif Bob enters her
file before she his, i.e.

(AJE,F) — G(A,D, Rp,0) vV G(A,D, Rp, 1).
In the LWB this proof looks as follows:

AX8A = (G(A_E_0) -> G(A_D_SB_0)) &
(G(A_E_1) -> G(A_D_SB_1));

AX9A

(G(A_D_SB_0) -> ((G(A_D_SB_pl_RB_0) & G(A_D_RB_0)) v
(G(A_D_SB_pl_RB_1) & G(A_D_RB_1)) v
(G(A_D_SB_pl_MuB_0) & G(A_D_MuB_0)) v
(G(A_D_SB_pl_MuB_1) & G(A_D_MuB_1)))) &

(G(A_D_SB_1) > ((G(A_D_SB_pl_RB_1) & G(A_D_RB_0)) v
(G(A_D_SB_pl_RB_0) & G(A_D_RB_1)) v
(G(A_D_SB_pl_MuB_1) & G(A_D_MuB_0)) v
(G(A_D_SB_pl_MuB_0) & G(A_D_MuB_1))));

Ax10A := "G(A_D_MuB_0) & ("G(B_E_0) & "G(B_E_1) -> "G(A_D_MuB_1));
A E F = "G(B_EO0) & "G(B_E_1) & (G(A_E_0) v G(A_E_1));
provable((A_E_F) -> (G(A_D_RB_0) v G(A_D_RB_1)),

[ AXBA, Ax9A, Ax10A 1J);
true
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We leave out further considerations of the paper dealing with knowledge operators because these
operators are not implemented in the Logics Workbench (we’'d have to make a mix between the
logic of likelihood andS,).



Chapter 13

Implementation

This chapter examines the implementation of the automatic theorem prover ithht was done
for the Logics Workbench. It implements the double-sided sequent calculus with loop-check
mentioned in chapter 11

13.1 Introduction

Aside from the code that needed be written in order to have a prover foy the structure of

the LWB made other coding necessary as well. First, because the logic of likelihood needs the
additional modal operatots K, F, G, the parser of the LWB had to be enhanced. To be able to
enter formulas with these new operators, the parser has to know these operators and does also
need to know how to deal with them.

The LWB makes things a bit more complicated, because the user can use different logics at the
same time. Because the new operators are normal letters, it would limit users too much if we treat
them as modal operators in all logics. This would prohibit the user from using symbol names
like Group , or Logic , for example. These words use letters that are also symbols for operators
and because the LWB does not require a space after an operator, they would be interpgéeted as
roup andL ogic , respectively. Thus, we had to limit the use of these operators to the logic

of likelihood itself, as it was also done with temporal operators. These operators are only valid
when the moduldh is the current top module.

Furthermore, the parser of the LWB was changed to allow these new, letter style operators only
at the beginning of a word. Thus, even if a letter is an operator of a logic, it may still appear in
the middle of a symbol name (e.&TL or PROOF. Previously, symbols like these produced a
general parsing error, because the letters were interpreted as operators.

! requiring no spaces, on the other hand, allows to directly write formulas li&F A instead of having to write
LLGFA

205
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13.1.1 LWB Functions

In the LWB, the implementation of a prover for a new logic also requires the creation of a new
module. The module only requires some initialization code, but all the modules already present
in the LWB provide a common set of basic functions. Of course, a new logic has to implement
these functions as wellThe following functions were implemented for LL

arrange Arranges the sub formula in a formula or theory by using associativity and com-
mutativity.

convert Converts connectives from one type to another (for example replacing all impli-
cations by disjunctions).

depth Computes the length of the longest branch of a formula viewed as a tree.

length Computes the length of the formula (as defined in a previous chapter).

less Determine if a formula is lexicographically less than another one (allows sorting
of formulas).

nnf Compute the negation normal form of a formula given.

nnfp This function computes a negation normal formula of the given formula, using

new variables to make the result much shorter.
provable This is the prover, which we be detailed below.
randomfml Compute a random formula for LL

remove Remove as much constantsug andfalse) from the formula as possible.

sort Sorts a set of formula lexicographically.

subfmls Determines all sub formulas (as defined in an earlier chapter) of the given for-
mula

typek Test the type of the given expression.

vars Extract all the names of variables from the given formula.

Below, we will concentrate on thgrovable function only. The implementations of the other
functions is similar to those of other logics.

13.2 Overview

The implementation for the prover for the logic of likelihood differs quite a bit from the imple-
mentations that were done for other logics in the LWB. While the theoretical side is comparable
to other logics, especially as shown earlier to the modal l0gjcEndKT, the practical side is

quite different. The implementation for this prover is done using object oriented principles and
makes heavy use of the standard template library (STL [44]). This makes the code much easier
to read and also allows easier extension of the code.

2 the structure of the LWB does not allow sharing of such functions between different modules, i.e. different logics.
While this would be possible using the same techniques mentioned below for the prover, it would require some
big redesign of the LWB.
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13.2.1 Object Oriented Programming

We won't take a closer look on how object oriented programming works or how programming
in C++ is done (c.f. [34], [19]). In the following we assume that the reader is somewhat familiar
with object oriented programming in C++.

13.3 Classes

This section will take a look at the objects that were defined for the prover. Because the standard
template library was used, it was not necessary to implement many objects. The sets and lists
that are offered by the STL are sufficiently efficitahd powerful.

13.3.1 Main Class

There is only one main class, namdlly _ProofNode .* This class represents a node in the
proof tree of a formula. It contains all data necessary to represent a sequent of the sequent
calculus. It provides methods to add formulas to the sequent and to check if a sequent is provable.
To check this, the node can create additional proof nodes, for example when a branching rule is
encountered.

Internally, the class provides methods for each rule of the calculus, although some of these rules
are hardly recognizable. It uses these rules to check the current node for provability and to add
additional formulas. The class furthermore has methods to support branching rules, backtracking,
use check, the history and printing of algorithmic information. These parts of the proof node will
be detailed below.

Each proof node stores all the formulas of a sequent of the calculus as mentioned in chapter
11. While the marked formulas are stored in simple sets, the formulas to the left and to the
right of the sequent delimiter are split up in different groups. A first group contains all formulas
consisting of variables. A second group consists of those formulas that require branching rules,
like the A-formulas on the right side of the sequent. A last group contains all formulas requiring
backtracking, for example thé-formulas on the right side. All other formulas are split up (cf.
13.4) usingclassify() until all their parts end up in one of those groups.

This split into different groups allows more efficient treatment of the formulas involved, because
at the different steps of the algorithm different types of formulas are used.

3 this heavily depends on the actual implementation provided by the compiler; the implementation of the GNU
C++ compiler is about 10 times faster than the one present in the Sun CC compiler—at least for those version that
were available at that time.

4in the LWB, all the names of a module are prefixed with the module name to prevent name space cluttering;
nowadays, this could be achieved easier by using name spaces or by using a class for each module.
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13.3.2 Auxiliary Class

Ilh _Expression isthe only auxiliary class (not counting the STL classes), used by the prover.
This class is actually just a wrapper for the interegpr class provided by the LWB kernel.
Because the LWB kernel and its expression class are not compatible to the STL classes, this
wrapper was necessaty.

13.3.3 Nested Classes

Thellh _ProofNode class uses some internal, nested classes. They are presented here for a
better understanding of the main class, but are actually quite simple.

ProofRule

This class stores a pointer to a method for a specific rule of the calculus. While a simple method
pointer might work as well, this class additionally takes care of empty or undefined method
pointers. Otherwise, the class is made in a way that it can be used exactly like a method itself.

History

This nested class is essential for the loop check. The history class stores a list of states encoun-
tered during proof search. These lists are then stored, together with their main formula, in the
main clasdlh _ProofNode . It exactly represents the historieg ldnd H of the double-sided
sequent calculus.

13.4 Main Algorithm provable()

Because some auxiliary classes and many methods are available, the main proving algorithm of
thellh _ProofNode class is actually quite simple. A description of the rules and methods used

in the main algorithm follows in later sections. To make the algorithm easier to read, use check,
infolevel output and percents statements are left out. Furthermore, all code dealing with histories
is ignored for now as well. All these parts of the final algorithm will be detailed in later sections.

The main algorithm can be written in pseudo code as follows:

1. Add the formula to prove to the node, if necessary including the theory to use, by using
classify() 5

5 it would be much work to replace the interresdpr class with a STL compatible, modern class, because all the
algorithms would have to be changed as well.

6 this step is actually done outside tife _ProofNode class.
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bool
llh_ProofSequence::provable()

}

static Position lastSide = Expression::right;

lastSide = other(lastSide);
set<Expression> &firstSplit = split(lastSide);

if(firstSplit.empty())
Expression formula = *(firstSplit.begin());
firstSplit.erase(firstSplit.begin());
return split(formula, lastSide);
lastSide = other(lastSide);
set<Expression> &secondSplit = split(lastSide);
if(lsecondSplit.empty())
{ Expression formula = *(secondSplit.begin());
secondSplit.erase(secondSplit.begin());
return split(formula, lastSide);
/I now its time to try the backtracking stuff
while(!IBacktrack.empty())
Expression formula = *(IBacktrack.begin());
IBacktrack.erase(IBacktrack.begin());

/I save the old state for backtrack
llh_ProofSequence old(*this);

if(backtrack(formula, Expression::left))
return true;

I restore the old state
*this = old;
}
while(IrBacktrack.empty())
Expression formula = *(rBacktrack.begin());

rBacktrack.erase(rBacktrack.begin());

/I save the old state for backtrack
llh_ProofSequence old(*this);

if(backtrack(formula, Expression::right))
return true;

I restore the old state
*this = old;
}

return false;

Table 13.1: Main proofing algorithm



210 Chapter 13: Implementation

bool
IIh_ProofSequence::classify(const Expression &inFormula,
Position inPos)
{
if(present(inFormula, other(inPos)))
return true;

return classifyFuncs[inFormula.type()](*this, inFormula, inPos);

}

Table 13.2: Main classification function
2. If there is a branching formula, caplit() for it and return the result.

3. Ifthere are no splitting formulas, then usibgcktrack() check in turn each backtracking
formula, restoring the state after each formula.

4. Returntrue if a backtracking formula is found which is provable, rettalse else.

The methods used in this algorithm will be detailed below. Each of these methods calls a rule of
a specific category to actually carry through the rule of the calculus. The actual implementation
of this main algorithm, excluding step 1, is shown in table 13.1.

Classification with classify()

Classification is automatically done each time a formula is added to the current sequent. Thus,
no formulas are directly added to some internal storage, but instead all new formulas are clas-
sified using theclassify() method. This method makes sure each formula is split up and
distributed to their appropriate storage spaces, i.e. either variables, branching formulas or back-
tracking formulas.

Again, use check, infolevel, percents, and some special cases (the comsmatedfalse) have

been left out). The classification method as it is implemented is shown in table 13.2. As can be
seen, it first checks if the formula is preseint the other side of the sequent and then calls the
function associated with the main operator of the given formula. This is done using a previously
prepared calling table to speed up rule selection and invocation.
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bool
Ilh_ProofSequence::split(const Expression &inFormula, Position inPos)
{
/I first we check for axioms (this was already done when inserting
/I the formula into the list, but meanwhile other formulas may have
/I been added and if we have an axiom we can leave out quite a hit)
if(present(inFormula, other(inPos)))
return true;

return splittingFuncs[inFormula.type()](*this, inFormula, inPos);

Table 13.3: Main split function

bool
IIh_ProofSequence::backtrack(const Expression &inFormula,
Position inPos)

{

return backtrackingFuncs[inFormula.type()](*this, inFormula, inPos);

}

Table 13.4: Main backtrack function

Splitting with split()

The split() method is similar tcclassify() . It just needs to check again for axioms—
just in case a new formula was inserted without the necessary check—and then calls the splitting
function associated with the top-level operator of the formula.

The simplified code for this method is shown in table 13.3.

Backtracking with backtrack()

The main backtracking methdshcktrack() is depicted in table 13.4. It is a very simple
method, consisting only of a call to the operator dependent backtracking function. In this case, a
check for an axiom is not necessary.

"thepresent()  method does a bit more than just check if the whole formula appears on the other side; if the
given formula is one that would have been split into sub formulas when classified on the other side, then the
function checks for existence of these sub formulas instead; while that way the function is a bit more complicated
and uses a bit more time, the overall speed gain is considerable.
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13.5 Rules

The rules of the sequent calculus are represented in the implementation by various functions, one
method for each rule. Such a function takes the current state of the object (i.e. the current node
in the proof tree) and modifies it to a new state, if necessary by creating additional nodes if a rule
is a branching rule. Thus, a rule method only has to do a single step of the proof, just as in the
calculus. This makes writing, and if necessary, enhancing a rule quite easy.

Because a rule is a normal C++ method, it is also not limited in what it can do. If the rules were
written more abstractly using a special syntax instead of a real method, they would be limited.
As a method, there are no limits and if a rule needs to do additional things, like using heuristics
or other optimizations, then this is possible as well while processing the rule.

As mentioned in the description of the main algorithm, the rules are split into three categories.
This distinction of the rules is necessary to be able to decide in the main algorithm which rule
has to be called at which time. For each category, there is method for each top-level operator a
formula treated with such a rule might have.

13.5.1 Classification Rules

Classification rules are the simplest of the rules. They represent invertible rules of the calculus
where no branching or backtracking occurs. They do nothing else than putting a given formula
into its storage place or, if necessary, splitting the formula and recursively call another classifi-
cation rule.

These rules are always called when a new formula has to be stored. The first time this is the case
when the proofing process is started and the formula to be proven has to be stored. Then, each
time one of the rules creates a new formula, for example because a formula is split up, another
classification rule is called. Each classification rule retaras if an axiom is found andalse

else.

Because the prover must be able to store and thus classify every possible formula, there is a
classification method for each operator.

Example 17 Classification of Disjunctions

As an example, we take a closer look of the classification function for the disjurictidis
function is called for all formulas whose top operator is a disjunction. The code is shown in table
13.5.

Like all classification methods, it takes as argument the expression, i.e. formula, that is to be
classified, and the position this formula occurs, i.e. either on the left or the right side in the
sequent. The function returtrsie, if the classification results in an axiom, i.e. a formula appears
on both sides of the sequent. In all other cases the function rdaises

8 some error checking has been removed from the code to make it clearer.
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inline bool

IIh_ProofSequence::classifyOr(const Expression &inFormula,
Position inPos)

{

if(inPos == Expression::left)
ISplit.insert(inFormula);

return false;
}
else
return classify(inFormula[Expression::left], Expression::right) ||
classify(inFormula[Expression::right], Expression::right);

Table 13.5: Implementation of the classification rule for the disjunction

We have to distinguish two cases, depending on which side the formula has to be stored. If the
formula is on the left side, then we’d actually have to call the)dRule, which is a branching

rule. Because in the classification step we don’t want to carry through any branching rules, we
just store the formula in a set for later treatment with a splitting rule (see below). If the formula
is added on the right side, we carry through the ful/Jrrule, because the rule is invertible and

not branching. In that case, according to the rule, we just need to store both operands of the top
level disjunction. These subformulas are classified again. We have an axiom, if either classifying
the left or right operand produced an axiom.

13.5.2 Splitting Rules

While classification rules can always be done first, because they don’t have a long execution
time, splitting rules are worse in that aspect. Splitting rules and their functions implement the
branching rules of the sequent calculus (i.e. mainly)(and (r\) rules). These rules always
start a new branch for proving and thus require more computation time. Therefore, splitting
rules are done only after no more classification rules can be applied, but before starting with
backtracking rules.

Splitting rules have to be defined for all rules of the sequent calculus which have more than one
premiss. This means that there has to be a splitting function for all operators that can appear as
top level operator of the main formula of such a rule. This mainly excludes the modal operators
and the negation, i.e. all unary operators.

Example 18 Splitting of Conjuctions
As an example, we take a look at the splitting function for the conjuntt&iown in table 13.6.

9 all pieces of code that deal with status output and the computation of the amount of percents already done has
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bool
IIh_ProofSequence::splitAnd(const Expression &inFormula,
Position inPos)
{
Ilh_ProofSequence sideBranch(*this);
return provable(inFormula[Expression::left], Expression::right))
&&
sideBranch.provable(inFormula[Expression::right],
Expression::right);
}

Table 13.6: Implementation of the splitting rule for the conjunction

This function just copies the current node and tries to proof each subformula of the premiss in a
different, independent node. The resultrige if both calls return true anfalse else.

13.5.3 Backtracking Rules

The backtracking rules are used for all rules requiring backtracking, i.&/#eules. The real
backtracking is done in the main algorithm. These methods just have to adjust the sequent as
determined in the rule of the calculus.

Example 19 Backtracking of L-formulas

As an example, we take a quick look at the rule for theperator, show in table 13.7. As with

the previous examples, some additional code—like use check and infolevel output—has been
left out. This function looks quite complicated, but in fact its just some moving of sets using the
STL routines™?. In fact, this method just clears the appropriate sets and transfers some formulas
from the marked to the unmarked state usstagsify()

13.6 History

Section 11.8.2 shows that it is necessary to add a history to the rules to be able to check for loops
and thus obtain a terminating algorithm. For clarity, the history has been left out in the example
code above, but of course has to be present.

been removed from this demonstration code, as well as some error checking and the use check; the real code is
about 10 times the size of the one shown.

10 we cannot use some of the generic algorittiars _each orset _union here, because if the classification finds
an axiom we can stop; the STL algorithms would do all elements in any case and thus would be less efficient;
furthermore, it's not possible to call member functions fioa _each statement.
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bool

IIh_ProofSequence::backtrackL(const Expression &inFormula,
Position inPos)

{

/I remove the whole left and right sequents
IMisc.clear();

rMisc.clear();

ISplit.clear();

rSplit.clear();

IBacktrack.clear();

rBacktrack.clear();

/I add the whole IL, we use a copy of the list here,

/I otherwise things added may be removed again in the
/I loop below.

set<Expression> |LOId;

ILOId.swap(IL);

while(!ILOId.empty())

{
Expression formula = *(ILOIld.begin());
ILOId.erase(ILOId.begin());

if(classify(formula, Expression::left))
return true;
}

/I add the whole rL, as above
set<Expression> rLOId;
rLOId.swap(rL);

while(IrLOId.empty())
{
Expression formula = *(rLOld.begin());
rLOId.erase(rLOId.begin());
if(classify(formula, Expression::right))
return true;
}
/I add the whole IF
for(set<Expression>:iterator i = IF.begin(); i != IF.end(); i++)
if(classify(*i, Expression::left))
return true;
}
/I add the whole rF
for(set<Expression>:iterator i = rF.begin(); i != rF.end(); i++)
if(classify(*i, Expression::right))

return true;
}

return provable(inFormula[Expression::left], Expression::left);

Table 13.7: Implementation of a backtracking rule
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As can be seen from the rules of the sequent calculus, there are four different sets of histories
necessary, namely HHg, Hgk, and H;. Basically, the history contains the complete state of a
node, to be able to recognize it later. The history only depends on the premiss of the rule, and
thus, because it is only used@K-rules, only the marked formulas are necessary to identify it.

The histories for the& and F formulas only need to store the formulas encountered, because
these histories can only increase and are cleared wheif)aofr{I-G)-rule is used. They are
implemented using STL sets.

The histories for thé< andL-rules are more complicated. Because these histories can change
arbitrarily, it is necessary to store the sets of marked formulas, i.e. the complete premiss of
the rule, along with the main formula of the rule. Only if the same sets and main formula are

encountered again, we have detected a loop. These histories are stored using the class.

13.6.1 Code

The following additions to the code have to be made in order to include history handling:

e the classification functions férandG have to clear all the history sets when a new formula
is classified,

e before starting backtracking provable() , all backtracking formulas are inserted into
the history,

e allthe rules of the calculus with history checks have to make them before actually applying
the rule

These changes are all that is necessary to add loop check to the code. Actually, according to the
rules of the calculus, it would have been necessary to adjust the histories in each backtracking
rule. But because we add all backtracking formulas before we start backtracking, we only need
to do that once, which is much easier to implement and more efficient as well.

13.7 Use Check

Use check was also mentioned in [29] and originally comes from [41], where it was used for a
decision procedure for intuitionistic logic. We take a look here to see what changes have to be
incorporated in the code to implement use check for LIContrary to other implementations

in the LWB, use check for LL is done using object oriented techniques. Because the whole
algorithm uses object oriented programming, it is easy to add used check into an already working
algorithm.

Use check is mainly done in two steps. In a first step, every axiom found adds its main formulas
to sets of used formulas. For simple propositional variables this means just adding the formula

1 this optimization increases computation speed much.
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for more complicated formulas this means adding all relevant sub formulas to their appropriate
sets as well. This way, all formulas that were used to actually obtain the axiom are stored.

After a successful branch of a splitting rule, a special function checks if the main formula of the
branch has been used in the proof. If this is not the case, then the second branch of the rule does
not have to be proven at all, saving much computation time.

If use check is not used, then the example in 12.3.1, checking for cheating in step 4, requires
more than 80 hours to compute the result, instead of the approximately 30 seconds it takes with
use check.

13.8 Infolevel

The Logics Workbench has a special way for printing information about a running algorithm,
the so called infolevel output. This output can be used to see what internally happens when an
algorithm runs, especially what a prover does when trying to prove a formula. The generated
output represents how the the algorithm internally develops, not specially prepared information
showing a readable proof. Nevertheless, the infolevel output can be interesting to find out why
something is provable or why it is not. Furthermore, when dealing with errors in the prover or
when debugging the prover, the infolevel is a great help for finding bugs.

Adding infolevel output to the algorithm just requires some additional outputs statements. By
using a special method, this printing also be reused for future provers.

Example 20 Infolevel
As an example of the infolevel output we look at the output generated when proving the formula
G(A A B) < (GA A GB). In the LWB this is written as follows

set("infolevel", 5);
provable(G(A & B) <-> GA & GB);

The first line sets the infolevel output to level 5, determining that all information of the main
algorithm is to be printed. The output generated is shown in table 13.8. It starts with the name of
the rule used, using the following abbreviations:

C for a classification rule,
S for a splitting rule,
B for a backtracking rule.

This is followed by | " if the rule is applied on the left or by " if the rule is applied on the right
side of the sequent. The name of the rules is ended by the top level operator of the formula, thus
completely identifying the method to be called for the rule.

After the identification of the rule follows the sequent as it is before applying the rule. The main
formula of the rule is enclosed in quotes. The sequents are written as in the theory chapter, i.e.



218 Chapter 13: Implementation

the marked formulas at the beginning and the end. Finally follows a list of those formulas that
were used for proving so far. This information is used for the use check.

The output is indented to show the two branches involved in a splitting rule and to make clear
that backtracking rules are actually on the same level and are just carried through one after the
other.

For technical reasons, the infolevel output is printed before the rule is actually carried through.
This means that the information given for the used formulas does not incorporate the information
from the rule printet

13.9 Derivation

The prover is implemented in a way allowing its derivation. Thus, the same structure can be used
for provers for other logics. As long as the general proving principle for a logic is the same, the
prover can be derived and most of the implementation can be reused.

Of course, for some logics—namely classical propositional logic—it would be better to create
a new prover from the current one and make the prover for bBlLderivation of it. Because
classical logic does not need loop checks and backtracking, such a prover is simpler and thus
could be more efficient. It should then be no problem to create a derivation of this prover to get
a prover for the logic of likelihood.

For such a derivation, mainly the new rule functions (as far as they differ) and history and back-
tracking have to be added. But things like use check or infolevel printing and all the necessary
interfacing to the LWB can be taken over without change. Furthermore, by incorporating addi-
tional optimizations into the base prover, they can be done for all provers at once, .

13.10 Efficiency

An important question when using object oriented techniques is always their efficiency. It is
widely believed that code written using object oriented methods has to be much slower and
inefficient than code written without. This does not always have to be the case (cf. [33]).

As shown in 11.9S5, andKT can easily be embedded into LL As a test for efficiency, we
use the benchmark formulas of [2] f&IT andS, with an appropriate translation into CL This
results are compared to the results for existing proverSfandKT already present in the LWB.

Figures 13.1 and 13.2 show the maximal type of formula that could be proven in less than 100
seconds. As can be seen, the prover for Lik generally somewhat slower than the existing

12 thus the formulas used in the axioms don’t show up in the printing of the used formulas. Furthermore, in the given
example, no used formulas are shown at all, because two splitting rules follow each other, and each branch of a
splitting rule uses a new set of used formulas.
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Cr<>; |;; ="GA&B) <>GA&GHB";; |; [9]
Sr<>; |;; =);"GA&B) <>GA&GB; |: [29]
CkG ; |"GMA&B)",; =;; |; [39]1
Deleting History for G (A & B)
Cl-& ;A&B|I"A&BY; =, |: [9]
Clvar ; A& B |"A%: =) | [9)]
Clvar ; A&B | "B A, ; =);:;: |;: [23]
Crr& ;A&B|A B, ; ="GA&GB",; |; [3]
Sr-& A&B|A B;; 3:"GA&GB" |; [3]
Cr-G ;A&B|A B ; ="GA;; |: [23]
Br-G A&B|AB;; =);;"GA|; [3]
Cl& ;A&B|"A&B%; =) | [9]
Clvar ; A& B | ™A ; =) |: [3]
Clvar ; A& B | "B A ; = |: [9]
Crvar ; A&B | A B;; = "A%; |; [=)] (axiom)
(axiom)
Cr-G ;A&B|A B ; =)"GB . [3]
Br-G ;A&B|AB; =);;"GB|; [29]
Cl-& ;A&B]|"A&B" =) . [3)]
Clvar ; A & B | "A"; = | [ =) ]
Clvar ; A& B | "B", A, ; = [ [=3)]
Crvar ; A & B | A B =) "B |5 [ =) 1] (axiom)
(axiom)
(axiom)
CrG ; |;; = "GMA&B)"; | [ 3]
Cl& ; |"GA&GB",; =;:;GMA&B]|; [3]
C-G ; | "G A, ; =) GA&B[; [39]
Deleting History for G A
Clvar ; A|"A%; =), G A&B) | [3)]
CkG ;A|"GBYA; 3),;:GMA&B)]|; [3]
Deleting History for G B
Clvar ; A, B| "B A, ; =);; G (A &B)| [ 3]
B-G ;A B|AB;; =);;"G(A&B)| [=) 1]
Clvar ; A, B| A% =) | [9]
Clvar ; A, B | "B A;; =) :: |: [3]
Cr& ;A B|A B ; ="A&B%; |; [3)] (axiom)
(axiom)
(axiom)
true

Table 13.8: Infolevel output for the proof 6{ A A B) < (GA A GB)
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Comparsion of KT and LL™

1000

100

1
kt Kt
kt45p | kt45n | branch | branch k”:)“"‘ k‘i”m ktgrzp|Kktgrzn [ktmdp|ktmdn k“:‘h k“:’"‘ ktphp | ktphn |kt poly p|kt poly n|kt tdp p | kt t4p n
p n
ekt | o 7 14 10 17 13 15 | 391 | 30 5 12 10 6 13| 22 2 7 7
B[ 56 48 8 9 5 301 9 364 | 12 7 4 6 5 6 45 17 | 46 71

Figure 13.1: Comparison of benchmark formulas betw&€€&rand LL~

Comparsion of S;and LL”

1000

ms4
mLL-

s4 s4 . f
4 45 p|s4 45 n|branch |branch | 4 9 | 4 012 | s4ipc | sd ipc | s4 md | s4 md |sd pathisd pathl oLy o nloa o5 olsa 55 n| 5419 | S414p
p n p n P n p n [ n p n
[sa [ 27 [ 14 [ 14 [ 10 [ 12 [390 | 53 | 8 | 21 7 8 6 6 | 12 | 8 | 10 | 30 | 23
m-| 8 9 9 9 7 |35 | 7 7 10 | 7 4 6 5 6 4 | 10 | 24 | 26

Formel

Figure 13.2: Comparison of benchmark formulas betwi&esand LL™
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Formula CPC LLH CPC sorted LLH sorted
pigeonhole(2) 0.01s 0.00s 0.00 0.00
pigeonhole(3) 0.00s 0.01s 0.01s 0.01s
pigeonhole(4) 0.04s 0.19s 0.18s 0.30s
pigeonhole(5) 0.72s 3.72s 1.97s 1.35s
pigeonhole(6) 1507s 1m26.23s 6m54.37s 5m40.20s

Table 13.9: Comparison of pigeonhole formulas

algorithms, but not in all cases. Further analysis, using classical formulas help to find out where
the time is lost. Figure 13.9 shows the execution time for some pigeonhole formulas. While the
classical prover is always much faster than the one for,lthis changes when the formula is
specially sorted. In that case, the classical prover uses much more time. While the prover for LL
also requires more time, it is now faster than the classical one. The reason for this behavior lies in
the fact, that the implementation for CLuses STL sets to store formulas. These sets internally
sort their elements, thus sorting is always done and thus not dependent on the sequence of the
input formula. This sorting uses quite a lot of computation time, but can sometimes improve the
speed as well.

The object oriented prover could be much improved if the sorting used for the sets could either
be improved in speed or could be heuristically changed to always prove formulas with the most
chance of success first. Unfortunately, this cannot be implemented by adjusting the STL provided
set class. Instead, a complete new class for sets must be implemented.
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