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Abstract

When designing software, programmers usually think in terms of modules that are represented as
functions and classes. But with existing configuration management systems, programmers have to
deal with versions and configurations that are organized by files and directories. This is inconve-
nient and error-prone, since there is a gap between handling source code and managing configura-
tions.

In this thesis we present a framework for programming environments that handles config-
uration management directly in terms of functions and classes in the source code. We define the
operations required for this purpose, study their semantics, and find a general strategy to support
them. We show that our framework can handle a large module as a single unit, and argue that this
ability can simplify configuration management issues in software reuse, cooperative program-
ming, and software maintenance. We also present a formal model developed to serve as the foun-
dation of our framework and a prototype environment used to verify our ideas.

Our framework is centered around a set of objects. Each of those objects represents a
function or a class in the source code and contains all the necessary data and operations to build
object code and control versions of the function or class it is representing. Dependencies among
functions and classes are described by links between objects, and high-level configuration man-
agement tasks are carried out by invoking the operations of individual objects. In contrast, most
existing configuration management systems describe the relations between software components
with separate scripts and carry out their functions with a set of tools that sit on top of a passive

database or file system.
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Chapter 1

Introduction

Although programmers usually think in terms of functions and classes when designing software,
existing programming environments do not allow their users to haodfgguration management
directly with functions and classes. Configuration management activitieseli&®n controland

system buildingare usually organized by files and directories. When controlling versions, pro-
grammers deal with versions of files and versions of directories. When describing the system
building process, programmers specify the dependencies between source files and object files.
This is inconvenient and error-prone. Many attractive properties supported by functions and
classes, like abstraction and encapsulation, are unavailable in configuration management. Besides,
since source code and configuration management are decomposed into two different structures,
programmers have to maintain the mapping between them.

In this thesis we present a framework for programming environments that handles config-
uration management directly in terms of functions and classes in the source code. We define the
operations required for this purpose, study their semantics, and find a general strategy to support
them. We show that our framework can handle a large module as a single unit, and argue that this
ability can simplify configuration management issues in software reuse, cooperative program-
ming, and software maintenance. We also describe a prototype environment we have implemented
to verify our ideas.

Our framework is based on a model with unified support for system building and version
control. This model is centered around a set of objects that represent functions and classes. Most
activities are carried out by the operations of these objects. In contrast, most existing configuration
management systems carry out their functions with a set of tools that sit on top of a passive data-

base or file system.
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Our framework has a strong object-oriented flavor, but it is not limited to supporting
object-oriented programming. Any programming language that supports separate compilation can
fit into our framework. Currently, we are focusing on supporting C and C++, though our frame-

work can also handle languages like Modula-2, Modula-3, Ada, and Pascal without major modifi-

Elljgscstie?sns Eiilr%%tories
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o< Procedures
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cation.

Figure 1-1: From CM with files and directories to CM with logical structures

There are limitations to our approach, though. Since the operations of our framework are
defined in terms of functions and classes, they cannot properly handle documents generated before
a project is decomposed into functions and classes. Our environment is designed to support config-
uration management in software design, implementation, and maintenance, but not activities like
requirement specifications and feasibility studies. Also, our framework is aimed to support the
development of new programs. It cannot manage existing code without some significant transfor-
mation.

Our framework addresses some issues that are not traditionally dealt with by configuration
management systems, like software design and editing. However, it still does not constitute a full-
fledged programming environment. Facilities for debugging and run-time analysis can be inte-

grated with our framework but are not discussed in this thesis.

1.1 Configuration Management

A typical software system consists of a large and diverse collections of components. These

components include source code, binary code, specifications, documentation, etc. Some of these
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components are shipped to customers as the final product, and others are used only by the develop-
ers. During the development process, different versions of these components may be generated.
The specific version of each component from which a given version of the final product is built is
called theconfigurationof that version of the final product.

Configuration manageme(€M) is the discipline of controlling the evolution of software
systems [50]. It is the art of identifying, organizing, and controlling changes made to a software
system developed by a programming team. Its goal is to maximize productivity and quality in soft-
ware development and maintenance.

Among the activities of configuration managemegystem buildingandversion control
play central roles. System building is the process of combining the components of a system into
the final product. As illustrated in Figure 1-2, if we have a C program that consists of a main func-
tion and two module8 andB: the main function is kept in fil.c, the interface and implementa-
tion of A are kept in file\.h andA.c, and the interface and implementatiorBodire kept in files
B.h andB.c respectively. In order to generate an executable program from these source files, we
have to compil&.c, B.c, andM.c into object files and then link the object files. If any source file is
modified, we have to recompile the “.c” files that are affected and link all the object files again. For
example, ifA.c andM.c both include the header fik.h andA.h is modified, then we have to

recompile both oA.candM.c and link the object files again.

Figure 1-2: Building the executable program of a software system
The system-building process has been automated by tools like MAKE [32]. In the exam-
ple above, we can describe the dependencies between source filegkiefite After changes are
made to source files, MAKE will decide which object files are out of date according to the make-
file, and issue necessary compilation and linking commands to generate a new executable pro-

gram.
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Version control is the process of managing versions of software components created dur-
ing the software engineering process. In the example above, we may want to create a version of
A.cand put it aside before making some major changes, so that we can revert to that version in the
future if the changes fail to work. We may also want to create versiohg tiat use different
algorithms, deal with different operating systems, or meet different requirements.

The version-control process has been automated by tools like SCCS [72] and RCS [82],
which support mechanisms to store, retrieve, and identify versions of files. Those tools also reduce
their space consumption by storing only the differences between versions.

A good support for version control and system building is vital to software reuse, cooper-
ative programming, and software maintenance. When reusing a large module, programmer should
be able to select a specific version of that module and utilize the existing system building process
for that module. When software is developed cooperatively by multiple programmers, program-
mers should be able to use different versions of a module simultaneously, so that interference and
conflictions among colleague programmers can be avoided. When maintaining a software system,
programmers should be able to access old versions of the system and rebuild them easily.

A broader definition of configuration management may also ingumtss management
which is concerned with the enforcement of a specific software development policy. For example,
a configuration management tool might insure that a change request had been approved before
allowing the code actually to be changed. A configuration management tool might also generate
reports about the current status of a software development project. These activities usually rely on
the more basic configuration management mechanisms like system building and version control.

However, we do not cover them in this thesis.

1.2 The Problem

Although existing configuration management systems support rich and diverse functions
for system building and version control, they are similar in that their mechanisms are mostly
defined in terms of files and directories. An obvious limitation to handling version control in terms
of files and directories is that we cannot have versions of subfile entities like functions and classes.
But a more important problem is that we cannot handle the versions of high-level functions and
classes with simple operations.

Suppose we are developing a C program using a version control tool that supports ver-

sions of files and versions of directories, and we want to keep the current status of a Fuirction
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this program. An easy solution to this problem is to create a version of the file that cBntains
However, a version of the containing file does not guarantee a fixed st&uSinfeF may use
functions in other files, we have to create versions of the files-tapends on. Then since the
filesF depends on may depend on other files, we have to create versions of those files too. Further-
more, since different versions Bfmay use different functions and thus depend on different files,

we have to create versions of the makefiles that mahage the file$ depends on. At the same

time, since there are multiple versions of each source file and makefile, we have to tag them prop-
erly so we know which version & maps to which versions of source files and makefiles. If we

use mismatched versions of files, the result will be unpredictable.

Determining which filed= depends on is not trivial, especially whieris a high-level
function that directly or indirectly uses many lower-level functions. The Fildepends on may
scattered in multiple directories. If we miss a file thactually depends on, then the behavior of
F may change when we revert to an earlier version. A safe bet is to create versions for all the files
F maypossiblydepends on. But this is usually overkill. Starting with the intention of keeping the
current status of a single function, we may end up in creating a version of the whole directory or
even the whole project, which contains many functionsRides not use.

The major problem with handling system building in terms of files is that the dependen-
cies among files seldom match the decomposition structures of functions and classes. Understand-
ing and maintaining the mapping between these two structures is usually difficult and tedious.

Since MAKE and its descendents are the most popular system building tools in existing
environments, let us take it as an example. A typical makefile describes the dependencies between
files as a three-layer directed acyclic graph (DAG), in which a set of executables depend on a set
of object files and the object files depend on a set of source files. This DAG of dependencies is
very shallow, and apparently cannot reflect the logical structure of a source program with more
levels of decomposition. For large projects, we can combine object files into library files before
linking them into the executables, and thus create more levels in this hierarchy. However, unless
we create a library for all major functions and classes and use many levels of libraries of libraries,
this structure still cannot faithfully reflect the true structure of the source code.

The situation is even worse when we are developing large programs that use multiple
makefiles. Since makefiles lack formal communication channels like parameters and return values,
the exchange of information between makefiles can only rely on implicit protocols. If we have a

makefile A that uses the result of another makeilethen the author of\ has to know which
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object files are generated By If we add, rename, or delete a file from the module managBd by
then makefiléA has to be modified carefully. Since the mapping between the source code and the
dependencies described in makefiles is not trivial, this modification may be difficult. Also, if we
have another makefilg that relies on the result of makeffe then the author df has to know

not only whatA generates but also wHaigenerates.

The major benefit of decomposing a program into modules that consist of functions and
classes is the separation of concern. A function or a class encapsulates its internal complexities, so
that its clients can deal only with its simplified interface. But as we have shown, this separation of
concern is not available if we handle configuration management in terms of files. We have to know

the internal structure of a function or a class when we are handling its versions and configurations.

1.3 A New Framework

In this research we develop a framework for programming environments that handles con-
figuration management directly in terms of the functions and classes in source code. We achieve
this by representing each function and class as an object, and describing its dependencies on other
functions and classes by a small set of links. We also associate each object with the operations that
build its object code and manage its versions.

In our framework, high-level configuration management tasks are carried out by the oper-
ations of individual objects. For example, if we want to build the object code of a fukctian
can send #&uild message to the object that represéntshe build operation of that object will
build the object code df, and propagate thwiild messages along its links to all objects represent-
ing functions and classes usedmyn this way, we build not only the object code Foibut also
object code for all functions and classes on wkidepends. Similarly, we can create a version of
F by sending @&napshot message to the object representiagrhe snapshot message will be
propagated to objects representing the functions and classes orFvald@pknds, and cause a new
version to be created for each of them. After automatically establishing proper links among all
those newly created versions, our framework delivers a new verskowitt a fixed behavior.

Objects in our framework contain all the necessary data and operations to build object
code and control versions of the functions and classes they are representing. There is no need to
write separate scripts (e.g. makefiles) to describe the system building and version control pro-
cesses. We can reuse existing functions and classes by establishing links to the object representing

them, or restructure a program by rearranging the links between objects that represent its functions
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and classes. We can also have multiple programmers working cooperatively on a project by shar-

ing objects representing the functions and classes they create.

1.4 Contributions

The major contribution of this research is the new framework for programming environ-
ments that handles configuration management directly in terms of functions and classes. We argue
that programming environments based on this framework will be easier to use. We formalize our
framework and prove the properties we claim. We also implement a prototype environment to

demonstrate that this framework is practical.

Easier to Use
Our framework handles configurations in terms of functions and classes, instead of files or

directories. Programmers can create and access versions of functions and classes that have smaller
granularity than files. Programmers can also handle versions of high-level functions and classes as
a single unit without considering their internal structures. When specifying the system building
process, programmers describe the logical relations between functions and classes, instead of rela-
tions between source files and object files.

Our framework also hides the low-level operations of configuration management from
programmers. In the system building process, object code is handled automatically. Programmers
do not have to know what object files are generated and where they are located. When managing
versions, programmers can use old versions of programs directly. There is no need to create sepa-
rate directories (or workspaces) and issue check-out and check-in commands.

With better support for system building and version control, we proceed to argue that our
framework can make cooperative programming, software reuse, and software maintenance easier.
Programmers in a programming team can divide their work according to the logical structure of
their projects, like functions and classes, instead of the physical structures like files and directo-
ries. Programmers can reuse high-level functions and classes from existing projects with simple
operations. Programmers can also rearrange the relations between functions and classes without
causing problems in the existing system building and version control processes. All these abilities
are demonstrated with an example that contains a series of operations to be carried out in the soft-
ware-development process. We also systematically compare the features of our framework and

other configuration management systems.
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The use of our framework is further simplified by the use of graphical user interfaces. In
our prototype environment POEM, programmers can browse and modify the structure of programs
through a graphical editor. The implementation of such a graphical user interface is greatly simpli-
fied by the object-oriented nature of our framework. Objects that represent functions and classes
can be mapped directly to icons, and relations between them can be mapped directly to edges.
Users of our graphical interface are interacting withréa structureof programs instead of the
artificial views The distance between programmers and software is shorter and there is less map-

ping information to be maintained by the system.

A Unified Model

Our framework is based on a unified model that integrates mechanisms for both system
building and version control. It is not just a set of fragmental solutions, and it is not just a better
user interface to existing tools. We show that our model can be formalized and that from the for-
malization we can derive several useful properties.

A major advantage of our model is that it can solve various problems more naturally.
Some existing programming environments have mechanisms to solve problems like automatic
object-code handling, sharing object code between programmers, visualization of programs, and
customization of programming environment. But most of those solutions rely on expensive data-

bases and algorithms. In our model, these problems can be handled with simple mechanisms.

Practical
To verify our ideas, we implemented a prototype environment called POEM that allows

multiple programmers to develop software cooperatively over a local area network. It supplies a
graphical user interface that enables programmers to modify the structures of programs directly,
and an interpretive object-oriented language that allows programmers to program POEM itself.

POEM is an open and extensible environment. It uses existing compilers, linkers, and edi-
tors, but is not bound to specific programming languages or tools. Using the script language we
provide, programmers can incorporate new tools into POEM or customize POEM to meet their
special needs.

The implementation of POEM involves about 8,000 lines of C++ code on top of Motif,
ObjectStore [49], YACC, and LEX, and about 1,000 lines of code in the script language of POEM.

Considering the rich functionality POEM supplies, the implementation is rather easy. This is pos-



1.5. Thesis Outline 9

sible because our model is rather simple and because we utilize many existing tools.

In our preliminary test, the performance of POEM is more than satisfactory. We have
developed several test programs and a part of POEM itself under POEM. Because most of its oper-
ations are described in a interpretive language, POEM is slow on basic operations like deciding
whether a piece of source code has been modified. But since programmers can carry out complex

tasks with fewer operations, POEM may save time and effort for programmers.

1.5 Thesis Outline

In the next chapter, we review previous work in related disciplines. We discuss software
configuration management systems, programming environments using object-oriented technolo-
gies, cooperative programming techniques, generic environments, and efforts to organize software
artifacts in a programming environment.

In Chapter 3, we present a tour through the interactive environment of our prototype sys-
tem, POEM. Here we discuss not how tasks are carried out internally, but rather how programmers
use the environment to build and manage software systems. We use an example that contains a
series of operations to be carried out in the process of developing a software system, and compare
POEM with other existing configuration management tools.

Chapter 4 describes the basic mechanisms of the POEM model and discusses how these
mechanisms can help in software reuse, cooperative programming, and software maintenance. In
Chapter 5, we gives a formal description of our model and derive some useful properties. Those
properties help us to understand what may happen and what may not in our framework.

Chapter 6 describes the implementation issues. Instead of describing all aspects of the
implementation of POEM, we focus on the general structure, the script language used to define
classes of objects in POEM, and a new technique to improve the performance of version control
systems.

We conclude this thesis in Chapter 7 by summarizing our contributions and listing some
future directions of this research. We also discuss the limitation and drawbacks of our approach

and propose some possible solutions.



10

Chapter 1: Introduction
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Chapter 2
Related Work

This chapter reviews previous and current work that has influenced our research. Since the major
problems addressed by this thesis are in the areas of configuration management, cooperative pro-
gramming, generic environments, and organization of software artifacts, we discuss the important

work in these areas. Additionally, since our approach is centered around objects, we also discuss

other efforts to utilize object-oriented technology in programming environments.

Some of the systems discussed here are very large and have rich sets of features covering
different research areas. Because they are difficult to compare as a whole, we discuss their individ-

ual features in different sections instead of giving general descriptions.

2.1 Configuration Management Systems

MAKE

MAKE [32] and its descendents are the most commonly used system building tools.
MAKE keeps track of the relationships among files of a program, and issues the commands
needed to make the files consistent after changes are made. A program is considered inconsistent if
some of its files are older than the files they depend on. MAKE detects this kind of inconsistency
and makes sure that only the necessary commands are issued when bringing a program up to date.

MAKE has rather weak support for the modulization of makefiles. There is no formal
channel of communication between makefiles. If we want to use multiple makefiles in a large
project, then the passing of arguments has to rely on implicit protocols. The lack of formal argu-
ments also makes the reuse of makefiles more difficult.

MAKE is a file-based system. Users must describe the dependencies between files in a

makefile A makefile usually describes the structure of a program in a three-level directed acyclic
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graph (DAG). Executable files in the top level depend on the object files in the middle level, and
the object files depend on the source files in the bottom level. Since this three-level structure sel-
dom reflect the logical structure of programs, maintaining the integrity between source code and
makefiles is not trivial. To avoid this problem, users can create more hierarchical makefiles by
combining object files into libraries files before linking them into executables. However, handling
libraries in MAKE is cumbersome, and mimicking the structure of an arbitrary program using flat-
structured libraries is difficult.

There are several tools that simplify the writing of makefiles.ifipdicit rules of MAKE
issue appropriate compilation commands according to the file name extension of source files.
IMAKE [16] allows users to specify system models at a higher level by supporting a set of macros
that expand into rules for makefiles. Makedepend [17] parses source programs to generate depen-
dencies used by MAKE. However, these tools simplify only the specification of compilation rules,
not that of the linking rules. Users still have to specify which object files and which libraries
should be linked into a specific executable file. For large systems that contain hundreds of files in
multiple directories, this task is not trivial. Another drawback of makedepend is its performance.
Users of makedepend have to re-parse all the source files every time they add or remove a
“#include” directive, which is quite expensive for large systems. Besides, since the output of
makedepend contains dependencies on system header files that are seldom modified, system build-
ing processes based on the output of makedepend are usually slower than those based on hand-

written makefiles.

SCCS

Source Code Control System (SCCS) [72], one of the earliest tools for version control,
maintains different versions of files without unnecessary code duplication. It controls system
updates by ensuring that no part of the system can be updated by more than one programmer at any
one time. It also records information about who made the change, when and where it was made,

and why.

RCS

The Revision Control System (RCS) [82] automates the storing, retrieval, logging and
identification of revisions and provides selection mechanisms for composing configurations. RCS

retains the best features of SCCS, but offers a simpler user interface, flexible selection rules, inte-
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gration with MAKE and improved identification.

DSEE and ClearCase

Apollo’s Domain Software Engineering Environment (DSEE) [51] provides source code
control, system building management, release control, advice management, task management, and
user-defined dependency tracking with automatic notification. Users of DSEE spetdifyura-
tion threadgthat select components to be used in building a product. The selection can be based on
certain characteristics, equivalencies, or compatibilities. DSEE’s centrdieragtd object pool
holds binary file that can be reused between users. When building a system, it searches the derived
object pool for binary files with exact match before recompiling the source. The major problem
with DSEE is that it is tightly bound to the Apollo DOMAIN architecture, it relies on special sup-
ports from DOMAIN and cannot be ported to other operating systems.

DSEE usesystem model® describe the relationships among the components of a sys-
tem. Since the system model of a large system can become very complex, DSEE provides a way of
structuring the system model as a hierarchy of nested blocks. In this respect, the difference
between a Makefile and a DSEE system model is analogous to the difference between FORTRAN
and a block-structured language like Pascal.

ClearCase [3][4][5] from Atria is a logical successor of DSEE and was developed by the
original developers of DSEE. It supports most of the key facilities of DSEE, but does not rely on
special support from the underlying operating system. It runs on multiple operating systems,
including UNIX and Windows NT, and supports version control for directories. ClearCase also
keeps track of the versions of compiler and run-time libraries used to build a program.

A major difference between ClearCase and DSEE is that ClearCase uses conventional
makefiles instead of proprietary system models. Doing so increases ClearCase’s compatibility

with other existing tools, but also makes the management of system building less organized.

SHAPE

SHAPE [58] integrates a dedicated version control system and a enhanced MAKE pro-
gram on the basis of a common object model. Its object model comprises multiple versions of soft-
ware objects as well as conventional file system objects. The SHAPE approach allows a
sufficiently integrated tool system for engineering software configuration management while

retaining the flexibility of the basic toolbox philosophy. It permits the use of ‘off-the-shelf’ tools,
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e.g. editors or compilers.

The philosophy of SHAPE is similar to DSEE. ¢tnfiguration selection rulesre similar
to the configuration threads in DSEE. But SHAPE does not need special support from the underly-
ing operating system. It also augments the version selection mechanisms with a built-in general
version status modeEach version of file in SHAPE is taggedoasy saved proposedpublished
accessedorfrozen These tags are not only intended to say something about the relative quality of
a particular object version, but also reflect whether an object version is in a developer’s private

experimentation domain or in the project’s official domain.

Adele
Adele [8][9][26][27][28][29][30] is a configuration management system from the Univer-

sity of Grenoble. Its features include version control, system modeling, automatic system building,
workspace, and process support. Adele is intended to serve as the kernel of a software engineering
environment.

The database of Adele is based on the entity-relationship model. Basically, a system is
modeled as a set afterfacesandrealizations An interfaceis_realizedby a set of realizations,
and a realizatiomlepends_orother interfaces. Interfaces, realizations, is_realized relations and
depends_on relations together form an acyclic graph. When building a specific version of the sys-

tem, only one realization is selected for each interface.

NSE and TeamWare
The Network Software Environment (NSE) [21] from Sun Soft uses a database that man-

ages the UNIX directory structure and derived files in addition to the source code. NSE supports
cooperative programming venvironmentshat represent workspaces. Workspaces support nested
transactions with a protocol for merging and updating files between a child and a parent work-
space.

TeamWare [78] is the successor of NSE. It includes graphical tools for version control
(VerTool), workspace and directory management (CodeMgrTool), source file configuration
archiving (FreezePtTool), project build acceleration (PMake), and automatic file merging (File-
Merge). While NSE is based on a proprietary file system, TeamWare relies on standard UNIX util-
ities and services like SCCS and NFS. Development teams that are already using SCCS can

quickly adopt TeamWare.
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NSE and TeamWare are based on a copy-modify-merge philosophy. Programmer do not
lock files to prevent modification by other programmers. Instead, they proceed with their concur-
rent modifications and merge their results later. A problem with this approach is the duplication of
code, source files and object files are duplicated in multiple workspaces even if they are not modi-
fied. Another concern is the merging of files. Since file merging is a difficult problem that cannot

be automated easily, programmers’ intervention is required in most cases.

CVS

CVS [12] is a front end to RCS. It extends the notion of revision control from a collection
of files in a single directory to a hierarchical collection of directions consisting of revision con-
trolled files. CVS keeps a single copy of the master sources called therepository Individual
programmers check out copies of the sources to their own workspace and make modifications
there. Unlike SCCS and RCS, CVS does not use locks to prevent concurrent editing of the same
file. Instead, it uses a copy-modify-merge philosophy similar to that of NSE and TeamWare.

Like NSE and TeamWare, the major problems of CVS are its space consumption and its
dependence on merging mechanisms. CVS does not use any symbolic or hard links to facilitate file
sharing between programmers. If a program is being developdgimgrammerd\ copies of its
source and object code exist in the file system. About file merging, the author of CVS argues that
simultaneous editing of the same file is rare in practice and that most merging conflictions can be

solved easily.

Aide-de-Camp
Aide-de-Camp (ADC) [75] provides an entity-relationship database to store file attributes

and relationship among files, and a set of commands to manage logical changes made on system
configurations. Its operations are centered around the concepainfe setwhich is a logical
change consisting of modifications to a set of files in a software system. Aide-de-Camp differs
from other configuration management systems in that it focuses on the differences between file
versions instead of the files versions themselves.

Users of Aide-de-Camp start a logical change to software systems by creating a new
change set. Aide-de-Camp sets up a local workspace cltroomfor each change set, so that
users working on different change sets will not interfere one another. When the madification is fin-

ished, all files associated with a change set must be checked in at the same time.
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\Vesta
The Vesta configuration management system [14][20][39][52] aims to increase the reus-

ability of system models. It uses a functional language to describe system models, and emphasizes
the modulization and parameterization of system models. However, since the nature of system
building requires lots of parameters for each system building function, and since it is impractical
to supply all these parameters on each call to these functions, VESTA has to introduce a complex

binding mechanism to manage the parameters of system building functions.

Automatic Handling of Derived Objects
Several systems are designed to manage system building at a higher level. Cedar [80] and

DSEE [51] usesource-oriented system modeDerived objects are not directly managed by pro-
grammers, but occasionally users still need to address them indirectly via some functions. In
Vesta, derived objects are passed along as the result of building functions and are not directly man-
aged by users. CaseWare [19] uses an object-oriented build facility that stores the information
about how to build a particular type of object in the object type definition itself, rather than in an

external makefile. Also, the build context information is placed in objects.

Ada Programming Support Environments
In Ada [7], since packages and subprograms are units of source code as well as units for

compilation, the gap between handling system building and managing source code is smaller than
in other languages. In addition, an Ada environment is responsible for deciding which units need
to be recompiled based on the logical relations between them [18]. However, Ada organizes com-
piled packages in libraries, which have flat structures and thus cannot directly capture the relation-
ship between packages and subprograms. Ada also needs additional mechanisms to handle a
mapping between versions of libraries and their elements. CMVC [61] presents one such mecha-

nism.

Version Control in Terms of Objects
Version control in terms of objects is studied in the area of software development environ-

ments as well as in the area of computer-aided design (CAD). Zdonik describes an object-oriented
database system that includes a built-in version control mechanism [92]. PCTE [13][81] supports
an versioned object base for constructing software engineering environments. Katz surveys ver-

sion modeling in engineering databases and proposes a unified framework [45]. The configuration
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thread of DSEE allows programmers to choose versions by specifying version selection rules.

SHAPE and ClearCase also supply similar functionality.

Configuration Management Models and Concepts
Feiler classified the models of configuration management systems into checkout/checkin

model, composition model, long transaction model, and change set model [31]. According to this
classification, SCCS, RCS, and MAKE represent the traditvedkout/checkin modeéh which
repository management and system building are quite independent. DSEE, SHAPE, and Adele use
thecomposition modeDevelopers in these systems describe the components of a system by a file
calledsystem modehnd select the desired version for each component by version selection rules.
NSE and TeamWare use tlmag transaction modelThey support the evolution of systems as a
series of atomic changes. Developers operate on configurations rather than individual components,
and a change is performed in a transaction. Aide-de-Camp (ADC) usesatige set modelt

groups related modifications to different components as a logical change.

Dart analyzed and compared the concepts and functionality supported by different config-
uration management systems [23]. She observed that most concepts in configuration management
can be seen as extensions to, or generalizations of, other concepts. She also noticed that it is hard
to extract clear concepts from existing configuration management systems because there is no

commonality in terminology.

JASON

Wiebe [83] proposed a generic SCM approach that lets users make decisions on the basic
software configuration management (SCM) issues, and thereby tailor the behavior of the generic
SCM system. A mathematical model of the generic SCM approach is supplied, and a particular
generic SCM system called JASON is implemented.

The major advantage of JASON is its flexibility. Users can specify classes of objects and
configurations, families of versions, configuration consistency constraints and build plans. These
specifications act as schemas for software object bases that contain the actual software object
objects and configurations. Thus JASON users control the way in which JASON organizes and
manages software objects.

Although intended to be generic, the JASON model is somewhat biased toward the com-

positional model. JASON directly supports mechanisms like version families, system templates
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and selection rules, which are fundamental in the compositional model but not in the long-transac-
tion model and change set model. JASON does not directly support workspaces and long transac-
tions, which are the basic mechanisms for the long transaction model, or change set, which is the

basic mechanism for the change set model.

2.2 Cooperative Programming

Cooperative programming has been recognized as an important issue in software engi-
neering, but its nature is not yet well understood. MARVEL [6] sets the goal of supporting cooper-
ative programming as to reduce the interference between programmers. It uses forward and
backward chaining of rules to facilitate communication between programmers, and uses a two-
phase locking to detect interference. When detected, interference is resolved according to some
consistency constraints defined in the process model. ConversationBuilder [44] supports collabo-
rative software development with a hypertext system. Coordination is supported according to pro-
tocols specified by users.

A good version control system is a simple, inexpensive but effective tool to help coopera-
tive programming. By using stable versions created by other programmers, a programmer can
avoid interference from other programmers. DSEE gsefiguration threadd¢o help program-
mers select versions of software objects in a cooperative programming environment. ClearCase

and SHAPE also rely on this mechanism.

2.3 Organization of Software Artifacts

The lack of associations between related software artifacts in traditional environments has
long been recognized. A popular approach to this problem is to use hypertext. ISEA [15] automat-
ically creates hyperlinks between program analysis data and hypertext documentation. Kiosk [22]
uses hypertext in selecting reusable software components from software libraries. HyperWeb [33]
uses hypermedia to help programmers on understanding and maintaining software. Conversation-
Builder [44] also uses hypertext to describe shared objects in collaborative software development.
The hypertext approach has the flexibility to establish links between any two arbitrary software
artifacts. However, too many unrestricted links in a software development environment are just
like too many goto statements in a program; they cause navigation problems and increase cogni-
tive overhead. Also, setting hyperlinks directly between fine-grained entities conflicts with the

principle of encapsulation. Modifying one part of a program may invalidate hyperlinks from other
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parts.

FIELD [59][69][70] supports tools that visualize the call graphs, class diagrams, and make
dependencies of a program. It also lets programmers navigate in a program according to the logi-
cal relations among modules. Users can move to a certain module by clicking the mouse on the
corresponding icon. However, they cannot edit the structure of a program by editing these dia-
grams directly. The editor of SMARTsystem [68] supporfitea mechanism that allows users to
hide irrelevant code when editing source files.

Donald Knuth proposed thHigerate programmingapproach to writing more easily under-
stood and maintained programs, and developed an environment called WEB to support his view
[11][48]. In this approach, software is organized for humans, not the computers. A source file in
WEB contains both code in a programming language and documentation in a text-formatting lan-
guage, and is fed to different translators to generate executable code for computer and documents
for humans. Basically, documents and code are decomposed in parallel. A problem with this
approach is that while the generated documents are more readable, authoring the source files is
harder. Also, it is difficult to write programs in this style when we do not have full knowledge

about the problem being solved and have to try different algorithms.

2.4 Generic Environments

On the basis of the observation that different programming projects have different require-
ments on the environment, people have been seeking methods to generate automatically specific
environments from generic ones. Gandalf [38] facilitates semiautomatic generation of a set of
related software-development environments by supplying a generation environment to the design-
ers. An editor generator takes a description of the language that is to be manipulated and produces
as output a syntax-sensitive editor for the language. JASON, as discussed earlier, lets users tailor
the behavior of a generic configuration management system. Garlan [35] proposed a transforma-
tional approach to generating application-specific environments.

Process-centered environments support facilities to generate software environments with
highly customized software process policies. Osterweil argues that software processes are soft-
ware too, and software environments is best viewed as a vehicle for the specification, compilation,
and execution of process programs [66]. Several process-centered environments, including Arca-
dia [79], MARVEL [47], OZ [10], Adele2 [9], and Darwin [60], are built to validate this view.

Our framework shares interests with these process-centered environments in that we want
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to make programming environments themselves programmable. But while most process-centered
environments use imperative or rule-based process programs, our approach has a strong object-
oriented flavor. Also, process-centered environments are designed to cover all stages of the soft-
ware engineering life cycle. In contrast, our framework is focused on the latter stages of software
development. In addition, our framework does not address problems like quality control and

project scheduling.

2.5 Separation of Interface and Implementation

Our framework requires that a class or function be separated into an interface and an
implementation. Separating interface and implementation is commonly accepted as good program-
ming style. Programming languages like Ada, Modula-2, and Modula-3 directly support this idea
at the language level. Parnas suggested using information hiding as the basic criterion to decom-
pose systems into modules, so that software will be more flexible and more comprehensible [67].
Gandalf [38], the first project to apply this notion in programming environments, proposed a mod-
ule concept in which a set of versions implement a single interface. Adele [27] describes the rela-
tion between interfaces and implementations as an AND/OR graph. ISTAR [24]assessatual
approach in which every activity in the software process has the character of a contract. It also

defines formal channels of communication between tasks.

2.6 Programming Environments and Object-Oriented Technologies

Our framework is based on the object-oriented paradigm [85]. Because of the success and
popularity of the object-oriented technology, people have been trying to apply it in building soft-
ware development environments. RPDE [40][65] uses objects to implement internal components
of a programming environment, especially the abstract syntax tree. PCTE [34] supports an object
base as the basis for software development environments. Render and Campbell describe an
object-oriented model of configuration management that represents most software entities as
objects [71]. But objects in that model are rather passive and low-level. Most tools are built on top
of objects instead of implemented as operations of objects. The Attributed File System of SHAPE
enable users to associate attributes with files. Several advanced environments, including Adele
[9][29], MARVEL [47], Darwin [60], and Arcadia [79], use objects for data integration. Cactis
[43] is an object-oriented database designed to support software environments.

Rumbaugh [73] proposed a framework to control the propagation of operations between
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objects. The propagation policy is based on attributes associated with relations. Our framework
also relies on the propagation of operations to handle composite objects. But instead of using the
full power of that rather complicated model, we found that treating all operations equally and

using workareas to control the propagation is sufficient to meet our requirements.

2.7 Program Restructuring

In order to reduce the cost of software maintenance caused by the need to restructure soft-
ware systems with degrading structure, people have been trying to build tools that automatically
restructure software systems while preserving their semantics. Griswold and Notkin [36][37] pre-
sented a set of automatable transformations and studied their impact on structures. They also
described a model to building meaning-preserving restructuring transformations and a tool for
restructuring Scheme programs. Opdyke [64] defines a set of restructuring operations for object-
oriented programs.

Our framework shares interest with these tools in that we want to make software restruc-
turing easier, but we do not try to automate the restructuring of the source code itself. Instead, we
are interested in simplifying the configuration management issues in software restructuring:
whether the restructuring is carried out manually or automatically by a tool, the system building
and version control processes should be restructured accordingly. In this respect, our framework
and these tools can complement each other in simplifying the general problem of software restruc-

turing.
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Chapter 3
A Tour of POEM

This chapter introduces the POEM programming environment. We describe the procedures to cre-
ate programs, to build executable code, and to create and manage versions of software. We also
discuss the scenario to reuse a module, to develop programs cooperatively, and to maintain exist-
ing programs.

The purpose of this chapter is to give readers the general idea of our framework. We
attempt to give readers the “feel” of POEM by simulating a live demonstration. We describe the
features of POEM from a user’s point of view, instead of discussing the internal mechanisms. A
detailed and rigorous discussion of our framework is given in the following chapters. Also, since
POEM has a rich set of functionality, it is not practical to describe them all in this chapter. Some
more advanced features are mentioned in the following chapters, and some less important features
are omitted entirely.

In order to make clear the differences between our framework and existing approaches, we
compare POEM with other configuration management systems in this tour. We choose MAKE
[32] as the basis for comparing system building features, because it is the most commonly used
system building tool in current programming environments. Moreover, most more advanced con-
figuration management systems, like ClearCase [4][5], TeamWare [78] and SHAPE [58], also base
their system building mechanism on MAKE-like tools. For similar reasons, we choose RCS [82]
and SCCS [72] as the basis for comparing version control features. But as there is more variety in
version control mechanisms, we also discuss other advanced systems when they support important
features.

The current implementation of POEM runs on top of the X window system. We assume

that readers are familiar with WIMP (Window-lcon-Menu-Pointer) user interfaces, but specific
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knowledge about the X window system is not required.

3.1 Overview

Figure 3-1 shows a typical screen of POEM. There arenwr&iarea window®n the left
hand side and three editors on the right hand side. The small boxes in the workarea windows are
software unitseach of which represents a function or a class. If we click the mouse button on a
software unit, POEM loads iteterface implementationanddocumentatiorinto the correspond-
ing editors on the right hand side. The interface specifies the resources provided by a software unit.
It is similar to a “.h” file in traditional C/C++ programming environments. The implementation
contains the code that realizes what is specified in its corresponding interface. It is similar to a “.c”
file in traditional C/C++ programming environments. The documentation is the textual description

of a software unit. Programmers can put anything they think appropriate there.
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Figure 3-1: A typical POEM screen
The dotted arrows between software unitsuaes_interface links. A uses_interface link

from software uniiA to software uniB means that the implementationfdtiepends on the inter-
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face ofB. It is analogous to including a “.h” file in a “.c” file in traditional environments. The solid
arrows between software units areses_interface links. At_uses_interface links from software
unit A to software uniB means that the interface Afdepends on the interface Bf It is analo-
gous to including a “.h” file in another “.h” file in traditional environments.

A workarea window supports the functionality of a typical graphical editor. Programmers
can create new software unit boxes, move them around, and draw links between them interac-
tively.

POEM uses existing C and C++ compilers in the UNIX operating system as its back end.
It does not require modification to the syntax of C and C++. But sineséhkeinterface links and
t_uses_interface links already describe the exchanging of definitions between software units, the
“#include” directives should not be used when the corresponding links exist. Using links and
“#include” directives simultaneously is redundant and may cause integrity problems. The current
implementation of POEM does not detect redundant “#include” directives, but users should be

able to add this feature using the script language of POEM, which is discussed in Chapter 6.

3.2 System Building

The example in Figure 3-1 is actually the implementing of POEM under POEM itself. The
main function of POEM is represented as a software unit located near the top of warkakea
call it theroot software unibf our program. To build the executable code of POEM, we select this
software unit by clicking the mouse button on it and chdasklExe under theBuild menu.

POEM tries to compile all the software units whose object code is outdated, and link their object
code into a executable program. If there is some error in the program, POEM shows the error mes-
sage in another window and indicates which software unit caused the problem. Otherwise, we can
run the program by choosimun under theBuild menu.

What POEM does about system building is similar to what MAKE does: it checks the
dependencies between components of a program and compiles only the outdated ones. But there
are three differences. First, we do not have to write a separate makefile. The software units and
their links in the workarea windows work like a graphical makefile and give POEM all the neces-
sary dependency information. Second, we do not have to know the locations of the object code.
The handling of object code is hidden from users. Third, the relations we specified in the workar-
eas are the logical relations between functions and classes, not the compilation and linking depen-

dencies between files. By looking at the graph shown in workarea windows, we can easily get the
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big picture of the general structure of our program.

If we want to build the same example using MAKE, several makefiles are required. We
list those makefiles in Appendix A.

Sometimes we may want to change the compilation options of a class or a function. For
example, we may want to turn on the debugging option of a function, so that the compiler will gen-
erate extra debugging information for it. To do so, we select the software unit that correspond to
the function and choosget_Build_Options under theBuild menu. A dialog box will appear as

shown in Figure 3-2.

O Sebug O Spdiizez
O Frofie O Sizdcl kg
O Spdimizet
Lrter Flags:

Apody fo S0 LAnedy B Subsvsteny | | S ater

Figure 3-2:Set_Build_Flag dialog

After checking the desired options, we can choose eithpply to_SU or
Apply_to_Subsystem at the bottom of this dialog box. If we choo§gply to_SU, then the new
setting affects only the selected software unit. If we che@pdy to Subsystem, then the new
setting will be applied to all the software units that can be reached from the selected software unit
via links. For example, if the root software usiem is selected, then the new setting is applied to
the whole program.

Compared with MAKE and other existing system building tools, setting build options in
POEM is more convenient for two reasons. First, we do not have to remember the flags for every
option. The options listed in the dialog are comprehenkigieal options not physical flags like
compilers.

-xpg.”, and “-xO1.” We can understand what they mean without looking up manuals of the

Second, we can set the parameters in terms of functions and classes. For example, if we
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know that the bottleneck of our program happens in a certain function or class, we can turn on the
optimization flag for that function or class only. We can thus speed up our program without having
to spend extra time optimizing other non-critical functions and classes. In contrast, build parame-
ters in MAKE can only be set in terms of makefiles or make rules. Programmers using MAKE can
change the global variables that define the default build parameters in a makefile. But in this case
all the source files managed by that makefile are affected and MAKE will try to recompile all of
them. Alternatively, programmers can set the options for individual make rules, but in this case we
have to use explicit rules instead of implicit ones, and doing so for each target in a makefile is
laborious and error-prone.

In POEM, if we want to change the compiler being used by our program, we can select the
root software unit of our program and cho8s¢ Compiler under theBuild menu. Another dialog

box will appear, as in Figure 3-3:

& Chont

& SUN OO 30
L gie

£ SUN CC_20

Arpiy #0500 | | Aoy 2o Moduwe | |Cancer

Figure 3-3:Set_Compiler dialog

We can select the compiler we want to use in this dialog, and chppligeto_Subsystem
to apply the new setting to the whole program. We can also chppieto_SuU in this dialog to
set compiler for individual software units, provided that the object code generated by different
compilers is compatible,

After changing the compiler, we need not go back and set the build options again, even if
the new compiler uses different flags for the same option. For example, while SUN compilers use
“-xpg” to turn on the profiling option, GNU compilers use “-pg.” If we set the profiling flag and
then switch from the SUN compiler to the GNU compiler, there is no need to set the profiling
option again. What we set in tBet_Build_Flags dialog are logical options; POEM maps them to

the actual flags before generating the compilation commands.
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In contrast, if we want to switch compilers under MAKE, we have to compare the docu-
mentation of both compilers, find their differences, and then scan all the makefiles to locate the
necessary changes. This procedure is very time-consuming, especially when we are using explicit

make rules.

3.3 Version Control

At the top of workarea B in Figure 3-1, we see a software unit lapetaui. This soft-
ware unit is the C++ class that implements the graphical user interface of POEM. To keep its cur-

rent status, we can select it and cho8sepshot under theVersion menu. The result of this

operation is shown in Figure 3¥n this figure, the black boxes diged versionof software

units that are created by theapshot operation. POEM creates a fixed version for all the modified
software units that can be reached frasamui and links them together in the same ways as in the
current working version. POEM also makes sure that if a software unit is fixed, then all the soft-

ware units it can reach via links are also fixed.
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Figure 3-4: Making a snapshot of a class

Fixed software units are read-only, but they can be used in the same way as other software

1. The workarea in Figure 3-4 looks somewhat different from workarea B in Figure 3-1,
because we have hidden the gray boxes shown in Figure 3-1. The meaning of those
gray boxes is discussed in Section 3.4.
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units. If we click on a fixed software unit, POEM brings up its interface, implementation, and doc-
umentation in the editors. Other software units can also use a fixed software unit by pointing links
to it. There is no need for check-in or check-out operations. POEM uses RCS internally to save
space on fixed software units, but most of those actions are hidden from users.

POEM allows multiple versions of a software unit to reside in the same workarea. There is
no need to create a separate directory or workspace for each version of a project, since operations
on one version of a software unit do not interfere with other versions. In contrast, keeping multiple
versions around in existing configuration management systems is usually more difficult. In RCS
and SCCS, we have to create separate directories for each checked out-version. In ClearCase and
TeamWare, we have to create separate workspaces or views. To access different versions we have
to change directories or switch between workspaces or views.

Version selection in POEM is carried out by setting the destination of links. For example,
if we create a software unit call@genWA and want to use the old versionpokmui in this soft-
ware unit, then we can establish a link fropenWA to the old version gioemui, as illustrated in
Figure 3-5. If we want to use the newer versiopadmui instead, we can simply make the link

point to the newer version pbemui.
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Figure 3-5: Selecting versions of a subsystem
When choosing between versions of a software unit in POEM, we do not have to know

which software units are used by those versions. For example, when we selected the old version of
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poemui in Figure 3-5, we were also implicitly selecting versions for the software units used by the
old version ofpoemui: there was no need to select a version for each software unit used by
poemui. This complies with the software engineering principle of encapsulation, which states that
when using a class or function we should not be concerned with its internal structures.

Now suppose that we want to try an alternative approach to implementing the class
poemui. To do this, we create a new workarea, select the old versipoeoiui in the original
workarea, and choos®evise_Subsystem under thevVersion menu. As illustrated in Figure 3-6, a
version branch of the whole subsystem is created with the same content as the original one. We can

work on this new branch as we did on the original version.
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Figure 3-6: A version branch of the clgegmui

In Figure 3-6, we created a new version branch for every software unit upeentyi. If
we want a new version branch faremui only, we can choosRevise_SU under the/ersion menu
instead. A new version branch mfemui is created with its links pointing to the same versions of
software units used by the original versiorpoémui. Besides, although we created the new ver-
sion branch in a separate workarea in Figure 3-6, POEM also allows us to create the version
branch in the same workarea where the original branch resides. As stated before, POEM allows
multiple versions to reside in the same workarea. The only restriction Retiise_subsystem
andRevise_SU operations is that they can be applied to fixed software units only.

In existing version control tools, files and directories are the units of version control.
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There is no simple mechanisms to create versions of functions and classes. With those tools, if we
want to keep the current status of the classmui, we have to check in the file that contains
poemui and all the files that contain classes or functions us@dédmui. Determining which files

poemui actually depends on is not trivial. If we miss any of them, then the behapiegrodi may

be changed when we revert to this version in the future. On the other hand, if we simply make a
version for all the files thatoemui may possibly use, then we may create versions for some files
thatpoemui does not depend on.

Creating extra versions for files thatemui does not depend on seems harmless, but they
can actually cause trouble when we revert to this versi@oeshui in the future. Using existing
version control tools, we usually associate a label with all the files that are checked in together.
This makes it easier to check them out together in the future. But if we check in some files that
poemui does not depend on, then those files will also be checked out together when we try to
check out the filepoemui depends on. This side effect will cause trouble because we are also

reverting functions and classes that are irrelevappémui to their earlier status.

3.4 Cooperative Programming

Cooperative programming in POEM is based on workareas. In Figure 3-1, we are the
owner of workared, but workareaB is owned by another programmer working on a different
machine. POEM allows a programmer to use other programmers’ workareas as a client.

Software units in one workarea may have links pointing to software units in other workar-
eas. In the workareas in Figure 3-1, the white boxes are locally defined software units; the gray
boxes are actually trehadowsof software units defined in other workareas. For example, the gray
box labeledboemui:1 near the bottom of workareais a shadow of the first version @femui,
which is located at the top of workaaThe shadow boxes are created automatically when users
try to draw a link across the workarea boundaries.

The software unipoemui:1 is a C++ class that uses many other functions and classes.
Some of those functions and classes are defined in other workareas not shown in Figure 3-1. But in
spite of this complexitypoemui:1 is represented as a single shadow box in its client, workarea
When we are using a software unit from another workarea, we can ignore all its internal complex-
ity. Again, this complies with the encapsulation principle in software engineering.

As a client of workare®, we cannot modify its contents, but we can use the software

units it contains by pointing links to them as usual. To reduce interference, programmers are
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advised to use only the older, stable versions of software units developed by other programmers.

Earlier configuration management tools like MAKE and RCS do not have direct support
for cooperative programming. Programmers using those tools in a programming team usually
work in different directories to avoid mutual interference and use separate makefiles to manage
files in their directories. When the development of software in a directory reaches a certain stage,
the owner should check the source files in that directory into a common version repasitory, so that
other programmers can retrieve them from other directories later.

There are two major problems in that approach. First, since MAKE does not support for-
mal parameters and return values, managing the communication between multiple makefiles is dif-
ficult. For instance, to use the clgssemui developed by another programmer, as in our own
example, we have to know the set of object files generated by the makefile that maaagées
Since poemui uses many functions and classes as its submodules, the makefile that manages
poemui may generate many object files; we have to know all those files and specify them in our
own makefile. lfpoemui depends on some libraries, we also have to know those libraries and spec-
ify them in our makefile.

The second problem is the difficulty of updating the software developed by other pro-
grammers. Every so often, a programmer has to check out the latest version of code developed by
other programmers. Knowing which files to check out is important: if we check out mismatched
files, then the status of our program becomes unpredictable. Let us take an example. Suppose that
the main part opoemui and one of its major submodules are developed by two programmers. The
owner of the submodule made some important changes and checked in the files that contain the
submodule, but the owner pbemui has not yet made the necessary changes to incorporate those
changes yet. If we check out the latest version of every file at this moment, then we get the modi-
fied version of the submodule and the versiopoeimui that does not know how to cope with the
new modification. This will definitely cause trouble.

Some more advanced configuration management systems, like DSEE [51], SHAPE, and
ClearCase, have better support for cooperative programming than MAKE and RCS. Users of those
systems can set wyersion selection rule® choose versions of files for their private workspaces.
This makes version selection in large projects much simpler. However, the two problems discussed
above still remain. Since those systems still use MAKE-like tools to handle system building, pro-
grammers have to know the internal structure of modules developed by others. Since the version

selection rules choose versions in terms of files, programmers may still get mismatched files for a
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function or a class if they do not specify their version selection rules carefully. Also, the usefulness
of version selection rules depends on the proper labeling of file versions. As discussed in the previ-
ous section, labeling versions of files is rather tricky in certain cases.

We have neither of those two problems in POEM. When we use a function or a class, we
do not have to know what object files it generates. Similarly, when we select a version of a func-

tion or class, we do not have to select versions for the submodules it uses.

3.5 Software Reuse

In POEM, software libraries are represented as special workareas. Figure 3-7 shows the
workarea for the Motif library. Each software unit in this workarea corresponds to a Motif widget
class or a Motif function. These software units behave just like normal ones. If we click the mouse
on a library software unit, POEM loads its header file into the interface editor and its manual pages

into the documentation editor.
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Figure 3-7: The workarea for the Motif library

To use one of these software units, we can simply establish a link to it; POEM will create
a shadow for the reused library software unit in the client workarea. For example, the shadow
labeledXmRowColumn in workareaA of Figure 3-1 was created when we tried to establish a link
to the software unit in the Motif library. Again, these shadows of library software units behave like
normal ones. We can click the mouse on them to get their interfaces and manuals loaded into the
editors.

In existing environments, reusing a library function or class is more tedious. For example,
to reuse the Motif widget clasénRowColumn, programmers have to locate its archive file (e.g.
[csllib/motif-1.2/libXm.so0.1.2) and its header file (e.g. /cs/include/motif-1.2/Xm/RowColumn.h),

insert the directive “#include <RowColumn.h>" into the source program, and then specify the



34 Chapter 3: A Tour of POEM

paths of the header files and archive file in the makefiles. If the source file tkatRseColumn

is compiled by one makefile but linked into the executable by another makefile, then we have to
put the path of the header files in the first makefile but the path of the archive file in the other. At
the same time, programmers have to locate the corresponding manual pages in some remote direc-
tory (e.g. /cs/data/motif-1.2/man). This is both tedious and error-prone. If there are multiple ver-
sions of the Motif library, then programmers may accidentally get the header file from one version
and the archive file from another version. The manual pages read by programmers may not match
the software either.

A more important advantage of POEM is that we can directly reuse functions and classes
that are not made into a special “library format.” For example, if we want to reuse the class repre-
sented by the software upbdemui, which is defined in workarda of Figure 3-1, we can simply
establish links from our new software unitspiemui. This is shown in Figure 3-8. Although
poemui is not in a library workarea and it depends on many other software units, the reuse can be
accomplished with a single operation. There is no need to copy or modify software units in the

original workarea.
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Figure 3-8: Reusing a class.

Actually, from a user’s point of view there is no difference between a reused software unit
and a locally created one. All software units in a project can be accessed in the same way. We can
follow the links to a reused software unit just like browsing any other software units. If we want to
modify the source code of a reused software unit, we can invokevite operation of the reused
software unit to get a modifiable version. This ability to tailor a reused software unit is important
when we are reusing high-level functions and classes.

In contrast, reusing a function or class that is not made into a special “library format” (e.qg.

a “.a” file or a “.s0” file in UNIX) in a traditional environment is rather difficult. We have to know
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the location of all the object files it generates and all the libraries it uses, and then modify make-
files to incorporate all these object files and library files. If the reused function or class is a high-
level one, it may have many object files generated in different directories and use many libraries.
Consequently, modifying makefiles to incorporate this kind of function or class is especially diffi-
cult.

Since it is difficult to reuse functions and classes that are not made into library archives,
software reuse in existing environments is practical only when the reusable code is made into
library archives. Making large modules into library archives, however, is not trivial and program-

mers seldom do this with their code. As a result, many opportunities for software reuse are missed.

3.6 Software Maintenance

With POEM, we are trying to help software maintenance in three ways. First, we want to
make it easier to understand existing programs. Second, we want to make it easier to retrieve and
use old versions. Third, we want to make it easier to restructure an existing program.

To maintain an existing program, the first step is to understand its general structure.
POEM helps programmers do this by visualizing the relations between classes and functions in its
workarea windows. Functions and classes are represented as software unit boxes and the exchange
of interfaces between them is represented as links. If we are interested in any function or class, we
can click the mouse button on the corresponding software unit to load its interface, implementa-
tion, and documentation into the editors. It does not matter whether the software unit is an active
version, a fixed version, or just a shadow of some other software unit.

In this respect, the workarea windows of POEM are a navigation tool: they support a con-
venient mechanism to let programmers move among functions and classes in a program according
to their logical relationship. In contrast, browsing a certain function or class in traditional environ-
ments involves locating the file that contains the function or class, loading the file into an editor,
and then scrolling to the portion of file that defines it.

Some advanced environments, like FIELD, also support visualization tools that allow pro-
grammers to navigate in programs according to their logical structure. While our idea for this
mechanism originates from FIELD, we made an improvement by allowing programmers to mod-
ify the logical structure of their programs. In FIELD, the diagrams shown in visualization tools are
read-only.

POEM also makes it easy to understand the structural changes between versions. In Figure
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3-9, we have added a new software unit to the current versparofii. We can easily see the dif-

ference between the versions by looking at this diagram.
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Figure 3-9: Changing the structure of a program

There are many other visualizing tools that can help programmers understand the struc-
tures of their software [59][62][41]. POEM differs from them in that the diagrams are not gener-
ated by parsing source programs, and the diagrams can be edited directly.

Using POEM, we do not have to use separate operations, like check-out, to retrieve the old
versions of software. In Figure 3-9, the old versiopaaimui can be used directly. We can browse
its content by clicking the mouse on it, or build its object code by choasiftgunder theBuild
menu. There is no need for check-out operations.

In Figure 3-9, we changed the structure of our program by adding a new software unit to
the current version. But we can build the object code of the new version and the old version as
usual. We can select the new versiopadmui and build its object code by choosiBgild under
the Build menu. Similarly, we can select the old versiorpaémui and build its object code by
choosingBuild under theBuild menu. This is rather simple in POEM. In most other configuration
management tools, however, changing the structure of a program requires extra operations. We
usually have to make a version of the makefile and label it carefully before making the modifica-
tion. When we want to build the old versionpetmui, we have to check out the old version of the

makefile before building its object code. When we want to build the current vergiosnafi, we
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have to make sure that we are using the current version of the makefile. If we do not get the correct

version of makefile, the building will fail.

3.7 Comparison

We conclude this chapter by comparing POEM with several existing configuration man-
agement systems, RCS, MAKE, CVS [12], DSEE, SHAPE, ClearCase, TeamWare and Vesta [52].
RCS and MAKE represent early version control and system building tools. They complement each
other and are usually used together. CVS is a more advanced version control tool based on RCS.
CVS is also paired with MAKE because it does not support system building mechanisms. DSEE is
one of the earliest configuration management systems that integrate supports for version control
and system building. It is commonly considered as the best configuration management system of
the late eighties, and has influenced the design of most later systems. SHAPE is a popular free con-
figuration management toolkit. It follows the philosophy of DSEE but also makes some significant
improvements. ClearCase and TeamWare are two of the most popular commercial configuration
management systems in the current market. ClearCase follows the composition model pioneered
by DSEE; TeamWare follows the long transaction model pioneered by NSE. Vesta, a research sys-
tem from DEC, uses a unique functional model and shares many common goals with our POEM
approach.

The purpose of the following comparison is to argue that a configuration management sys-
tem following the POEM approach is easier to use than existing configuration management sys-
tems. Limited by our resources at a university, the current implementation of POEM supports only
the essential mechanisms and does not have the rich functionality of commercial products. The
implementation of secondary features of POEM is discussed in Chapter 7 as a future direction of
this research. The drawbacks of our approach are also discussed there.

In general, we do not compare the performance of configuration management systems in
terms of speed. Since such systems spend most of their time in compilation and archiving files and
since the tools for those operations are very similar, the differences in speed of configuration man-
agement systems is usually small and can be narrowed by better implementation skills. The only
exception might be the avoidance of unnecessary compilation: a system building tool can save a
lot of time if it can reuse the result of earlier builds.

Since we already discussed the advantages of some of POEM’s features in the previous

sections, we do not reiterate them below. We make explanations only when special features are
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supported by the systems being compared.

3.7.1 System Building
The major advantages of POEM in system building are that it needs no separate makefiles
or system models, it handles object code automatically, and it allows users to change system build-

ing options in terms of functions and classes. This is summarized in Table 3-1.

Description of system Automatic object-code Units of customization
building process handling
RCS/MAKE makefiles No files, makefiles
CVS/MAKE makefiles No files, makefiles
DSEE DSEE system models | Partial (referred indirectly) files, threads
SHAPE shapefiles No files, shapefiles
ClearCase makefiles No files, makefiles
TeamWare makefiles No files, makefiles
Vesta Vesta system models Yes packages
POEM links of software units Yes functions, classes

Table 3-1: System building features

Users of POEM describe the system building processes by setting links between software
units that correspond to the “#include” directives in traditional environments and represent the
logical relationships between functions and classes. Most existing systems use separate makefiles
or variants of makefiles (e.g. shapefiles) to describe the system building process. The only excep-
tions are DSEE and Vesta. DSEE describes the structures of a projectsydterm modehat
contains a set of nested blocks. Vesta uses a set of descriptions (also called systenthrabdels
contain autonomous functions. The system models of DSEE and Vesta are more structural than
makefiles, but they still describe the structures of projects in terms of the compilation and linking
processes instead of the logical relations between modules. And like makefiles, they are written in
languages that are totally different from the source code. Understanding Vesta system models is
especially difficult because of its complicated scoping rules and binding mechanisms.

DSEE and Vesta are also the only two systems other than POEM that support automatic
object-code handling. Users of DSEE sometimes still have to refer to object files indirectly by spe-
cial keywords (e.gxresult and%result_of). Users of Vesta handle the object files implicitly as the
return values of functions.

Users of POEM can change the system building options in terms of functions and classes.
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But most existing systems let their users change system building options in terms of files or make-
files. Users either change the translation options for a single source file or set the default options
for all files managed by a makefile. DSEE allows its users to set translation options for files in a
thread according to rules. For example, the following option rule specifies tizEBuES option
should be used for all reserved elements but not for other elements:

-reserved -use_options DEBUG

Vesta allows its users to set translation options in termaakageswhich contain all the
files managed by a function in the Vesta system models. Since a package usually maps to a func-
tion or a class in the source code, customization of system building processes is more convenient
in Vesta. But as discussed in section 2.1, Vesta relies on very complicated binding rules to manage

the options.

3.7.2 Version Control
The major advantages of POEM in version control is that it handles version creation and
selection in terms of functions and classes, it allows direct access to old versions, and it lets its

users use multiple versions of the same software artifact simultaneously. This is summarized in

Table 3-2.

Units of Units of Method to retrieve Accessing multiple

version creation version selection old versions versions simultaneously
RCS/MAKE files files, Check out Create separate directo-
files with the same label ries, then check-out files
CVS/MAKE | files, directories files, directories, Check out Create separate directo-
files with the same label ries, then check-out files
DSEE files files, files with certain |Set version rules in | Create separate threads
attributes threads and switch between them
SHAPE files files, files with certain Set version Create separate directo-
attributes selection rules | ries, then check-out files

ClearCase | files, directories files, files with certain | Set configuration | Create separate views
attributes rules in config specjand switch between them
TeamWare | files, directories files, Check out Create separate directo-
files with the same label ries, then check-out files
Vesta packages packages Check out Create separate directo-
ries, then check-out files

POEM functions, classes functions, classes (No explicit opera- | (No explicit operation

tion required) required)

Most existing systems manage versions in terms of files and directories. The only excep-

tion is Vesta, which allows its users to create and select versions of packages. DSEE, SHAPE and

Table 3-2: Version control features
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ClearCase let their users select versions of files with selection rules, but they still do not allow ver-
sion selection in terms of functions and classes.

Using POEM, old versions of software units can be accessed directly. But in most existing
systems, retrieving old versions is handled by check-out operations. The exceptions are DSEE,
SHAPE, and ClearCase. We can access old versions in DSEE and ClearCase by setting version
rules inthreadsand configuration rulesn configuration specificationgespectively. DSEE and
ClearCase can creat@ewsof file systems that show only the selected versions. In SHAPE, if we
want to retrieve old versions of files for browsing, then explicit check-out operations are required.
But if the old versions are required for the purpose of system building, then SHAPE retrieves them
automatically according to the user-specified selection rules.

POEM allows multiple versions of the same software unit to exist in the same workarea.
But in other existing systems, only one version of the same software artifact can exist in a direc-
tory or a workspace. There is no exception among the existing systems we list here. We have to

create separate directories, threads, or views if we want to use different versions simultaneously.

3.7.3 Cooperative Programming

The major advantages of POEM in cooperative programming is that it allows program-
mers to share software in terms of functions and classes, it makes the synchronization between
programmers easier, and it makes possible sharing of object code between programmers. This is

summarized in Table 3-3.

Units of sharing Methods to bring updates | Sharing object code

between programmers from colleagues between programmers
RCS/MAKE files check out from repositories No
CVS/MAKE files, directories check out from repositories No
DSEE files, threads /Automatic or change threads Yes
SHAPE files Automatic or change Yes

selection rules
ClearCase files, directories Automatic or change views Yes
TeamWare files “Bring over” from parent No
workspaces

Vesta packages Change system models Yes
POEM functions, classes Set links Yes

Table 3-3: Cooperative programming features

POEM lets programmers in a programming team divide their work in terms of functions

and classes. But in most existing systems, programmers in a programming team deal with files and
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directories generated by their colleagues. The only exception is Vesta, which allows programmers
to share software in terms of packages.

Using POEM, programmers get the new versions of software developed by their col-
leagues by setting links to the new versions of software units. Existing systems use different meth-
ods to synchronize the changes made by colleagues. Using RCS or CVS, programmers make their
changes public by checking in their files and get the changes from their colleagues by checking out
files. Users of TeamWare communicate with each other by synchronizing their private workspaces
with a shared parent workspace. Users of DSEE, SHAPE and ClearCase may set selection rules
that automatically use the most recent versions from their colleagues. This is very convenient but
may cause management problems: versions of files selected by a set of selection rules may be
incompatible, and versions of files used in a system building process may be changed without
being noticed by programmers.

POEM, as well as DSEE, SHAPE, ClearCase, and Vesta, promote the sharing of object
code between programmers. All these systems avoid unnecessary compilations by reusing the
object code generated by other programmers. Since compilations are the most time-consuming
tasks in configuration management, reducing the number of compilations can save a lot of time for

programmers.

3.7.4 Software Reuse
The major advantages of POEM in software reuse is that it allows reuse directly in terms
of functions and classes, it makes reuse of library modules easier, and it simplifies reuse of mod-

ules that are not made into library archives. This is summarized in Table 3-4.
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Units of reuse

Methods to reuse libraries

Methods to reuse software n
made into libraries

ot

RCS/MAKE

files, libraries

Add “#include” directives,
specify include directories and
libraries directories in makefiles

Copy source files and parts of
makefiles, or specify full
path names in new makefiles

CVS/MAKE

files, libraries

Add “#include” directives,
specify include directories and
libraries directories in makefiles

Copy source files and parts of
makefiles, or specify full
path names in new makefiles

DSEE

files, libraries

Add “#include” directives,
specify library names in system
models

Copy source files and parts of
makefiles, or specify full
path names in new makefiles

SHAPE

files, libraries

Add “#include” directives,
specify include directories and
libraries directories in makefiles

Copy source files and parts of
shapefiles, or specify full
path names in new shapefiles

ClearCase

files, libraries

add “#include” directives,
specify include directories and
libraries directories in makefiles

Copy source files and parts of
makefiles, or specify full
path names in new makefiles

TeamWare

files, libraries

Add “#include” directives,
specify include directories and
libraries directories in makefiles

Copy source files and parts of
makefiles, or specify full
path names in new makefiles

Vesta

files, packages

Add import lists in source code,
specify library names in system
models (for Modula 2)

Specify “import” clauses in
system models

POEM

functions, classes

Set links

Set links

Table 3-4: Software reuse features

POEM lets its users reuse software in terms of functions and classes. But users of most
other existing systems have to reuse software in terms of files or libraries. The only exception is
Vesta, which allows software to be reused in terms of packages.

Users of POEM can reuse a function or a class by setting a link to the corresponding soft-
ware unit. It does not matter if the reused function or class is in a library or not. But using other
existing systems, we have to modify makefiles or system models as well as the source code. This
process is especially difficult when the reused software modules are not made into libraries. Again,
the only exception is Vesta, which allows packages to be reused directly without being made into

libraries.

3.7.5 Software Maintenance
The major advantages of POEM in supporting software maintenance is that it allows pro-
grammers to navigate through their programs in terms of the logical structures, and it does not

need extra actions to change the structure of software or to use versions of software with different
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structures. This is summarized in Table 3-5.
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Navigation in programs | Extra actions required to change | Extra actions to use versions o
the structure of software software with different structures|
RCS/MAKE | Changing directories and | Check in makefiles, label versions |[Check out makefiles and source
scrolling files of source files and makefiles files with certain labels
CVS/MAKE | Changing directories and | Check in makefiles, label versions |[Check out makefiles and source
scrolling files of source files and makefiles files with certain labels
DSEE Changing directories and | Create new versions of system |Specify model threads and con-
scrolling files models, label versions of source figuration threads
files and system models
SHAPE | Changing directories and |Check in shapefiles, label versions Check out shapefiles
scrolling files of source files and shapefiles
ClearCase | Changing directories and | Check in makefiles, label versions Specify configuration
scrolling files of source files and makefiles specifications
TeamWare | Changing directories and | Check in makefiles, label versions |Check out makefiles and source
scrolling files of source files and makefiles files with certain labels
Vesta Changing directories and None None
scrolling files
POEM Following links and None None
clicking mouse buttons

Table 3-5: Maintenance features

Using POEM, we can navigate in our programs by following links between software units.
Since the links represent the logical relationships between functions and classes, we can get to the
related functions or classes more easily. This ability is further enhanced by the graphical user
interface of POEM. In contrast, browsing programs in other systems is carried out in terms of
directories and files, which only roughly reflect the logical structure of programs.

Users of POEM and Vesta can change the structures of their programs between versions
without extra actions. But using other systems, users have to create versions of makefiles or sys-
tem models and then label them carefully. If the versions of makefiles and system models are not
labeled properly, then it is very difficult to revert to earlier versions. The labeling of makefiles and
system models is rather tricky because the same version of makefile or system model may map to

many versions of source files.



44

Chapter 3: A Tour of POEM



45

Chapter 4

The Framework

This chapter discusses the conceptual basis of our framework. We describe the basic concepts and
the mechanisms for system building and version control. We discuss how this framework can be
used to support software reuse and cooperative programming. We also describe some advanced

features that can be used to improve the handling of global definitions and version variants.

4.1 Basic Concepts

The model of POEM has four major conceptftware unitssubsystemsvorkareasand
classes of software unité software unit is used to represent a function or a class. A subsystem
consists of all the software units on which a function or a class depends. A workarea contains a set
of closely related software units that are developed by the same programmer. A class defines the
behavior of a certain kind of software unit. In this section, we discuss these basic concepts and

their roles in system building and version control.

4.1.1 Software Units
From a programmer’s point of view, POEM consists of a set of software units that are
interconnected by links. A software unit usually represents a function or a class in C and C++. But
if desired, we can put a set of closely related functions or classes into a single software unit. Indi-
vidual functions and classes in the same software unit, however, cannot be accessed separately.
As illustrated in the inset of Figure 4-1, a software unit contains a datafttributesa
set ofoperations and a set dinks. Data attributes are encapsulated and not directly accessible to
programmers. Operations can be invoked by other software units or directly by programmers.

Links are considered as parts of the software units from which they originate, but can be modified
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directly by programmers. POEM allows its users to define new types of links. But in our experi-

ence, thaises_interface links andt_uses_interface links are all we need to support the basic func-
tions of our framework.

Buld |
Revise

Show Manuals
Set Aftributes
Clean-up
Interface
Implementation
Documentation
(Other data...)

Operations

Data attributes

Workarea P
Workar
orkarea ﬂ
X — (a I|brary)
(a library)

Figure 4-1. The POEM model
The uses_interface links are used to capture the implementation-interface dependencies
between software units. Bses_interface link from a software uniX to another software unit
implies that the implementation Bfdepends on the interface ¥fWhen the implementation of
is being compiled, the interface ¥fwill be included. Figure 4-2 shows the source code of a sim-

ple C++ program and the corresponding representation by software unikseanidterface links.
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main() {

B b_obj; main
} uses_interface uses interface
A / _

CQ;

DO: A

uses_interface

}

interface
class B { uses_inte et
public: / \uses_mte ace
m10 {()} c D

m2() {03}

uses_interface

} uses/interface
uses_interface

CO{ X0 uses_interm;ém

} X Y VA

Figure 4-2: Representing a program with software unitsuaesl interface links

The t_uses_interface® links are used to capture the dependencies between interfaces of
software units. Aises_interface link from a software uniX to another software unttimplies that
the interface oK depends on the interface 6f\Whenever the interface ¥fis included in a com-
pilation, the interface o will automatically be included.

Figure 4-3 shows the source code of another simple C++ program and the corresponding
representation with software units. In this example, the interfaCedepends on the interfaces of
D andE becauseC is a subclass ot and uses a data member of cléssthe interface oD
depends on the interface 6fbecaus® is a subclass df, and the implementation & depends
on the interface o6 becausd has a member functidg::foo() that uses class. If some other
software unit, safA, points auses_interface ort_uses_interface link to C, then the interfaces €,
D, E, andF will all be included wherA is compiled. Notice that the interface Gfwill not be
included because the link betwdemandG is a normalses_interface link and there is no path of

t_uses_interface links fromC to G.

1. T_uses_interface is an abbreviation for “transitively uses interface.”
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Class G {
\
Class F {
Eo
Class E {

int foo(); t—uses—interfaﬁ/\\t_uses_interface
4 o D E

int E::foo()

{
Gvarl; t_uses_interface / \uses_inten‘ace

E G

C

}
Class D : public F {

h

Class C: public E {
D varz;

h

Figure 4-3t uses_interface links

The interfaces o€, D, E, andF are together called theffective interfacef C. They are
interfaces of the software units that can be reached@bmt_uses_interface links. Members of
an effective interface are ordered. Our model guarantees that if theteuses interface link
from X to Y, then the interface of will always appear before the interfaceXoin any effective
interface, provided that there are no cycles o$es_interface links. A proof of this property is
given in the next chapter.

Our model allows cycles afses_interface links but not cycles of uses_interface links.

Cycles oft_uses_interface links implies cyclic dependencies between declarations, which are not

allowed C or C++. In these circumstances, forward declarations should be used to break the

cycles.

The uses_interface andt_uses_interface links capture the relations that are traditionally
represented by the “#include” directives in C and C++usAs_interface link is analogous to
including a “.h” file in a “.c” file under traditional C/C++ programming environments. A
t_uses_interface is analogous to including a “.h” file in another “.h” file.

Whenever possible, we should use normades_interface links instead of
t uses_interface links. A t_uses_interface link represents a stronger bondage between two soft-

ware units. If there is@uses_interface link from X to'Y, then modifications made on the interface
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of Y also change the effective interfaceXgfwhich causes all the software units that ¥ge be
recompiled. In contrast, if the link betweErandY is a normalses_interface link, then we can
change the interface §f or even replac¥ with another software unit, without affecting the effec-
tive interface ofX or causing the recompilation of the clients<of

Theoretically, uses_interface links alone are enough to describe the dependencies
between software units. For example, in Figure 4-4 we have three softwarg, YnéisdZ. X has
auses_interface link pointing toY, andY has a_uses_interface link pointing toZ. If we replace
thet_uses_interface link from Y to Z with a normablses_interface, and add ases_interface link
from X to Z, then each software unit gets the same set of interfdcgsds the interface &, andX
gets the interfaces of bothandZ. With this observation, some earlier configuration management
systems, like GANDALF and ADELE, do not allow users to specify the dependencies between
interfaces. All the dependencies specified in those systems are between interfaces and implemen-

tations.

* uses_interface uses_interface
Y

* Y

uses_interface

t_uses_interface .
uses_interface

Z Z

(a) (b)
Figure 4-4: Specifying dependencies withbuikses_interface links.

The t_uses_interface links, however, can make things easier. When we point a
uses_interface link from X to Y in Figure 4-4(a), we do not have to know that the interfacé of
depends on the interface &fBut in Figure 4-4(b), this dependency is important when weYises
If we forget to point aises_interface link from X to Z, we will not be able to compil success-

fully.

4.1.2 Subsystems
The subsystentesignated by a software uit denoted a$(X),is the set of software

units that can be reached frofvia links. X is called theoot software unibf S(X) A subsystem
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can usually be operated as a single unit by invoking the operations of its root software unit. For
example, invoking théuild operation of a software uni generates the derived objects of the
whole subsyster§(X) not just those of the root software uXit

According to our definition, subsystems may overlap each other. For example, in Figure 4-
2 subsysten$(A)contains software units, C, D, X andY, and subsyster8(B)containsB, Y, and

Z. Y appears in both subsystems.

4.1.3 Workareas

Software units are partitioned into mutually exclusiverkareas Workareas serve two
purposes in our framework. First, they divide the name space of software units into manageable
units. Second, they define the boundaries between programming tasks. Each workarea has an
owner programmer. Only the owner can edit software units in a workarea. The ownership of a
workarea, however, can be transferred between programmers.

Each workarea contains some mutable software units that are under development and
some immutable ones that represent old versions. The mutable ones aractialledersionsthe
immutable ones are calldded versionsUsually, a programmer edits active software units in one
workarea, and accesses fixed software units in other workareas at the same time. Fixed software
units in remote workareas can be accessed directly without check-in or check-out operations.

The concept of workarea is different from the concepivofkspace which is used in
many existing configuration management systems [4][19][21][58][78]. In systems that use work-
spaces, each programmer creates his or her own workspace that copies all the files from a common
workspace. To save space, some of those systems supply mechanisms votoalepies so
that shared files can be logically but not physically duplicated. In our model, workareas are used to
partition the set of software units. Software units are not duplicated either physically or logically.

An advantage of using workareas instead of workspaces is that we can handle the sharing
of software artifacts between programmers more naturally. Two programmers who use the same
version of a subsystem automatically share all the source objects and derived objects of that sub-
system. In DSEE [51] and SHAPE [58], the sharing of derived objects is handled by more compli-

cated mechanisms.
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4.1.4 Classes of Software Units

Different kinds of software units need different data attributes and different implementa-
tion of their operations. For example, some software units used in a C program may contain YACC
code instead of plain C code. These software units need an extra data attribute to store the interme-
diate C code generated by YACC, and different implementation of operations to handle this differ-
ence.

To meet this requirement, we define a setlagsesfor commonly used software units,
like those for C, C++, and YACC. A class defines a set of data attributes and a set of operations.
Users can create new software units as instances of a class. Upon creation, a software unit inherits
all the data attributes and operations from the class from which it is created. Users can also create
new classes of software units using a language called VERSE. The syntax of VERSE is described
in Appendix B, and an example of defining classes with VERSE is given in Appendix C.

A class may inherit from another class. Subclasses of a class inherit the operations and
data attributes of their parent class, and may add new operations and new data attributes. A sub-
class can also redefine the operations that are already defined in its parent class.

Figure 4-5 shows the inheritance relationship among classes of software units in the cur-
rent implementation of POEM. We supply a set of system-defined classes for commonly used soft-
ware units, like those for C and C++. Users can also define their own classes the subclasses of the

system-defined ones.

—___———-—___~

-

P , ~
System-defined N
/ Classes S
\ \
| e
: .
~ — o — \
\ \
1 \
/

XLibUnit

User-defined (GrOUPA_CHUniD

Classes
MaryC++Unit JohnC++Unit

Figure 4-5: Classes of software units
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Inheritance helps us in three ways. First, it facilitates the sharing of code among classes.
Common operations have to be defined only once, instead of duplicated in each class. For
instance, since editing a C program is essentially the same as editing a C++ progeainges-
ation can be defined bevelopingUnit, which is the common parent classCafnit andC++Unit.

Second, inheritance guarantees certain degrees of compatibility among the classes of soft-
ware units. In our framework, we require that all new classes be created as subclasses of existing
ones. A subclass can either inherit or redefine the operations of its parent class, but not hide them.
This insures that the operations defined in a class are available in all the subclasses. For example,
the operations defined in the cla&&sftwareUnit will be available in all software units in POEM,
because&oftwareUnit is the common ancestor of all classes.

Third, inheritance enables users to customize their programming environments incremen-
tally. Users can create subclasses from existing ones and change their behavior incrementally
along the inheritance chain. Since our framework carries out most of its tasks by invoking the
operations of individual software units, changing the operations of software units has the effect of
customizing the whole environment. Users can augment their environment by adding new opera-
tions to classes, or change the behavior of their environments by redefining existing operations.
For example, a programing team can create a subclass of the system-defined+tlagssuch
asGroupA_C++Unit in Figure 4-5, and change the default compiler of the new subclass. Individual
member of the programming team can then create personal subclasses from the team’s class, and

further customize the behavior of these subclasses to meet their own requirements.

4.2 System Building

With our framework, we want to achieve three major goals in handling system building.
First, we want to simplify the specification of the system building process. After establishing the
links among software units, programmers should be able to generate the executable of a program
without writing a separate makefile. Second, we want to free programmers from manipulating
object code. The identification of object files and libraries should be handled automatically, so that
programmers can use a large subsystem without knowing what derived objects it generates. Lastly,
we want to let programmers customize the system building process in terms of subsystems. For
example, programmers should be able to turn on the debugging flag of a subsystem with a single
action, no matter how many software units it contains.

System building in our environment is handled bythiel operations of software units.
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To generate the executable of a program rooted at softwar¥, yritgrammers invoke thauild
operation ofX. If the building is successful, then the executable file is returned as the result of the
build operation. If the building fails, then the error messages are associated with the software units
containing the erroneous code. Programmers can also build the object code of individual sub-
systems by invoking thieuild operations of their root software units.

Internally, this system building process is carried out collaboratively biguiheopera-
tions of all software units in a subsystem. Each software unit compiles its source code if its object
code is outdated, propagates Huild message along its links, and then collects the object code
from the subsystems it uses. As illustrated in Figure 4-6, the propagatiiidofmessages is

essentially a depth-first traversal of the graph formed by software units and their links.

Interface
Object co
Libraries

Interface

Interface

E)_gjec_t co Object code
ibraries Libraries
Z <

Figure 4-6: The system building process
During the system building process, software artifacts are passed alasgsheterface
links andt_uses_interface links. When compiling, a software unit gets the interfaces of its sub-
modules along its links. In the linking stage, object code and libraries are also passed upstream
along the links. This flow of software artifacts is illustrated in the inset in Figure 4-6.
An important problem we have to deal with is the cycles formed by links. Cycles of links
are sometimes unavoidable when software units are mutually dependent, but may cause infinite

loops in the propagation alild messages. One way to avoid this problem is to pass the set of
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software units already visited in the propagation as an argument tiaittheperation. Théuild
operation is propagated only to those software units that are not yet in the set.

The default parameters used to build the derived objects of a software unit are stored in
each software unit, including the compiler and compilation flags being used. Programmers can
change these parameters by invokingstteattributes operations of a software unit. For example,
programmers can request a software unit to put debugging information in its object code by turn-
ing on its debugging flag. By default, thet_attributes messages are propagated along links until
they hit the workarea boundaries, so that the same setting takes effect on all the high-level soft-
ware units of the subsystem. This propagation can be prohibited when programmers want to con-

fine the effects of the new setting to the root software unit.

4.3 Version Control

Our version control system has two major goals. First, we want to provide facilities that let
programmers create, select, and use versions in terms of subsystems. Second, we want to simplify
access to old versions while still minimizing the space they occupy.

In terms of version control, we classify software units fited versiong@ndactive ver-
sions A fixed version is an immutable copy; an active version is a writable working copy. An
active version provides snapshobperation that generates an fixed version as its predecessor. A
fixed version provides geviseoperation that creates a new active version as its successor. In the
beginning, every new software unit is created as an active version. By repeatedly applying
shot andrevise operations, we can create a version history tree for each software unit, as illus-

trated in Figure 4-7.
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\_ Version 1.1 J
* Snapshot Version 1.1
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Figure 4-7: Version control of a single software unit

In our framework, invoking thenapshot operation orevise operation on a software unit
X affects the whole subsysteé®(X) When thesnapshot operation is invoked, our framework gen-
erates fixed versions for all the modified software uniS(i)and connects them together in the
same way as in the original version. When tiése operation of an active software unit is
invoked, our framework creates a subsystem that contains active software units in the local
workarea and fixed software unit in remote workareas. The revise operation does not create active
versions for software units in remote workareas because remote workareas are usually owned by
other programmers and usually we do not want to directly modify code owned by others.

Figure 4-8 shows the effect of applyirgyise andsnapshot operations to a subsystem.
Notice that, since we do not modi§/andX in Figure 4-8(c), no new snhapshots are created for
them in Figure 4-8(d). However, althouBhs not directly modified either, a new snapshdd aé

created because it uses a modified version of
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Figure 4-8: Version control of a subsystem

In our framework, a fixed software unit designates a fixed subsystem. We insure that if a
software uniX is fixed, then all the software units®iX)are also fixed. With this property we can
guarantee that, given the same argumehdild operationsS(X)always generates the same object
code.

Like the system building process, tlegise andsnapshot operations on a subsystem are
carried out by the collaboration of individual software units. When revising a subsystem, the
revise message is propagated along the link until it hits the boundaries of a workarea. Each soft-
ware unit then uses its owevise operation to process its data attributes. Srteshot operation
on a subsystem is carried out similarly by propagatingrihpshot message.

The way in which our model handles composite objects is similar to that of PCTE
[13][34]. But there are two major differences. First, while all the attributesstdilde object in
PCTE are immutable, a fixed software unit in our framework may modify its attributes internally.
For example, it may delete its object code and compress its source objects to save space. The only
requirement is that each fixed software unit should keep enough information so that the same
object code can be regenerated. Second, instead of using the same predefined operations for all
objects, we allow different software units to have different implementation of réwide and
snapshot operations. This is necessary because different classes of software units may have differ-
ent data attributes.

In our framework, versions are selected in terms of subsystems. When we make a
uses_interface ort_uses_interface link to a certain version of software uiitwe are also choos-

ing a certain version &(X) We do not have to know which versions of software B con-
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tains or whether different versions ®fX)use different sets of software units.

Compared with DSEE and SHAPE, version selection in our framework is more hierarchi-
cal. The selection of versions is in terms of subsystems instead of files, and each software unit
hides the selections of its subsystems from its parent software unit. In DSEE and SHAPE, versions
of files are selected bselection rulesSelection rules may choose files that are not compatible,
since the reliability of two separate files does not imply that their combination is also reliable.
While this problem is less likely to arise in our framework, we have to insure that only one version
of a software unit is used by a version of a subsystem. For example, in Figure 4-9 two versions of
D are used in the same version of subsysiK) We say thaB(X)is versionally inconsistent
Versional inconsistency causes problems in system building. Either the linker will complain about
the redundancy, or a version of the trouble-making software unit will be selected randomly. A pos-
sible solution to this problem is to detect these conflicts during the system building process and let

users set some rules to resolve them.

version 2 BB .
version 1

Figure 4-9: A versionally inconsistent subsystem

In fact, the problem of versional inconsistency is not caused by our framework. Our
framework only makes it obvious. If we develop the subsystem of Figure 4-9 in DSEE or SHAPE,
we may develop and teGtwith the old version oD, and develop and teBtwith the new version
of D. Although the selection rules of DSEE and SHAPE may insure that only one verBias of
selected when we build, selecting either version &f still may cause trouble ig or C.

Our framework also aims to simplify the access to old versions while reducing the space
they occupy. Old versions in our framework are effectively immutable, but we allow the imple-
mentation to change them as long as the changes do not result in information loss. To save space, a

software unit may delete its derived objects and check in its source codsnapitisot operation.
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We require that all these space conserving actions be hidden from users, so that a fixed version can
be accessed in the same way as an active version. For example, if a fixed software unit checked in
all of its source code into some version repository, then whesdiit®peration is invoked, it

should check out its source code internally before loading the code into editors. We also require
that thesnapshot operation not change the semantics of a subsystem. A fixed subsystem should
keep enough information so that it can regenerate the same derived objects.

Since a fixed software unit may check out its source objects and regenerate its derived
objects internally, we need an operation to remove these objects when the fixed software unit is no
longer used. We definedkean-up operation for this purpose. éean-up operation reduces the
space occupied by a subsystem without affecting its behavior. Again, we propagddartiup
messages along links, and let individual software units decide what to do with their data attributes.
Theclean-up operation may be invoked either explicitly by programmers or internally by the sys-
tem. When a workarea is short of disk space, it may invokeldhe-up operations of its least-

recently-used software units.

4.4 Software Reuse

The ability to handle a large module as a single unit simplifies incorporating reusable
modules into new projects. It makes the reuse of library modules easier. It also helps in reusing
modules that are not made into libraries.

In existing environments, reusable software is usually represented as libraries. To reuse a
library module, programmers have to locate its archive file and its header file and then modify the
description of the system building process (e.g. a makefile). At the same time, they need to locate
the corresponding manual pages in some remote directory. This is both tedious and error-prone. If
there are multiple versions of the same library, then programmers may accidentally get the header
file from one version and the archive file from another version. The manual pages read by pro-
grammers may not match the software either.

In our framework, we represent library functions and classes as software units that have
different internal structures but bear the same interface as other software units. To reuse one such
software unit, programmers can simply establish a link to it. With this single action, its header file,
archive file, and manual pages are all incorporated into the new project. It also guarantees that all
these components come from the same version.

Another problem with existing environments is that software modules can be reused easily
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only when they are made into library archive (e.g. “.a” files and “.so” files in UNIX). Since mak-
ing large modules into library archives is not trivial, programmers seldom do this with their code.
As a result, many chances for software reuse are missed. In our framework, functions and classes
can be reused directly without being made into a special library format. Because we designate
each subsystem by a single root software unit regardless of its internal complexity, a large sub-
system can be used in the same way as a library software unit.

Let us take an example. As illustrated in Figure 4-10(a), if we have a new softwdte unit
that wants to reuse the subsystem rooted at softward,uni can simply point a link frorg to
A. With this single operation, the reuser gets not only the object code of the reused suB&ktem
but also its source code, manual pages, version history, and the operations to handle it. Besides, it
does not matter & andA reside in different workareas orAfuses software units defined in other
workareas. In contrast, if we want to reuse a module that is not made into a library archive in a tra-
ditional environment, we have to know the location of all the object files it generates and all the

libraries it uses. Modifying makefiles to incorporate a large module is usually difficult.

Figure 4-10: Reusing a subsystem
Our framework does not differentiate between a reused module and a locally created one.
All software units in a project are treated the same. We can follow links to a reused module just
like browsing any other modules. If users want to modify the source code of a reused module, they
can invoke theevise operation of the reused module to get a modifiable version. The ability to tai-

lor a reused module is important when we are reusing large modules.

4.5 Cooperative Programming

The major goal of our support for cooperative programming is to let programmers deal
directly with functions and classes, instead of files or individual objects, that are generated by

other programmers. Our framework also enables us to reduce the interference among program-
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mers, and increase the sharing of software artifacts more naturally.

Our scenario for cooperative programming follows the general strategy of DSEE and
SHAPE. Programmers should use the older but more stable versions of code from their colleagues
and work on the newer but experimental versions of their own code. But instead of dealing with
files our framework allows a programmer to choose andsubsystemgenerated by other pro-

grammers.

Figure 4-11: Cooperative programming

Figure 4-11 shows a simple example of cooperative programming. Suppose that a pro-
gramP is cooperatively developed by two programmérandY. ProgrammeX works on sub-
systemS(A) ProgrammelY works on the main program and subsyster8(B) In order to use
S(A) programmely points auses_interface link from software uniP to software unifA. With this
single link, the whole subsyste8{A)is incorporated into the program. Programrie&toes not
have to know which software uni&A)contains or what derived object it will generate. All the
internal complexity o5(A)is hidden from programmeét This is especially helpful whe®(A)is
very large or wheis(A)uses subsystems developed by other programmers.

Workareas can be used to reduce the interference between programmers. As long as we do
not use the active software units defined in other programmers’ workareas, their ongoing work
does not interfere with ours. Workareas, however, do not confine us to isolated spaces. Fixed soft-
ware units defined in other programmers’ workareas can always be accessed directly: no check-out
operation is required and they can be treated just like fixed software units in local work areas. Pro-
grammers can browse them, sdéild messages to them, and create their version successors in
local work areas.

Our framework also handles the sharing of software artifacts among programmers natu-
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rally. If two programmers use the same version of a subsystem, then they will automatically shared
all the source objects and derived objects of that subsystem. For example, since the same version
of subsysten8(D) is used by both programmArand programmeB in Figure 4-11, all its data
attributes will be shared. In systems like DSEE and SHAPE, the sharing of derived objects are
handled by more complicated mechanisms.

In Chapter 6 we will discuss a new technique calleioning by delegatiothat is used
in POEM to improve the management of versions. With that technique, prograXimedy in
the example above also share the attributes of softwarefuaitdC that are not modified in the

new versions.

4.6 Advanced Issues

In the previous sections of this chapter, we have discussed the basic features of our frame-
work. Most programs, even some very complicated ones, can be written with only those features.
However, some advanced features can be added into our framework to simplify certain problems.
We discuss three of these features in this section. This first two let us handle global definitions
more naturally, and the third allows us to select variants of a program more easily.

We also discuss a method that can transform an arbitrary C and C++ program from a tradi-
tional programming environment into our framework. This method is rather simple and efficient.
But since it does not consider the semantics of the software it transforms, the resulting programs
usually do not benefit greatly from our framework. The major reason we discuss this method here

is to show that our framework is flexible enough to handle unstructured programming styles.

4.6.1 Global Definitions andises_globals Links

Global definitions are required when multiple functions or classes want to share informa-
tion. For example, functions in a subsystem may want to share a set of constants, macro defini-
tions, and global variables. Traditional C/C++ programming environments let us handle global
definitions in two ways. We can put the global definitions either in the beginning of a “.c” file and
share them among the classes and functions in that file, or in a separate “.h” file that is included by
multiple “.c” files.

Similar to the second approach in traditional environments, we can handle global defini-
tions in our framework with software units amsks_interface links. As illustrated in Figure 4-12,

if we have three software uniés B, andC that want to share a set of global definitions, we can
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store the global definitions as the interface of a separate softwareA'urdind then set

uses_interface links fromA, B, andC to A'.

constint G = 16; A
extern int MAX;
A(..){ global
MAX = 256; o
BO): L0
Co; vs®
c
<
} M
B o
BO{ 3
intx=G *2; %,‘;
} &
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Figure 4-12: Handling global definitions withawtes_globals links

There are two problems in this simple solution. First, it does not capture the fact that the
global definitions are logically associated wihSinceA is the main function of the subsystem

that contain®\, B andC, and the global definitions are shared by all members of the subsystem, it

is more reasonable to put the global definitions as an attribute Sécond, sincd'’ is directly

accessible to other software units, the global definitios may be modified by software units

outside of the subsystem. This violates the principle of encapsulation and may cause problems in

debugging and maintenance.

An alternative way to handle global definitions in our framework is to usegldhels

attributes andises_globals links. As illustrated in Figure 4-13, we may handle the situation of

Figure 4-12 by putting the global definitions asdluals attribute ofA and settingises_globals

links fromB andC to A.
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Figure 4-13: Globals angses_globals links.
A uses_globals link imports the globals attribute from another software unit in the same
way as auses_interface link imports the interface attribute. If there iss®s_globals link from X
to Y, then the globals of are included in the compilation Xf
A uses_globals link usually implies aises_interface link running in the other direction: if
there is auses_globals link from software unitX to software unity, there should also be a
uses_interface link ort_uses_interface link from Y to X. If there are no such links, th&rgets the

globals fromX without being used b). This is usually considered bad design.

4.6.2 t_uses_globals Links

Since we have uses_interface links in addition to normalises_interface links, it is a
natural inference that we should haveses_globals in addition to the normaises_globals links.
A t_uses_globals link from X to Y implies that the globals of depend on the globals &f Any
software unit that uses the globalsXadiso gets the globals ¥f

With t_uses_globals links, we can simulate a nested scoping rule similar to that of PAS-
CAL and ALGOL. Figure 4-14(b) shows an example with three software AniBs andC. C
points at_uses_globals link to B andB points at_uses_globals link to A. SinceB can access the
globals defined byA andC can access the globals defined by bd#indB, this example corre-
spond to the nested function declaration illustrated in Figure 4-14(a). Although no C or C++ com-
piler directly accepts a program written in this way, our framework can handle the subsystem in

Figure 4-14(b) using existing C and C++ compilers.
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Figure 4-14: Globals anduses_globals links

4.6.3 Usinguses_globals links and t_uses_globals links

Theuses_globals links andt_uses_globals links can make the handling of globals defini-

tions more natural, but they should be avoided whenever possible, since they may increase the

interdependency between software units. A software unit withses_globals link or a

t uses_globals link represents a subsystem that needs information from its parent subsystem.

Reusing this kind of subsystem is problematic. As illustrated in Figure 4-15, if we want to reuse a

software unitC that has aises_globals link pointing to another software unit, we should create an

active copy ofC and make itsises_globals link point to the new parent software unit. We also

have to make sure that the reuser software unit provides appropriate global definffions to

Figure 4-15: Reusing a software unit withes_globals link
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Nevertheless, reusing a subsystem wéis_globals links in our framework is still easier
than reusing the same kind of subsystem in traditional environments. In Figure 4-15, although dif-
ferent derived objects are generated@andC', the reuse does not interfere the original project.
To reuse the same kind of subsystems in traditional environments without overwriting the object
files of the original project, we either have to copy all the files in the subsystem or use a compli-
cated makefile that gets source file from the original directory but generates object files into a new

directory.

4.6.4 Defining New Kinds of Links
POEM allows its users to define new kinds of links. But to keep our framework simple, we
try to keep the number of kinds of links small. Besides, according to our current experience, the

four kinds of links we have are enough to handle most, if not all, programming styles.

4.6.5 Variants and Conditional Links

Variants are alternative implementations of a logical module arising from the need for one
software artifact to meet conflicting requirements [88]. For example, a program which is to run on
several operating systems needs one version variant for each target operating system. Versions
may also be created to meet varying user requirements, to fix bugs in released software, or to help
testing and debugging [87].

Managing variants of software items that do not contain any versioned component is
straightforward. In existing configuration management systems, variants of a file are usually
implemented as version branches. In our framework, too, we can similarly implement variants of a
software unit as its version branches.

Managing variants of software items that contain versioned components, however, is more
difficult. Suppose we have a progrdMmthat is to run on three operating systems. Clearly it is
impractical to create three variants of the whole program. since doing so would create three vari-
ants of every software unit iR, including those that are operating-systems independent. This
would cause thenultiple maintenanceroblem -- to change a software unit that is independent of
the operating system, we must repeat the same modification at three places.

Ideally, we should be able to use the same versions of software units that are independent

of the operating system, and at the same time select the appropriate version variants for software
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units that depend on the operating system. Since version selection in our framework is carried out
by setting the destination of links, achieving this goal depends on how we set up links between
software units. In terms of variants, we can classify links in our framework into four categories.
The first kind of link runs between variant-independent software units. The second kind of link
runs between variant-dependent software units. The third kind of link points from variant-depen-
dent software units to variant-independent ones. The last kind of link points from variant-indepen-
dent software units to variant-dependent ones.

Handling the first three cases is straightforward. The first kind of link is simply the normal
one. The second kind of link should run between matching variants. For example, a software unit
variant for UNIX can point its links to other variants for UNIX, but not to variants for DOS. In the
third case, although multiple variants of a logical software unit may point links to the same soft-
ware unit, those links will not interfere with each other.

The problem arises in the last case -- a variant-independent software unit that points links
to multiple variants of the same logical software unit. Let us take an example. Suppose a software
unit A depends on another software UBIf is independent of the operating systems and has only
one version, buB depends on operating systems and has three variants, for DOS, VMS, and
UNIX. If we point a link from A to each variant & then all three variants & will be included
in the subsyster8(A) During the system building process, the object code generated by all three
variants ofB will be collected as the result of buildig&gA) Clearly this is not what we want.

To solve this problem, we associate a predicate with each of the three links, as illustrated
in Figure 4-16. These links are callednditional links During the system building process, a
build message is propagated along a conditional link if and only if the argumentdoifdimees-
sage satisfy the predicate associated with the conditional link. For example, if we send the mes-
sagebuild(0S := “DOS”) to software unitA in Figure 4-16, then the message is propagated to

variant 2 ofB only. This has the effect of selecting variant Bof
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A
(Osy ((OS 1= “D0OS”) & (OS = “VMS"))
B B B
Variant 1 anant 2 Variant 3

Figure 4-16: Variants and conditional links

Although conditional links should be treated differently in system building, they can be
handled in the same way as regular links in version control operations. We can revise or snapshot a
subsystem with conditional links without causing any problems.

The conditional links in our framework serve the same purpose agtsien selection
rulesin DSEE and SHAPE. In DSEE and SHAPE, users can associate attributes with individual
software elements and then select variants in the system building process via selection rules. An
software artifact is selected if its attributes satisfy the selection rules. Our framework differs in that
we associate predicates instead of attributes with software artifacts, and specify attribute values
instead of predicates when selecting variants.

The advantage of our approach is that we can more easily insure that exactly one variant is
selected in any selection. In Figure 4-16, since the disjunction of the three pred©&es,

“YMS”) 0(0S= “DOS") O ((OS !=“VMS”) 00 (0S = “DOS"), is a tautology, we know that at

least one variant d will be selected in any selection. On the other hand, since the conjunction of
any two of those predicates is false, we also know that no more than one variant will be selected in
any selection. We can always have this kind of properties in our framework by settdefpufh
variants For example, variant 3 is the default varianBafi Figure 4-16. The predicate associated

with the link leading to variant 3 is the complement of the conjunction of the other two predicates.

In contrast, insuring that exactly one variant is selected in DSEE and SHAPE is more dif-
ficult. Since the same selection rules are used to select all the elements in a system building pro-
cess, we have to consider the variants of all elements in a program when specifying selection rules.
This is error-prone when the program is large and the variants arise in low-level modules. For
example, using DSEE to handle the situation illustrated in Figure 4-16, we can label the second

variant ofB as “DOS”, and use the following selection rule to select the variant for DOS:
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.../DOS -when_exist

But if there is another software eleménthat has two variants for DOS, one for DOS with graph-

ical display and one for DOS without graphical display, then both variaftsvdf be selected by

this selection rule. Although this specific problem can be solved with more complicated selection
rules, we can see that as the variants get more complex, the specification of selection rules
becomes more difficult.

Compared with DSEE and SHAPE, the major disadvantage of our approach is that we
must specify predicates on every conditional link. The number of links pointing to version variants
is usually greater than the number of version variants themselves. Besides, specifying predicates is
more difficult than tagging labels.

Supporting conditional links might be expensive. The implementation will not be easy and
they may slow down the whole system. We do not support conditional links in the current version
of POEM.

4.6.6 Handling Unstructured Programming Styles

Our framework encourages a programming style with structural decomposition and a one-
to-one mapping between interfaces and implementations. But it can also handle less organized
programming styles where the mapping between interface and implementation is not one-to-one.

To demonstrate this ability, we present as Algorithm 4.1 a simple method that can directly
transform an arbitrary C or C++ program from a traditional UNIX environment to our framework.
The basic idea of this algorithm is to replace each “.h” file and “.c” file in the original program
with a software unit, and replace each “#include” directive with a link in our framework. We also
create a separate software uRito represent the whole program. This software unit points a
uses_interface link to every software unit that represents a “.c” file. During the system building
process, the object code generated by all the software units is colleetaddalinked into an exe-
cutable program there. Since our version control operations are independent of the semantics of
software units, we can use them to create and manage versions of software units and subsystems as

usual.
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Algorithm 4.1 Transforming an arbitrary C or C++ program into the POEM model

1: For each header file H in the original program:

2: Create a new software unit with H as its interface;

3: /* Leave its implementation empty. */

4:For each C or C++ source file S in the original program:

5: Create a new software unit with S as its implementation;

6: [* Leave its interface empty. */

7: For each header file H in the original program:

8: For each “#include G” directive in H:

9: Set a t_uses_interface link from the software unit representing H
10: to the software unit representing G;

11:For each C or C++ source file S in the original program:

12:  For each “#include G” directive in S:

13: Set a uses_interface link from the software unit representing S
14: to the software unit representing G;

15:Create a software unit P to represent the whole program;

16:For each software unit S created at line 5:

17: Set a uses_interface link from P to S;

Figure 4-17 shows a example of applying Algorithm 4.1 on a simple program. The struc-
ture of the transformed program is similar to the structure described by the “#include” directives in

the original program. This kind of structure is usually specified as the dependencies in a makefile.

-

uses_interface

/

Figure 4-17: Transforming an arbitrary C or C++ program into software units

A program transformed by Algorithm 4.1, however, can seldom benefit from the advan-
tages of our framework. Using software units without interface parts is against our principle of
programming in terms of logical structures. Because the interface part represents the purpose of a
software unit, a software unit without the interface part is one that does not correspond to any log-
ical concept. Besides, links in the transformed program will not reflect the logical structure of our

program faithfully. In Figure 4-17, the functions and classes declait are possibly the parent
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modules of the functions and classes declaréddhnbecaus®.c has a link toA.h. But there is no

link from B.hto A.hto indicate this relationship.

4.7 Comparison

In existing programming environments, configuration management is handled with tools
that runon top ofdata repositories. As illustrated in Figure 4-18, traditional UNIX programming
environments manage configuration with tools like MAKE and RCS that operate on files and
directories. STONEMAN [18] envisioned configuration management in an Ada Programming
Support Environment (APSE) as tools running on top of a database. In the ECMA [25] “Toaster

Model,” low-level configuration management is supported by a database, but higher-level activi-

ties are still carried out by separate tools.

Operating System
Data base
ata integration service$

Tool slots

Task mgr. services
User interface Q,'@

&
Ooc— ol [ECc—og Q\

oo el Bl o] 662‘

Integrated help facility

(1) UNIX environment (2) STONEMAN APSE model (3) ECMA "Toaster Model"

Figure 4-18: Configuration management in existing environments

In contrast, configuration management in our framework is carried out by the operations
of software units, instead of tools that are separated from the data repository. A software unit
encapsulates all the source code, derived objects, documentations, and building script of the corre-
sponding function or class, and supplies a set of operations to programmers. Programmers develop
software by invoking the operations of software units, not by using a set of tools.

We organize software artifacts at ttenfiguration management leval parallel with the
modularization at theource code leveA software unit plays two roles at the same time. It repre-
sents a function or a class in source code and it corresponds to a configuration in configuration
management. Since we use the same decomposition structure, the gap between handling source
code and managing configurations is narrowed. Additionally, since we represent the relations

between modules explicitly as links, programmers can examine and traverse them directly without
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looking into the source code. This helps programmers to understand the general structure of a pro-
gram.

Our approach applies the principles of modularization and encapsulation in configuration
management. It is well known that modularization and encapsulation are very useful in managing
source programs. Similarly, they can help us greatly in handling configurations. As pointed out by
Osterweil [66], software processes can be considered as special programs that are enacted by both
human and computers. The data used by these special programs are software artifacts like source
code, derived objects, system models, documentation, version history files, etc. By applying the
principles of modularization and encapsulation to these software artifacts, we can greatly simplify
configuration management. Modularization helps us decompose the configuration management
tasks into manageable units. Encapsulation helps us hide the different configuration management

requirements of individual modules.
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Chapter 5

Formal Model

This chapter provides a formal model for the framework described in the previous chapters. We
give more rigorous definitions of the mechanism used in our framework and derive a set of proper-
ties from these definitions. These properties tell us what is guaranteed in our model and what is
not.

This formal model helps us in two ways. First, it gives us a deeper understanding of our
framework. It tells us what will happen and what will not, and helps us in extracting the essential
elements of our framework. Second, it helps us in finding loopholes in our framework. In the pro-
cess of developing this formal model, we have noticed several problems that were overlooked
when we implemented the first version of our prototype system. That led to several important
modifications and gave us a clear idea about how to make improvements in the future.

The formal model described in this chapter is not tied to any specific implementation. But
to give reader a more concrete feeling, we occasionally discuss how features in our model can be

implemented on top of existing operating systems and database systems.

5.1 Basic Data Types

In our formal model we use five atomic data types and two data structures. The five atomic
data types areource code fragmentslentities derived objectsargumentsandBoolean values
The two data structures agetsandlists.

A source code fragment is a piece of contiguous text. For example, a source code fragment
may contain the definition of a C function or the declaration of a C++ class. In traditional file sys-
tems, a source code fragment may be represented as a file. But this is not necessarily the case. If

we implement our model on top of an object-oriented database, then a source code fragment may
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be represented as an object. Our only requirement is that we be able to test the equivalence of two
source code fragments. The actual implementation of the equality test may be based on a simple
lexical comparison or on a more complex algorithm that uses syntax and semantics information. It
is up to the implementation to define the actual meaning of equality between source code frag-
ments.

An identity is the property of an object that distinguishes it from all other objects [46]. The
identity of an object should remain invariant across all possible modification of the object’s value.

In our model, the only major “object” to be discussed is the software unit, and we will be con-
cerned with the identities of software units only. We distinguish software units by comparing their
identities, and establish a link from a software wui@ another software unjtby storing the iden-

tity of y atx. The special identity valudULL is used to represent the absence of a software unit.
For example, if the variableis used to represent a link to a software unit and its current value is
NULL, then no such link exists.

The actual representation of identities also depends on the operating systems and database
systems used for implementation. If software units are represented as files in a conventional file
system, then the file names can be used as their identities. If software units are represented as
tuples in a relational database, then identities can be implemented as identifier keys. In Object-
Store, which is used for the current implementation of our model, identities can be represented as
the address of persistent objects. However, all these approaches may have their own drawbacks, as
discussed in [46].

Derived objects are the result of applying translators, like compilers and linkers, on other
software objects. As with source code fragments, the only operation we need on derived objects is
the testing of equivalence. Derived objects can be represented as files in file systems or objects in
an object-oriented database. However, we want to make the distinction between derived objects
and source code fragments, because a derived object cannot be used when a source code fragment
is required, nor vice versa.

An argumentis the option values for a compilation or linking command. In most existing
systems, an argument is represented as a character string. For example, the argument “-g -p”
means “provide debugging information and generate extra code for profiling” for the GNU C com-
piler. In our model, however, we do not need to know the format or meaning of the arguments.
Again, the only operation we need on arguments is the testing of equivalence.

We use Boolean values and sets as they are conventionally defined. The union, intersec-
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tion, membership, difference, and equivalence-test operations on sets are represemtetdiy “
“007, “-", and “=" respectively. An empty set is represented as “{ }". In our model, we use sets of
atomic types only. We do not need sets of sets or sets of lists. Also, we do not use sets with ele-
ments of different types.

A list is an ordered collection. We use square brackets to represent lists. For example, “[X,
Yy, 7" is a list with three elements; “[ ]” is an empty list. The operations we need on lists are concat-
enation, membership, indexing, and testing of equivalence. We use the operator “+” for the concat-
enation of lists. For example, the result pf, Yy, z] + [u, v]" is “[X, ¥, z, u, V]’ The membership of
lists is represented by thé&l™ operator. For examplex'T] [X, y, z]’ but “x [ [u, v].” The operator
“INDEX’ takes a list and a element and returns the position of the element in the list. For example,
the result ofINDEX([x, v, z], y)is 2. If the second argument is not in the first argument, than
INDEX returnseo. If an element appears more than once in a list, tiBIEX returns the position
of its first appearance. Two listaandy are equal, denoted=y, if and only if they have the same
number of elements and all of their corresponding elements are equal. In our model, we use lists of
atomic types only. We do not need lists of lists or lists of sets. Also, we do not use lists with ele-
ments that belong to different types.

In the following discussion, we denote the universe of source code fragments, that is, the
set of all source code fragments,dsWe also denote the universe of identitieg,dbe universe

of derived objects a9, and the universe of argumentsas

5.2 Software Units

Like other object-oriented systems, our framework consists of a set of interconnected
objects. The major objects in our framework are software units. Other major concepts in our
framework, like workareas and software unit classes, can also be represented as objects. But doing
so only increases the complexity of our model, and we found that it brings no more insights into
our discussion.

A software unit has an unique identity and contains a set of attributes. For the purpose of

our discussion here, we can represent a software unit as a tuple:
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Definition 5.1 Software Unit

A software unit S is a tuple (ID, INF, IMP, G, Ul, TUI, UG, TUG, VP, FX) where
- ID is the identity of S,
- INF is a source code segment, calledititerface
- IMP is a source code segment, calledithplementation
- G is a source code segment, calledglubals
- NUI is a set of identities, called the (hormafes_interfacdinks,
- TUl is a set of identities, called theuses_interfacdinks,
- NUG is a set of identities, called the (normades_globaldinks,
- TUG is a set of identities, called thaises_globaléinks,
- VP is an identity, called theersion predecessor pointef S,
- FX is a Boolean value, called thiged flag

In Definition 5.1, we do not include the operations of a software unit into the tuple. Again, we
found that doing so increases the complexity of our discussion, but brings no more insights. Also,
we list only the essential attributes of a software unit. A software unit in actual implementations
may contain many more secondary data attributes. Our framework also allows users to define new
classes of software units that contain additional attributes.

Among the members of the tupl®, represents the identity of a software umNt=, IMP,
andG are source code segmerntitJl, TUI, NUG, andTUG are links to other software units that
can be directly modified by usekéR is a link used by version control operations. It is for internal
use only and users cannot modify it direcl}X is a Boolean flag indicating the mutability of the
containing software unit. If it is true, then the software unit is a immutable fixed version. If it is
false, then the software unit is a writable active version.

We denote the member of a software unit by the dot notation. For instance, if we have a
software unitx, we denote its interface bylINF and its normalises_interface links by x.NUI. We
say that two software unixsandy are equal and denote it)as y if and only if they have the same
value for each of their members.

Links between software units are represented by identities in our model. A link from a
software uniix to another software unjtis represented by storing the identityyoh x. For exam-
ple, ify.ID is a member of.TUI, then there is & uses_interface link from x toy.

An important characteristic of object-oriented systems isctimaplex statesf objects
[93]. The state of an object depends not only on its own data attributes but also on the objects it
refers to. It is usually meaningless to discuss the state of an isolated object, or to discuss the links

of a single software unit without considering other software units.
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For clarity, we always specify a set of software units as the context of our discussion. This
set of software units corresponds to all the software units in our programming environment and is
called asoftware unit databasé\ software unit databag® is consistenif and only if each mem-

ber of D has a unique identity and every linkDrpoints to another software unitnh

Definition 5.2 Consistent Software Unit Databases

A consistent software unit database D is a set of software units that satisfies the follo
properties:
- Unique identity:

Ox,yOD (xID=y.ID) O (x=Y) (5.1)
- No dangling links:
OxOD OiOl i0(x.UlOx.TUIOXxUGOXTUGO {x.VP}) O yOD (y.ID =1i) (5.2)

We denote the universe of software unit @and the universe of consistent software unit

databases ds Clearly,A is a subset of all possible sets of software units. That is:

AD2” (5.3)

5.2.1 Uses_interface andt_uses_interface Links
With software unit databases serving as the context of our discussion, we can find the sets
of software units that are pointed to by tlses_interface links and the_uses_interface links of a

software unit:

Definition 5.3 NUseslInterface, TUseslInterface and Usesinterface

Given a software unit x in a consistent software unit database D, NUseslInterface(D, X) i
set of software units to which x points a uses_interface link:

NUseslInterfac¢ D x={yO D|y.ID Ox.TUI} (5.4)

Given a software unit x in a consistent software unit database D, TUseslInterface(D, x) i
set of software units to which x points a t_uses_globals link:

TUseslInterfacé D x= {y O D|y.ID Ox.TUI} (5.5)

Given a software unit x in a consistent software unit database D, Useslinterface(D, x) it
set of software units whose globals are used by x:

Useslinterfacé D x=NUseslnterfacé D XO TUseslnterfacé D X (5.6)

We can also calculate the reflexive transitive closureBUsfesinterfaceandUseslnter-
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face which are the set of software units that can be reachedxfraapaths ot_uses_interface
links, and the set of software units that can be reachedxrempaths ofises_interface links or

t_uses_interface links respectively.

TUseslnterface (D, x) (5-7)
={y|(y=x O((yd TUseslInterfaceé D)2 O (zO TUseslInterface(D,x)))}

Useslnterface (D, x) (5.8)
={y|(y=x OZ((yO Usesinterfacé D)3 O (zO Useslinterface(D,x)))}

The reflexive transitive closure biUsesinterfacean also be defined in the same way, but we do
not need it in our model.

By definition, we know that the membershipTddsesinterfacets a transitive relation:

ODOA Oxy, zOD (5.9
x O TUseslInterfacd(D, y) Oy O TUseslInterfacg(D, z) O x O TUsesInterfadé(D, z)

Similarly, the membership @dsesinterfaceis transitive:

ODOA Oxy, zOD (5.10)
x O Usesinterfacd(D, y) Oy O Useslinterfacd(D, z) O x O Useslinterfacg(D, z)
As discussed in section 4.1, cyclestafses_interface links may cause problems. We

define software unit databases free obes_interface cycles as following:

Definition 5.4 Software Unit Databases Free of t_uses_interface Cycles

A consistent software unit database D is free of t uses_interface cycles, den
TUI_CYCLE_FREE(D), if and only if for any two software units x and y in D, there can
be both a path of t_uses_interface links from x to y and a path of t_uses_interface links
y to X.

5.2.2 Uses_globals andt_uses_globals Links

The globalsuses_globals links andt_uses_globals links are basically symmetric to the
interfaceuses_interface links andt_uses_interface links of a software unit. We can defiN&Jses-
Globals TUsesGlobalsandUsesGlobalsn the same way as we defiNb/sesInterfaceTUseslIn-

terfaceandUseslInterface
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Definition 5.5 NUsesGlobals, TUsesGlobals, and UsesGlobals

Given a software unit x in a consistent software unit database D, NUsesGlobals(D, x) it
set of all t software units to which x points a uses_globals link:

NUsesGlobal¢ D x={yOD|ydD OxOTUl} (5.11)

Given a software unit x in a consistent software unit database D, TUseslInterface(D, X) i
set of all software units to which x points at_uses_globals link:

TUsesGlobal§ D x={yOD|yOD OxOTUI} (5.12)

Given a software unit x in a consistent software unit database D, Useslinterface(D, X) i
set of all software units whose interface are used by x:

UsesGlobal§ D x=NUsesGlobal§ D x0 TUsesGlobal§ D x (5.13)

And we can calculate the set of software units that are reachable from a software unit via
t uses_globals links and the set of software units that are reachable from a software unit via either

uses_globals links ort_uses_globals links:

TUsesGlobals (D, x) (5.14)
= {y|(y=x Oz((yd TUsesGlobalé D)2 O (zO TUsesGlobals(D,x)))}

UsesGlobals (D, x) (5.15)
={y|(y=x O0Z((yd UsesGlobals D)3 O (zO UsesGlobals(D,x)))}

Again, it is not hard to see that the membershipsUdesGlobals*(D,xand UsesGlo-

bals*(D,x) are both transitive relations.

ODOA Oxvy, zOD (5.16)
x O TUsesGlobald(D,y) Oy O TUsesGlobald(D, z) O xO TUsesGlobals(D, 2)

ODOA Oxy, zOD (5.17)
x O UsesGlobald(D,y) Oy O UsesGlobalg(D, z) O x 0O UsesGlobald(D, z)

In the same way we define software units databases fieaseb_interface cycles, we

can define software unit database free afes_globals cycles as following:

Definition 5.6 Software Unit Databases Free of t_uses_globals Cycles

A consistent software unit database D is free of t_uses_globals cycles, den
TUG_CYCLE_FREE(D), if and only if for any two software units x and y in D, there can
be both a path of t_uses_globals links from x to y and a path of t_uses_globals links fr
to x.
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5.2.3 Uses
Sometimes we simply want to know which software units are referred by a certain soft-
ware unit, and there is no need to distinguish between kinds of links. We dsés(,x)or this

purpose:

Definition 5.7 Uses

Given a software unit x in a software unit database D, Uses(D, X) is the set of software
to which x points a link:

Uses( O ¥ =UseslInterfac¢ D xO UsesGlobal§ D X (5.18)

And we can define the reflexive transitive closur&leés(D, x)

Useg (D,x) ={y|(y=% Oz((yO Useg D ¥) O(zO Use% (D,x)))} (5.19)

Definition 5.8 Version Predecessor

The version predecessor of a software unit x in a software unit database D, VPred(D, :
the software unit in D whose identity matches x.VP. If there is no such software unit i
then VPred(D, x) is NULL.
Because every software unit in a consistent software unit database has a unique identity,

we know that at most one software unit will have the identity that matc¥iEs

5.3 Subsystems

During the system building process in our framework, a software anitects the object
code generated by all the software units it can reactisei interface links andt_uses_interface
links, and then pass them upward to the software units that peiY interface or
t_uses_interface links tox. The subsystem designatedxig the set of software units that contrib-

ute to the object code collectedhy

Definition 5.9 Subsystem

The subsystem designated by a software unit x in a software unit database D, denot
S(D, x), is the set of software units that can be reached from x via uses_interfac
t uses_interface links:

S(D, ¥ = {y|yO Useslnterface(D, x) } (5.20)

Among all subsystems, the ones that haveises_globals or t_uses_globals links are



5.4. System Building 81

especially important because they can be reused more easily. We cathut@momous sub-

systems

Definition 5.10 Autonomous Subsystem

A subsystem is autonomous if and only if it has no uses_globals or t uses_globals
pointing out of it;

Autonomou$ & D)X =[(yOS(D ¥) O(zO UsesGlobal§ D)) O zOS(D 3] (5.21)

The semantics of a software unit depends not only on the software units in the subsystem
it designates, but also on the software units it can reaalsetaglobals ort_uses_globals links.
Taking this into consideration, we define éhtended subsystahasignated by a software urito

be the set of software units that can be reachedxraimany kind of links:

Definition 5.11 Extended Subsystem

The extended subsystem designated by a software unit x in a software unit database L
ignated XS(D, x), is the set of software units that can be reached from x via links:

XS(D ¥ ={y|yd Useg (D,x)} (5.22)

If a subsysten$(D, x)is autonomous, then there isuses_globals link ort_uses_globals
link pointing out ofS(D,X) and we know thaXS(D, x)is the same &(D, x) On the other hand, if
the subsystem and extended subsystem designatedrbythe same, then we know tB4D, X)is
autonomous because there will beuses_globals link ort_uses_globals link pointing out of the

subsystem:

Autonomoug & D)X - S(D, X = XS(D ¥ (5.23)

This implies that if a subsystem designatedkby autonomous, thex does not depend on any

software unit outside of the subsystem.

5.4 System Building

When we compile a filg in a traditional C/C++ programming environment, what is fed to
the compiler is not only the code contained vut also the files included by Similarly, when we
compile a software unk in our framework, we should feed the compile with a list of source code
segments that contains not only the implementatior ladit also the interfaces and globals on

which x depends. In this section, we discuss how this list of source code segments can be calcu-
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lated. We also discuss how compilation and linking are handled in our formal model.

5.4.1 Effective Interface

In our framework, the interface of a software unitnay depend on the interface of
another software unit For any compilation uses the interfacexothe interface of should also
be included. The syntax of C and C++ also require that the interfgcghotild appear before the
interface ofx.

The effective interface of a software urjtdenotedEl(D, x), contains the interface af
itself and all the other interfaces that the interfaced#pends on. We calculate the effective inter-

face of a software unit by the following algorithm:

Algorithm 5.1 Effective Interface

1: FUNCTION EI(D: software unit database, x: software Unit): list of source code fragments;

2: VAR
: visited : set of software unit;

effective_interface : list of source code fragments;

3
4
5:
6: PROCEDURE ElTraversal(x: software Unit);
7
8
9

VAR
y: software unit;
: BEGIN

10: visited := visited + {x.ID};
11: for each y O TUseslInterface(D, x)
12: if (y.ID O visited)
13: ElTraversal(y);
14: effective_interface := effective_interface + {x.INF};
15: END
16:
17: BEGIN
18: IF (x O D)
19: RETURN([]);
20: visited := {};
21: effective_interface := [];
22: ElTraversal(x);
23: RETURN(effective_interface);
24 END;

We can prove that there is no duplication in the list calculated by Algorithm 5.1:

Property 5.1 No duplication in effective interfaces

Assume that the interfaces of all software units are distinct. Then there is no duplicatic
the effective interface EI(D, x).
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Proof.
Algorithm 5.1 keeps the software units it visited in the variaisled (line 10) and avoids visiting
the same software unit twice (line 12). Since the interface of a software unit is inserted into
effective_interface only when it is visited b¥ITraversal (line 14), we know that the interface of a
software unit cannot be inserted imféective_interface more than once.
[

The effective interface of a software unit is determined by tees_interface links. The

interface of a software unjtappears in the effective interfacexaf and only if there is a path of

t_uses_interface links fromxtoy.

Property 5.2 Membership of interfaces in effective interfaces

The interface of y appears in the effective interface of x if and only if there is a patl
t uses_interface links from x to y.

ODOA Ox, yOD y.INFOEI(D, x) = yO TUseslInterface(D, x) (5.24)

Proof:
:>)
Supposeg.INFis in EI(D,x). The only place.INF may be appended E(D,x) is at line 14, which
is executed whenever the procedtteraversal is called. But we know that the proced@i@ra-
versal performs a depth-first traversal fronby following thet_uses_interface links, and it visits
a software unit only when there is a path obes_interface links fromx. Therefore, there must be
a path ot_uses_interface links fromxtoy.
<)
In Algorithm 5.1, line 12 and line 13 make sure that if a softwarexusivisited byEITraversal,
then all the software unitspointst_uses_interface links to will also be visited. Therefore,xfis
visited byEITraversal and there is a path bfuses_interface links fromxtoy, then every software
unit on the path, including will be visited byEITraversal. Since the interface of a software unit
will be appended t&l(D, x) when it is visited byEITraversal (line 14), we know thag.INF must
appear irgl(D,x).
|

In our model, a_uses_interface link from x to y implies that the interface afdepends on

the interface oy. Algorithm 5.1 guarantees that whenever the interfagasoincluded in an effec-

tive interface, then the interfaceis also included.
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Property 5.3 t_uses_interface links and membership of effective interface

If there is a path of t_uses_interface links from x to y, then y.INF appears in any EI(D, z)
contains x.INF:

opboA Oxy zOD x.INFOEI(D, z2) Oy O TUseslInterface(D, x) O y.INFOEI (D, 2) (5.25)

Proof:

y.INFOEI(z) Ox0O TUseslInterface(D,y)

=> y [0 TUseslnterface(D, z) Ox 0 TUseslInterface(D, y) (Property 5.2)
=> x 0 TUseslnterface(D, 2) (Equation (5.9))
=> x.INFOEI(2) (Property 5.2)

|
The ordering of elements in the list calculated by Algorithm 5.1 is partly determined by
thet_uses_interface links. Basically, if there is @ uses_interface link from x toy, then the inter-
face ofy will appear before the interface xfln other words, the interface wiwill appear after
the interface it depends on. This property, however, is not guaranteed if there are cycles of

t uses_interface links.

Property 5.4 Ordering of interfaces in effective interfaces

If there is a t_uses_interface path from x to y, but no path of t_uses_interface links frc
back to x, then y.INF appears before x.INF in any EI(D, z) that contains x.INF:

ODOA Oxy, zOD (5.26)

B N AR B e
Proof:
The procedureéElTraversal in Algorithm 5.1 performs a post-order, depth-first traversal on the
directed graph formed by software unitsTidsesinterface*(D, xand theitt_uses_interface links.
Thet_uses_interface links followed byEITraversal form a spanning tree in the graph. Relative to
the spanning tree, theuses_interface links in the underlying graph can be classified into tree
edges, forward edges, back edges, and cross Riges
(i) If <x, y> is a tree edge, thgnhas not been visited whenis visited.ElTraversal will visit y
(line 13) and appendINF into EI(D,x) before appending.INF at line 14. Thereforey.INF will
appear beforz.INF
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(i) If <x, y>is a forward edge, then the visitingyas already completed whexis visited. There-
fore,y.INFis already irEl(D, x) whenx.INF is appended t&l(D, x) at line 14.

(iii) If <x, y> is a back edge, then there is a path ades_interface links fromy to x that are used

as tree edges in the traversal. But this is contradictory to our precondition that there is no path of
t_uses_interface links fromy to x. Therefore<x, y> cannot be a back edge.

(iv) If <x, y>is a cross edge, then according to Lemma 5[8] ofve know that the visiting of y is
already completed when is visited. Thereforey.INF is already inEI(D, x) when x.INF is
appended t&l(D, x) at line 14.

5.4.2 Effective Globals

Similarly to the calculation of effective interface, we can calculate the effective globals of
a software unit by Algorithm 5.2. The effective globals of a softwarexutintainsx.G, and all
the globalx.G depends on. Any software unit that pointses_globals link or at_uses_globals

link to x gets the effective interface nfor compilation.

Algorithm 5.2 Effective Globals

1: FUNCTION EG(D: software unit database, x: software unit): list of source code fragment;

2: VAR
: visited : set of software unit;

result : list of source code fragment;

3
4
5:
6: PROCEDURE EGTraversal( x: software unit);
7-
8
9

VAR
y: software unit;
: BEGIN

10: visited := visited + {x.ID};
11: for each yO TUsesGlobals(D, x)
12: if (y.ID O visited)
13: EGTraversal(y);
14: result := result + {x.INF};
15: END
16:
17: BEGIN
18: IF (x O D)
19: RETURN([]);
20: visited := {};
21: result :=[J;
22: EGTraversal(x);
23: EG :=result;

24 END;
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Since the definition of effective globals is symmetric to that of effective interface, we can
derive properties that are similar to those of effective interface. These properties are listed below.

We omit the proofs because they are similar to their counterparts for the effective interface.

Property 5.5 No duplication in effective globals

Assume that the interfaces of all software units are distinct. Then there is no duplicatic
the effective globals EG(D, x):

Property 5.6 Membership of globals in effective globals

The globals of y appears in the effective globals of x if and only if there is a patf
t uses_globals links from x to y:

ODOA Ox,yOD y.GOEG(D, ¥ < yOTUsesGlobals(D, x) (5.27)

Property 5.7 t_uses_globals links and membership of effective globals

If there is a path of t_uses_globals links from x to y, then y.G appears in any EG(z) that
tains x.G:

ODOA Ox vy, zOD x.GOEG(D, 2 Oy TUsesGlobals(D,x) O y.GOEG(D, 2 (5.28)

Property 5.8 Ordering of globals in effective globals

If there is a t_uses_globals link from x to y, but no path of t_uses_globals links from y |
to x, then y.G appears before x.G in any EG(D, z) that contains x.INF:

ODOA Oxy, zOD (5.29)
x.GOEG(2 OyO TUsesGlobal§ D xOxO TUsesGlobals(D,y)
O y.GOEG(D, 2 O(INDEX(EG(D 2,y.G) <INDEX(EG(D 2,x.G))

5.4.3 Effective Source
When compiling a software unit, we need not only its implementation but also the inter-
faces and globals it depends on. Efffective sourcef a software unix is the list that contains all

the source code segments required by the compilatirniodan be calculated by Algorithm 5.3:
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Algorithm 5.3 Effective Source

1: FUNCTION ES(D: software unit database, x: software unit): list of source code fragment;
2: VAR

3 effective_source: list of source code fragment;
4 s: software unit;

5: t: source code fragment;

6: BEGIN

7 effective_source:= [];

8 FOR EACH s O Usesinterface(D, x) DO

9 FOR EACH t O EI(D, s) DO

10: if (t O effective_source)

11: effective_source:= effective_source + [t];
12: FOR EACH s UsesGlobals(D, x) DO

13: FOR EACH t O EG(D, s) DO

14: if (t O effective_source)

15: effective_source:= effective_source + [t];
16: effective_source:= effective_source + [X.INF, X.IMP];
17: END;

The effective source of a software uritontains the implementation rfa set of inter-
faces, and a set of globals. It is easy to show that all the elements in the list calculated by Algo-

rithm 5.3 are distinct:

Property 5.9 No duplication in effective source

There is no duplication in the effective source ES(D, X).

Proof:
This is trivial, since lines 10-11 and 14-15 checked the redundancy before insertion.
|
The effective source of a software unghould include the interface pif and only if the
implementation ok depends on the interface wfif we assume that the implementation of a soft-
ware unit always depends on its own interface, which is usually the case in C and C++, then this
dependency occurs in the following four cases:
» X and y are the same software unit.
» The implementation of x directly depends on the interface of y. In this case, there will be a
uses_interface link from x to y.
» The implementation of x depends on the interface of z, and the interface of z depends on the
interface of y. In this case, there will beuses_interface link from x to z, and a path of
t_uses_interface links from z to y.
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» The interface of x depends on the interface of y. In this case, there will be a path of
t_uses_interface links from x to y.
These four cases can be summarized as Theorem 5.1:

Theorem 5.1 Membership of interfaces in effective sources

Assume that the interfaces of all software units are distinct. Then the interface of y is i
effective source of x if and only if x equals to y or x uses the interface of a software unit
has a path of_uses_interface links to y.

Ox,yOD (5.30)
yINFOES(D ¥ < (x=y) OO D[z0O Useslinterfacé D xOy[O TUseslInterface(D, 2)]

Proof.

=>)

In Algorithm 5.3, the only places an interface may be insertedE8{®, x)are lines 11 and 16.
Line 16 inserts the interface gfitself. The condition for line 11 to be executed is that there is a
software unitz 00 Useslnterface(D,xfline 8) and a source code fragméemni EI(D, z) (line 9).
Therefore, we know that

Ox,yOD tOES(D ¥ O (t=x.INF) OO0 D[zO Useslinterfacé D xOtOEI (D, 2)]

Replacing t withy.INF, we get:

Ux, yd D
yINFOES(D ¥ O (y.INF=x.INF) 00O D[zO Useslinterfacé D xOy.INFOEI(D, 2)]

Since the interfaces of all software units are distinct, we have:
Ox, yOD yINFOES(D ¥ O (y=x) Oz0O D[zO Useslinterfacé D xOy.INFOEI (D, 2)]
Then by Property 5.2 we know that:

Ox,ydD
yINFOES(D ¥ 0O (x=y) OO D[zO Usesinterfacé D Oy O TUsesInterface(D, 2)]

<)
The right-hand side of this theorem is a conjunction. To show that its firskternpnimplies the
left-hand side of this theorem is trivial, since x.INF will be inserted at line 16 when

The second term of the right-hand side also implies the left-hand side. If there is a software
unit z [1 Usesinterface(D,xand a source code fragmenii EI(D, z) (line 8, 9), thert is either
already in or will be inserted int&S(D, x) (lines 10-11). ES(D, x)is kept in the variable
effective_sourcg Therefore we know:

Ox, yOD (z0 D[z0O Usesinterfacé P xOtOEI(D,2)] O tOES(D X



5.4. System Building 89

Replacing t withy.INF, we get:
Ox,yOD (20 D[z0O Usesinterfacé P xOy.INFOEI(D,2)] O yINFOES(D 3
Then by Property 5.2 we know that
Ox,ydD (20 D[z0O Usesinterfacé D xOy.INFOUseslInterfaceé(D,2)] O yINFOES(D X
]
A t_uses_interface link from x to y implies that the interface afdepends on the interface
of y. Therefore, if the effective source of some other software unit includes the interfatieeof

the interface off should also be included.

Lemma 5.1 t_uses_interface links and membership of effective source

If there is a path of t_uses_interface links from x to y, then x.INF appears in any ES(z)
contains y.INF.

0x,y, zOD y.INFOES(2 Ox0O TUseslInterface(D,y) O x.INFOES( 2 (5.31)

Proof:
y.INFOES(2 OxO TUseslInterface(D,y)
=> (OvO D[w0O Usesinterfac¢ D xOy O TUseslInterface(D,w)]) Ox 0O TUseslnterface(D,y)
(Theorem 5.1)
=> w0 D[w0O Useslinterfacé D xO (yOd TUseslInterface(D,w) Ox O TUseslInterface(D,y))]
(Reorganizing the equation)
=> Ov0O D[w0O Useslinterfacé D xO (xO TUseslInterface(D,w))]
(Equation (5.9))
=> x.INFOES( 2 (Theorem 5.1)
|
The ordering of elements in an effective source is partly determined by the
t_uses_interface links. Basically, if there is uuses_interface link from x to y and the interface of
X appears in some effective souEE®(z) then the interface gfwill appear in front of the interface
of x in ES(z) This property is important because ases_interface link from x to y implies that
the interface ok depends on the interface wfin this case, most programming languages require

the interface of appear before the interfacexaih the text fed to the compiler.
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Theorem 5.2 Ordering of interfaces in effective sources

If there is a t_uses_interface links from x to y, but not a path of t_uses_interface links fr
back to x, then y.INF appears before x.INF in any ES(D, z) that contains x.INF.

ODOA Oxy, zOD (5.32)

x.INFOES(D 2 OyO TUseslInterfacé D xOx O TUseslInterface(D,y)
O yINFOES(D 2 O(INDEX(ES( D 2,Yy.INF) <INDEX(ES( D 3, x.INF))

Proof:
In Algorithm 5.3, the only place.INF can be inserted int&S(D, z)is at line 11. But for line 11 to
be executeds.INF must be irEl(D, s)for somesin Usesinterface(D, ZJines 8 and 9). That is:
x.INFOES(D 2 O k(s Useslinterfacé D)zOx.INFOEI(D,s))
Substituting this equation into the left-hand side of (5.32), we have
[5[s0 Usesinterfacé D)zOx.INFOEI(D,s)] OyO TUseslInterfacé D xOx0O TUseslnterface(D,y)
=>
[(5[s0 Useslinterfacé P)3 Ox.INFOEI(D,s) OyO TUseslnterfacé D XxOx 0O TUseslnterface(D,y)
=>
(5[s0 Useslnterfacé D)3 Oy.INFOEI(D,s) O (INDEX(EI(D, 2,y.INF) <INDEX(EI(D, 2, x.INF))
(Property 5.4)
This meansy.INF appears befor&.INF in EI(D, s) for somes in Usesinterface(D, z)Conse-
quently, line 10 will be executed with= y.INF beforex.INF is inserted t&S(D, z) When line 10
is executed, ify.INF is already inES(D, z) theny.INF will appear before.INF in ES(D, z) if
y.INFis not inES(D, z) then line 11 will be executed agdNF will still be inserted befor&.INF
is.
|

Again, since definitions of globalsses_globals links andt_uses_globals are symmetric

to the definitions of interfac@ses_interface, and tuses_interface, we can derive similar proper-

ties for globals:

Theorem 5.3 Membership of globals in effective sources

The globals of y is in the effective source of x if and only if x uses the globals of a soft
unit that has a path of t_uses_globals links to y:

ODOA Ox,yOdD (5.33)
y.GOES(D ¥ = [0 D[ (zU UsesGlobal$ D X O (yO TUsesGlobals(D, 2))]

Proof;
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This theorem can be proved in the same way as Theorem 5.1.

Theorem 5.4 Ordering of globals in effective sources

If there is a path of t_uses_globals links from x to y, but not one from y to x, then y.G apf
before x.G in any ES(D, z) that contains y.G
ODOA Oxy, zOD (5.34)

x.GOES(D 2 OzO TUsesGlobalé D yOyOd TUsesGlobals(D, x)
O y.GOES(D 2 O (INDEXES( EE D ), y.G) <INDEX(ES( Q 2,X.G))

Proof;

This theorem can be proved in the same way as Theorem 5.2.

5.4.4 Compilation, Linking, and Derived Objects

Our model makes no assumptions about the formats of source code, arguments, and result
of compilations in the system building process. The only requirement is that, given the same list of
source code segments and arguments, the compilation should always return the same derived
object. Therefore, we model the compilation of source code by a function calleghtpéation
function A compilation function takes a list of source code segments and a list of arguments and

returns a derived object.

Definition 5.12 Compilation Function

The compilation function Compile:Sx A- O is a function where:

- Sis a list of source code fragment;

- A'is a set of Arguments;

- O is a Derived Object.
Note that if multiple compilers are available, the specific compiler being used in a compilation
should be modeled as an argument in the argument list. We do not use separate compilation func-
tions for different compilers.

We call the result of compiling the effective source of a softwarexuhitlocal derived

objectof x.
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Definition 5.13 Local Derived Object

Given a list of arguments A, the local derived object of a software unit x in a software
database D, denoted LocalDerived(D, x, A), is the result of compiling the effective sourt
X with arguments A:

LocalDerived( D x A =Compile( EY D ¥, A) (5.35)

And the set of derived objects generated by a subsystem is calléerived object®f the sub-

system:

Definition 5.14 Derived Objects

Given a list of arguments A, the derived objects of a subsystem S(D, x), denote
Derived(D, x, A), is the set of derived objects generated by the members of S(D, x).

Derived(D x A = ] LocalDerived( D y A (5.36)
yO Useslinterfacé D X

Similarly to the definition of the compilation function, we can define a linking function to
model the linking of derived objects in the system building process. Given a set of derived objects

and a list of arguments, the linking function returns another derived object:

Definition 5.15 Linking Function

The linking function Link: oxA - O is a function where:
- O is a set of derived objects;
- A'is a set of arguments;
- O is a derived object.

Again, we make no assumptions about the format of derived objects and arguments used in a link-
ing function. If multiple linkers are available, the specific linker used in a compilation should be
specified as an argument to the linking function.

The executable of a software uniis the result of linking the derived objects of the sub-

system designated by

Definition 5.16 Executable

Given a list of arguments A, the executable of a subsystem S(D, x) a, denoted Exe(D, X
the result of linking the derived objects of S(D, x) with A:

Exe(D x A =Link(Derived( D x A, A) (5.37)
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5.5 Atomic Operations

Our framework has five basic operations that can be used to change the status of a soft-
ware unit database. They arew edit, delete snapshotindrevise These basic operations are the
transactions of the software unit databases. Each of them is atomic; that is, they either occur in
their entirety or do not occur at all, and if they do occur, they do not interfere with each other. We
model each of these operations as a function that takes a software unit database as its major input

and returns another software unit database as its result.

5.5.1 New

The first atomic operation in our modelNsw. It adds a new active software unit to an
software unit database. The new software unit contains empty interface, implementation, and glo-
bals, and has no links to other software units. It is has an identity that is different from any existing
software unit in the software unit database.

In order to choose a unique identity for the new software unit, we assume that we have a

function,NewID: 2° . 1, that takes a software unit databBsand generates an identity that is dif-
ferent from the identity of any software unith In other wordsNewlD satisfies the following

proposition:

ODO2° OxOD NewID(D) #x.ID (5.38)
Implementing such a function should not be a problem in existing operating systems or
databases. In ObjectStore, which is used to implement our prototype system POEM, each object in

a database is assigned a unique identity when created.

Algorithm 5.4 New: 2Z - 2z

1: FUNCTION New(D: software unit database): software unit database;

VAR
new_su: software unit;

BEGIN
new_su:= (NewID(D), NULL, NULL, NULL, {}, {}, {}, {}, NULL, FALSE);
RETURN(D U {new_su});

END

NoOogakwn

Applying theNew operation on a consistent software unit database yields another consis-

tent software unit database:
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Property 5.10

If D is a consistent software unit database, then New(D) is also a consistent software
database.

op oA New(D) OA (5.39)

Proof:
To prove thalNew(D)is consistent, we have to show that all the software units it contains have
unique identity and there is no dangling link.
(i) Unique identity.

This is trivial because the identity of the new software unit is generatReviap(D), which
by definition generates an identity that is different from any existing software it in
(i) No dangling links.

This is also trivial becauseew sets the links of the new software unit to be empty sets, and
does not modify existing software units.

|
It is obvious that th&lew operation does not modify any fixed software unit in a software

unit database.

Property 5.11 New does not change fixed software units

For any fixed software unit x in a software unit database D, x remains unchanget
New(D).

ODOA OxOD (x.FX = TRUE) O X ONew(D) [X = X] (5.40)

Proof:
This is trivial becausBew does not modify any existing software uniOn
[
And it is not hard to show that theew operation does not create any cycle of

t_uses_interface links ort_uses_globals links:
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Property 5.12 New does not create t_uses_interface cycles or t_uses_globals cycles

If a consistent software unit database D is free of t_uses_interface cycles, then New(
also free of t_uses_interface cycles

ODOA  TUI_CYCLE FREE(D) O TUI_CYCLE FREE( New( D) (5.41)

If a consistent software unit database D is free of t_uses_globals cycles, then New(D) is
free of t_uses_globals cycles

ODOA  TUG CYCLE FREE(D) O TUG CYCLE FREE( New D) (5.42)

Proof:
This is trivial becausiew does not add antyuses_interface link ort_uses_globals link to D.

5.5.2 Edit

The Edit operation modifies the content of an existing software unit. It can change the
interface, implementation, globalases_interface links, t_uses_interface links, uses_globals
links, ort_uses_globals links of a software unit. The other attributes of a software unit — the iden-
tity, version predecessor pointer and fixed flag — cannot be changedthijt thgeration.

We model theedit operation as a function that takes a software unit datdbasel two
software unitx andx'. The software unix should be a member B andx’ is the new value fax.
Edit replacex with X' if all the following conditions are satisfied:

e XisinD.

The identity ofX' is the same as the identity>of
» The version predecessor ¢fig the same as that xf
X is not fixed.

* X' is not fixed.
If any one of these conditions is not true, theit becomes a null operation and retuns

without any modification.
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Algorithm 5.5 Edit: 2> xS x ¥ _ 2

1: FUNCTION Edit(D: software unit database, x: software unit, x": software unit): software unit database;

2 BEGIN

3 IF (x O D) O((x.FX=TRUE) O(x'.FX = TRUE) O(x.ID #x".ID) O(x.VP Zx'.VP)

4 RETURN(D);

5 ELSE IF (there is an identity in (X'.NUI O x.TUI O xX.NUG O X.TUG) that does not correspond to
6: the identity of any software unit in D)

7 RETURN(D);

8 ELSE

9: RETURN(D - {x'} U {x});

10: END

If the Edit operation operates on a consistent software unit database, then the resulting

software unit database is still consistent:

Property 5.13

If D is a consistent software unit database, then Edit(D’)Xs»also a consistent software
unit database:

ODOA Ox,XxOZ Edit(D, x, X) OA (5.43)

Proof:
To prove thatdit(D, X, X) is consistent, we have to show that all the software units it contains
have unique identity and there is no dangling link.
(i) Unique identity.

Sincex is replaced by only if they have the same identity (line 3), the software units in
Edit(D, x, X) will still have unique identities.
(i) No dangling link.

This is trivial because lines 5 through 7 make an explicit check to ensure this property.

|

TheEdit operation does not modify any fixed software unit in a software unit database.

Property 5.14

For any fixed software unit y in a software unit database D, y remains unchanged in
Edit(D, x, X):

ODOA OyOD Ox,XxOX (y.FX=TRUB O Oy OEdit(D, x, X) [y =] (5.44)

Proof;
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This is trivial because i is fixed, therEdit(D, x, X) is the same &3 (lines 3 and 4).

5.5.3 Delete

The Delete operation is used to remove an active software unit from a software unit data-
base. If the software unit being removed is referred to by other software units, thziethe
operation becomes a null operation.

We model theDelete operation as a function that takes a software unit datdbasel a
software unitx as its argument. It removgsrom D if x is an active software unit b andx is not

referred to by any software unit ih

Algorithm 5.6 Delete:2Z X3 o 2Z

1: FUNCTION Delete(D: software unit database, x: software unit): software unit database;
2 BEGIN

3 IF (x OD) O(x.FX # FALSE)

4: RETURN(D);

5: ELSE IF thereisay in D - {x} such that x 0 Uses(D,y)

6: RETURN(D);

7 ELSE

8 RETURN(D - {x});

9 END

Applying theDelete operation on a consistent software database unit yields another con-

sistent software unit database:

Property 5.15

If D is a consistent software unit database, then Delete(D, x) is also a consistent soft
unit database:

ODOA OxOX Delete(DQ % OA (5.45)

Proof:
To prove thaDelete(D, x)is a consistent software unit database, we have to show that all the soft-
ware units it contains have unigue identity and there is no dangling link.
(i) Unique identity.
This is trivial becausPelete does not modify or create a new identity.
(i) No dangling link.

This is also trivial becaudgelete does not modify or create new links, and it explicitly checks
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if the software unit being deleted is being used by other software units (line 5 and line 6).

TheDelete operation does not modify any fixed software unit:

Property 5.16 Delete does not modify any fixed software unit

For any fixed software unit y in a software unit database D, y remains unchange(
Delete(D, x).

ODOA OyOD OxOX (y.FX=TRUB 0O Oy ODelete( O 3 [y =] (5.46)

Proof.
This is trivial because line 3 explicitly insures that the software unit being deleted is not fixed.
|
And the Delete operation does not create any cycle tofises_interface links or

t uses_globals links:

Property 5.17 Delete does not create t_uses_interface cycles or t_uses_globals cycles

If a consistent software unit database D is free of t_uses_interface cycles, then Delete(
is also free of t_uses_interface cycles

ODOA OxOS TUI_CYCLE FREE(D) O TUI_CYCLE FREE( Deletd D X) (5.47)

If a consistent software unit database D is free of t_uses_globals cycles, then Delete(D
also free of t_uses_globals cycles

ODOA OxO3  TUG CYCLE FREE(D O TUG_CYCLE FREE( Deletd D ¥) (5.48)

Proof:
This is trivial becausiew does not add arntyuses_interface link ort_uses_globals link to D.

5.5.4 Snapshot

The Snapshot operation creates a fixed version of an extended subsystem as the version
predecessor of an existing active extended subsystem. We model it as a function that takes a soft-
ware unit database and a software unk as its input, and returns a software unit database con-

taining new software units that represent the snapshs @, x)
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Algorithm 5.7 Snapshot:Zz x3y o 2%

1:
2
3
4.
5:
6:
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:
20:
21:
22:
23:
24
25:
26:
27:
28:
29:
30:
31:
32:
33:

FUNCTION Snapshot(D: software unit database, x: software unit): software unit database;

D" software unit database;
mod_set: SET of software units;/* Software units that are modified. */
mod_xs_rts: SET of software units;/* Root software units of modified extended subsystems. */

y, new_su: software unit;
BEGIN

IF (x.FX O(x O D))
RETURN(D);
D' :=D;

mod_set :={};
FOR EACH y O XS(D, x)
IF Modified(D,y) /* The definition of Modified will be discussed later. */
mod_set := mod_set 0 {y};
mod_xs_rts :={};
FOR EACH y O XS(D, x)
if (XS(D, y) n mod_set#{ })
mod_xs_rts := mod_xs_rts + {y};
FOR EACHy O mod_xs_rts  /* Create a snapshot for each software unit in mod_xs_rts. */
BEGIN
new_su := (NewlD(D"), y.INF, y.IMP, y.G, { }, {}, {}. {}. y.VP, TRUE);
D' :=D" + {new_su};
y.VP := new_su.ID;
END
FOR EACH y O mod_xs_rts
BEGIN /* The definition of ConnectSnapshot will be discussed later. */
VPred(D,y).NUI := ConnectSnapshot(D, y, NUsesInterface(D, y));
VPred(D, y).TUI := ConnectSnapshot(D, y, TUseslInterface(D, Y));
VPred(D, y).NUG := ConnectSnapshot(D, y, NUsesGlobals(D, y));
VPred(D, y).TUG := ConnectSnapshot(D, y, TUsesGlobals(D, y));
END
RETURN(D");

END;

Algorithm 5.7 can be divided into four parts. In the first part, lines 8 and 9, it tests the

validity of its arguments. Ik is fixed or ifx is not a membeb, then this is an invali&napshot

operation. Algorithm 5.7 returr3 without making any modification.

In the second patrt, lines 10 through 18, Algorithm 5.7 finds all the software uKB%n

x) that should be considered as modified and puts them in tlhedets_rts. Basically, a software

unity is considered modified XS(D, y)contains a modified software unit (lines 15-18). At line

13 of Algorithm 5.7, we use the functidfodified to test if a software unit is different from its ver-

sion predecessor. This function is defined below.
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(Algorithm 5.7 continued)
34:FUNCTION Modified(D: software unit database, x: software unit): BOOLEAN;

35:  BEGIN

36: IF (x.FX = TRUE)

37: RETURN FALSE;

38: ELSE IF (x.VP = NULL)/* x is considered as modified if it has no version predecessor. */
39: return TRUE;

40: ELSE IF (x.INF # VPred(D, x).INF) O(x.IMP # VPred(D, x).IMP) O(x.G # VPred(D, x).G)
41: O (x.NUI # VPred(D, x).NUI) O(x.TUI # VPred(D, x).TUI)

42: O(x.TUG # VPred(D, x).TUG) O(x.TUG # VPred(D,x).TUG))

43: RETURN TRUE;

44: ELSE

45: RETURN FALSE;

46: END

In the third part, from line 19 to line 24, Algorithm 5.7 creates a new software unit for
each software unit imod_xs_rts. The newly created software units are snapshots of the ones in
mod_xs_rts. They inherit their interface, implementation, and globals from the software units they
are created from, but have no links pointing to other software units.

In the last part, from line 25 to line 31, Algorithm 5.7 sets the links of the software units
created in the third part. This is done by calling the funaliommectSnapshots, which is defined

as follows:

(Algorithm 5.7 continued)

47:FUNCTION ConnectSnapshots(D: software unit database, y: software unit,

48: L: SET of software units): SET of identities;
49: VAR

50: result : SET of identities;

51: Z: software unit;

52: BEGIN

53: result :={};

54: FOR EACH zO L

55: IF (z.FX = TRUE)

56: result :=result O {z.ID}

57: ELSE

58: result := result O {VPred(D, z).ID}
59: END

The last part of Algorithm 5.7 is a little complicated, but the basic idea is simple. Suppose
we have a software unit that is created as the snapshat.df x has a link pointing tgy and there
is also a newly created snapshot,dhen we set up a corresponding link fremo the snapshot of
y. On the other hand, if there is no newly created snapslypthan we set up a link fromto y.

The Snapshot operation does not change the consistency of a software unit database.
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Applying theSnapshot operation on a consistent software unit database yields another consistent

software unit database.

Property 5.18 A snapshot of a consistent software unit database is still consistent.

If D is a consistent software unit database, then Snapshot(D, X) is also a consistent sof
unit database:

ODOA OxOZ Snapshof D xOA (5.49)

Proof:
(i) Unique identity.

This is trivial because the identities of new software units are generaeldip(D) at line
21.

(i) No dangling link.

Since Algorithm 5.7 does not delete any software unit, all the links that are not modified
remain valid inSnapshot(D, x)There are two places at which Algorithm 5.7 sets links of software
units. The first is at line 23, wheyeVP is set to the identity of the newly created software unit
new_su. Sincenew_su is inserted intd' at line 22, we know that line 23 will not cause dangling
links.

The other place where Algorithm 5.7 sets links of software units is from line 27 to line 30,
where the functio@onnectSnapshots is called to connect the software units created in the loop of
line 19. In this function, the new links are set at lines 56 and 58. Line 56 cannot cause dangling
links because is a software unit ifD, which will still exist inD’. Line 58 cannot cause dangling
links either. The value ofPred(D, z)is always a valid software unit because dfoes not have a
version predecessor in the original software unit dataDateenz will be considered as modified
(line 38) and a new software unit will be created as its version predecessor at line 21.

]
We also observe that tismapshot operation does not modify any fixed software unit in a

software unit database.

Property 5.19

For any fixed software unit y in a software unit database D, y remains unchanged in S
shot(D, x):

ODOA OyODOxOZX (y.FX =TRUB O Oy O Snapshot D X[y =] (5.50)
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Proof:
In Algorithm 5.7,Snapshot modifies software units at two places. The first place is at line 23,
where the version predecessolya$ set. Since is inmod_xs_rts and we know that all members
of mod_xs_rts are active software units, line 23 does not modify any fixed software units.
The other place Algorithm 5.7 modifies software units is between lines 27 and 30, where the
links of the version predecessoryofire set. Sincgis inmod_xs_rts and the version predecessor
of every element imod_xs_rts is set to a newly created software unit at line 23, we know that the
version predecessor pis always a newly created software unit. Therefore, lines 27 through 30 do
not modify any existing software unit.
]
And the Snapshot operation does not create any cycletaises_interface links or

t uses_globals links:

Property 5.20 Snapshot does not create t_uses_interface cycles or t_uses_globals cycle

If a consistent software unit database D is free of t_uses_interface cycles, then Snapst
X) is also free of t_uses_interface cycles

ODOA OxO3 TUI_CYCLE FREE(D O TUI_CYCLE FREE( Snapshdt D)} (5.51)

If a consistent software unit database D is free of t_uses_globals cycles, then Snapshot
is also free of t_uses_globals cycles

ODOA OxOS  TUG CYCLE FREE(D O TUG_CYCLE FREE( Snapshat D)Y (5.52)

Proof:
The only place Algorithm 5.7 may atdises_interface links toD is at line 28, where the function
ConnectSnapshots is called to establish uses_interface links among newly created software
units. That is also the only place Algorithm 5.7 can possibly create cycteasse$_interface
links.

In ConnectSnapshats, line 56 and line 58 are the only two places links are added. Line 56 cre-
ate a link to a fixed software unit that existed in the origh&ince Algorithm 5.7 does not mod-
ify or addt_uses_interface link of any software unit that is not created by it, the destination
software unit of the link create at line 56 cannot have any path of links leading back to the source
software unit of the link, which is newly created by Algorithm 5.7. Therefore, we know line 56
cannot create any cycle plises_interface links.

Line 58 cannot create cyclestoiises_interface links either. It creates a link fromPred(D, y)
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to VPred(D, z)if and only if there is a link frony to z in the original software unit database D.
Therefore, if line 58 creates a cycle tofises_interface links, then there must be a cycle of
t_uses_interface links in D. Since this contradicts with the fact that there are no cycles of
t_uses_interface links in D, we know that line 58 cannot create cycles_aes_interface links
alone. Line 58 cannot create cycleg afses_interface links with existingt_uses_interface links
in D or the links created by line 56 either: Line 58 sets links from software units that are newly cre-
ated by Algorithm 5.7, buD cannot contain any link to these newly created software units, and
line 56 does not create any such link either.

We can also prove th&napshot does not create any cycle tofises_globals links with the
same argument.

[
The necessary and sufficient condition for Algorithm 5.7 to create a snapshot for a soft-

ware unity is thaty be a member of the extended subsystem that is being operated on, and that

some members of the subsystem designatgddog modified.

Property 5.21

In Algorithm 5.7, a snapshot is created for a software unit y if and only if y is a membe
XS(D, x) and some members of XS(D, y) are modified.

ODOA Oxy, zOD (5.53)
yO XS( D » OModified(D, y) = Oy JSnapshot D X[ (y.ID =y.ID) O (y.VP =y.VP)]

Proof:

This is trivial because is inserted inmod_xs_rts if and only if some members &S(D, x)are
modified (lines 17 and 18), and a snapshot is generatedffand only ifx is inmod_xs_rts (lines
19 and 21).

5.5.5 Revise

The Revise operation creates an active version of a extended subsystem as the version
successor of an existing fixed extended subsystem. We model it as a function. Skepkiet
operation, this function takes a software unit dataltased a software unit. D is the original
software unit on which thBevise operation operateg;is the root software unit of the extended

subsystem that is being revised.
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The Revise operation, however, needs an additional argument to model the workarea that
containsx. As discussed in section 4.3, tRevise operation is not propagated across the bound-
aries of workareas, and it creates new active versions only for software units in the local workarea.
The additional argument for the containing workarea can be represented as a set of software units

in our model.

Algorithm 5.8 Revise:2Z X 2 X 2z - 2Z

1: FUNCTION Revise(D: software unit database, x: software unit, W: set of software units)

2: : software unit database;

3: VAR

4. D': software unit database;

5: y, new_su: software unit;

6: revise_set, new_su_set: set of software units;

7: BEGIN

8: IF (-x.FX O(x O D))

9: RETURN(D);

10: D' :=D;

11: revise_set := XS(D, x) n W;

12: new_su_set:={};

13: FOR EACH y O revise_set

14: BEGIN

15: new_su := (NewlD(D"), y.INF, y.IMP, y.G, {}, {}. {}. { }, y.ID, FALSE)
16: new_su_set := new_su_set + {new_su};

17: D' :=D" + {new_su};

18: END

19: FOR EACH y O new_su_set;

20: BEGIN

21: y.NUI := ConnectRevisions(D, y, NUseslInterface(D, y), new_su_set);
22: y.TUI := ConnectRevisions(D, y, TUseslInterface(D, y), new_su_set);
23: y.NUG := ConnectRevisions(D, y, NUsesGlobals(D, y), new_su_set);
24: y.TUG := ConnectRevisions(D, y, TUsesGlobals(D, y), new_su_set);
25: END

26: RETURN(D");

27: END;

Algorithm 5.8 can also be divided into four parts. The first part, lines 8 and 9, tests the
validity of the arguments. Kis not fixed or ifx is not a member dd, then the function returria
immediately without making any modification.

The second part, line 11, finds the set of software units that should be revised. This is sim-
ply the intersection of the extended subsystem designatedrny the containing workarea W.

The third part, lines 12 through 18, creates a new active version for each software unit
found in the second part. The new active software units are created with their interface, implemen-

tation, and globals copied from the software units from which they are created.
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The last part, lines 19 through 27, connects the newly created software units. It calls the
functionConnectRevisions defined below. Again, the algorithm for this part is a little complicated,
but the basic idea is rather simple. For each new softwarg enitated from an existing software
unit x, if there is a link fromxto y and a new version gfis created, then we set up a link fram
to the new version of. If no new version is created fgrthen we set up a link fromi toy. In the
first casey is a software unit in the local workarea; in the latter cagea software unit residing

in some remote workarea.

28:FUNCTION ConnectRevisions(D: software unit database, x: software unit,

29: L: SET of software units, N: SET of software units): SET of identities;
30: VAR

31: result : SET of identities;

32: w, y: software unit;

33: BEGIN

34: result :={};

35: FOREACHw O L

36: IF (there is a z in N such that VPred(z) = w)
37: result ;= result 0 {z.ID};

38: ELSE

39: result := result O {w.ID};

40: END

TheRevise operation does not change the consistency of a software unit database. Apply-
ing theRevise operation on a consistent software unit database yields another consistent software

unit database.

Property 5.22 A revision of a software unit database is still a software unit database.

If D is a software unit database, then Revise(D,x,B) is also a software unit database:

ODOA OxOD OBO2” Revisd D x BOA (5.54)

Proof.
To prove thaRevise(D, x, Wis a consistent software unit database, we have to show that all the
software units it contains have unique identity and there is no dangling link.
(i) Unique identity.

The only place Algorithm 5.8 adds new software units into a software unit database is between
lines 15 and 17. Since the identities of the new software units are generated by calling the function
NewlD, we know that all the new software units have unique identity.

(i) No dangling link.
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Since Algorithm 5.8 does not delete any software unit, all the links that are not modified
remain valid inRevise(D, x)Therefore, we only have to check the validity of newly created links.
In Algorithm 5.8, links of newly created software units are established between lines 21 and 24 by
calling the functiorConnectRevisions, which in turn sets up links at lines 37 and 39. Line 37 can-
not cause dangling links, because line 36 explicitly checks the validity of the link's destination.
Line 39 cannot cause dangling links either. Siwge a software unit itb and Algorithm 5.8 does
not delete any software unit,will still exist in Revise(D, x)

|
It is not hard to observe that tRevise operation does not modify any fixed software unit

in a software unit database.

Property 5.23

For any fixed software unit x in a software unit database D, x remains unchanget
Revise(D, z, B):

ODOA DyOD OxOE OBO2” (y.FX=TRUB O Oy ORevisg D x B[y =] (5.55)

Proof.
In Algorithm 5.8, the only placRevise modifies software units is between lines 21 and 24, where
the links ofy are set. Sincgis innew_su_set and all the elements aéw_su_set are newly cre-
ated (lines 15 and 16), we know tiRatvise does not modify any existing software unit.
|
And the Revise operation does not create any cycle tofises_interface links or

t _uses_globals links:

Property 5.24 Revise does not create t_uses_interface cycles or t_uses_globals cycles
If a consistent software unit database D is free of t_uses_interface cycles, then Revise
is also free of t_uses_interface cycles
ODOA OxOs OBO2 (5.56)

TUI_CYCLE FREE(D) O TUI_CYCLE FREE(Revis¢ D x B
If a consistent software unit database D is free of t_uses_globals cycles, then Snapshot
is also free of t_uses_globals cycles

ODOA DxOx 0BOZ2 (5.57)
TUG_CYCLE FREE(D) O TUG_CYCLE FREE( Revis¢ D x B
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Proof.
The only place Algorithm 5.8 may addises_interface links toD is at line 22, where the function
ConnectRevisions is called to establish uses_interface links among newly created software
units. That is thus the only place Algorithm 5.8 can possibly create cyctesse$_interface
links.

In ConnectRevisions, line 37 and line 39 are the only two places links are added. Line 39 cre-
ate a link to a software unit that exists in the original software unit datBb&&iace Algorithm
5.8 does not modify or adduses_interface link of any software unit that is not created by it, the
destination software unit of the link create at line 39 cannot have any path of links leading back to
the source software unit of the link, which is newly created by Algorithm 5.8. Therefore, we know
that line 39 cannot create any cycle afses_interface links.

Line 37 cannot create cyclestofises_interface links either. It creates a link frognto z if and
only if there is a link fronWVPred(y)to VPred(z)in the original software unit database D. There-
fore, if line 37 creates a cycle afuses_interface links, then there must be a cycle of
t _uses_interface links in D. Since this contradicts with the fact that there are no cycles of
t_uses_interface links in D, we know that line 37 cannot create cycles abes_interface links
alone. Line 37 cannot create cycleg afses_interface links with existingt_uses_interface links
in D or the links created by line 39 either: Line 39 sets links from software units that are newly cre-
ated by Algorithm 5.8, buD cannot contain any link to these newly created software units, and
line 39 does not create any such link either.

We can also prove th&evise does not create any cycletofises_globals links with the same

argument.

5.5.6 Discussion

The five operations discussed in this section are the only basic operations that can be used
to modify software unit databases in our framework. In actual implementations, there might be
variants of these operations. For example, our prototype environment POEM supplies different
interfaces for editing source code and editing links. They look very different to end users, but map

to the sam&dit operation in our formal model.
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5.6 Successors of a Software Unit Database

If we apply any of the five operations discussed in the previous section to a software unit
databas®, we get another software unit databBseéWe callD’ animmediate successof D and

definelSuccessors(Dio be the set of all immediate successom.of

Definition 5.17 Immediate successors set of a software unit database

The immediate successor set of a software unit database D, denoted ISuccessors(D)
set of software unit databases that can be generated by applying New, Edit, Delete,
shot, or Revise on D:

ISuccessoré P={D'| x,yOZ [(BO2” (D'=New(D ®) O (D' = Edit(D, x y)) (5.58)

0O (D'=Delete( D ¥) O(D'=Snapshoft D X) O (D'=Revisq D x B)}

From the properties derived in the previous sections, we know that the immediate succes-

sor of a consistent software unit database is still a consistent software unit database:

Lemma 5.2 Immediate successors of a consistent software unit database are consistel

The immediate successors of a consistent software unit database are consistent softw
databases:

ODOA OD' OlSuccessoré D D'OA (5.59)

Proof.
By definition, members dBuccessors(Dare generated by applying one of Hev, Edit, Delete,
Snapshot, andRevise operations orD. From Property 5.10, Property 5.13, Property 5.15, Prop-
erty 5.18 and Property 5.22, we know that applying these operations on a consistent software unit
database yields another consistent software unit database. Therefore, all menBarcsax-
sors(D)are consistent software unit databases.
|

If we repeatedly apply operations on a software unit database will still get a soft-

ware unit base. We defirgiccessors(Dip be the set of software unit databases that can be gener-

ated by repeatedly applying operationsion
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Definition 5.18 Successors of a software unit database

The successors set of a software unit database D, denoted Successors(D), is the set
ware unit databases that can be generated by repeatedly applying New, Edit, Delete,
shot, or Revise on D:

Successoré P= {X|(X= D) O0OY(XO ISucessoré )YO (YO Successors D)} (5.60)

From Lemma 5.2, we can easily infer thaDifs a consistent software unit database, then

all members oSuccessors(Dare also consistent.

Theorem 5.5 Successors of a consistent software unit database are consistent.

The successors of a consistent software unit database are consistent software ur
bases:

ODOA 0OD'OSuccessor§ P D'OA (5.61

Proof.
By induction, we can show that repeatedly applyieg, Edit, Delete, Snapshot, andRevise on a
consistent software unit databd3gields another consistent software unit database:
Induction Base:

D is a consistent software unit database.
Induction Hypothesis:

Let D' be a member dfl Successors(D)which is generated by repeatedly applyieyy, Edit,
Delete, Snapshot, andRevise onD. Assume thab' is consistent.
Induction Step:

From Lemma 5.2, we know thatlif is consistent, then any immediate successbr,ovhich
is generated by applyingew, Edit, Delete, Snapshot, or Revise onD’, is also consistent.

|
If we start with an empty software unit database in our programming environment and use

only the five basic operation discussed in the previous section, we will always get a consistent

software unit database:

Property 5.25
All the successors of the empty software unit database {} are consistent:

0OD' O Successoré{ }) D'OA (5.62)



110 Chapter 5: Formal Model

Proof.
According to Definition 5.2, a software unit database is consistent if each of its member has a
unique identity and it contains no dangling links. Since the empty set {} satisfies both those condi-
tions. we know it is a consistent software unit database.

According to Lemma 5.2, the successors of a consistent software unit database are also consis-

tent. Therefore, we know that all the successors of {} are consistent.

From Property 5.23 and equation (5.3), we know that

Successorg{ }) 0AD02” (5.63)
Software unit databases $uccessors({}are of our special interest, because they repre-
sent all the software unit databases that can be created by our basic operations. MeBulwers of
cessors({Hhave several useful properties. Theorem 5.6 states that if a software unit dBtébhase
a member oBSuccessors({})then a software unit iD is fixed if it is used by another fixed soft-

ware unit or if it is the version predecessor of another software unit.

Theorem 5.6

For any software unit database D in Successors({}), the following properties hold:
1. If a software unit x is the version predecessor of another software unit y, then x is fixe

0D O Successoré{ }) Ox,ydD (yVP=x.ID) O (x.FX=TRUB (5.64)
2. If a software unit x is used by a fixed software unit y, then x is also fixed.

0D O Successor§{ }) Ox, ydD xOUseg D yO(y.FX=TRUB O (x.FX=TRUB (5.65)

Proof:
We prove this theorem by induction Bn
Induction Base:
WhenD = {}, clearly both properties hold.
Induction Hypothesis:
Let D1 be any software unit database in Successors({}). Assume that both properties hold in
D1.
Induction Step:
WhenD = ISuccessors(D1)D is the result of applying one of tinew, Edit, Delete, Snap-

shot, andRevise operations o1. Therefore, we need to show that all those five operations retain
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the two properties of this theorem.
(1) New:

This is trivial. SinceNew does not set the version predecessor or the fixed flag of any software
unit, it retains the first property (5.64). Singéew does not set any link either, it also retains the
second property (5.65).

(2) Edit:

Edit retains the first property because it does not set the version predecessor or the fixed flag of
any software unitEdit retains the second property because it does not modify any fixed software
unit and does not modify the fixed flags of any software unit.

(3) Delete:

SinceDelete does not modify the fixed flag or the version predecessor of any fixed software
unit, it retains the first property. SinCelete does not modify the fixed flag or the links of any
fixed software unit, it also retains the second property.

(4) Snapshot:

In Algorithm 5.7, the only placgnapshot modifies the version predecessors of software units
is at line 23, where the version predecessoy igfset tonew_su. Sincenew_su is created as a
fixed software unit (line 21), we know that the first property is retained.

In Algorithm 5.7, the only plac8napshot modifies the links of software units is in the func-
tion ConnectSnapshots. ConnectSnapshots retains the second property becausgi#f not fixed,
then the version predecessoryofill be used instead of By the induction hypothesis, we know
that the version predecessorya$ fixed.

(5) Revise:

To show thaRevise retains the first property, we need to show that all membetS@, x)
are fixed ifx is fixed. By the induction hypothesis, we know that all the software units used by
are fixed, and then all the software units used by the software units usadeyxed. With a sim-
ple induction, we can show that all the software units that can be reached fmbich is exactly
the definition oiXS(D, x) are fixed.

In Algorithm 5.8, the only placBevise modifies the version predecessor of software units is
at line 15, where the version predecessoreaf su is set toy. Sincey is a member ofevise_set
andrevise_set is a subset okKS(D, x) y is a member 0KS(D, x) Since line 15 is executed only if
x is fixed (lines 8 and 9y, must be fixed and the first property is retained.

In Algorithm 5.8,Revise modifies the links of software units at two places. The first place is at
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line 15, where the links afew_su are set to the empty sets. Clearly this does not violate the sec-
ond property. The second place is lines 21 through 24, where the ligkarefset to the return
value of ConnectRevisions. Singé a member ofiew_su_sets (line 19) and all software units in
new_su_set are active (lines 15 and 16),must be active. Clearly setting the links of an active

software unit will not violate the second property.

5.7 Properties of Fixed Software Units

Once created, a fixed software unit should not be changed, and the derived objects and
executable it generates should remain constant over time. In this section we give the proofs of

these properties.

Lemma 5.3 Fixed software units are constant.

For any fixed software unit x in a software unit databasel Buccessors({}), x remains
unchanged in the immediate successors of D.

ob O ?Xglg;e:%cgg{a} I)] E;(( E B [)I(?':D)(I]Successore p (5.66)
Proof:
By definition, ISuccessors(Djs the set of all software unit databases that can be generated by
applyingNew, Edit, Delete, Snapshot, or Revise on D. From Property 5.11, Property 5.14, Prop-
erty 5.16, Property 5.19 and Property 5.23, we know that a fixed software @nivilh not be
modified in these operations. Thereforeemains unchanged Buccessors(D)
]
With Lemma 5.3, we can show that the effective source of a fixed software unit remains

constant in the successorsjf

Lemma 5.4 The effective source of a fixed software unit is constant.

For any fixed software unit x in a software unit databasel Successors({}), ES(D, x)
remains unchanged in the immediate successors of D:

0D O Successor6{ }) OxOD OD OISuccessor§ P (5.67)
(x.FX=TRUBP O IxOD'[ (X =x) O(ES(D,x) =ES(D %)]
Proof.

According to Algorithm 5.3ES(D, x)contains a set of interfaces, a set of globals,>xaiMP.
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From Theorem 5.1, we know that the interface @f in ES(D, x)only if y can be reached from
via a path ofises_interface andt_uses_interface links. From Theorem 5.3, we know that the glo-
bals ofy is in ES(D, x)only if y can be reached from via a path ofuses_globals and
t_uses_globals links. Therefore, all the elementsB$(D, x)belongs to software units that can be
reached fronx via links (includingx itself).

From the second property of Theorem 5.6, we know thaisifixed and there is a link fromn
toy, theny must be fixed too. It is not hard to infer that i§ fixed and there is a path of links from
x toy, theny must be fixed too.

Combining the above two facts, we know that all the elemeES¢D, x)belong to fixed soft-
ware units. From Lemma 5.3, we know that all the fixed software uridg@main unchanged in
the successors @f. ThereforeES(D, X)remains unchanged in the successoi3.of

|
And from Lemma 5.3 we can infer that the local derived objects of a fixed software unit

remain constant in the successor§}of

Lemma 5.5 The local derived objects of a fixed software unit are constant.

For any software unit x in a software unit databaséBuccessors({}), the local derived
objects of x remain unchanged in the immediate successors of D.

0D O SuccessorS¢f }) OxOD OD OlSuccessorSdt D Dal 4 (5.68)
(x.FX=TRUB O X OD'[ (X =x) OLocalDerived( D, x,a) = LocalDerived( D x a]
Proof.
x.FX = TRUE
=>[XOD'[(x=x) O(ES(D,x) =ES(D )] (Lemma 5.3)
=> XOD'[(X =x) O(Compile( ES Ox),a) =Compile( ES D X, a))]
(sinceCompileis a function)
=> [XOD'[(X =x) OLocalDerived( D, x,a) = LocalDerived( D x a]

(Definition 5.13)
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Theorem 5.7 The derived objects of a fixed software unit are constant.

For any software unit X in a software unit databaseél Buccessors({}), the derived objects
of x remain unchanged in the immediate successors of D:

0D O SucessorSéf{ }) OxOD OD OlSuccessorSdt 0 Dal 4 (5.69)
(x.FX=TRUB O X OD'[(x = x) U (Derived( D, x, a) = Derived(D x §)]

Proof:
According to Definition 5.14Derived(D, X, a)s the union of the locally derived objects of all the
software units that can be reached froma uses_interface andt_uses_interface links. From the
second property of Theorem 5.6, we can infer that all the software units that can be reached from a
fixed software unit via links are fixed too. From Theorem 5.7, we know that the local derived
objects of a fixed software unit are constant. Combining all these facts, we know that the derived

objects of a fixed software unit are constant.

Theorem 5.8 The executable of a fixed software unit is constant.

For any fixed software unit x in a software unit database Buccessors({}), the executable
of x remains unchanged in the immediate successors of D:

0D O SucessorSéf{ }) OxOD D' OISucessorSdt P Dald 4 (5.70)
(X.FX=TRUB O IXOD'[Exe(D % 8 = Exe(D,x, a)]

Proof:

(x.FX=TRUB OD'0ISucessorSdt P

=> Derived(D % § = Derived( D, x, a) (Theorem 5.7)
=> Link(Derived( O x 3) = Link(Derived( D, x, a)) (sinceLink is a function)
=>Exe(D x § = Exe(D,x, a) (Definition 5.16)

5.8 Versional Consistency

In a programming environment, there may be multiple versions of the same source code
segment. But when building the executable of a program, we should use at most one version of
each source code segment. If multiple versions of the same source code segment are used, the

result is usually erroneous. Either the linker will complain about the redundancy, or a version of
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the source code segment is selected randomly.

We say that the configuration of a programéssionally consisterif it contains at most
one version of each source code segment. In this section, we discuss how versional consistency
can be defined in our model and how it is affected by different operations.

We start by defining the basic terminology. A software wrg aversion ancestoof
another software unitif there is a path of version predecessor links fyamx. The version pre-
decessor links are set up by theapshot operations and thRevise operations. If there is a ver-

sion predecessor pointer fronto x, theny is logically derived fronx.

Definition 5.19 Version Ancestors

In any software unit database D, the version ancestors of a software unit x, VA(D, x),
software units that x can reach via a path of version predecessor links:

VA(D,y) ={y|(VPred(D » =y) Oz0 D[ (VPred D ¥ =2 OyOVA(D, ]} (5.711)

Two software units are of the same version family if they can be traced back to a common

version ancestor. They are both versions of the same “logical software unit.”

Definition 5.20 Same Version Family

Two software units x and y are of the same version family, denoted as SVF(x, y), if anc
if X is equal to y or x and y have a common version ancestor:

SVF(x y = (x=y) Oz[zO0 VA D 3 OzOVA(D Y] (5.72)

Version family is a notion in our model, not a unit of management. In some configuration
management systems, like Adele, system models are specified in terms of version families, and
version families are first-class entities that can be directly operated by users. We do not support
operations to handle version families because our system models are effectively specified by the
links between individual versions of software units.

In a software unit database that belongSuocessors({})software units of the same ver-

sion family form a tree with their version predecessor pointers.

Property 5.26 Software units and their version predecessor pointer form a forest

In any software unit database D Successors({}), software units and their version prede
cessor pointers form a forest (i.e. a set of trees).

Proof:
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To prove this property, we first show that there can be no cycles of version predecessor pointers.
Clearly theNew, Edit andDelete operations cannot cause any cycle of version predecessor point-
ers, because they do not create or modify any version predecessor pointer.

The Revise operation cannot form any cycle because it only sets the version predecessor
pointers of active software units. By the first property of Theorem 5.6, we know that no version
predecessor pointer leads to an active software unit.

The Snapshot operation sets the version predecessors of the fixed software units it creates, but
this does not cause any cycle either. Because the only version predecessor pointers leading to these
newly created software units are those of active software units, and no version predecessor pointer
leads to those active software units, we know there are no cycles of version predecessor pointers.

Since each node (i.e. a software unit) has at most one parent (i.e. its version predecessor
pointer), we know the graph is a set of trees.

|
Clearly, in any software unit database that belondSuttcessors({ })the predicat&VF

defines an equivalence relation among software units:

Property 5.27 Same Version Family defines an equivalence relation

In any software unit database [D Successors({}), the relation defined by the Same Versi
Family predicate is an equivalence relation.

Proof:

To show that the relation is an equivalence relation, we have to show that it is reflexive, symmet-
ric, and transitive.

Reflexive

SVF(x 3 = (x=x O[zO VA(Q 3 0zO VA(D 3]
= TRUE

Symmetric:
SVF(x y = (x=y) Olz[z0 VA(D 3 OzO VA(D y]
= (y=x O[z0 VA(DQ y OzO VA(D 3]
= SVF(y 3

Transitive:

If SVF(X, y)andSVF(y, z)are true, the andy have a common version ancestor grahdz
also have a common version ancestor (Definition 5.20). Thereforeandz must belong to the
same connected component. From Property 5.26, we know that the connected component must be

a tree and that the root of the tree is a common ancest@nofz Then sincex andz have a com-
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mon version ancestdBVF(X, z)s true (Definition 5.20).
|
Since system building in our framework is carried out in terms of subsystems and

extended subsystems, we define version consistency in our model in those terms.

Definition 5.21 Versional Consistency

An subsystem S(D, x)uvsrsionally consistenif and only if every element of S(D, x) belong:
to a different version family:

VConsistenf $ D) =0x,yOS(D ¥ [(x=y) O-SVF(x% Y] (5.73)

Similarly, an extended subsystem XS(D, xgisionally consistenif and only if every ele-
ment of XS(D, x) belongs to a different version family:

VConsistenf E® D)X =0x, yOS(D X [(x=y) O-SVF(x Y] (5.74)

When discussing versional consistency, we do not distingisist) globals links from
uses_interface links, and there is no need to treat subsystems and extended subsystems separately.
In the remaining of this section we discuss only the versional consistency of subsystems. Similar
properties for extended subsystems can always be derived in the same way.

Some operations may change the versional consistency of subsystems, and some others do
not. TheEdit operation may change the versional consistency of a subsystem, because it allows us
to set the links of active software units arbitrarily. For example, we can create a versionally incon-

sistent subsystem as illustrated in Figure 5-Ediyoperations.

version 1

Figure 5-1: A versionally inconsistent subsystem.
One way to avoid this problem is to modHylit so that it disallows any action that results
in versionally inconsistent subsystems. But implementing this constraint will be expensive in our
framework. For example, to detect that adding the link fBto version 2 oD in Figure 5-1

causes an versionally inconsistent subsystem, we have to kndvishaged byA. But since links
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in our framework are directional, we have to check all software units in a software unit database to
know which ones usB.

It is not hard to see that thiew operation and thBelete operation cannot change the ver-
sional consistency of a subsystem, because the software units they create or delete cannot be mem-
bers of other existing subsystems. TBeapshot operation cannot change the versional

consistency of a subsystem either. But the proof is more complicated:

Theorem 5.9 The Snapshot operation retains versional consistency.

In any software unit database D Successors({}), if a subsystem is versionally consistel
then its snapshot is also versionally consistent.

0D OSucessof{ }) OxOD (5.75)
VConsisten{ X§ D)¥ O (D'=Snapshof D X) 0 VConsistenf X$ DPred(D,x)))
Proof.

Let D' = Snapshot(D, x)The software units iD' can be partitioned into four sets (see Figure 5-2):

Set 1: Fixed software units XS(D, x)
Set 2: Active software units MS(D, x)
Set 3: Fixed software units newly created by3hapshot operation.

Set 4: Software units iB but not inXS(D, x)

Set 2
Active software units i

=

Setl
Fixed soft its i
IXe SXOS(IVSa’II’f)unI S in Set 4
D - XS(D, x)

Figure 5-2: Software units in tf@napshobperation
According to Definition 5.11XS(D, x)is the set of software units that are reachable fxona
links. Therefore, all the software units in sets 1 and 2 are reachablg, faoichthere can be no link
from set 1 or set 2 to set 4. Also, since there cannot be any link from fixed software units to active

software units (Theorem 5.6), we know that there will be no links from set 1 to set 2.
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In Algorithm 5.7,Snapshot creates a new fixed software unit for each software unit in set 2.
The result is the software units in Set 3. Since all the links createghbghot are either from set
3 to set 1 (line 56) or inside set 3 (line 58), we know that set 3 cannot reach set 2 or set 4. Then,
since the snapshot &f VPred(D, x), will be in set 3, we know thaS(D, VPred(D x)) will con-
tain the software units in sets 3 and 1 only.
The software units in sets 3 and 2 have a one-to-one correspondence. For each softyare unit
in set 2, Algorithm 5.7 creates a software unit in set\8Rrsd(D, y). Since the version predeces-
sor ofVPred(D, y) is set to the original version predecessoy @ihe 21),VPred(D, y) belongs to
the version family to whicly originally belonged. Therefore, since every software unit in set 2 and
set 1 belongs to a different version family, every software unit in set 3 and set 1 also belongs a dif-
ferent version family.
]
The Revise operation may create versions of subsystems that are not versionally consis-
tent. Figure 5-3 shows an example.
Here, although the subsystem S(A) is versionally consistent, the new verSiph) gén-
erated byRevise(D, x, {A, B}s not. The reason for this problem is that®egise operation does
not create new versions for software units residing in remote workareas. AltGasighmember

of the subsystem designatedAyno new version is created for it.

D D

Workarea

Workareal_a |
—
—

]
X

Revise(D, x, {A,B})

e

A\
\

\
\]
Workarea
Y

Figure 5-3: ARevise operation can cause versional inconsistency.

Workarea
Y

In fact, applying aRevise operation on a subsystem does not always cause a versional

consistency problem even when the subsystem spans several workareas. We observe that the prob-
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lem occurs only when there are paths of links leading out and back to the same workarea. For
example, in Figure 5-3 the link froi to C leads out of workareH, then the link fronC to B
leads back to workareqagain.

More precisely, the operatidRevise(D, x, Wvill not cause versional consistency prob-

lem if the intersection d&(D, x)andW is endpoint enforcedwvhich is defined as following:

Definition 5.22 Endpoint Enforced

Suppose that we have a set of software units S in a software unit databaseeBd®ist
enforcedif and only if the following is true:

ODOA Oxy, zOD[(xO $O(yOS OUseg (x,2 OUses (zy) 0 zOY (5.76)

We conclude this section by proving this property.

Theorem 5.10 Revise retains versional consistency under certain circumstances.
If an extended subsystem S(D, x) is versionally consistent and S(DWk)s endpoint
enforced, then the new revision of S(D, x) in Revise(D, x, W) is also versionally consiste

Proof.

Let D' =Revise(D, x, WYhe software units iD' can be partitioned into four sets (See Figure 5-4):
Set 1: Software units i8(D, x)n W.

Set 2: Software units i8(D, x) - W

Set 3: Software units newly created®gvise(D, x, W)

Set 4: Software units iD but not inS(D, x)

e

Set 4
D - XS(D, X)

Figure 5-4: Software units in tliReviseoperation

According to Definition 5.11$(D, x)is the set of software units that are reachable kwia links.
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Therefore, all the software units in sets 1 and 2 are reachable,feord there can be no link from
set 1 or set 2 to set 4. Also, sir®, x)n Wis endpoint enforced, there can be no link from set 2
to set 1.

In Algorithm 5.8,Revise creates a new active software unit for each software unit in set 1. The
result is the software units in Set 3. Since all the links creat®d\ye are either from set 3 to set
2 (line 39) or inside set 3 (line 37), we know that set 3 cannot reach set 1 or set 4. Then, since the
newly created revision ofwill be in set 3, we know that the new revisiorSgD, x) will contain
the software units in set 3 and set 2 only.

The software units in set 3 and the software units in set 1 have a one-to-one correspondence.
For each software unjtin set 1, Algorithm 5.8 creates a software unit in set 3. Since the version
predecessor of the new software unit is set@oe 15), the new software unit will belong to the
version family to whicty belongs. Therefore, since every software unit in set 2 and set 1 belongs
to a different version family, every software unit in set 3 and set 2 also belongs a different version

family.
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Chapter 6

Implementation Issues

In this chapter, we discuss some important issues we encountered in the implementation of POEM.
We will discuss the overall structure of POEM, the implementation of the basic concepts, the inter-
pretive language that let users customize POEM, and a special technique to improve the version
control of objects. We do not intend, however, to cover all the aspects of POEM. Issues like the
implementation of the user interface and the parsing of the script language are omitted from this

thesis because they are rather straightforward.

6.1 Overall Structure

User
Interface
Layer

Eiitemi ﬁi i i ﬁiii)

Figure 6-1: Architecture of POEM

As illustrated in Figure 6-1, the architecture of POEM consistsusfea interface layer

and anobject layeron top of the file system. The object layer is where the software units are

stored, and is basically an object-oriented database. Currently we are using an object-oriented
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database system called ObjectStore [49] to implement this layer. ObjectStore is basically an exten-
sion of the C++ language that supports persistent objects, allows multiple clients to work on the
same database simultaneously in a distributed environment, and supports transaction facilities to
serialize the operations on objects.

To increase the flexibility of this environment, we supply an interpretive language that lets
users define new classes of software units or change the definition of individual software units,
thus tailoring the environment to their needs. Compatibility among user-defined software units is
enforced by requiring that all new classes of software units inherit existing classes.

In POEM, users do not directly access files and directories of the underlying file system.
But instead of storing everything in the object layer, POEM still stores large software artifacts like
source code, object code, and documents as files in the underlying file system. Doing so makes
POEM more open to the outside world. Existing tools like editors, compilers, and debuggers can
be invoked by the operations of software units to process these files. We can also utilize existing
code and documentation by creating software units that reference existing files.

The purpose of the user interface layer is to let programmers access software units in the
object layer. This layer is fairly simple because most functions of POEM are already supported by
software units in the object layer. Its major responsibilities are to display the contents of software
units, to let users invoke operations of software units, and to show the relationship among software
units. A graphical user interface can easily be built, since software units and their links map natu-
rally to icons and edges. Operations of a software unit can also be represented as items in a pop-up

menu.

6.2 Implementing the Basic Concepts

The four major concepts in POEM are software units, subsystems, workareas and classes

of software units. In this section we discuss the implementation of these basic concepts.

6.2.1 Software Unit

We implement software units as persistent objects in ObjectStore. Software units have two
kinds of attributes -data attributesand operations Data attributes are represented as the data
members of persistent objects in ObjectStore. Currently we support four atomic types and two data
structures for data attributes. The four atomic typemsegers strings Boolean valueandlinks;

the two data structures asetsandlists. The implementation of integer, strings, and Boolean val-
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ues is straightforward; they are represented by the corresponding data types in ObjectStore. Links
between objects are implemented®lyjectStore reference®bjectStore references are an exten-
sion to C++ pointers. They can be used as pointers in most cases, and remain valid between pro-
cesses. The two data structures, sets and lists, are implemented on top of the corresponding data
structures supplied by ObjectStore.

The operations of software units are defined in an interpretive language called VERSE,
which is discussed in section 6.3. These operation definitions are translated into abstract syntax
trees before being stored as attributes of software units. At run time, the execution of an operation

is carried out by evaluating the corresponding abstract syntax tree.

6.2.2 Workareas

We implement each workarea as an ObjectStore database file. A workarea contains a set of
software units and some display information, including the location and visibility of each member
software unit. Users can change the display information interactively in the POEM workarea win-

dows.

6.2.3 Subsystems

In the POEM model, a subsystem is a set of software units connected by links. Although
subsystems play an important role in the conceptual model, we do not need extra mechanisms to
implement them. The only potential problem is that a subsystem may span multiple workareas,
and we may need special mechanisms to handle the links that point to software units in remote
workareas. Fortunately, ObjectStore references, which are used to implement the links in POEM,
handles this problem quite smoothly. They can point to remote objects in the same way as local

objects. If the remote database is not open, ObjectStore opens it automatically.

6.2.4 Classes of Software Units

In POEM, we use the same kind of objects to implement classes of software units and nor-
mal software units. The inheritance relations between classes and the instantiation relations
between classes and software units are both simulated tgldgation[53][77][84] mechanism.

The delegation mechanism is proposed as an alternative to the mechanism of classes and

inheritance. The basic idea is that while each object defines its own attributes, it can also delegate
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to other objects the responsibility of responding messages that do not match any locally defined
attributes. As pointed out by Lieberman [53], the delegation mechanism is powerful enough to
simulate the classes and inheritance that are used in most object-oriented systems. The extra power
of delegation is that an instance may share data and behavior with the object it delegates to while
having its own local modifications.

Delegation gives us great flexibility. It enables incremental modifications at the object
level, allows dependencies between objects, and decreases the stored information by sharing. As
will be discussed in section 6.4, we use a new technique based on this flexibility to improve the
version control of objects. According to our experience, that new technique is rather simple and
efficient.

Delegation, however, usually results in a chaotic and inefficient environment. First,
because instances can redefine the attributes of the prototypes, there is no guatgveedof
compatibility: what is true of the prototypes may not be true of the instances. Second, the semantic
complexity of the system increases greatly. Because all objects can serve as prototypes, and the
prototypes have no knowledge of the existence of their instances, modification of any existing
object can cause unpredictable changes in the behavior of other objects. Knowing where the value
of a certain attribute is stored becomes important, but this is hard because it might be embedded in
arbitrarily deep levels of delegation. Third, a delegation system will be slower than an inheritance
system, because the stored values of attributes must be found at run time and there can be multiple
levels of delegations between an object and the stored values.

In contrast, the class-inheritance model gives users more manageability at the expense of
flexibility. It discerns the roles of classes and of objects. Classes separate structure and behavior
concerns from those of run-time computation. All objects of the class are guaranteed to have the
same behavior pattern. However, even with the class variables supported by some inheritance sys-
tems, the sharing of data at object level is quite limited. Without using class variables, sharing of
data between two objects has to be implemented by creating a separate object that stores the com-
mon values; using class variables, all objects of the same class have to share a single value. The
inheritance model does not support symmetric sharing either.

From the above observations, we decide to use a combination of inheritance and delega-
tion in the implementation of POEM. For end users, we supply a user interface that behaves like a
class-inheritance system. Users can define new classes that inherit from existing ones, and instan-

tiate software units from classes. But internally, we use the same kind of objects to implement
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classes and software units, and describe all the attribute-sharing relations between classes and soft-
ware units by delegation.

Figure 6-2 illustrates the relations between classes and software units. The round-corner
boxes above the dotted line are classes; those below the dotted line are software units. Every soft-
ware unit and class, except the root class SoftwareUnit, has a delegation link pointing to another
class. A class points its delegation link to its parent class; a software unit points its delegation link

to the class to which it belongs.

DevelopingUnit

XLibUnit

Classes

Software Units

Figure 6-2: Classes and software units

When a software unit receives a message, POEM first searches for a matching attribute on
the receiver software unit. If a matching attribute is found, then it is evaluated as the return value
of the message. If the attribute is not found, then POEM follows the delegation link to a class and
search for a matching attribute there. The search continues along the delegation links until a
matching attribute is found or until the root class is reached and there are no more delegation links
to follow. In the latter case, an error message is generated.

If the matching attribute is an operation found on a class, and if the operation itself uses
other attributes, then the search for those attributes will start from the original receiver software
unit instead of the class where the operation is defined. This is similar to the handling of the SELF
variable in the SELF language [84].

An advantage of using delegation is that we can save space by sharing data attributes
between classes and software units. The data attributes defined on classes serve as the default val-

ues for those on the software units. If a software Xidibes not change the default value of a data
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attribute defined in its cla€ then there is no need to copy the value ¥itdhe delegation mech-
anism will use the values defined@ras they are actually copied irXoln configuration manage-
ment, this is especially useful because most system building processes have a lot of default
parameters that are seldom changed.

Another advantage of delegation is that we can define new operations or redefine existing
operations on individual software units. This may increase the flexibility of a system. However, we
do not encourage users to do this because it may make the semantics of a system complicated.

When special needs arise, users are advised to create a hew class as the sub-class of existing ones.

6.3 VERSE

To increase the flexibility of POEM, we supply an interpretive language called VERSE to
let programmers define new classes and redefine existing ones. Since most activities in POEM are
carried out by operations defined in classes, changing class definitions has the effect of customiz-
ing the whole environment.

In fact, we do not hard wire any class definitions into the implementation of POEM. All
the classes used in POEM, including the very basic ones, are defined in VERSE. POEM only sup-
plies a translator to transform the class definitions into intermediate representations and an inter-
preter to execute the intermediate representations at run time. Although there is some overhead to
using an interpretive language, the performance of POEM has been satisfactory because the time it
spends on executing VERSE code is relatively short compared with the time it spends on basic
tasks like compilation and archiving source documents.

The design of VERSE has to meet several requirements. First, since we are using an
object-oriented model, the language must supply the basic mechanisms required in an object-ori-
ented system, including the ability to access data attributes of an object and the ability to send
messages to other objects. C++ is an example of languages with these abilities. Second, since we
have to synthesize and issue many commands to the underlying operating system, the ability to
concatenate strings into commands is important. UNIX shell and MAKE are examples of lan-
guages with this ability. Third, since we use sets and lists as the basic data structures in our model,
the language should make the handling of sets and lists easy. Data structures like arrays and
records are of secondary importance, although they are commonly used in conventional languages.
Fourth, since we use the delegation mechanism, we need the ability to handle the SELF variable,

which is fundamental in the delegation model. Lastly, since supporting C and C++ programming is
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our major goal, it will be helpful if the syntax of VERSE is similar to that of C and C++.

We found that no existing language satisfied all the above requirements, and so we
designed the syntax of VERSE. From the first and last requirement listed above, we decide to have
the syntax of VERSE similar to that of C++. We also adopted features from other languages to
enhance VERSE's ability to handle strings, sets, lists, and delegation.

Figure 6-3 shows an operation defined in VERSE. This operation belongs to the class
C++Unit. It generates the compilation command for a C++ software unit according to the
attributes of the software unit. It also takes three parameters, which are listed in the operation

header at line 2.

1:/* C++Unit:: comiple_cmd : String */
2:operation (tfile, ofile, lib_hdr_path)
3:{

: [emd, i]

return(@gcc_compile_cmd($tfile, $ofile, $lib_hdr_path));
if (@compiler == “Cfront”)
return(@cfront_compile_cmd($tfile, $ofile, $lib_hdr_path));

4
5:

6: if (@compiler == “g++")

7

8

9:

10: if (@compiler ==“SUN_CC_2.0")

11: $cmd = “/opt/SUNWSspro2.0/bin/CC -c -0 “ + $ofile;
12:  else

13: $cmd = “/opt/SUNWSspro/bin/CC -c -o “ + $ofile;
14:  if (@build_flags.member(“Debug”))

15: $cmd = $cmd + “ -g”;

16: if (@build_flags.member(“Profile”))

17: $cmd = $cmd + “ -pg”;

18: if (@build_flags.member(“Optimizel”))

19: $cmd = $cmd + “ -017;

20:  if (@build_flags.member(“Optimize2”))

21: $cmd = $cmd + “ -02™;

22:

23:  foreach (8$i, $lib_hdr_path)

24: $cmd = $cmd + “ -I” + $i;

25:

26:  return($cmd + “ “+ $tfile);

27}

Figure 6-3: An operation defined by VERSE
The variables of VERSE are not typed. In Figure 6-3, all the identifiers prefixed with the
character ‘@’ reference the data attributes of the containing software unit; all the identifiers pre-
fixed with the character ‘$’ are parameters or local variables of the operation. The parameters are
declared in the parentheses at line 2. The local variables are declared in the list at line 4.

VERSE supports five atomic data types and two structural data types. The four atomic
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data types arentegers Boolean valuesstrings andlinks. The two structural data types aets
andlists.

Using VERSE, we can concatenate strings directly with the “+” operator. For example, at
line 11 of Figure 6-3 we concatenate two strings and assign the result to the \iariabldo
issue this string as a command to the underlying operating system, we can use the built-in function

Sysasin
Sys($cmd);

For more information about VERSE, please see Appendix B and Appendix C. Appendix
B explains the syntax of VERSE, Appendix C gives an example of defining a class with VERSE.

A more detailed explanation of VERSE is also available as [55].

6.4 Versioning by Delegation

In POEM, we use a new technique based on delegation to handle the versions of software
units. Similar to other existing version control systems, we save space by storing only the differ-
ences between versions. But additionally, our technique allows old versions to be accessed directly
without check-in and check-out operations. This technique is rather simple and can be generalized
to be used in any object-oriented system.

This technique is illustrated in Figure 6-4. Suppose we have a software unit with four data
attributes — interface, implementation, object code, and manual. In the second version of this soft-
ware unit, we modified the implementation and rebuilt its object code. Then in the third version,

we modified its manual.
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Interface Interface Interface
Implementatio — > Implementatiol — > Implementatiol
Object Code Object Code Object Code
Ll Manual | L | Manual | L | Manual |
Version 1 Version 2 Version 3
(a) Logical View
T e Delegates tg Delegates {
Implementatio -t Implementatio | Manual
Obiject Code Object Code
L[ Manual
Version 1 Version 2 Version 3

(b) Physical Representation
Figure 6-4: Versioning by Delegation

Logically, this results in three versions of the software unit, each containing all four data
attributes, as shown in Figure 6-4(a). Users can access any attribute of the three versions. But
internally, we store only the modified attributes in each versions, and have each version point a
delegation link to its version predecessor. This is shown in Figure 6-4(b).

Suppose we want to access the interface of the second version. Since the second version
does not have this data attribute, POEM follows the delegation link to version 1 and retrieves the
interface there. The retrieved interface is returned as it is locally defined at version 2. Similarly, if
we try to access the interface of version 3, POEM follows the delegation links and retrieves the
interface from version 1.

Here we take advantage of the fact that all old versions in our framework are fixed (Theo-
rem 5.6). If this property does not hold and modification of old versions is allowed, then any
change made on an old version may also change the behavior of its version successors. This is sel-

dom what we want and handling this problem requires extra mechanisms.

6.4.1 Revise and Snapshot

The two basic version control operations in POEM are revise and snapshot. When we
apply the revise operation on a software unit, POEM creates a new version of the software unit and
has it point a delegation link to the original version. The new version is created without any
attributes. Logically, this makes the new version exactly the same as the original version. When
we read an attribute, its value is retrieved from the original version. But when we try to write to an

attribute, the new value is stored in the new version. This is similar to the copy-on-write technique
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used in operating systems.
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Write to the interface
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Figure 6-5: Versioning by delegation — Revise
The handling of the snapshot operation is more complicated. As illustrated in Figure 6-6,
when we apply the snapshot operation on an active software unit, a new fixed version is created as
the version predecessor of the original version. All the attributes of the current version are also
moved to the newly created fixed version. Comparing Figure 6-6 with Figure 6-5, we notice that
the snapshot operation is very similar to the revise operation. However, there are two major differ-
ences. First, we start with a active version instead of a fixed version in the snapshot operation. Sec-
ond, we associate the identity of the original version with the version successor instead of the
predecessor. This is important because if there are some links pointing to the active version before

the snapshot operation, those links will still point to an active version after the snapshot operation.
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Figure 6-6: Versioning by delegation — Snapshot

6.4.2 Interaction with Inheritance

The major challenge we found in implementing our version control mechanisms by dele-
gation is their interaction with the inheritance mechanisms. As discussed in Section 6.2.4, we also
use the delegation mechanism to implement the inheritance relations between classes and software
units. Therefore, except for the first versions of each software unit, every software unit has two
delegation links, one to its class and the other to its version predecessor. This is illustrated in Fig-
ure 6-7. To make things simple, we currently assume that all versions of a software unit belong to

the same class.

Classes

Software Units

version 1 version 2 version 3 version 4

Figure 6-7: Inheritance and versioning by delegation

Since each software unit has two delegation links, we have to decide which one to follow
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first in the search of attributes. If we follow the inheritance link first, then we may miss attribute
values defined in earlier versions. Let us take Figure 6-7 as an example. SuppdSalefasss

the default value of an attribute and this default value is overwritten at version X.ddince ver-

sion 4 is supposed to start with the same contents as version 3, the system should get the value of
from version 3 when we try to accassn version 4. However, if the system follows the inherit-
ance link first,C is visited before version 3 of and the default value of defined atC will be
returned.

On the other hand, if we follow the version predecessor link first, then the semantics will
be correct but it will take longer to find an attribute defined in the classes. Every time we access an
attribute defined in the classes, the system must search all the earlier versions before looking into
the classes. In the example of Figure 6-7, if we want to use an operation defined@iclass
sion 4 ofX, then all the earlier versions Xfwill be visited beforeC.

Weighing the pros and cons of these two approaches, we decide to opt for the second one.
It is obvious that being slow is better than being incorrect. And fortunately, the time required to
traverse delegation links is relatively short compared with other configuration management activi-
ties like compilation and archiving files. In our experience, searching for attributes has not been a
major factor in the performance of POEM.

Another benefit of following the version predecessor link first is that we can omit the
inheritance links of later versions, as illustrated in Figure 6-8. Since the inheritance links of latter

versions lead to the same classes, there is no need to keep them around.

Software Units

version 1 version 2 version 3 version 4

Figure 6-8: Using a single delegation link for versioning and inheritance

In case the traversing of delegation links does become a performance concern, we can
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speed up the searching by short-circuiting the delegation links. When there are many versions of a
software unit, we can copy all the attribute values of earlier versions into a new version, and make
the delegation link of the new version pointing directly to its class. This is illustrated in Figure 6-9.

In this example, we copy the attribute values defined in version 1 through version 6 into version 7
and short-circuit the delegation link of version 7 to the dlaskhis operation does not modify the
semantics of any version, but speeds up the searching of attributes in version 7 and its version suc-

cessors.

Classes

Software Units

X

version 1 version 2 version 3 version ersion 5 version 6 version 7 version 8

Figure 6-9: Short-circuiting a delegation link to improve performance.

6.4.3 Discussion

The fact that version control mechanisms can be implemented by delegation is not just a
coincidence. We find many similarities between version control and delegation. The concepts of
version predecessors and version successors in version control can be mapped to that of prototypes
and instances in the delegation model. While a version successor is derived from its predecessor,
an instance is derived from its prototype. While a new version is created to refine its predecessor,
an instance is created to extend its prototype. While new versions are created with the same con-
tents as their version predecessors, instances in delegation are created with the same contents as
their prototypes.

The two major benefits of versioning by delegation are that all versions of an object can be
accessed directly without check-in and check-out operations, and multiple versions of the same
object can exist simultaneously in the same workarea. In contrast, most existing version control

systems require check-out operations before using an old version and check-in operations before
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we can make an object into history. Most existing version control systems also permit only one
version of an object to exist in each workarea. If we want to compare versions of the same object,

we have to rename the versions or use special tools to access the version repositories directly.
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Chapter 7

Conclusion

The major goal of this research is to find a framework that makes configuration management sim-
ple yet powerful. We have shown that it is possible to provide a programming environment that
handles system building and version control according to the logical structure of source code. This
makes programming easier because programmers no longer have to maintain the mapping
between the structure of source code and that of the physical software artifacts. Our framework
also handles derived objects automatically and allows programmers to handle large subsystems as
a single unit.

Our framework draws its power from two principles. First, we organize software artifacts
at theconfiguration management ldve parallel with the modularization at teeurce code level
A software unit plays two roles at the same time: it represents a function or a class in source code
and it corresponds to a configuration in configuration management. Since we use the same decom-
position structure, the gap between handling source code and managing configurations is nar-
rowed. Additionally, since we represent the relations between modules explicitly as links,
programmers can examine and traverse them directly without looking into the source code. This
helps programmers to understand the general structure of a program.

Second, our approach applies the principles of modularization and encapsulation to con-
figuration management. It is well known that modularization and encapsulation are very useful in
managing source programs. Similarly, they can help greatly in handling configuration manage-
ment. As pointed out by Osterweil [66], software processes can be considered special programs
that are enacted by both human and computers. The data used by these special programs are soft-
ware artifacts like source code, derived objects, system models, documentation, version history

files, etc. By applying the principles of modularization and encapsulation on these software arti-
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facts, we can simplify configuration management greatly. Modularization helps us to decompose
the configuration management tasks into manageable units. Encapsulation helps us to hide the dif-

ferent configuration management requirements of individual subsystems.

7.1 Summary of Contributions

The major contribution of this thesis is a new framework for designing configuration man-
agement systems. We showed that programming environments designed with this framework will
be easier to use. We showed that we can formalize our framework and derive various useful prop-
erties from the formalization. We also showed that our framework is practical enough to be imple-

mented and used for real projects.

Easier to Use
In Chapter 3, we showed that POEM, a prototype programming environment based on our

framework, supports mechanisms that let its users handle configuration management directly in
terms of functions and classes. We argued that these mechanisms make configuration management
easier. We compared POEM with other existing environments and discussed why the difference is
important in version control, system building, cooperative programming, software reuse, and soft-

ware maintenance.

A Unified Model

In Chapter 4, we described the basic mechanisms of our framework and discussed their
roles in system building and version control. In Chapter 5, we formalized our framework and
proved several properties that we claimed in Chapter 4. With the properties we derived in this

chapter, we know what can happen in our environments and what cannot.

Practical
We demonstrated that our framework is practical by developing a prototype environment

called POEM and then using POEM to develop several programs. The use of POEM was dis-
cussed in Chapter 3 and the implementation issues were discussed in Chapter 6. We showed that
although POEM supports a rich set of functionalities, it can be implemented rather easily. We also
showed that our framework is quite flexible and open. The current implementation of POEM uses
many existing tools. In addition, users can customize their environments or incorporate new tools

by designing their own classes of software units.
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7.2 Limitations

In this section we describes the limitation and drawbacks of our framework and discuss
some possible solutions to these problems. The problems discussed here are not tied to a certain
implementation, but are intrinsic to our framework.

Most of the problems discussed here can be worked around by augmenting our framework
with additional mechanisms. But solving each problem by introducing a new mechanism will
make the framework more complicated, and thus harder to understand and implement. Besides,

new mechanisms may cause new problems and may interfere with each other.

7.2.1 Managing Legacy Code

Our framework is aimed at supporting the development of new programs. It cannot
directly manage software in traditional environments. The major reason for this difficulty comes
from the difference in the units of operations for configuration management. In traditional pro-
gramming environments, files and directories are the two major tools for organizing software; in
our framework, software is organized by software units and workareas. Although a directory may
be mapped to a workarea, a file cannot be mapped to a software unit directly. In addition, although
our framework uses links to replace the “#include” directives in traditional environments, an
“#include” directive cannot be cannot be used in place of a link. A link is version-sensitive. It
points to a certain version of a software unit. In contrast, a “#include” directive can be used to
include any version of a file.

A possible solution to this problem is to develop a tool that automatically transforms exist-
ing code into our framework. Indeed, we discussed in Section 4.6.6 a algorithm that can perform
this kind of transformation. Programs transformed by that algorithm, however, cannot take full
advantage of our framework. On the one hand, functions and classes are not separated into individ-
ual software units. One the other hand, interface and implementation of the same module are not
combined into the same software unit. If we want to have a better transformation tool, we will

need a more complicated algorithm that analyzes the syntax and semantics of the existing code.

7.2.2 Handling General Documentations
Since our framework is based on the modularization of programs, it cannot properly han-

dle documents generated before a project is decomposed into functions and classes. Our frame-
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work is designed to support configuration management activities in software design,
implementation, and maintenance, but not activities like requirement specifications and feasibility
studies.

Our framework cannot properly manage users’ manuals and tutorials either. Those docu-
mentations are written from an end user’s point of view, not the software developer’s. The way in
which they are organized is usually very different from the way programs are decomposed into
modules.

A possible solution to this problem is to manage that documentation separately and then
associate them with software units in our framework by hyper-links. We could define new classes
of objects to store parts of documentations, and then add new types of links to our software units
so they can point to objects in the corresponding documentation.

Using a hyper-link approach, however, may result in unmanageably complex systems. As
discussed in Section 2.3, a system with too many unrestricted hyper-links is like a program with

many goto statements. They may cause cognitive overhead and navigation problems.

7.2.3 Dependence on Graphical User Interfaces

Although we can define our framework independent of any user interface, as shown in
Chapter 5, a proper graphical user interface is necessary if we want to make the implementation of
our framework practical and easier to use. Without a graphical user interface, it is not easy to spec-
ify and manage links between software units, or to understand the relations between software
units.

Graphical displays have become a common feature of modern workstations and personal
computers. But they are still more expensive than textual ones. Some programmers also resent the
use of graphical user interfaces because they are usually slower than textual ones, and because
programmers have to move their hands between keyboards and mice. This may distract program-

mers and slow down their work.

7.2.4 Managing Toolkits
Sometimes a set of functions and classes are logically related but do not use one another’s
interfaces. This kind of situation happens frequently in the so-called tool kits. For example, the Xt

library of the X window system contains many functions that can be called by application pro-
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grams, but those functions seldom depend on each other. We illustrate the relations between soft-

ware units of a toolkit in Figure 7-1.

top-level functions and classes

} Software units for

Figure 7-1: A toolkit

Handling toolkits may be a problem in our framework because there is no single class or
function that is the common parent of all the members of a toolkits. Without a common parent, we
cannot create and manage versions of the toolkit as a single unit, or build object code of the toolkit
with a single build operation.

A possible solution to this problem is to create a dummy software unit to act as the com-
mon parent of members of toolkits, as illustrated in Figure 7-2. To build object code for the whole
toolkit, we invoke thebuild operation of the dummy software unit; if we want to keep the current

stage of the toolkit, we invoke tlsaapshot operation of the dummy software unit.

Dummy software unit

top-level functions and classes

} Software units for

Figure 7-2: Using a dummy software unit to manage a toolkit
Another possible solution to this problem is to define operations on workareas. For exam-
ple, we can store all members of a toolkit in a workarea and build the object of the whole toolkit by
using aworkarea-buildoperation that seniouild messages to all software units in the workarea.

This approach, however, requires some modification of our framework.
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7.2.5 Changing Versions of Low-level Components

Sometimes a software unit is used by many other software units. If we want to replace the
shared software unit with a new version, then we may have to modify many links. Figure 7-3 illus-
trates this kind of situation. Changing many links using a graphical user interface might be very

cumbersome.

version 2 version 1

Making version 2 the current version

version 1

version

Figure 7-3: Changing versions of a shared software unit

This problem happens in our framework because the destinations of our links are fixed and
we do not support the notion of “current version,” unlike most other version control systems. In
traditional C/C++ programming environments, a “#include” directive or a make rule does not
specify the version of the files it refers to. If we want to use a different version of a file, we can
simply bring that version into the directory that keeps all the current versions.

A simple solution to this problem is to supply a command in the user interface that auto-
matically replaces links for users. For example, we can supply a command that takes two software
unitsx andy as its arguments and then replaces all linkshig links toy. If such a mechanism is
available, we can perform the task illustrated in Figure 7-3 with a single operation.

The drawback of this approach is that if the users of the shared software unit are scattered
in several workareas, then the link replacing mechanism must make modifications in all those
workareas. This may conflict with other programmers’ activities. Moreover, finding all the

workareas that contain users of a shared software unit is not trivial in a large system.



7.2. Limitations 143

A second possible solution to this problem is to credieoker for the shared software
unit. As illustrated in Figure 7-4, we can create an empty software unit to serve as the broker of the
shared software unit. All the software units that want to use the shared software unit point their
links to the broker, and the broker pointls @ses_interface link to the shared software unit. With
thet_uses_interface link, the broker has the same effective interface as the shared software unit.
To replace the shared software unit with a different version, we simply change the destination of

thet_uses_interface link.

Broker

t_uses_interface

version 1

version 2

Making version 2 the current version

Broker

t_uses_interface

version 1

version 2

Figure 7-4: Changing version of a shared software unit with a broker
The drawback of this approach is that we have to create a broker for each shared software
unit. This is not natural and may make the structure of a program more complicated.
A third solution to this problem is to use spe®@ision-selecting linksor example, we
can have a special link that always points to the latest fixed version of a certain software unit. This

kind of link is different from the conditional links discussed in section 4.6.5. While a conditional
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link always points to the same software unit, the destination of a version selecting link is calcu-
lated dynamically. The behavior of version selecting links is similar to that of the version selection
rules in DSEE and SHAPE.

There are two major drawbacks of this approach. First, implementing version selecting
links might be expensive. Evaluating the destinations of links at run time will degrade the perfor-
mance of our system. Second, setting rules associated with the version-selecting links might be
difficult, especially when there are multiple version branches of the shared software unit. If we do
not set the rules properly, then the destination of a version selecting link may jump from one ver-

sion branch to another version branch. This is usually not desired.

7.3 Future Work

While the basis of our framework is established in this dissertation, there are still many

problems to be solved. Below we discuss some possible research directions of this research.

7.3.1 Field Test

We need more field testing of our ideas. Until now, our experience with POEM has been
more than satisfactory. But, limited by the resources in a university, we have not used POEM on
real-life projects. The largest program we have tried to develop under POEM is POEM itself,
which contains only several thousand lines of source code. We are especially interested in seeing
how the working patterns using workareas in POEM differ from those using workspaces in exist-

ing programming environments.

7.3.2 Merging

As discussed in Chapter 4, our framework uses workareas instead of workspaces. Compo-
nents of a program are partitioned into workareas instead of duplicated in each workspace. Conse-
guently, our framework does not depend on the merging mechanism as much as some commercial
systems, like TeamWork and ClearCase, do. The merging of version branches, however, is still an
important problem in our approach.

Most existing version control systems, like RCS and SCCS, support some line-based
merging tools. Those tools are rather simple and rely on users to solve most of the conflictions
they find. There are also some efforts to develop syntax-based or semantics-based merging tools

[42][86][89][90][91]. Potentially, those tools can generate more accurate results and reduce the
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number of false alarms about conflicts. These techniques, however, rely on very complicated algo-
rithms and are not yet mature enough to apply to real-life programs.

Merging tools, whether line-based, syntax-based, or semantics-based, can be incorporated
into our framework to merge individual software units. We can define an merge operation that
merges two fixed software units into a new active software unit, or merge a fixed software unit into
an existing active software unit. Although a merged version may have more than one version pre-
decessors, no major modification of our framework should be required because the concept of
“version predecessor” is not vital to our model.

A more interesting but also more difficult problem is the merging of subsystems. Accord-
ing to the philosophy of our approach, operations should be able to operate on a function or a class
without considering the functions and classes it uses. In the case of merging, we should be able to
merge two versions of a software unit without considering the software units they use. This is
equivalent to merging two subsystems. Since each subsystem in our framework is a graph of soft-
ware units and links, and each version of a subsystem may contain different software units, the
merging of two subsystems is similar to merging two rooted graphs. To our knowledge, there is no

significant research on this problem.

7.3.3 Supporting Debugging and Run-time Analysis

Our prototype environment, POEM, supports some functionalities, like source code edit-
ing and graphical layout of software structures, that are not traditionally supported by configura-
tion management systems. But POEM still does not constitute a full-fledged programming
environment. In particular, it does not have enough support for debugging and run-time analysis.

A possible solution this problem is to integrate POEM with FIELD [59][69][70]. FIELD
is another programming environment developed at Brown University. It has a rich set of textual
and graphical tools for run-time analysis, and supports several visualization tools that enable users
to analyze the same program with different views. All these functionalities are lacking in POEM.
POEM, on the other hand, can complement FIELD with its configuration management abilities.
Although FIELD also supports some configuration management tools, they are based on RCS and
MAKE and inherit from them some major limitations. For example, it is difficult to handle related
makefiles at the same time with the system building tool of FIELD.

Integrating POEM with FIELD is expected to be easier than integrating POEM with other

programming environments. The philosophy of FIELD is very similar to that of POEM in that
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both environments encourage programmers to think and work in terms of the logical structures of
software. The message-broadcasting service of FIELD can also make integration easier. We

should be able to integrate the two environments without modifying FIELD’s source code.

7.3.4 Supporting Geographically Distributed Development

As software systems become larger and network communication becomes cheaper and
faster, more and more projects are developed by programmers located at different development
sites. For a software configuration management system to support large-scale development efforts,
it must address the problem of geographically-distributed development.

Supporting geographically distributed configuration management is difficult because it is
usually impractical to use the same copy of software over a wide-area network. Some components
of a project have to be duplicated. A configuration management system has to decide what to
duplicate and how the modifications at different sites are to be synchronized.

A possible way to support geographically distributed configuration management using our
framework is to duplicate all the fixed software units at every site and keep active software units
local to their owner sites. We would not duplicate the active software units because they represent
the ongoing work of each programmer, and programmers usually would not be interested in the
intermediate results from programmers at remote sites. Duplicating fixed software units would

not be a problem because they are not modified after being created.

7.3.5 Change Control

Change control is concerned with managing frexessof developing and maintaining
software artifacts, rather than managing the software artifacts being developed and maintained. It
controls the request, evaluation, approval, and scheduling of changes, and is a high-level activity
based on configuration management mechanisms.

Since the configuration management mechanisms supported in our framework are rather
different from those in existing systems, we expect that change control based on our environments
will be rather different too. We are especially interested in seeing how change control based on
workareas in POEM will differ from that based on workspaces in existing systems. In systems that
use warkspaces, programmers simultaneously work on different parts of the same version of a pro-

gram. Then every so often everyone would temporarily stop their work for a complete build of the
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whole program. In contrast, using workareas in POEM would be similar to working in a assembly
line. Programmers working on low-level modules will continuously generate new versions of their
functions and classes and then pass these new versions to programmers working on high-level

modules.

7.3.6 Transforming Existing Code

As discussed in section 7.2.1, our framework cannot directly manage code generated by
traditional environments. And although we can transform existing code into our environments
with a simple algorithm as discussed in section 4.6.6, the result of this direct transformation is sel-
dom satisfactory.

A possible solution to this problem is to develop a tool that can extrasuinee modedf
an existing program. The source model of a program includes information like call graphs, class
diagrams, and file dependencies. Using this information, we can reorganize an existing software
system into software units that represent individual functions and classes.

There are already some tools that can extract the source model rather efficiently. For
example, FIELD extract this information by using language-specific parsers. Rigi [62] uses spatial
and visual information inherent in graphical representation of software systems to extract system
abstractions and design information. Murphy and Notkin described in [63] a lightweight source

model extractor based on lexical analysis.
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Appendix A
Makefiles for the Example in Chapter 3

In chapter 3 we showed an example of developing POEM under POEM itself. In this appendix, we
list the makefiles required if we were to develop that example using MAKE instead. The makefiles
shown here actually come from the current implementation of POEM. But since the example in
chapter 3 implemented only parts of POEM, we also simplify the makefiles here, so that they cor-

respond faithfully to that example.

A.1 Directory Structure
As illustrated in Figure A-1, the files of POEM are divided into several directories. Each

directory under the root directogpoem> represents a major module of POEM. The directory
<poem/poem> represents the main module of POEM. The directgyem/poemui> represents
the user interface module of POENpoem/data> keeps the information that is common to all
modules. There are also directories for modules that are not discussed here.

We keep source files and object files of the same module in different directories. For
example, we keep the source files of the user interface module ¢pwen/poemui/src>. The
corresponding object files are kept undgsem/poemui/bin>. We separate them because we may
want to build different object files from the same copy of source files. For example, we can create

a directory<poem/poemui/bin.HP> to store the object files generated for HP workstations.
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Caaa D CpoemD CpoemuD (other modules)

% %

Make.pass Make.template

AN E AN
Makefile Makefile Make.data Makefile Makefile Make.data

N AN AN
link of : . E E
link of i
link of pqim'cc openws; poerr]r.H poemshadiw.cc

link of 4 source files 38 source files
Figure A-1: Directory structure of POEM

Since the makefiles used for different modules are rather similar, we extract their common
parts into two makefilesMake.pass” and “Make.template,” and store them in the directory under
<poem/data>. We make a symbolic link tavfake.pass” from the source directory of each module,
and a symbolic link to Make.template” from the binary directories of each module. The major
function of "Make.pass” is to pass its control over to the correspondiiaKe.template” under
the binary directory. It allows us to start the making process directly without changing directory to
the corresponding binary directory. The actual building is carried outMake'template.” It
includes Make.data” under the corresponding source directoiMake.data” contains informa-

tion that is unique to each module.

A.2 Make.template under poem/data

# The following should be defined in the Make.data file:
# PACKAGE -- package name

# SFILES -- source files

# OFILES -- object files

# The following are optional in the Make.data file:

# USERFLAGS -- additional flags used in compilation
# LPATH --library search paths

# LFLAGS -- libraries needed
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CCFLAGS = -g -l/pro/poem/include -I../src $(USERFLAGS)
LDFLAGS = -g -L/pro/poem/lib $(LPATH) $(LFLAGS)

VPATH=../src
SHELL= /bin/sh

CC = /cs/bin/CC
LIB = /pro/poem/lib/lib$(PACKAGE).a

ifndef SFILES
SFILES= $(wildcard ../src/*.[Cc]?)
endif

%.cc: %.lI
lex $<
mv lex.yy.c $@

%.cc: %.yy
yacc $<
mv y.tab.c $@

%.0: %.C
$(CC) $(CCFLAGS) -¢ $<

include ../src/Make.data
HHHHHH R R R R R
# Rules
HHHHHH R R R R R
lib: $(LIB)
$(LIB) lib: $(OFILES)
ar rvu $(LIB) $(OFILES)
ranlib $(LIB)

clean:
rm -f*.0

HHHHHHHH A
# makedepend
HHHHHHHH A

depend:
(cd ../src; makedepend -f .depend -l/opt/SUNWSspro/SC3.0/include/CC $(CCFLAGS) $(SFILES))

include ../src/.depend
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A.3 Make.pass under poem/data

Make.pass

This file is the default makefile for source directorys. It causes
the make to actually be done in the proper binary directory. Each
source directory should link the name “Makefile" to this file.

HOHOH O R KR H

#ifndef ARCH
ARCH= "arch’
#endif

.SUFFIXES:

all .DEFAULT:
(cd ../bin.$(ARCH); gmake $(PARM) $@)

create:
-if [1-d ../bin.$(ARCH) ] ; then mkdir ../bin.$(ARCH); else true; fi
-if[!-d ./lib]; then mkdir ../lib; else true; fi
rm -f Makefile
In -s ../../data/Make.pass Makefile
rm -f ../bin.$(ARCH)/Makefile
In -s ../../data/Make.template ../bin.$(ARCH)/Makefile
touch .depend

A.4 Make.data under poem/poem/src

# POEM -- Top-level functions of POEM
#

PACKAGE= poem
USERFLAGS = -l/cs/include/motif -1/pro/poem/include

LLPATH = -L/cs/lib/motif -L/user/lib/X11 \
-L/pro/poem/poemui/bin -L/usr/openwin/lib -L/opt/SUNWSspro3.0/lib

LDLIBS = $(LLPATH) -IXm -IXt -IX11 -lgen -Im

OFILES= poemmain.o openws.o
SFILES= poemmain.cc openws.cc
all: poem

poem: $(OFILES) /pro/poem/poemui/bin/libpoemui.a
$(LINK.cc) -o poem $(OFILES) $(LDLIBS)

A.5 Make.data under poem/poemui/src

#
# POEM -- The user interface of POEM
#

Appendix A: Makefiles for the Example in Chapter 3



A.5. Make.data under poem/poemui/src

PACKAGE= poemui
USERFLAGS = -l/cs/include/motif -I/pro/poem/include

LLPATH = -L/cs/lib/motif -L/user/lib/X11 \
-L/pro/poem/lib -L/usr/openwin/lib -L/opt/'SUNWSspro3.0/lib

LDLIBS = $(LLPATH) -IXm -IXt -IX11 -Igen -Im

OFILES= poemui.o poemmenu.o wsch.o sucb.o \
selectch.o poembtn.o poemexpose.o classcb.o poemerr.o sutbl.o \
invokeverse.o getsu.o edge.o node.o vceb.o poemvce.o \
focus.o buildcb.o shadowcb.o poemshadow.o

SFILES= ooemui.cc poemmenu.cc wsch.cc such.cc \
selectch.cc poembtn.cc poemexpose.cc classch.cc poemerr.cc \
sutbl.cc invokeverse.cc getsu.cc edge.cc node.cc vecb.cc poemve.cc \
focus.cc buildcb.cc shadowcb.cc poemshadow.cc

all: lib
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Appendix B
VERSE

In this appendix we explain the syntax of VERSE, the interpretive language used to define classes
and operations in POEM. The syntax of VERSE is based on C, but also borrows some features
from SELF [1][84] and the DML of ObjectStore [49]. There are also some features that are unique
to VERSE.

B.1 Data Types

VERSE supports four atomic data types and two structured data types. The four atomic
types are integers, boolean values, strings, and links. The two structured types are lists and sets.
Integer values can be used in places where boolean values are expected. All non-zero integer val-

ues are treated as TRUE; zero is treated as FALSE.

B.1.1 Atomic Data Types

* Integers
Examples:

5

-3

* Boolean Values
Examples:
TRUE
FALSE

* Strings
Examples:
“<string>"
/I empty string
“This is a string”
“This symbol: \" is a double quote.”
“This symbol: \n is a new line character.”
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« Links
Format 1:
:<identifier>
Example:

:foo // a software unit in the current workspace;
Format 2:

<dir_name>:<identifier>
Example:
lulyjl/[poem:root_obj /l a software unit in the workspace /ulyjl/poem;
Format 3: (Not implemented)
:<identifier>(<boolean_expression>)
Examples:
:‘foo(@version == 3.2)
‘foo(@fixed == TRUE && @owner == "yjI")
Format 4:
<dir_name>:<identifier>(<boolean_expression)
Examples:
“/ulyjl/poem”.dtor(@version == 1.2)
Format 5:
NULL
Example:

NULL /I null value.
Format 6:

SELF
Example:
SELF Il self.

B.1.2 Structured Data Types

* Lists
Format:
[ <value 1>, <value 2>, ..., <value n]
Example:
[7,1,1,2,6,7,8]
[] /l Empty list.
e Sets
Format:
[: <value 1>, <value 2>, ..., <value n> :]
Example:
[(7,1,2,6,7, 8]
[] /I Empty set.

B.1.3 Undefined Attribute

If an attribute is undefined, the value “UNDEF" is returned.

Example:
if (@x == UNDEF)
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B.2 Storage Classes

* Local Variable
Format:
$<identifier>
Example:
$foo /I A local variable called “foo.”

« Attribute
Format 1:
self.<identifier>
Example:
$su.foo /I attribute “foo” of variable $su.
SELF.foo /I attribute “foo” of SELF.

Format 2:
@<identifier>
Example:
@foo /I same as SELF.foo.

B.3 Operators and Expressions

B.3.4 Boolean Operators

» Negation
Format:
I<expression>
Example:
|@debug /I The negation of the attribute “debug.”

e Or
Format:
<expression> || <expression>
Example:
@debug || @profile

* And
Format:
<expression> && <expression>
Example:
@debug && $trace

B.4 Integer Operators

* Arithmetic Operators

Examples:
3+4 /I Addition
3-4 /I Substraction
3*4 /l Multiplication
3/4 // Division

3%4 /l Modulus
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« Comparison
Examples:
$i == $j
$i =9
$i > $j
$i>=§j
$i < $j
$i<=§j

B.4.5 String Operators

« String Concatenation
Format:
<string> + <string>
Example:
“abc” + “cde”

B.4.6 List Operators

« Selection
Format:

<list>[<integer>]

Examples:
(2,3, 9][2]
[2! 3, 9]['1]
[ 2][3]
(2,3, 9][0]

* Append
Format:
<list> + <list>
Example:
[2,3,9]+[3,0, 3]

* Removal
Format:
<listl> - <list2>
Example:
[2, 3, 9]-[3]

* Membership
Format:

<list>.member(<element>)

B.4.7 Set Operators

* Union
Format:
<set> + <set>

/I The result is “abccde”

/I Return the second element, 3.

/I Return the last element, 9.
/I Return UNDEF.
/I Return UNDEF.

/l The resultis [2, 3, 9, 3, 0, 3].

Appendix B: VERSE

/l Elements in list2 may not appear in listl;

/I The resultis [2, 9].

/I Return TRUE if <element> is a member of <list>.



B.4. Integer Operators 159

Example:
[:2, 3, 5]+ [:4, 5] /l The resultis [:2, 3, 5, 4:]
[:4,5, 2:] + [:9] /l The resultis [: 4, 5, 2, 9]

* Intersection
Format:
<set> * <set>
Example:
[:3,4,5]*[:2,0, 6] /I The resultis [: :].
[:4, 5, 2:] *[:21] /I The result is [:2:]

* Set Difference
Format:
<set> - <set>
Example:
[:4,5,2]]-[:2] /l The result is [:4, 5]

* Membership

Format:
<set>.member(<element>) /I Return TRUE if <element> is a member of <set>.

B.4.8 Message Sending

* Attributes of software unit
Format:
<software_unit>.<identifier>(<expression_list>)

Example:
:foo.build(“UNIX”, “DEBUG") // Send the build message to software unit foo with
// arguments “UNIX” and “DEBUG.”

* Re-send a message to an overwritten attribute.

Format:
RESEND.<identifier>(<expression_list>)

Example:
RESEND.initialize() /I Resend the initialize message to the parent class.

B.4.9 In-place Operations on Sets and Lists
These operations are different from the ones discussed in sections B.4.6 and B.4.7 in that

they directly modify the sets or lists instead of creating new values.

* Insert
Format:
<list>.insert(<element>) /I Insert new element at the end of list.
Example:
$list.insert(3)
Format:
<set>.insert(<element>) /I Insert new element into a set.
Example
$set.insert(4)
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* Remove
Format:
<list>.remove(<element>)
Format:
<set>.remove(<element>)

B.4.10 Function Call

Format:
<function-name> (<arg-list>)
Example:
FileSum(*/pro/poem/foo.C”)

B.5 Statements

» Compound Statement
Format:

{

<statement>

}

« Assignment
Format:
<local variable> = <expression>;
Example:
$l = 4;
Format:
<attribute> = <expression>;
Examples:
@attr = “good”;
@attr = UNDEF;
@parent = <prototype>;

* Foreach

Appendix B: VERSE

/l Remove first appearance of element.

/I Remove element if it is a member of set.

/I Set local variable

/I Set attribute

/I Unset an attribute
/I Set parent

/* 2nd argument will be evaluated only once. */

Format:
foreach(<id>, <integer>)
<statement>
Example:
foreach ($1, 30)
Print($1);
Format:
foreach(<id>, <list>)
<statement>
Example:
foreach (3, [3, 4, 5])
Print($1);
Format:
foreach(<id>, <set>)
<statement>
Example:
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foreach ($I, {3, 4, 5))
Print($1);

* While
Format:
while (<boolean expression>)
<statement>

* If then else
Format 1:
if (<boolean expression>)
<statement>
else
<statement>
Example:
if ($i > 0)
Print(“Positive\n”);
else
Print(“Negative\n”);
Format 2:
if (<boolean expression>)
<statement>
Example:
if ($i > 0)
Print(“Positive\n”);

* Return value for an operation
Format:
return(<expression>);
Example:
return($i * 12);

* Message sending statement
Format:
<message sending expression>;

* Function call statement

Format:
<function call expression>;

B.6 Operation Definitions
The current implementation of VERSE requires that each operation be defined in a sepa-

rate file. Operations do not have their own names and are referenced by the files that contain them.

Format:
operation(<argument1>, <argument 2>, ..., <argument n>)

{

[<local_variable 1>, <local_variable 2>, ..., <local_variable n>]
<statement 1>
<statement 2>

<statement n>
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Example:
operation(x, y)
{
[z]
$z = $x + By;
return($z);

}
B.7 Grammar
We summarize the syntax of VERSE by the following grammar, which can be directly
used as the input of YACC.

attribute : operation
| expression

operation :LX_ OPERATION ‘(‘ optional_id_list ‘)’
4 local_vars stmt_list ‘}

optional_id_list : /* empty */
| id_list

local_vars : /* empty */

| ‘[ id_list T
id_list S LX_ID

| id_list *,’ LX_ID
statement  : compound_stmt

| assignment

| set_attr

| unset_attr

| attr_delegation

| foreach_stmt

| while_stmt

| if_stmt

| func_stmt

| msg_stmt

| break_stmt

| return_stmt
compound_stmt : ‘{* stmt_list '}’
stmt_list : statement

| stmt_list statement
assignment :‘$’ LX_ID ‘=" expression ‘;’
set_attr D@’ LX_ID ‘=" expression

unset_attr  :'@’ LX_ID ‘=" LX_UNDEF *;
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attr_delegation : ‘@’ LX_ID LX_DELEGATE expression *;’

foreach_stmt : LX_FOREACH ‘(" ‘$’ LX_ID ‘,’ expression ‘)’ statement

while_stmt : LX_WHILE ‘(* expression ‘)’ statement
if_stmt : LX_IF ‘(* expression ‘)’ statement LX_ELSE statement
| LX_IF ‘(" expression ‘)’ statement

func_stmt  : function_call *}’
msg_stmt  : msg_sending ‘;
| msg_resending ‘;’

break_stmt :LX BREAK*;’
return_stmt :LX RETURN ‘(") *’
| LX_RETURN ‘(* expression ‘)"
expression_list : /* empty */
| expression
| expression_list ‘,’ expression
expression : simple_expression
| simple_expression LX_RELOP simple_expression
| software_unit
| LX_SELF
simple_expression : term
| - term
| simple_expression ‘+’ simple_expression
| simple_expression ‘-’ simple_expression
| simple_expression LX_OR simple_expression
term : factor
| term ** term
| term /" term
| term ‘%’ term
| term LX_AND term
factor : variable
| function_call
| msg_sending
| msg_resending
| ‘[ expression_list T’
| LX_LSET expression_list LX_RSET
| LX_INTEGER
| LX_TRUE
| LX_FALSE
| LX_NULL
| LX_STRING
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| ‘(‘ expression )’
| ‘" factor
function_call : LX_ID ‘(* expression_list )’
msg_sending : expression ‘." LX_ID ‘(* expression_list ‘)’
| expression ‘.’ LX_ID
| ‘@ LX_ID ‘(* expression_list *)’
| ‘@ LX_ID

msg_resending: LX_RESEND *." LX_ID ‘(* expression_list )’
| LX_RESEND ‘.’ LX_ID
variable 2'$ LX_ID
| variable ‘[' expression '
software_unit : .’ LX_ID
| LX_STRING *’ LX_ID
| =" LX_ID ‘(* expression ‘)’
| LX_STRING ' LX_ID ‘(* expression ‘)’

B.8 Lexical Rules

LX_ID : [a-zA-Z_][a-zA-Z0-9_]*
LX_INTEGER : [0-9]+
LX_STRING AN (AR A [(\))ds
LX_OR )7
LX_AND D &&”
LX_DELEGATE : “:="
LX_LSET N
LX_RSET N
LX_RELOP ==
| ="

-

-

s

s
LX_OPERATION : “operation”
LX_IF |
LX_ELSE : “else”
LX_WHILE : “while”
LX_FOREACH : “foreach”
LX_RETURN : “return”
LX_BREAK : “break”
LX_SELF i “SELF”
LX_RESEND : “RESEND”
LX_TRUE :“TRUE”
LX_FALSE . “FALSE”
LX_UNDEF : “UNDEF”

LX_NULL D “NULL”
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B.9 Comments

WHITE - \nj+
CMMT (DI

B.10 Built-in Functions

* FileExist(String: <file_name>): Boolean;
Return true if <filename> exists.
* FileMTime(String: <file_name>): Integer;
Return time of last data modification on <file_name>.
* FileSum(String: <file_name>): Integer;
Return the circular checksum of <file_name>.
* NewSU(SoftwareUnit: <class_name>, SoftwareUnit: <vpred>): SoftwareUnit;
Return a new software unit that belongs to the class <class_name> and with <vpred> as its version
predecessor.
 Print(Any: <datal>, Any <data 2>, ..., Any <data n>): Void;
Print <datal> through <data n> to the standard output device. Each data item may be an integer, a
string, a software unit, a set, or list.
* RcsCheckin(String: <file_name>, String: <rcs_file_name>): String;
Check in <file_name> to the RCS archive file <rcs_file_name>. Return version number of the new ver-
sion.
* RcsCheckout(String:<file_name>, String:<version>, String:<rcs_file_name>): Boolean;
Check out version <version> of <file_name> from the RCS archive file <rcs_file_name>. Return TRUE
if the operation is successful.
 StringSum(String: <string>): Integer;
Return the circular check-sum of <string>;
» Sys(String: <string>): Integer;
Issue <string> as a shell command. Return the exit status of the command.
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Appendix C
An Example of VERSE

All the classes of software units in POEM are defined in the VERSE language, which is discussed
in Chapter 6 and Appendix B. In this appendix, we show an example of defining a class with
VERSE.

The example we choose is the system-defined ClagslopingUnit. It represents all the
software units that are still under development. It is the contralipohit, which represents all
the software units that serve as the interfaces to existing library modules. As illustrated in Figure
C-1, DevelopingUnit is the subclass of the root claGsftwareUnit and has two system-defined

classe<Unit andC++Unit.

Workdres  Ciass  Sofwarelnd  Edit Buily lersion  Shadow
T

Weorkdrea Coenes

Figure C-1: System-defined classes

C.1 List of Attributes
We keep all the files related to the definition of DevelopingUnit under a separate directory.

There are VERSE files that define individual operations and a file called “Attributes.Ist” that lists

all the attributes dbevelopingUnit. After we prepare all these files, we sei@lv under theClass
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menu to create a new class button, and then daladt Definition under theClass menu to load
the files from this directory.
The content of “Attributes.|Ist” is listed below:

name S “DevelopingUnit’

is_pure_prototype S TRUE

fixed S FALSE

build_paras S [:"Debug”,"Profile”,"Optimizel”,"Optimize2”,"StaticLinking”:]
available_compilers S [:"SUN_CC","gcc™]

compiler S “SUN_CC”

build_flags S ["Debug™]

compile_cmd_sum S
old_compile_cmd_sumS -1

link_cmd_sum S -1

tfile_sum S -1

old_tfile_sum S -1

dfile_sum s -1

exe_args S ™

dfile S

Init F Initvrs

EditSource F EditSource.vrs
SetName F SetName.vrs
Interface F Interface.vrs
GlobalDef F  GlobalDef.vrs
Compile F  Compile.vrs

Build F  Build.vrs

BuildExe F  BuildExe.vrs
RunExe F RunExe.vrs
derived F  derived.vrs
fixed_derived F fixed_derived.vrs
modified F  modified.vrs
mderived F  mderived.vrs
Clean F Clean.vrs

clean F clean.vrs

libraries F libraries.vrs
SetSUFlags F  SetSUFlags.vrs
SetSubsystemFlags F  SetSubsystemFlags.vrs
set_flags F set_flags.vrs
SetSUCompiler F  SetSUCompiler.vrs
SetSubsystemCompilerF SetSubsystemCompiler.vrs
set_compiler F set_compiler.vrs
SetExeArgs F  SetExeArgs.vrs

Each line in this file defines an attribute of DevelopingUnit, and each line contains three
fields separated by spaces. The first field is name of the attribute. If the second field is ‘'S, then the
third field gives the definition of the attribute right away. If the second field is ‘F,” then the third

field specifies the file where the definition of the attribute is stored.
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C.2 Operation Definitions

C.2.2 Init.vrs

[* DevelopingUnit::Init() */

operation()

{

RESEND.Init();

@dfile =

@dir + @name + “.doc”;

Sys(“touch “ + @dfile);
@dfile_sum =-1;
Print(“Initialize DevelopingUnit...\n");

C.2.3 EditSource.vrs

[* DevelopingUnit::EditSource() */

operation()

{

@checkout_src();

Sys(“gnuclient -q “ + @ifile + “ &");
Sys(“gnuclient -q -p 22493 “ + @sfile + “ &”); /*22493 is the gnuserv port # used by the impl. editor*/
Sys(“gnuclient -q -p 22494 “ + @dfile + “ &"); /*22494 is the gnuserv port # used by the globals editor*/
Sys(“gnuclient -q -p 22495 “ + @dfile + “ &”); /*22495 is the gnuserv port # used by the doc editor*/

C.2.4 SetName.vrs

[* DevelopingUnit::SetName() */
operation(new_name)

{

Sys(“gnudoit ‘(kill-buffer \"" + @ifile + “\")”);

Sys(“gnudoit -p 22494 ‘(kill-buffer \"" + @dfile + “\")™);

Sys(“mv
Sys(“mv
Sys(“mv
Sys(“mv
@name

“+ @ifile + “ “ + @dir + $new_name + “.h");

“+ @dfile + ““ + @dir + $new_name + “_g.h");
“+ @dir + @name + “.0 “ + @dir + $new_name + “.0");
“+ @dir + @name + “ “ + @dir + $new_name);
= $new_name;

@ifile = @dir + @name + “.h";

@dfile =

@dir + @name +“_g.h”;

C.2.5 Interface.vrs

[* DevelopingUnit::Interface() */
operation(lib_hdr_path, lib_hdrs)

{

[ifile, result, child]

169



170 Appendix C: An Example of VERSE

$result =[: 1];

foreach ($child, @trans_uses)
$result = $result + $child.Interface($lib_hdr_path, $lib_hdrs);

@checkout_interface();
$result.insert(@ifile);

return($result);

C.2.6 GlobalDef.vrs

[* DevelopingUnit::GlobalDef() */
operation(lib_hdr_path, lib_hdrs)
{

[ofile, result, parent, i]
$result =[: :];

foreach ($parent, @trans_partof)
$result = $result + $parent.GlobalDef($lib_hdr_path, $lib_hdrs);

@checkout_src();

$result.insert(@dfile);

foreach ($i, @Interface($lib_hdr_path, $lib_hdrs))
$result.insert($i);

return($result);

C.2.7 Compile.vrs

[* DevelopingUnit::Compile() */
operation()

{
Print(“Compiling...\n");
@derived();

C.2.8 Build.vrs

[* DevelopingUnit::Build() */
operation()
{

@mderived([: 1, [: :1, [: :D;
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}

C.2.9 BuildExe.vrs

[* DevelopingUnit::BuildExe() */
operation()

{

[ofs, f, cmd, Xfile, outdate, libpaths, libs, new_cmd_sum]

$outdate = FALSE;

$libpaths = [: 1];

$libs = [:2];

$ofs = @mderived([: :], $libpaths, $libs);

if (ofs == -1)
return();

$xfile = @dir + @name;
if (FileExist($xfile)) {
foreach ($f, $ofs)
if (FileMTime($xfile) < FileMTime($f)) {
$outdate = TRUE;
break;

}

else
$outdate = TRUE;

$cmd = @link_cmd($xfile, $ofs, $libpaths, $libs);

$new_cmd_sum = StringSum($cmd);

if ($new_cmd_sum != @link_cmd_sum) {
$outdate = TRUE;
@link_cmd_sum = $new_cmd_sum;

}

if (Poutdate)
Sys($cmd);

C.2.10 RunExe.vrs

[* DevelopingUnit::RunExec() */
operation()

{
[xfile]

$xfile = @dir + @name;
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if (FileExist($xfile))

Sys($xfile + ““ + @exe_args );
else

Print($xfile, “ : No such file.\n");

C.2.11 derived.vrs

[* DevelopingUnit::derived() */
operation()
{
[outdate, child, parent, i, ofile, tfile, cfile, hfile,
cc, new_cmd_sum, includes, lib_hdr_path, lib_hdrs, new_tfile_sum]

if (@fixed)
return(@fixed_derived());

$outdate = FALSE;
$ofile = @dir + @name + “.0";
$tfile = @dir + “tt.c™;

if (FileExist($ofile))
$outdate = TRUE;

else if (FileMTime($ofile) < FileMTime(@sfile))
$outdate = TRUE;

else if (FileMTime($ofile) < FileMTime(@ifile))
$outdate = TRUE;

$includes =[: 1;
$lib_hdr_path =[: :;
$lib_hdrs =[: :];
foreach ($child, @uses)
foreach ($i, $child.Interface($lib_hdr_path, $lib_hdrs)) {
if ('$outdate)
if (FileMTime($ofile) < FileMTime($i))
$outdate = TRUE;
$includes.insert($i);
}
foreach ($child, @trans_uses)
foreach ($i, $child.Interface($lib_hdr_path, $lib_hdrs)) {
if ('$outdate)
if (FileMTime($ofile) < FileMTime($i))
$outdate = TRUE;
$includes.insert($i);
}
foreach ($parent, @partof)
foreach ($i, $parent.GlobalDef($lib_hdr_path, $lib_hdrs)) {
if ('$outdate)
if (FileMTime($ofile) < FileMTime($i))
$outdate = TRUE;
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$includes.insert($i);
}
foreach ($parent, @trans_partof)
foreach ($i, $parent.GlobalDef($lib_hdr_path, $lib_hdrs)) {
if ('$outdate)
if (FileMTime($ofile) < FileMTime($i))
$outdate = TRUE;
$includes.insert($i);

}

$cc = @compile_cmd($tfile, $ofile, $lib_hdr_path);
$new_cmd_sum = StringSum($cc);
if ($new_cmd_sum != @compile_cmd_sum) {
$outdate = TRUE;
@compile_cmd_sum = $new_cmd_sum;

}

Sys(“echo > “ + $tfile);
foreach ($i, $lib_hdrs)

Sys(“echo ‘#include <" + $i + “>’ >> “ + $tfile);
foreach ($i, $includes)

Sys(“echo ‘#include \"" + $i + “\" >> “ + $tfile);
Sys(“echo ‘#include \"" + @ifile + “\"" >> “ + $tfile);
Sys(“echo ‘#include \"" + @sfile + “\" >> “ + $tfile);
if (Poutdate)

@tfile_sum = FileSum($tfile);
else {

$new_tfile_sum = FileSum(S$tfile);

if ($new_tfile_sum != @tfile_sum) {

@tfile_sum = $new_tfile_sum;
$outdate = TRUE;

}
}
if (Poutdate) {
if (Sys($cc)) {
Print(“Compilation failed.\n\n");
return(-1);
}
else
Print(“*Compilation succeeded.\n\n");
}

return($ofile);

C.2.12 fixed_derived.vrs

[* DevelopingUnit::fixed_derived() */
operation()

{

[child, parent, i, ofile, tfile,
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cc, includes, lib_hdr_path, lib_hdrs]
@checkout_src();
$ofile = @dir + @name + “.0”;

if (\FileExist($ofile)) {
$tfile = @dir + “tt.c™;
$includes =[: 1;
$lib_hdr_path =[: :;
$lib_hdrs =[: :];
foreach ($child, @uses)
foreach ($i, $child.Interface($lib_hdr_path, $lib_hdrs))
$includes.insert($i);
foreach ($child, @trans_uses)
foreach ($i, $child.Interface($lib_hdr_path, $lib_hdrs))
$includes.insert($i);
foreach ($parent, @partof)
foreach ($i, $parent.GlobalDef($lib_hdr_path, $lib_hdrs))
$includes.insert($i);
foreach ($parent, @trans_partof)
foreach ($i, $parent.GlobalDef($lib_hdr_path, $lib_hdrs))
$includes.insert($i);

Sys(“echo > “ + $tfile);
foreach ($i, $lib_hdrs)

Sys(“echo ‘#include <" + $i + “>’ >> “ + $tfile);
foreach ($i, $includes)

Sys(“echo ‘#include \"" + $i + “\" >> “ + $tfile);
Sys(“echo ‘#include \"" + @ifile + “\"" >> “ + $tfile);
Sys(“echo ‘#include \"" + @sfile + “\"" >> “ + $tfile);
$cc = @compile_cmd($tfile, $ofile, $lib_hdr_path);

if (Sys($cc)) {
Print(“Compilation failed.\n\n");
return(-1);

}

else
Print(“*Compilation succeeded.\n\n");

}

return($ofile);

C.2.13 modified.vrs

[* DevelopingUnit::modified() */
operation()

{
Print(“Checking “ + @name + “\n");
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if (FileSum(@sfile) == @sfile_sum)
if ((FileSum(@ifile) == @ifile_sum) && (FileSum(@dfile) == @dgfile_sum))

if (@compile_cmd_sum == @old_compile_cmd_sum) &&
(@tfile_sum == @old_tfile_sum))
return(FALSE);

Print(@name + “is modified\n");
return(TRUE);

C.2.14 mderived.vrs

[* DevelopingUnit::mderived() */
operation(visited, libpaths, libs)
{

[child, md, cderived, Iderived]

$md =1[::];
S$visited.insert(@id);

foreach ($child, @uses)
if ('$visited.member($child.id)) {
$cderived = $child.mderived($visited, $libpaths, $libs);
if ($cderived == -1)
return(-1);
$md = $md + $cderived;
}
foreach ($child, @trans_uses)
if ('$visited.member($child.id)) {
$cderived = $child.mderived($visited, $libpaths, $libs);
if ($cderived == -1)
return(-1);
$md = $md + $cderived;
}
$lderived = @derived,;
if ($lderived == -1)
return(-1);
$md.insert($lderived);
return($md);

C.2.15 Clean.vrs

[* DevelopingUnit::Clean() */
operation()
{
@clean([: :]);
}
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C.2.16 clean.vrs

[* DevelopingUnit::clean() */
operation(visited)
{

[child]

S$visited.insert(@id);

foreach ($child, @uses)
if ('$visited.member($child.id))
$child.clean($visited);
foreach ($child, @trans_uses)
if ('$visited.member($child.id))
$child.clean($visited);
if (@fixed)
Sys(“rm -f “ + @dir + “*");
else {
Sys(“rm -f “ + @dir + “*.0");
Sys(“rm -f “ + @dir + @name);
}

C.2.17 libraries.vrs

[* DevelopingUnit::libraries() */

operation(visited)
{
[child, libs]
$libs =[: :];

S$visited.insert(@id);

foreach ($child, @uses)
if ({$visited.member($child.id))

$libs = $libs + $child.libraries($visited);

foreach ($child, @trans_uses)
if ('$visited.member($child.id))

$libs = $libs + $child.libraries($visited);

return($libs);

C.2.18 SetSubsystemFlags.vrs

Appendix C: An Example of VERSE
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[* DevelopingUnit::SetSubsystemFlags() */
operation(flags)
{
@set_flags([: 1], $flags);
}

C.2.19 set_flags.vrs

[* DevelopingUnit::set_flags() */
operation(visited, new_flags)

{
[child]

$visited.insert(@id);
if (@build_flags = $new_flags)
@build_flags = $new_flags;

foreach ($child, @uses)
if (('$visited.member($child.id)) && ('$child.fixed))
$child.set_flags($visited, $new_flags);
foreach ($child, @trans_uses)
if (('$visited.member($child.id)) && ('$child.fixed))
$child.set_flags($visited, $new_flags);

C.2.20 SetSUCompiler.vrs

[* DevelopingUnit::SetSUCompiler() */
operation(new_compiler)

{
if (@compiler != $new_compiler) {
@compiler = $new_compiler;
Print(“Set compiler = “, @compiler, “\n");
}
}

C.2.21 SetSubsystemCompiler.vrs

[* DevelopingUnit::SetSubsystemCompiler() */
operation(compiler_name)

{

@set_compiler([: :], $compiler_name);

}

C.2.22 set_compiler.vrs

[* DevelopingUnit::set_compiler() */

177
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operation(visited, new_compiler)

{
[child]

$visited.insert(@id);
if (@compiler != $new_compiler)
@compiler = $new_compiler;

foreach ($child, @uses)
if (('$visited.member($child.id)) && (!$child.fixed))
$child.set_compiler($visited, $new_compiler);

foreach ($child, @trans_uses)
if (('$visited.member($child.id)) && (!$child.fixed))
$child.set_compiler($visited, $new_compiler);

C.2.23 SetExeArgs.vrs

[* DevelopingUnit::SetExeArgs() */
operation(args)
{

@exe_args = $args;

}
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