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1. Introduction

This report addresses the topic of environment extensibility
as part of an effort to define a Joint Service Software
Engineering Environment (JSSEE). The concept of a JSSEE has
evolved from work in the Software Engineering Environments area
vithin the Software Technology for Adaptable, Reliable Systems
(STARS) Program of the U.S. Department of Defense. A JSSEE is
intended to be a modern., comprehensive software engineering
environment, which implies that it must be capable of gracefully
absorbing new software development tools and technology as they
become available. This in turn implies that extemnsibility is a
central concern in the definition and development of JSSEE
environments.

In the remainder of this initial section, we treat the
necessary preliminary issues by providing definitions related to
environment extensibility, considering some dimensions of the
extensibility question and framing a statement of the problem we
have addressed. Then, in Section 2, we review a variety of
existing environments and make observations about the structures
and technology that have enhanced the extensibility of these
environments. Architectural considerations related to environment
extensibility are discussed in Section 3 and strategies for
creating and evolving extensible environments are the subject of
Section 4. 1In the conclusion, Section 5, we reiterate the major
conclusions and recommendations stemming from this study.

1.1. Definition of Environment Extensibility

In this section we define the concept of environment
extensibility and distinguish it from other types of changes to an
environment. To do this, we first establish some terminology
regarding environments themselves, in order that the distinctions
that we wish to make may be as crisp and clear as possible.

A software engineering environment is, for purposes of this
report, a computer-based, automated utility to assist in
activities associated with the creation and/or evolution
(including in-service support) of a software system. It is part
of a larger environment that includes unautomated tools supporting
software creation and evolution. By ‘'environment’, however, we
wvill mean the automated utility that is the software engineering
environment.

An environment is composed cf hardware and software. Our
interest here is in the software component of that utility. and
more particularly that part of the software component which is
dedicated to providing the functionality available to the
environment 's users. We therefore make the following definitions:

DEFN: the ‘'environment host’' is a virtual machine providing

[
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the (usually fairly primitive) objects and operations useful
in implementing the rest of the environment'’'s software; the
environment host typically comprises some software in
addition to the underlying hardware upon which the
environment as a whole executes

DEFN: the ‘environment body’ is that software which
implements the environment’'s functionality and is itself
implemented upon the environment host

DEFN: the ‘environment interface’ is the software concerned

with delivery of the environment'’'s functionality in an easily
usable form {1}; the interface is primarily implemented upon

the environment host but may also use some of the facilities
provided by the environment body -

Our view is depicted in Figure 1 and our focus is on that
part of the environment labeled "environment body" in the Figure
{2}. By focusing in this way, we have turned our attention away
from issues that concern modern operating systems (these would be
treated in considering what we have called the environment host)
and issues that concern the human engineering of the environment
(these would be treated in considering what we have called the
environment interface {3}). Instead, we have turned our
attention, for the short two-month period of our study, to the
central core of the environment to get at the major issues that
affect environment extensibility.

An environment architecture is a model that helps in
understanding the environment -- Figure 1 gives a simple
architecture that helps understand the rough partitioning that
focuses our study. The architecture can be a model that helps the
users understand the environment’'s capabilities, but more usually
the model is oriented toward construction of the environment,
i.e., it is aimed at the environment’'s builders and/or maintainers
rather than its users [12]. For this study, we use the following
definition:

interface to have a "width" and include software that mediates the

flow of information across the boundary.

{2} Although we need to make the distinction between the

environment and its body to specify the scope of our work, we will
frequently use the word ‘environment’ to mean ‘'environment body’ -
except where the distinction needs to be made clear.

{3} Studies of the environment interface, including its

?xt?nsibility characteristics, have been reported on in (3] and

231].

8]

;
i
{1} An interface is a shared boundary. In our usage, we allow the ) 3
§
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DEFN: an ‘environment ar-hitecture’ is a
construction-oriented model of the environment's organization

e wvhich defines its major components and the rough logic of
their inter-relationships.

Our focus on the environment body means that we are
interested in the architecture for this part of an environment.

For the purposes of investigating environment extensibility,
wve need to distinguish between the information stored in an
environment and the processors that work on this information {4}.
This leads to the following definitioms:

P DEFN: an ‘information fragment’' is a component of an
environment body’'s architecture consisting of some data
pertaining to the software system being created or evolved or
to the project which is carrying out the creation or
evolution {5}

' DEFN: a 'tool fragment’' is a component of an environment

" body’'s architecture that transforms information fragments or
creates nev ones and contributes to providing some part of
the environment'’'s functionality

DEFN: an ‘'information repository’ is the collection of
o information fragments

DEFN: a 'tool set’ 1is the collection of tool fragments

The information and tool fragments are the fundamental parts

of the environment body. In addition to these fundamental parts,

P an environment body’'s architecture must specify an infrastructure,
defined as follows:

DEFN: an ‘infrastructure’ is the component of an environment
body’'s architecture that specifies a structure for the
information repository and tool set

The infrastructure specifies the ways in which the fragments
interrelate and thus captures the organization of the information
fragments, the interactions among the tool fragments, and the ways

{4} This distinction may be of more general utility, but we do not }
wish to argue that here.

{6} We speak as if an environment supports only a single project.
We do not preclude the possibility that an environment can
simultaneously support several projects -- it’'s just easier to
talk in these simpler terms and it does not restrict the
applicability of our conclusions.

Ll
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in which tool fragments use and produce information fragments {6}
-- it provides, in essence, the "glue" that holds the parts
together in some logical manner reflecting the processing that
must be performed. It implies the existence, in the environment
body’'s implementation, of mechanisms for maintaining the specified
information organization (e.g., a database subsystem), supporting
the tool fragment interactions (e.g., a process management
subsystem), and controlling the utilization and production of

| information fragments (e.g., an interface to the database system
that controls the retrieval and storage of information).

With the preceding definitions regarding environments and
their architecture, we can now give a precise statement of what we
| mean by environment extensibility, distinguish it from other kinds
of changes to an environment, and relate it to environment
architecture issues.

DEFN: ‘Environment extensibility’ is the ability to modify an
environment in response to changes in the ways that the
environment will be used.

Changes in the ways that the environment will be used will
necessarily induce changes in the capabilities demanded by the
users and these changes may be either additions to, deletions
from, or modifications to the environment’'s functionality. It may
be possible to accommodate some of these changes through
modifications to the environment interface or environment host --
these are not of concern when considering the architecture of the
environment body as in our study. Therefore, we use the following
more specific definition:

DEFN: ‘environment extensibility’' is the ability to modify an
environment body in order to satisfy changes in the
requirements for the functionality provided at the boundary
between the environment body and the environment interface

This version of the definition limits our concern to changes
needed to produce changes in the environment’'s functionality. The

sco;:e of our concern for various changes will be discussed more ;’
extensively in the following subsection.
A fundamental assumption underlying this study is that the )
architecture of an environment body can significantly influence
the environment'’'s extensibility. A particular architecture may .
make the changes involved ipn extending the environment easier or ®
more difficult. The architecture itself may or may not need to be ’
{6} In general, it might be possible that tool fragments »
themselves are "consumed" and "produced” or that the
infrastructure changes dynamically over time. Ve do not consider ¢
these more complicated situations here. A
2
N
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modified in order to achieve some particular extension of the
L environment. It is precisely these issues that are the central
focus of this report.

1.2. Dimensions of Environment Extensibility and Scope of Our
Study

® In this section, we indicate various reasons for changing an
) environment and relate them to changes that both would and would
not be considered instances of environment extensibility under our
definition. We also consider some dimensions of the extensibility
issue, based primarily on properties of the changes that might be
made to the environment's functionality.

Changes to an environment will be precipitated by changes
external to the environment itself. Some of these external
\ changes are:

1 -- introcducing a new team structure

! -- hiring new members to the project team
-- starting a project in a new application area
-- starting a new project in the same application area

-- moving an environment into a new software creation and
evolution organization

-- changing the software development or project management
method or methodology

-- requiring more extensive automated support for a method or
methodology

-- requiring the use of a different language in which to
program

-- introducing new documentation requirements

We are interested in external changes such as these only to
the extent that they induce changes in the functionality required
of an environment. For example, we do not view employing the
environment with new personnel or on a new project, when it does

, not require any modification to the required functionality, as a
situation requiring extensibility. Neither do we view minor
‘tailoring’ or ‘'customizing’ (e.g., by defining abbreviations for
command names) as an instance of extensibility. Thus, we are not
interested in the root causes of change in this study: rather, we
are only interested in the need to provide a change in the
; environment ‘s functionality for whatever reason.

N
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A subtle, additional restriction follows from this focus on
functionality changes without regard to their cause. Without
concern for root, external causes, we cannot adequately consider
the effect that extensibility may have on the ‘'world’ using an
environment. For example, a change in the team structure might
induce a change in the management support facilities and
accommodating this change might require a change in the management
method used for the project. In essence, we assume that any
perturbations or inter-linkages such as these are addressed before
a functionality change is requested or appropriately handleq,
prehaps by requesting additional functionality changes, should
they occur.

We have also chosen to not consider changes that primarily
impact an environment’'s implementation. Some changes in this
category are:

-- moving an environment to a new host
-- enhancing the performance of the environment
-- implementing the environment in a new programming language

Ve recognize that changes such as these may incur significant
work. For example, porting may involve major (say if the move is
from a centralized to a distributed host) or minor (say if the
move is from one Ada-based host to another) revisions to the
environment. But we feel that they rarely, if ever, induce
significant changes to an environment’'s architecture. And so we
focus our study, without significant restriction in our minds, by
not considering implementationrelated changes; in particular, we
do not consider the issue of portability.

The ease of extending an environment is usually the primary
concern. But there are other concerns, among them:

-- time and cost: the resources consumed in extending the
environment

-- reliability: the extent to which the extended environment
will suitably deliver the new or modified functionality and
continue to suitably deliver the unmodified functionality

Usually, these concerns will be traded off against each
other. For example, it may sometimes be reasonable to enhance the
reliability of environment extension even though this may lead to
more cost, time, and/or difficulty in performing the extension.
While these other concerns are quite important, our study has
focused solely on the ease of extension.

Changes to an environment'’'s functionality may have a variety
of properties, and it may be more or less difficult to modify an
environment depending on what these properties are. Among the
properties of a functionality change are:

...............................
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-- longevity: ease of extension may depend on whether the
functionality change is to be temporary or permanent

-- frequency: it may be more difficult to respond to changes
that occur frequently

-- compatibility: the constraint that certain compatibility
constraints be observed may complicate the process of
extension

-- anticipation: it may be easier to accommodate an expected
functionality change than one that is completely
unanticipated

We have not considered how these various properties affect
the ease of extending an environment.

In summary, we have restricted our attention to the ease of
responding to changes in the environment'’'s functionality without
regard for the specific causes inducing the functionality change
or the specific properties of the functionality change.

1.3. Statement of Problem

The objective of this report is to comnsider the relationship
between an environment body’'s architecture and the ease of
responding to changes in the functionality required of that
environment. Specifically, we seek to identify aspects of an
environment body’'s architecture which facilitate, inhibit, or are
unaffected by a need to respond to changes in an environment's
functionality, with the intent of:

-- providing a clearer understanding of architectural
considerations related to extensibility, and

-- contributing to the formulation of strategies for building )
extensible environments. '

Our observations and conclusions will be expressed in terms
of the tool set, information repository and infrastructure of an
environment’'s body.

2. Survey of Current Environment Extensibility Capabilities g

Few, if any. current-day environments have been designed with
extensibility in mind. However. several existing environments are
extensible to some degree. In fact, of course, all environments
are extensible in the sense that, with a sufficiently large
expenditure of effort (possibly enough to rebuild the entire
environment), any environment can be extended. Our interest here
is in the extent to which certain capabilities make it relatively
easier to extend the environment.

-
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In this section, we discuss the characteristics of several
existing environments that are pertinent to their extensibility.
For each environment, we first describe the environment'’'s
architecture and then discuss the characteristics that facilitate
extension of the environment to meet new environment interface
requirements.

In addition to specific environments themselves,
extensibilityenhancing technology has been developed outside of
the context of any particular environment. Some of this
technology has been developed with the intent to use it in
environments; some has been developed for more general use.
Pieces of this technology pertinent to environment extensibility
are also discussed in this section.

Although it had been anticipated that a comprehensive
literature search would uncover either horror stories or success
stories related to environment extensibility, in fact no such
stories were found during our survey. Ve suspect that this means
environment developers and users are reticent to share their
experiences, in public at least, rather than that such stories do
not exist.

2.1. Extensibility in Current Environments
2.1.1. Toolpack/Odin

The Toolpack environment [21], created by a consortium of
university, Government and industrial research labs, is an
experimental environment created to support the development of
numerical analysis software in Fortran. Toolpack is a rare
example of an environment that was designed with extensibility
explicitly in mind. As a result, Toolpack'’'s architecture as it
relates to extensibility is particularly interesting. The aspects
of that architecture most relevant to extensibility are contained
in the Odin subsystem.

Toolpack provides its users with a product-oriented
interface. Rather than specify what tools should be invoked, a
Toolpack user indicates what object (e.g.. an object file, an test
report, etc.) is desired and, assuming that the object can in fact
be produced given the current state (e.g.. no necessary inputs are
missing), Toolpack carries out the necessary steps to produce the
desired object.

Odin, developed at the University of Colorado, is intended to
serve as the basis for an extensible program development
environment. Odin is an outgrowth of the Toolpack project and an
extension of the

Integrated System of Tools (IST) subsystem found in Toolpack
(7). For our purposes here, Odin’'s major role is to determine how
an object requested by a user can be produced and then to cause

¢
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, the necessary steps to be carried out so that the requested object
) is indeed produced.

® 2.1.1.1. Architecture of Toolpack/Odin

The Toolpack/0Odin architecture consists of a collection of
tool fragments and a file system (see Figure 2). The file system
is in fact a virtual file system. This means that a specific file
need not actually be stored if it can be regenerated from other

® files using one or more tool fragments. The result is that only a
small number out of the many files that a user believes to be in
existence may actually be physically present in a Toolpack file
system at any given time, but that from the user’'s point of view
they may all be considered to be present there. This situation
arises from the approach to defining information fragments and

0 their relationship employed in Toolpack. {

The Toolpack/Odin approach is to treat all information
fragments as files or sets of files and to provide mechanisms
allowing users to define file types and operations specified in
terms of those file types. The various file types may be thought
of as distinct views of some part of a software system. For {
example, test.f:fmt and test.f:obj might be two file types
corresponding to two different views of the Fortran program stored
in the file "test" (the extension .f denotes a Fortran base
‘ (primitive) object type in Odin), the former a formatted view of
' the source and the latter an object code view.

J.

®
The tool fragments and information fragments, where each
information fragment corresponds to a file in the virtual file
system, in a Toolpack/0Odin system are related through a structure
called the dependency graph (or dependency DAG, for directed
™ acyclic graph). A sample dependency graph appears in Figure 3.

This graph explicitly represents how every type of information
fraiment defined in the Toolpack/Odin system can be created from
some other type of information fragment(s) through the application
of one or more tool fragments. Odin uses this information to
determine how a requested information fragment can be created,
then invokes the appropriate sequence of tool fragments with the
appropriate initial information fragment as input to achieve that !
result. Naturally, as long as certain types of virtual files are

always retained in the physical file system (namely those

! corresponding to nodes in the dependency graph that have arcs

emanating from them but no arcs coming into them) other types of

files (namely those corresponding to nodes with at least one arc

coming into them) never need to be retained in the physical file

system. Those file types that are not retained can always be b
regenerated if needed, using the information in the dependency

graph.
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2.1.1.2. Extensibility Aspects of Toolpack/Odin

One important extensibility aspect of the Toolpack/Odin
architecture is its use of small granularity tool fragments. This
approach of decomposing large tools into their constituent
fragments, then composing the appropriate fragments in order to
accomplish a particular task, is a significant boon to
extensibility. In particular, it encourages re-use of individual
fragments and provides building blocks to aid in the creation of
new tools.

Toolpack/Odin’‘'s use of typed information fragments is also
significant from the perspective of extensibility. Although the I
information fragments tend to be of much larger granularity than [
the tool fragments, the concept of fragments and the notion of
types are both valuable for extensibility, since sharing and
re-use of information fragments contributes in the same way as
sharing of tool fragments, while a type structure provides some
control over use of information fragments and the prospect of some
checking for correct usage patterns. Since Odin controls all tool
invocations, the Toolpack/Odin system does in fact enforce the r
restriction that information fragments of a given type are only 3
used by tool fragments that they are intended to be used by. b

Two languages are provided by Toolpack/Odin. One is a
command language, which permits a user to request the creation of
a view (file type or information fragment). Essentially, this
language lets a user name a view that is desired (e.g.,
test.f:obj) and optionally indicate where a copy of that view
should be stored (e.g.. test.f:obj- test2.f:0bj). By hiding the
exact nature of how effects are achieved, this language renders
the environment’s internal structure more malleable while
preserving its external appearance to users and thus enhances
extensibility.

2 A

The other Toolpack/Odin language is a specification language
in which users can define new views and indicate how those views
are to be created. Odin transforms this information into a
derivation graph, which indicates what tools can be used to create
a file of one type from a file of some other type. This graph
then encodes the relationships among information interfaces and
tools, and provides an internal, accessible representation of all
the possible file types as well as the kinds of operations that
can be performed on them. Although its use in Toolpack/Odin is -
limited. such internal accessible representations can
significantly enhance extensibility.
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2.1.2. Ada Environments

Environments supporting the development of Ada programs were
defined in the mid-1970‘'s as an outgrowth of the U.S. Department
of Defense Ada Program. The initial design and definition efforts
culminated in a definition document popularly called Stoneman (6]
wvhich appeared in the late-1970's. An Ada Programming Support
Environment, as defined in the Stoneman document, provides
automated support for the full spectrum of life cycle activities
for large, embedded software systems.

Multiple implementation efforts are currently in various
stages of completion for several environments supportinf Ada
programming activities. The Ada Language System (ALS) [25] is
being built by SofTech under contract to the US Army. A
variation, called the Ada

Language System/Navy (ALS/N) [18]), has been specified and is
currently under procurement by the US Navy. And the Ada
Integrated Environment (AIE) System [13] is being built by
Intermetrics under contract to the US Air Force. These current
Ada environment implementation efforts have directed most of their
attention to the environment capabilities supporting the
programming phase of software development.

2.1.2.1. General Architecture 0f Ada Environments

The original specification of an architecture for
environments supporting the development of Ada software systems
appeared in the Stoneman document. This architecture, depicted in
Figure 4, consists of a hierarchy of virtual machines, with each
virtual machine providing a base for implementing the next higher
level virtual machine. The most primitive virtual machine,
closest to the actual hardware, is called the Kernel Ada
Programming Support Environment (KAPSE). It provides basic
operating system services including terminal access facilities,
editing facilities, Ada runtime support, and data management. The
next virtual machine in the hierarchy is called the Minimal Ada
Programming Support Environment {(MAPSE) and is essentially an Ada
virtual machine, providing the capability to prepare, compile and
execute Ada programs. The outermost virtual machine is the Ada
Programming Support Environment (APSE) itself, providing
capabilities supporting the team-based creation and evolution of
Ada software according to some general or specific method.

The data management capabilities specified by Stoneman are
only minimal extensions of a normal file system. Each information
fragment stored within the database is considered to be a
relatively large unit of information such as a program, report or
collection of test data. Each information fragment has a name by
which it can be uniquely retrieved. In addition. attributes in
the form -key.,value' can be used to categorize information
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fragments for the purposes of retrieval. Some of these attributes
are pre-defined but the set of categorizing attributes can be
extended as required. The attributes provide a flexible way of
imposing a logical organization on the information fragments so
they can be retrieved according to criteria that reflect concerns
such as version control, documentation, and quality control.

2.1.2.2. Architectures for the Current Implementation Efforts

The current, Government-sponsored Ada environment
implementation efforts have adhered, in general terms, to the
general architecture specified in Stoneman. The particular
architectures refine the general architecture to:

-- reflect the particular ensemble of tools included in the
environment,

-- accommodate the particular computer and operating system
upon which the environment is hosted,

-- accommodate the specific database organization chosen for
the implementation, and

-- provide a usable, Ada-like command language.

The architecture of the ALS, as pictured in Figure 5, 1is
essentially identical to the Stoneman architecture except 1) for
the recognition of the KAPSE as being a virtual machine layer
built on top of the native operating system, and 2) the lack of a
distinction between the MAPSE and APSE virtual machine layers. An
alternative view of the architecture is given in Figure 6. This
view is more oriented to explaining to environment users the
dynamics of system operation under typical scenarios and, as such,
distinguishes the database portion of the system as a separate
layer which supports the operations carried out by the individual
tools.

A major aspect of the ALS effort is the definition of a much
richer set of pre-defined information fragment attributes than is
laid out in Stoneman. In addition, the ALS database definition
explicitly recognizes associations among information fragments as
a special type of information fragment attribute having a set of
pointers as its value.

Because the ALS/N is a variation of the ALS for specific,
Navy target computers, the ALS’N architecture, given in Figure 7,
is identical to that of the ALS. The tool layer in the ALS/N
provides for additional sets of tools such as ones that provide
support for working with MTASS-developed software. In addition.
the definition of the ALS/N explicitly defines an architecture for
the physically separate part of the environment that runs on the
various 16and 32-bit target computers toward which the environment
is oriented. The architecture of this Run-time Executive part of
the overall environment is pictured in Figure 8.
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The architecture for the AIE is given in Figure 9 and is,

again, essentially the Stoneman architecture. In the AIE, the

L database is explicitly defined as & virtual machine layer and this
leads to the elaboration, in the AIE, of the KAPSE layer as shown
in Figure 9. The structure of the database itself, shown in
Figure 10, is considerably more elaborate than specified in
Stoneman -- this follows from the more explicit delineation of the
tools provided by the AIE and specific attention to the problems

o of supporting configuration management and version control.

2.1.2.3. The Arcturus Environment

The APSE implementation efforts discussed in the previous
subsection have all tended to elaborate the inner virtual machine
L layers. 1In another APSE-related effort, the emphasis has been on
elaborating the outer layers. This is a research effort being
carried out over the last five years at the University of
California, Irvine, and has resulted in a prototype system named
Arcturus [29].

The Arcturus prototype offers execution with both compiled
and interpreted Ada, template-assisted Ada text editing, tools for
measuring the performance of Ada programs and displaying the data
in easily interpretable form, formatted listing of Ada programs
that can be easily controlled to match individual preferemces, a
program design language compatible with Ada, and assistance for
| refining designs into executable code. This list of capabilities
emphasizes that the focus has been on the user interface and the
facilities provided from within the APSE virtual machine layer.
This emphasis is reflected in the architecture of the Arcturus
system, given in Figure 11, which indicates a refinement of the
APSE layer within the Stoneman architecture.

2.1.2.4. Extensibility Aspects of Ada Environments

All of these specific architectures for Ada environments are
variations on the theme established in Stoneman. They share the
characteristic that the environment is structured as a layer of
virtual machines that provide their defined capabilities through
the use of the capabilities provided by lower level virtual
machines. Our observations about the extensibility aspects of Ada
environments are therefore stated with respect to the Stoneman
architecture but should be understood to apply to all the specific
architectures discussed above.

The definition of the KAPSE layer provides for the
portability of an Ada environment -- as such. it does not directly
contribute to extensibility as we have defined it for the purposes
of this study.

The layered structure of the environment facilitates
extension by providing a variety of fixed points that can
potentially remain unchanged when modifying the environment in
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response to a change in the requirements for the environment
interface. To provide a new capability at the interface, the hope
is that it could be implemented upon the MAPSE using the
capabilities of this higher-level virtual machine. Thus, not only
would the implementation proceed more quickly because of the
high-level language nature of the MAPSE, but the newly created
environment would result from the re-use of at least all of the
previous MAPSE and KAPSE. For some changes, however, it may be
necessary to make changes in the MAPSE or even the KAPSE. Because
the expectation is that changes in these deeper layers in the
environment would be infrequent. the net result of a layered
architecture such as found in Ada environments should be a
decrease in the average effort to extend the environment.

Extensibility is also enhanced by the use of attributes to
describe information fragments and the fact that the attribute set
can be arbitrarily extended. If a change requires newv types of
information fragments then these can be installed in the
environment by the addition of new attributes that reflect these
new types of fragments. If the old attributes remain unchanged,
then any parts of the system that rely on them can also remain
unchanged. If some of the o0ld attributes have to change then only
those parts of the system that rely on them will have to be
inspected for possible change.

2.1.3. Gandalf

Gandalf is a family of environments, each intended for
different audiences, that share a common paradigm as to how
software systems should be developed [20]. The paradigm
emphasizes the incremental preparation of software by teams of
people with the extensive use of automated support stemming from
the environment-processable description of project team and
software system structures in addition to the description of the
software itself.

The Gandalf project was begun at Carnegie-Mellon University
in 1978 with the intent of developing an Ada programming support
environment which did not necessarily use the layered
architectural structure espoused in Stoneman. The focus was on
providing support for the programming of software systems by teams
and so the emphasis was on supporting programming, configuration
management and team interaction activities. Over the years. the
emphasis on Ada has lessened, but the environment's scope of
activity coverage has remained essentially the same.

2.1.3.1. Architecture of Gandalf Environments

The paradigm supported by Gandalf environments does not
require the eved, e.g. “"show the value of variable A at this
point in the program”. The system automatically causes the
appropriate actions to be taken to be able to achieve the
requested effect. Depending on what changes have been made to the
code for the modules, this may involve any or all of
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recompilation, reconfiguration or re-execution.

Thus a user’'s view is that a Gandalf environment is a
monolithic system that does not have tools or collections of tools
in the traditional sense. Most of the literature on Gandalf
emphasizes this view and none of it provides an architectural
diagram per se. From the literature discussing the ways in which
Gandalf capabilities are implemented, the architectural view given
in Figure 12 can be inferred but the suitability of this
architecture has not been verified.

2.1.3.2. Extensibility Aspects of Gandalf Environments

Because of the uncertainty as to the exact architectural
structure of Gandalf environments, our observations pertain to
enhancing extensibility by hiding the environment's actual
architecture from its sers, providing the capability to
(semi-)automatically generate parts of the environment, and using
declarative descriptions for the activities supported by the
environment. These contributors to environment extemnsibility
appear more extensively in the Gandalf work because of its concern
for the development of a family of environments.

One hallmari: of Gandalf environments is the separation of
concern for how to develop software from concern for how
individual tools are used to support this development. The
monolithic interface to a Gandalf environment does not reflect a
traditional set of tools that relate to the usually recognized
steps such as compilation. In addition, the interface constrains
users to think and work directly in terms of the system’'s
description (that is, the system’'s code). Thus the interface
reflects the paradigm used for software development and the
representation of the system but does not fix the tool set
provided for following the paradigm or manipulating the
descriptions. This enhances the environment'’'s extensibility
because the exact nature of how various effects are achieved is
hidden from the users and therefore does not have to be preserved
wvhen making a change in the environment’'s design or
implementation.

Another hallmark of the Gandalf work is use of well-defined
languages to capture both information about the system being
developed (in addition to information about its operation) and
information about the nature of the project itself. This
information is traditionally held outside the enviromnment (if it
is recorded anywhere) but is needed in Gandalf environments to
support the automatic performance of activities such as change
control and system regeneration. These languages enhance
extensibility because the environment itself is prepared to
interpret and follow the directives that are encoded in these
languages and can therefore support new ways of doing business as
long as these new ways can be described.

This aspect of the Gandalf project tends to lead to
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environments that exhibit the ultimate in extensibility, namely,
the environments do not have to be changed at all in response to
changes in the way of doing the business of software creation or
evolution. As long as the languages are general enough, then the
result of any changes in the way of creating or evolving software
can be described using the languages and the system, given the new
description, can support the new approach without change. Rarely,
however, can the languages be defined to be general enough. But
it is useful to head in this direction and separate the
specification of what is to be done from the mechanism of
performing it through the use of well-defined languages for
describing software and project characteristics.

The Gandalf project has also extensively relied on the
automatic generation of processors for descriptions in the
languages. This means that changes (reflected in changes in
descriptions in the languages) can be fairly easily accommodated
because the processors can be automatically changed. This
enhances the extensibility of an environment because changing the
environment can be easily done as long as the new requirement for
the environment can be captured as a change in the descriptions in
the languages.

2.1.4. Unix

The Unix operating system [17] was initially developed, at
Bell Telephone Laboratories, in the very late 1960’'s in an attempt
to provide the same services on small computers found in modern
operating systems for large mainframe computers. Over the years,
its popularity has spread, particularly within the academic
research community, and it is currently widely available and a
major operating system for 32bit micro-computers.

Viewved as an environment, Unix 1s a loosely integrated
collection of tools supporting a wide variety of approaches to
software creation and evolution. Many of the tools are simple
ones that perform text transformations or processing of general
utility. There are also many more-powerful, high-level tools for
specific tasks, such as document preparation, found during .
software development and maintenance. Few, if any, of the tools -
are wedded to a particular way of performing software creation and
evolution -- the tools are, for the most part, general-purpose
ones that can be used in a variety of ways to support a variety of

£

methodologies. 3
y

2.1.4.1. Architecture of the Unix Environment - 8
"

The Unix operating system has a very simple layered ﬁ

'a

structure, pictured in Figure 13. At the core of the system is a
kernel operating system providing facilities for process
management and the transfer of information between processes,
among other things. The rest of the system is a collection of
tools that run on the virtual machine provided by this kernel. A
command language processor, which is just one of the tools,
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provides a capability to write programs controlling tool
invocation (including the recursive invocation of the command
language processor itself).

Unix provides a more or less standard file system for the
storage of information fragments. The file system is hierarchical
with file names indicating the directory path needed to access a
file. Some use is made of naming conventions to determine which
files or tools to use in response to a user’'s command, but this
automatic interpretation of file names is rare. Users may
establish naming conventions to aid in the categorization of
information fragments, but the system provides no direct help in
interpreting file names for the purpose of storing information
fragments into and retrieving information fragments from an
information repository.

Viewed statically, the collection of tools has no structure
(although one could view the operating system services as a lower
level collection of tools). This "flat" collection of tools can
be dynamically structured (and re-structured) into any general
network structure needed to perform the necessary processing.

Partially this network structure can be developed using the
ability to call any tool from within any other tool. This
capability allows rather gemneral, hierarchical structures of tools
to be created.

The more general means of developing an arbitrary network
structure is to use the Unix capability to "pipe" information from
one tool to another without having to build temporary files in
which to store the information. This allows the tools to be
rather freely cascaded together in whatever way is required as
long as the needed structure is a simple sequence of tools. Some'
versions of Unix provide the capability to create more general
tool sequencing structures in which the output of one tool may be
directed, as input, to several other tools.

In sum, the architecture of Unix itself defines that the tool
collection is a flat collection of tools and the means exist for
this tool collection to be dynamically structured in rather
arbitrary ways.

2.1.4.2. Extensibility Aspects of the Unix Environment

As in Ada environments, the innermost virtual machine layer
is primarily an assist for portability and therefore of little
assistance for extensibility as we have defined that architectural
issue.

However, the Unix kernel has some facilities that are useful
in extending the Unix environment. Many of the traditionally
immutable parts of a kernel operating system are, in the Unix
kernel. defined via user accessible and changeable data structures
such as tables. (One notable example is the definition of the
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characteristics of terminals used for interactive access.) Thus, B,

these aspects can be freely changed to meet new requirements that i
end up requiring changes to the kernel in order to accommodate. Yy
This is another example of technique for facilitating .

extensibility that appears in the Gandalf environments -- separate ’
definition of the data controlling some activity and use of an .
interpreter of this data so that new requirements can be A
accommodated by changing the data rather than changing the W

processing of' the data. "

Extensibility of the Unix enviromnment is also facilitated by .
the fact that a small number of "standard" kernels have evolved
over time. These kernels have been propagated fairly extensively
throughout the community with the result that tool development can
proceed independently and in parallel at various Unix sites. As a
result, there is a higher probability that a need for a new tool
to meet some new environment interface requirement may be met by
looking to other parts.of the Unix community and importing the
tool from some other location.

By
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Enhancing this support for extensibility is the practice
within the Unix community to prepare small tool “"pieces”, rather
than large, monolithic tools, that can be cascaded or otherwise
combined to provide some needed high-level capability. This
(almost extreme) decomposition of the tools into small fragments "4
increases the probability that a tool fragment will be found when
a need for it arises to accommodate some change in the
requirements for the environment interface. (It should be noted
that the efficient support for combining tool fragments, provided
by the Unix kernel, is critical to the success of this assistance
to environment extensibility.)
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Another extensibility aspect of this high granularity
decomposition of tools along with support for the efficient
combination of tool fragments is that it encourages and assists a
prototyping approac