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Abstract

The Inscape Environment is an integrated software development enviroment for building large software
systems by large groups of developers. It provides tools that are knowledgeable about the process of
system construction and evolution and that work in symbiosis with the system builders and evolvers. These
tools are integrated around the constructive use of formal module interface specifications. We first discuss
the problems that Inscape addresses, outline our research strategies and approaches to solving these
problems, and summarize the contributions of the Inscape Environment. We then discuss the major aspects
of the Inscape Environment: the specification language, system construction, system evolution, use and
reuse, and validation. We illustrate these various components with examples and discussions.
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1. Introduction

The Inscape Environment is an integrated software development environment for building large software
systems by large groups of developers. Theintegration of the components in the environment occurs at two
levels: at the lower level, they share a common internal representation (one typical meaning of the term
“*integrated environments'’) and a common user interface (another common meaning); at the higher level,
the components are integrated around the constructive use of formal modul e interface specifications.

Formal specification projects in general have emphasized the formal properties of specifications (as, for
example, in Larch [8, 9]) and the problems of verification with respect to those specifications (as, for
example, in the OBJ system [4, 5]). Little emphasis has been given to their practical use.! Guttag, Horning
and Wing [7] state **We found it difficult to establish a useful correspondence between our elegant formal
systems and the untidy realities of writing and maintaining programs’’. It is the thesis of this project that
there is a useful correspondence between interface specifications and the untidy realities of writing and
maintaining programs. Illustrating what we mean by ‘‘the constructive use of formal interface
specifications'’ and its relationship to the ‘‘untidy realities of writing and maintaining programs’’ is the
purpose of this paper.

A dlight digression first into the name of the project. The termsinscape and instress are taken from the poet
Gerard Manley Hopkins because they are metaphorically suggestive. W. H. Gardner [2] states

As a name for that ‘‘individually-distinctive’” form . . . which constitutes the rich and revealing *‘ one-
ness’ of a natural object, he coined the word inscape; and for that energy of being by which all things
are upheld, for that natural . . . stress which determines an inscape and keeps it in being —for that he
coined the word instress.

As we are concerned with the form of programmed objects, it seems appropriate to call the environment
Inscape; and as the environment is based on the premise that interface specifications provide the **glue’” for
programmed objects, the specification language is called Instress. For obvious reasons, the other
components of Inscape all begin with the prefix “‘In’’.

In the remainder of the introduction, we delineate the problems addressed by the Inscape Environment, the
research strategies and approaches that we have taken in Inscape, and summarize the important research
contributions made as part of our environmental research. We then discuss various aspects of the Inscape
Environment: the module interface specification language, system construction, system evolution, use and
reuse, and system validation. Finally, we present a short summary of the Inscape Environment.

1. An exception to this lack of practical application is Moriconi’s attempt in his Designer/Verifier's Assistant [19] to provide ‘‘a
technique for identifying mechanically what formulas must be proved to determine the exact effects of change. This approach
proved impractical because the formulas to be proved were in an undecidable theory, causing this problem to be no easier than the
verification problem in general’’ [20]. Inscape embodies a similar conceptual framework, but attempts to overcome the practical
shortcomings of Moriconi’ s approach by a number of restrictions that are discussed subsequently in this paper.



1.1 Problems Addressed
I nscape addresses two fundamental problemsin building software systems: evolution and scale.

Dividing the life-cycle into two distinct phases, development and maintenance, introduces a distinction that
isnot born out in practice. The entirelife-cycleisiterative: requirements grow and evolve as understanding
of the problem increases; the design evolves as design decisions constrain the solution space; these design
decisions have backwards-reaching effects on the requirements, both from finding inconsistencies and lack
of clarity as well as from indicating costs that may generate reconsideration of the requirements and
changes to them; and so on throughout the remainder of the cycle. A system evolvesin al its parts from
beginning to end. Trying to force this evolutionary process into neat, distinct and independent phases only
serves to obscure the reality of software devel opment.

In considering the problems of scale, there are several important subproblems: complexity, programming-
in-the-large, and programming-in-the-many. How does one help to manage the problems of complexity,
especialy asthe complexity of systems seems to explode with the increase in their size? What facilities are
needed for building systems out of components that are separately developed? How do you manage the
problems of ‘‘crowd control’’? What policies should be incorporated into the supporting environment to
manage the interactions of the various individuals and groups doing a variety of different activities?

These are the problems that we address in our research. The Inscape Environment is the context in which
we explore solutions to these problems.

1.2 Research Strategies and Approaches

There are three basic approaches that we take in the Inscape Project: we formulate models of various parts
of the system; we formalize parts of the process;, and we explore various trade-offs to make intractable
problems more manageable. Specifically, we

- consider models of software interconnections [26] and propose a new model (semantic
interconnections) that forms the underlying basis of Inscape;

- develop amodel of software development environments (SDES) [28] to delineate the important aspects
of SDEs and to characterize important aspects of SDEs with respect to the problems of scale;

- formalize various aspects of the software process (specifically those of system construction and
evolution);

« make practical use of specification and verification technology by using formal interface specifications
constructively; and

- incorporate the understanding of specifications, the development process, and the programming
language into the environment.

Our research strategy is to proceed along several dimensions:

- systematically work out the implications of using formal interface specifications as the integrating
ingredient in a software development environment that supports the development of large systems with
alarge number of developers;



- make the use of specifications practical — that is, ‘*dance’’ around the ‘‘tarpit’’ of verification: restrict
the power of the specification language; use shallow consistency checking (that tends towards pattern
matching and simple deductions); and automate as much as possible, interacting with the user where
automation is not possible;

« useincremental techniques to distribute the cost of analysis — incremental in two senses: incrementally
at a fine grain — for example, on a statement by statement basis interactively with the user; and
incrementally on a large grain — because of the separation of interface and implementation, we can
follow the intuition in Alphard [30], and analyze each implementation independently using interfaces as
the basisfor analysis.

Our goal, then, is to provide a practical application of formal methods in building large, evolutionary
software systems with large groups of people.

1.3 Research Contributions of the Inscape Environment
The novel features of the Inscape Environment are as follows:
- introducing notions of obligations and multiple resultsin the interface language I nstress;

« using predicates as units of interconnection forming a semantic interconnection structure that is the
basis for Inscape’ sanaysis;

- enforcing the consistent use of interfaces, thereby detecting and preventing interface errors as they are
made (within the constraints of Inscape’s shallow consistency checking);

- determining the implications of changes to both interfaces and implementations at the levels of
predicate satisfaction and propagation, and exception handling and propagation;

- providing the policies of enforced and voluntary cooperation with supporting mechanisms (change
propagation and simulation) and structures (hierarchical databases and workspaces);

« supplementing the static analysis with specification-based test-case description generation and
integrati on-test management;

« using predicate-based browsing and system search techniques; and

- formalizing various important version management concepts.
The discussion of these various aspects of Inscape will clarify their contribution and their effect on the
environment and the process of developing and evolving large systems.
2. ModuleInterface Specifications

The primary purpose for using forma module interface specifications is to provide a means of presenting
all the information that a programmer needs to know about using any particular module in a clear and
concise way — that is, capturing what the designer had in mind when the module was created so that the
module can be used in ways consistent with those intentions. To accomplish this purpose, Instress provides
facilities for defining predicates and for describing the properties of data and the behavior of operations? (in



terms of these predicates). In addition, Instress provides facilities to supply kinds of pragmatic information
(such as recommendations for recovery from exceptions). Thus, by specifying the semantics of the module
interface and including pragmatic information, the designer can define precisely the meaning of a module
and indicate ways in which it can be properly used.

Our approach is based on that of Hoare's input/output predicates [12] (see also [18, 30]) but extended in
two ways. a set of obligations is added to the set of postconditions to form a result of an operation; and
multiple results are provided to alow the description of both norma and exceptional exits from the
operation. We use this predicate approach in Instress rather than an algebraic approach (see [4, 5, 6, 9])
because it seems better suited to specifying exceptions and obligations that may occur and what they mean
when they do occur.® Further, we demonstrate below how this approach enables us to build a semantic
interconnection structure that reflects the intent of the programmmer in building and evolving the system.

The following specification of a file management module, Example 1, provides a sample of the type of
specification that can be built in Instress. This example is used throughout the ensuing discussion to
illustrate various aspects of Inscape and the uses that can be made of these kinds of specifications. In
particular, this exampleillustrates the essential details about the module interface:

« the vocabulary of the abstraction provided by the module,
- the data objects and their properties,

- relationships among data objects,

« the operations and their effects and side-effects,

- theinterrelationships among different operations,

- theinterrelationships among operations and data,

« exceptions and their effects, and

+ theminimal handling of exceptions.

We first present the example, eliding details that are either repetitive or not essential to the subsequent
discussion. Next, we discuss predicates and the logical language used to define them, data objects (types,
constants, and variables), their definitions and descriptions, and then the specifications of operations
(procedures and functions). Finally, we discuss various views of the specification and the analysis that
Instress performs as the specification is built.

2. For the present, specifications are limited to sequential programs. Thislimitation isimposed to bound the problems that need to be
solved. Given the method of describing the behavior of functions and procedures, it does not seem to be too great an extension to
include concurrency of the form provided in either Ada[1] or Concurrent C [3] (since the notions of entries and transactions are
analogous to functions and procedures, with additional semantics to cover aspects of concurrency).

3. See[17] for adiscussion of the relative strengths and weaknesses of various specification techniques.



Please note that we have taken great pains to make the formality of the specifications accessible to the
practicing programmer — that is, both easy to read and easy to understand while still having the necessary
formal information.

2.1 Example 1: The Specification of Fi | eManagenent

This view of the module specification is a sample of Instress' publication view. Programming language
entities are in constant-width font, semantic entities are in italics, and supplementary comments are in
regular font.

***xx Module Fi | eManagement *****

Predicates

Legal FileName(filename F)
Definition: NonNullString(F) and each (i in 1..length(F) ) { Alphabetic(F[i]) }
Informally: A legd file nameis a non-empty string of alphabetic characters only.

FileExists(filenameF) . . .
ValidFilePtr(fileptr FP) . . .

FileOpen(fileptr FP)

Definition: primitive

Informally: Thefileis opened for reading and writing.
FileClosed(fileptr FP)

Definition: not FileOpen(FP)

Informally: Thefileisclosed for I/O.

LegalRecordNr(intR) . . .
RecordExists(intR) . . .
RecordReadable(int R) . . .
RecordConsistent(int R) . . .
RecordWriteable(int R) . . .
Recordin(buffer B) . . .

Buffer SzeSufficient(buffer B; intR) . . .

Data Objects

Type: fil enanme
Representation: st ri ng
Properties: each ( filename F ) { LegalFileName(F) }
Synopsis: A filename is a non-empty string that is limited to alphabetic characters.

Type:fileptr ...

Operations



int CreateFile(<in> filename FN, <out> fileptr FP)
Synopsis: Cr eat eFi | e createsafile named by FN, automatically opensit, and
returns a handle to be used in all subsequent file operations until the file

isclosed.
Preconditions:
Legal FileName(FN) <validated>
not FileExists(FN) <validated>
Resullts:

<Successful result: Creat eFi |l e == 0>
Synopsis: The file named by FN has been created and opened, and the
output parameter FP is the handle for subsequent file operations.
Postconditions:  Legal FileName(FN) ValidFilePtr (FP)
FileExists(FN) FileOpen(FP)
Obligations: FileClosed(FP)
<Exception IlllegalFilename: CreateFil e == 1>
Synopsis: The file was not created because the file name in FN wasinvalid
Failed: LegalFileName(FN)
Postconditions: not Legal FileName(FN)
Obligations. <none>
Recovery: ensure that FN has an appropriate string
<Exception FileAlreadyExists; Cr eat eFi |l e == 2>

int OpenFile(<in> filename FN, <out> fileptr FP) ...

void C oseFile(<inout> fileptr FP)
Synopsis. G oseFi | e closesthefile and trashes the file pointer FP
Preconditions:
ValidFilePtr(FP) <assumed>
FileOpen(FPf) <assumed>
Results:
<Successful result: assumed>
Synopsis: assumes the file is open and FP is avalid file pointer;
thefileis closed and FP is no longer valid
Postconditions:  FileClosed(FP) not ValidFilePtr(FP")
Obligations: <none>

i nt ReadRecord(<in> fileptr FP;, <in>int R <out> int L; <out> buffer

B)

int WiteRecord(<in> fileptr FP; <in>int R <in>int L; <inout> buffer

Synopsis. . . .

Preconditions:  ValidFilePtr(FP) <assumed>
FileOpen(FP) <assumed>
Legal RecordNr(R) <validated>

B)



Recordin(B) <assumed>

Allocated(B) <validated>
Buffer SzeSufficient(B, L) <validated>
RecordWriteable(R) <dependent>

Results:
<Successful result: Wit eRecord == 0>
Synopsis: The record R has been written in the file denoted by FP

Postconditions:  Legal RecordNr(R) Deallocated(B)
Buffer SzeSufficient(B,L) RecordExists(R)
Obligations: <none>

<Exception IllegalRecordNr: Wi t eRecord == 1>
Synopsis: Aninvalid record number
Failed: LegalRecordNumber
Postconditions:not Legal RecordNr
Obligations: <none>
Recovery: ...

<Exception UnallocatedBuffer: Wit eRecord == 2>

Postconditions:  not Allocated(B)
<Exception InsufficientBufferSize: Wi t eRecord == 3>
<Exception WriteError: Wit eRecord == 4>

Synopsis: The record has not been written due to an I/O error
Failed: RecordWriteable(R)

Postconditions:  Legal RecordNr(R) Allocated(B)
Buffer SzeSufficient(B, L) not RecordWriteable(R)
Obligations: <none>

Recovery: Recover Fi | eSystem

bool ean Fil eExi sts(<in> filename FN) ...
Synopsis: Fi | eExi st s determines whether the file named by FN exists.
Preconditions:
Legal FileName(FN) <assumed>
Results:
<Successful result: Fi | eExi sts == TRUE>
Synopsis: The file exists.
Postconditions:  FileExists(FN)
Obligations: <none>
<Successful result: Fi | eExi sts == FALSE>
Synopsis: The file does not exist
Postconditions:  not FileExists(FN)
Obligations: <none>



***xx End Fi | eManagenment ***x*

Example 1. A sample Specification of FileManagement

2.1.1 Predicate Specifications

Predicate specifications are the means of creating the vocabulary necessary to describe the semantics of the
data objects and operations in the module — that is, to express the abstraction provided by the module. The
genera intuition about predicates is that similar to the intuition of algorithmic abstraction: complex logical
formulas are encapsulated in predicate definitions to provide a useful abstraction that is both easy to
understand and easy to use. This abstractive and simplifying use of predicates is an important aspect of
Inscape in trying to make formal methods and techniques available as atool for the general programmer.

In Example 1, we find illustrated the general form of predicate specifications; a typed predicate declaration
with both formal and informal definitions. The informal definition is provided to aid the reader’s intuition
about the formal definition. It is obvious that only the formal definition can be used by the analysis
mechanisms, so that extreme care should be taken to ensure that the informal description exactly matches
the formal one.

The logical language of Instressis one of the primary focuses of our current research. The question is how
to suitably restrict the language. One possibility is to restrict quantification to range over finite sets of data
objects. For example, the definition of the predicate Legal FileName contains the quantified expression that
describes a property of each character in the file name: each character must be alphabetic; no specia
charactersare allowed. The quantification is limited to the charactersin the file name.

Some predicates are defined in terms of other predicates, either in the same module or in supporting
modules. For example, the predicate Buffer SzeSufficient would be declared by predicates defined in the
memory management module. Some predicates, on the other hand, are introduced as primitive predicates,
not because there is not an underlying definition, but because those details are abstracted from the interface
and the user. The predicate FileOpen is such a predicate. The implementation meaning of the predicate
denotes the installation of file details in main memory to make subsequent file operations more efficient.
Those details are not relevant to the user. What is relevant, however, is that FileOpen and FileClosed are
mutually contradictory predicates (see the definition of FileClosed). These definitional relationships and
the subsequent use of the predicates in defining the properties of data objects and the behavior of operations
build their meaning within the module interface.

2.2 Data Specifications

There are three kinds of data objects to be found in module interfaces. types, constants, and shared
variables. Type specifications define the basic meaning for data objects — that is, they define those
properties that are common of all objects of that type. Intuitively, variables are used for particular purposes
and have particular meaning in addition to that provided by the base type. Similarly, constants have a
specific purpose to denote particular objects or values and, hence, have a specific meaning beyond that of



the underlying type. Thisisthe kind of information that the data object specifications are meant to capture.

In Example 1, the type specification for fi | enane illustrates only a subset of the kinds of information
that might be specified for a type: the representation of the type (in terms of the programming language
representation constructs), an informal description of the type (again, care should be taken that this informal
part of the specification should be consistent with the formal part), and the formal properties of the type
beyond those inherited from the type’s representation (for example, each object of type f i | enanme must
satisfy the predicate LegalFileName in addition to satisfying the properties of the type stri ng). These
formal properties specify aspects of the type that are not expressible in the supported programming
language, especidly if the language has a weak or inexpressive type system (as, for example, C has). The
designer may refine the meaning provided by the type's representation as well as express relationships
among data objects that are not expressible in atype system. Other aspects of interest in type specifications
are initidization specifications with their resulting properties and obligations, and visibility or access
restrictions (such as may be found, for example, in PIC [29]).

Constant specifications define the value for the typed object and may refine the meaning of the type by
specifying additional propertiesfor that constant.

Variable specifications define the type of the abject, give an informal description of the intended meaning
of the variable, and may specialize the type information by adding properties to refine the meaning
associated with that particular variable and to express relationships with other data items. As with types
specifications, initialization specifications, with their resulting properties and obligations, and visibility or
access restrictions may be provided.

2.3 Operation Specifications

Operation specifications describe the abstract interface (that is, external) behavior of functions and
procedures. In Instress, this interface behavior is described by a set of preconditions and a set of results.
Results are divided into successful and exceptional results. For both sets, results are defined in terms of
postconditions (predicates that are guaranteed to be true) and obligations (predicates that the user is entailed
to satisfy eventually). For exceptional results, the specifier also supplies guidance about recovery with
either an informal comment or a recommendations for a particular recovery routine. Asin the previously
discussed specification entities, formal descriptions are also provided by the specifier (with the attendant
problems of maintaining consistency with the formal parts)

We distinguish three kinds of preconditions: assumed, validated, and dependent preconditions. Assumed
preconditions are those that Hoare [13] talks about when he says ‘‘if the assumptions are falsified, the
product may break, and its subsequent (but not its previous) behavior may be wholly arbitrary. Even if it
seems to work for a while, it is completely worthless, unreliable, and even dangerous.’” These
preconditions are assumed to be true and must be explicitly satisfied. In Example 1 in the specification of
Cl oseFi | e, the designer has chosen to assume that the preconditions ValidFilePtr and FileOpen are true
when the operation is invoked. This fact is expressed in the specification by the precondition annotation
“*<assumed>'’.

However, when writing robust, fault-tolerant programs, there are some preconditions (i.e., assumptions)
whose falsification leads to wholly predictable results. These are assumptions that are tested before



proceeding in the implementation. We cal these validated preconditions. In the specification of
W it eRecor d, the preconditions LegalRecordNr, Allocated, and Buffer SzeSufficient, are validated first
before proceeding to write the datato the file. The annotation ‘‘ <validated>"" indicates this status.

Generally, validation is performed before committing to some computation that may be difficult or costly to
undo. The choice between assuming or validating preconditions is often a tradeoff between safety and
efficiency. On the other hand, assumed preconditions are often difficult or impossible to verify. Inthe case
of the predicate Recordin, however, it must be an assumed precondition as there is no way of determining,
without detailed knowledge of the particular structure of the record, whether the user has put the desired
datainto the buffer or not.

The third class of preconditions is that whose truth is not known until some point in the computation when
an attempt is made do something, such as read a file. It is impossible to know whether the predicate
RecordReadable is true until the hardware tries to read the record. Dependent preconditions are similar to
validated preconditions but are dependent on, for example, external events, hardware, or other (concurrent)
processes.

We note that there is a special relationship between validated and dependent preconditions on the one hand
and exceptions on the other: the failure of each validated and dependent precondition must be found in the
specification of some exception. For examples see the exception specifications of Creat eFi | e and
Wit eRecord.

2.4 Instress Views

One of the primary benefits of using a prototyping mechanism such as the Gandalf's ALOE editor-
generation tools [11] is that one can experiment with various concrete syntax representations. The abstract
syntax of the specifications can remain constant, but one can choose various ways in which to view the
specification. Example 1 represents a multi-font, formatted, publication view. Other views available are an
overview of the objects in the interface, an informal view of the objects (showing only the informal
comments and synopses), a formal view (showing only the formal definitions of the objects), and various
language-dependent views (such asinterna and external viewsfor C. h files).

2.5 Instress Analysis

Part of the underlying support that Inscape provides the user is the formalization of the development
process. In Instress, the process of specification has been formalized in a set of rules about consistency
among various objects in the interface and rules about relationships among some of the interface objects.
As the specification is built, Instress enforces various rules about consistency and rudimentary
completeness. In particular, Instress checks that

- predicate definitions are consistent;
- precondition, postcondition and obligation lists are consistent;
- validated and dependent preconditions are represented as failed conditionsin at least one exception; and

« <in> parameters have preconditions and <out> parameters have postconditions.



In addition, while the specification is being built, Instress creates unit, syntactic, and semantic
interconnections structures [26] of the interfaces’ dependencies on external modules. These interconnection
structures are used by subsequent toolsin their analysis.

2.6 Benefits: Improved Communication

Formal interface specifications provide improved communication among the developers for a variety of
reasons. First, Instress specifications provides a uniform, formal medium for the expression of one part of
the design — the module interfaces. A forma medium of the specifications is more precise, specific, clear
and complete than current informal methods of documentation. Moreover, there are various views of the
specification that are available to the user, ranging from an overview, an informal view, to a strictly formal
view of the specifications. Second, the formal document is a better means of negotiation for changes that
can then be propagated automatically. Negotiations focus on specific aspects of interface behavior instead
of vague descriptions of general functionality. Third, the relationship between the interface specifications
and the implementation is managed formally by Inscape. That means that the effects of changes to
specifications are automatically projected onto the implementation and that changes to the implementation
are projected onto their respective interface specifications. The available information is current. Last,
fewer personal interactions are needed because of the formal (and as a result, better) documentation. These
means that there is less wasted time because of unsuccessful attempts at persona interaction. Developers
are then more independent of each other.

3. System Construction

The program construction editor Inform incorporates knowledge of Instress specifications, the
implementation language, and Inscape’s rules for program construction to provide interactive, cooperative
program construction. The environment maximizes the use of this knowledge to minimize the
programmer’s effort to construct maintainable systems. During the process of program construction,
Inform enforces the consistent use of Instress module interface specifications, enforces Inscape’s rules of
program construction, and automatically records the dependency relationships and the semantic
interconnections determined by the implementation. Asthe implementation is constructed interactively, the
environment determines whether the implementation is complete (i.e., there are no preconditions or
obligations that are unsatisfied and unpropagated to the interface) and automatically creates the interface
specification from the implementation (which may then be interactively modified according to the
requirements of the modul€e' s abstraction). If an interface specification already exists, that specification can
be compared with the implementation-derived interface specification to determine the correctness of the
implementation.

There are two fundamental concepts that are formalized by Inscape in the construction of software systems:
the semantic manipulations required in the consistent use of the interface specifications and the constructive
satisfaction and propagation of the semantic information in the implementation; and the control flow
mani pulation required in the handling and propagation of exceptions.

We begin in Section 3.1 by illustrating Inscape’s system construction approach with a small example. We
then discuss the constructive use of interface semantics in section 3.2, the constructive use of exception
specifications in section 3.3, the constructive use of exception specification in section 3.4, generating



interface specifications in section 3.5, Inform’s views in section 3.6, Inform’s analysis in section 3.7, laying
the foundation for evolution in section 3.8, and finally discussion some of Inform’s benefitsin section 3.9.

3.1 Example 2: The Implementation of PutRecord in Inscape

This example shows the publication view of Put Recor d together with the propagated interface that
results from the implementation. Programming language constructs are in bold type, program objects in
constant width type, predicatesin italics, and annotationsin regular type.

Following Example 2 are two graphical views of the implementation: the first is the semantic-
interconnection view for the computation’s normal (that is, successful) execution; the second is the

control-flow view of the implementation with the normal aswell as the exception exits.

Put Record(<in> filenane FN, <in> int
{
fileptr FP;
if FileExists(FN)
penFil e(FN, FP);

else
CreateFil e(FN, FP);

WiteRecord(FP, R L, B);
exception |11 egal Recor dNr
exception Unal | ocat edBuf f er
exception | nsuffi ci ent Buf f er Space
G oseFil e(FP);
return ParanmeterError;
exception WiteError
Cl oseFi |l e(FP);
return | Cerror;
Cl oseFi |l e(FP);

}

Propagated Preconditions:
Legal FileName(FN)
Legal RecordNr(R)
Recordin(B)

Propagated Resullts:
<normal exit>

Propagated Postconditions:
Legal FileName(FN)

Allocated(B)

Buffer SzeSufficient(B, L)

R <in>int L; <inout> buffer B);

<exception Illegal FileName pruned>
<exception NonExistentFile precluded>

<exception Illegal FileName pruned>
<exception FileAlreadyExists precluded>

<exception I1legal RecordNr coal esced>
<exception UnallocatedBuffer coal esced>

<exception InsufficientBufferSize coal esced>

<exception ParameterError propagated>

<exception | Oerror propagated>

Buffer SzeSufficient(B, L)



FileExists(FN) Deallocated(B)
Legal RecordNr(R) RecordExists(R)
Propagated Obligations; <none>
<exception ParameterError>
Propagated Postconditions:
FileExists(FN)
not IllegalRecordNr(R) or not Allocated(B) or not Buffer SzeSufficient(B, L)
Propagated Obligations. <none>
<exception 10error>

Propagated Postconditions:
LegalFileName(FN) Deallocated(B)
FileExists(FN) Buffer SzeSufficient(B, L)
LegalRecordNr(R) not RecordWriteable(R)

Propagated Obligations. <none>

Example 2: Implementation and Propagated Interface

The following are the abbreviations used in the semantic interconnections graph (Figure 1):

a Lega FileName(FN) g: Recordin(B)

b: FileExists(FN) h: Allocated(B)

c: VaidFilePtr(FP) i: BufferSizeSufficient(B, L)
d: FileOpen(FP) j: RecordWriteable(R)

e: FileClosed(FP) k: Deallocated(B)

f: Legal RecordNr(R) I: RecordExists(R)

3.2 Constructive Use of Interface Semantics

The basic building blocks in an implementation are the specified operations. The specifications of these
operations are instantiated for each use according to the arguments supplied in the operation invocation. In
Example 2, for instance, the specification of Wi t eRecor d is instantiated with the arguments FP, R,
L, and B (seethe predicatesin thelist of abbreviations for Figure 1).

The basic unit of implementation is the sequence. In Example 2, the basic implementation is a sequence of
three statements: the if statement and the invocations of Wit eRecord and C oseFil e. Figure 1
illustrates how the instantiated interface specifications may be used to satisfy preconditions and obligations,
and where the postconditions propagated to the interface come from.

Figure 1 also illustrates how Inform incrementally builds the if statement from its component parts and
generates the interface for that if statement. This constructed interface is then used with the instantiated
interfaces to form the interface for the implementation sequence. Thus, Inform builds the implementation
in three ways (two of which are illustrated in Figure 1): instantiating interface specifications for operations
invoked in the implementation; constructing interfaces from the component parts in complex language
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statements such as selection and iteration; and interacting with the user where the meaning of programmer
actions are not determinable by the environment (as may well be the case in expressions, for example).

3.3 Constructive Use of Exception Specifications

As mentioned in the preceding section on Instress, there is a relationship between some of the preconditions
and exceptions: the failure of a precondition may result in an exception. This relationship provides the
implementor with some latitude concerning the satisfaction and/or propagation of these preconditions.

We formalize the handling of exceptions and build an understanding of the various ways of handling
exceptions into the environment. The following are the formalized ways of handling an exception
supported by the environment. An exception may be:

Precluded The associated precondition has been satisfied and there is no need to handle the
exception. Figure 2 show this preclusion for the NonExistentFile and
Fi | eAl readyExi st s exceptionsin QpenFi | e and Cr eat eFi | e respectively.

Pruned This method of handling (or, non-handling) is a conscious refusal to handle the exception.
The associated preconditions become assumed preconditions and must be satisfied or
propagated to the interface. In Figure 2, the exception |11 egal Fi | eName in both
OpenFi | e and Cr eat eFi | e has been handled in this way because failure condition,
LegalFileName, is already an assumed preconditionin Fi | eExi st s.

Reported The exception is propagated, possibly with some repair, to the interface. The exception
| OError is repaired (closing the file), renamed as WriteError, and reported to the
interface.

Recovered The exception is handled by retrying the statement that generated the exception. There

may be some repair to increase the likelihood of success.

Repaired The results of the exception are fixed or compensated for in some fashion — for example,
fixed to match the successful results. The control flow then is merged with the normal
results.

Ignored The results of the exception are satisfactory and are merged with the normal results.

Coalesced The results of several exceptions are collapsed into one exception and propagated to the

interface. The Par anet er Er r or exception reported in Put Recor d is this kind of
exception (see Figure 2). Some repair may be required.

Introduced An arbitrary condition is considered to be exceptional and is propagated to the interface.
There may or may not be repair included.

Thus, if a validated or dependent precondition is known to be true (i.e., a postcondition satisfies that
precondition), then the associated exception need not be handled because it is known before hand that it
will not occur. Correspondingly, if an exception is handled, then the associated precondition need not be
propagated to the enclosing interface. Conversely, if the failure of a precondition causes an exception to
occur, then that precondition must be exported to the interface as a validated or dependent precondition.



3.4 Generating Interface Specifications

There are various levels of generated interface specifications. the interfaces constructed from the
component parts in complex language statements; the interface generated from a sequence; and the
operation interface propagated from its implementation sequence interface.

Certain aspects of the interface for the implemented module can be generated automatically by the
environment: those preconditions and obligations that have not been satisfied within the implementation
and that have been propagated to the interface; and those postconditions that are known to be true at the end
of an operation’s implementation. However, there are different rules that govern the generation of the
different kinds of interfaces: those for generating the interfaces for selection and iteration are more
complex than those for generating the interfaces for sequence and operations. For example, in the latter, the
interface of the sequence is pruned of all the predicate references to local variables in order to produce the
interface for the implementation (Figure 1 shows that FileClosed and not ValidFilePtr are not propagated to
the implementation interface).

However, there are some aspects of the interface that need to be generated interactively with the
programmer: the propagation or handling of exceptions; and re-interpretation or introduction of predicates
and exceptions at the implementation boundaries to conform with the vocabulary of the abstraction
provided by the module interface.

As in the explicit construction of module interface specifications using the Instress editor, the rules
governing the completeness and consistency of specifications are enforced here in the generation of
interface specifications.

3.5 Inform Views

There are two kinds of views available in Inform: the various contextual views and synthesized views. In
the latter category are the two views illustrated in Figures 1 and 2: a graphical semantic interconnection
view and a graphical control flow view. The first shows the dependencies and sources; the second shows
where and how the various results arise.

The current contextual views are similar to the various views available in Instress — they are various levels
of detail of the information contained in the abstract syntax representation of the program (complete with
the interconnection information). Inform provides a multiple context view that shows several views
simultaneously: the program view, the current specification (instantiated or generated) view (complete with
its satisfaction and dependence information), the current-known-postconditions view, the precondition-
ceiling and obligation-floor view (those predicates that have not been satisfied and cannot be propagated to
the interface), and the propagated-interface view.

3.6 Inform Analysis

Using the predicates defined in the module interface specifications as units of interconnection, Inform
enforces the consistent use of the specifications by applying the following basic rule: a precondition or
obligation must either be satisfied within the module's implementation, or propagated to the enclosing
interface (eventually to be satisfied outside the modul €' s implementation).



It may not be possible, however, to propagate a predicate to the interface. For example, suppose a
precondition P has not been satisfied (as for example predicate Legal FileName has not been in Figure 1)
and in the attempted propagation to the interface (intuitively, up through the implementation) it encounters
a postcondition not P. This postcondition forms a logical barrier for the precondition — what we call a
precondition ceiling. This indicates that the precondition must be satisfied somewhere between where it
was incurred and its ceiling. The propagation of obligations proceeds in an analogous fashion (though,
intuitively, down though the implementation) hitting either an obligation floor or making it to the interface.

The interface specification semantics of exception results are those that are known and obligated at the time
the result is propagated to the interface. Propagation problems may result during this process. For example,
if we had not called Cl oseFi | e in the reported exception | Cerror, then we would have had an
obligation FileClosed(FP) that was not satisfied and could not be propagated to the interface (because it
refersto alocal variable) resulting in an obligation floor in the exception handler.

The consistency and satisfaction checking that is performed during construction is an augmented version of
the checking performed by Instress. Completeness checking varies according to the unit being analyzed.

3.7 Foundation for Evolution

Inform’s management of the semantic interconnection detail provides the foundation for Infuse's ahility to
understand the implications of changes to software constructed within Inscape. While the module is being
implemented, Inform records the following details of construction:

» precondition dependence and propagation,
« postcondition satisfaction and propagation,
« obligation dependence and propagation,

« exception preclusion, and

« methods of exception handling.

By recording the ways in which the different elements in the interface are used in the implementation —
that is, how exceptions are handled and what functionaity (i.e., behavior) is depended on — Inform
provides the knowledge necessary for Infuse to understand software changes.

3.8 Benefits: Interface Error Prevention

Because of the semantic analysis performed by Inscape, there is early detection and prevention of interface
errors in the construction and evolution of a system. Based on a study of areal-time system (see[22 - 24])
and assuming that this data point is representative, there is the potentia for preventing 75% of the interface
errors that occur in system test and integration.  This amounts to about half of all the errors that occurred in
this phase. In addition, interface errors that occur before that phase will be prevented as well.
Unfortunately, we do not have data about the magnitude of interface errors that occur before the system test
and integration phase.



4. System Evolution

The Infuse subsystem [25, 15] manages and coordinates multiple changes by multiple programmers and
propagates the changes interactively to guarantee their completeness and consistency. Conformance to
Inscape’ s rules of program construction is enforced throughout the change process.

There are two orthogonal concepts that converge in Infuse:* 1) semantic interconnections, and 2) ** crowd-
control’’ policies, mechanisms, and structures.

In section 4.1 and 4.2, we discuss the semantic effects of changing interfaces and implementations and
ways in which Infuse manages this process. In section 4.3, we describe the basic aspects of Infuse’s
approach to managing large group interactions. Finally, in section 4.4, we summarize some of the benefits
of environmentally-assisted evolution.

4.1 Interface Modifications

There are four basic ways in which Infuse determines the semantic effects of changes to an interface
specification. First, Infuse can determine where changes to the interface have no effects. In this case, the
implementation is sufficiently rich that it can absorb the effects of the changed interface. For example, if a
precondition is added to the interface of an operation, and everywhere the operation is used there exist
postconditions known at that point that will satisfy the precondition, then the change will have no effect
whatsoever.

Second, Infuse determines where code is no longer needed. For example, if preconditions or obligations
are deleted from an interface, portions of code that exist primarily to provide satisfaction for those deleted
predicates can be deleted. If postconditions are added to an interface, they may cause other code fragments
to become redundant and, thus, candidates for deletion.

Third, where preconditions or obligations (or data properties) have been added or altered, Infuse indicates
where new code may be needed or where the encompassing interface may be affected as a result of the
change. Similarly, changing or deleting postconditions causes similar behavior on the part of Infuse.

Finally, Infuse determines where and how exceptions and exception handling are affected. Changing the
meaning of an exception result isidentical in itsimplications to that of a successful result (that is, subject to
the considerations in the three cases above). The results of removing an exception can be automatically
determined since the environment knows exactly how the exception was handled and knows what the
effects are of removing that exception handling. Adding an exception requires interaction with the user,
since there is no way of determining what should be done automatically. One could, however, adopt one or
more of the following strategies. automatically determine the implications of ignoring the exception, or

4. Infuse has been the focus of joint work with Professor Gail Kaiser, Columbia University. In our reporting of this work [15, 25], we
have concentrated only on the programming-in-the-many issues because they are separable from the particular interconnection
model used in the analysis phases. It has seemed prudent to discuss that work in the context of syntactic interconnections, a model
that is widely understood. However, the origin of Infuse is in Inscape as the system evolution component with the semantic
interconnection approach as the underlying analysis mechanism.



reporting the exception, to determine whether there are any ill effects on the implementations that use the
interface.

The implications of changes to interfaces, then, are determined 1) by the functionality depended on and
what is known to be true at the point where the changed element is used, and 2) by how the exceptions are
changed and now that affects the way they are handled.

4.2 |mplementation Modifications

Changes in the implementation have effects on both the implementation and the encompassing interface.
For example, changes in the implementation may affect what preconditions, obligations and postconditions
may be propagated to the interface of the operation. Further, these changes may affect the predicates
involved in re-interpretation at the boundaries of abstraction. With respect to the rest of the
implementation, the environment recal culates the relationships of dependence and satisfaction to determine
whether there are unsatisfied and unpropagated preconditions, obligations or properties.

Changes in the handling of exceptions will also have an effect on both the implementation and the
interface. Internaly handling a formerly propagated exception, or propagating an exception that was
previously handled internally, changes the interface directly. Changing the form of handling an interface
will have a direct effect of the state of the preconditions, obligations and postconditions within the
implementation, and indirectly, on the interface.

In both cases, changes to the implementation have an effect on the internal organization of the
implementation’ s semantics and may well have an effect on the interface as well.

4.3 ‘*Crowd-Control’’ Issues

The Inscape Environment is an example of a city model environment [28] — that is, it is an environment
that is designed to support large projects. Infuse provides two basic policies governing group interactions:
that of enforced cooperation and that of voluntary cooperation. The policy of enforced cooperation
circumscribes the ways in which programmers interact while making a concerted set of changes to a
collection of modules. Interactions among the developers are limited to particular points in the process of
integrating the changes, and the changed modules progress through arigid set of steps in the process from
change to complete integration. The structure supporting this policy is the hierarchical experimental
database (HEDB). Mechanisms that Infuse provides to implement this policy are those that create the
hierarchy (by clustering the modules into closely related subsets), enable one to deposit a module into the
parent database, and propagate the changes to the siblings in the database.

Several advantages accrue with this policy of enforced cooperation. The HEDB structure limits the effects
of change to the confines of the particular experimental database, forms a context for negotiation of
changes, tends to limit the extent of iterations in resolving conflicting changes, and imposes a systematic
order on the integration of the components of the system that have changed.

The policy of voluntary cooperation alow an arbitrary number of developers (one or more) to form a
workspace (the supporting structure) in which to simulate or propagate changes made to various modulesin
the workspace. For example, one developer might choose to determine the effects of his changes on several
other particular modules by forming a private workspace and simulating his or her changes. Alternatively,



several developers may choose to see how their changes interact. They collectively form a workspace and
simulate or propagate their changes within that workspace.

The semantic analysis mechanism used in Instress, Inform and the change analysis described in the
preceding section provides the engine for change simulation and change propagation. Thus the change
analysis, change simulation and propagation, and the cooperation policies serve to coordinate the change
process. In this way the environment manages the change process and can guarantee a high degree of
completeness and consistency in the change process.

4.4 Benefits: Environment-Assisted Evolution

Inscape’ s semantic interconnection model, made possible by the formal interface specifications, is the basis
for the environment’s ability to understand the effects of change at a deeper level than possible with
informal methods. When predicates are added, removed or changed in an interface, Inscape determines the
effects on the dependencies that have been recorded in the construction process (that is, while building the
program) and reports these effects to the user. Similarly, when an implementation is changed, Inscape (by
using the semantic interconnections) reports to the user the effects that these changes have on the
propagated interface.

Thus the investment in specifications has its primary return in the evolutionary part of the life-cycle that
typically accounts for 60 to 80% of the life of a software system. This s particularly important because of
the turnover of people that is generally experienced between the development and evolution phases, or for
that matter, during any part of the life of any system. The new people are unfamiliar with the design and
implementation intent of those that preceded them and are likely to make errors because of this lack of
understanding. Inscape provides away of improving this discovery process with its ability to determine the
effects of changes.

It should be noted, however, that this feature of Inscape is extremely important in the development phase as
well. System evolution begins very early in the development process in response to the discovery of
requirements, design, interface specification, and implementation errors.

5. Useand Reuse

There are two important aspects of reusing components in building systems: finding the components to use
and substituting one component for another in the system model. Inquire addresses the first issue;
Invariant, the second.

5.1 Browsing and Use/Reuse

Inquire provides facilities for navigating through the system base following either unit, syntactic, or
semantic interconnections. These facilities are available as browsing facilities to the user and as search
facilitiesto Inscape’ s components.

Asabrowser, Inquire enables the user to browse through the system vocabulary (the predicates), the system
objects (the modules), and navigate through the system following various types of syntactic and semantic
threads. This navigation facility is of importance in the discovery process — that is, the process of
developing an understanding of a system. The user may follow various objects dependencies, or follow



various semantic dependencies, and thereby acquire an understanding of the system along various
dimensions.

Because Inscape’ s tools are semantics-based, it is the behavior of operations and the properties of data that
are important in determining use and reuse. For example, when certain preconditions need to be satisfied,
the environment searches the system database and finds one or more operations or objects (whose
postconditions or properties) will satisfy those predicates (thereby using the relevant interface information
and reusing the various code and data structures).

In addition of finding various objects, it is useful to have information about the cost of those objects. For
example, the Example 1 there are various semantic relationships among the operations: if you want to write
arecord, you first have to open the file, and because you opened the file, you are then obligated to close it.
Merely finding that W i t eRecor d provides you with precisely the right postcondition is only part of the
problem; there is a cost in chosing to use that operation. An informed choice among possible solutions
requires that there is an analyzed cost associated with each possibility. For this reason, Inquire provides a
weighting based on the relationships established in the specification.

5.2 Version Management and Use/Reuse

Because it is the behavior of operations that is important in the construction of software in the Inscape
environment, we achieve a certain independence from the syntactic specifications in determining various
properties about different versions. In strongly-typed version control mechanisms such as SVCE [10, 14]
and System Modeller [16], we have a notion of equivalence and compatiblity that is tied to the typed
signatures of operations, and that notion is both too strong and too weak — it alows versions to be
considered equivalent that we know are not equivalent in an intuitive sense, and it declares versions to be
incompatible that we would intuitively consider to be compatible. Invariant [27] provides us with precise
definitions of equivalence and compatibility that coincide closely with our intuitive notions of equivalence
and compatibility and thereby provides us with a very useful concept of plug-compatibility in the
composition of system versions.

Intuitively, we think of two different implementations of a module as equivalent if their abstract external
behavior isidentical. For example, two different implementations of the data type st ack are equivalent if
the both provide a stack abstraction, independent of whether they are implemented as arrays, lists, or datain
files. That is precisely the notion provided in Invariant: two versions are equivalent if their interface
specifications are identical.

Of critical importance in the evolving of systems is the notion of upward compatible versions. Systems
evolve more gracefully if extensions do not disrupt previously implemented functionality. However, we
believe that there are two distinct concepts that are important here: dependency preservation and
functionality preservation. Dependency preservation leads to the notion of strict compatibility: version A
is strictly compatible with version B if it requires no more (that is, A’s preconditions are a subset of B’S),
provides no less (that is, B’s postconditions are a subset of A’s) and obligates equally (that is, A’sand B’s
obligations are identical). Functionality preservation leads to what we call strict-upward compatibility:
version A isastrict-upward compatible version of B if B’sinterfaceisincludedin A’s.



Often there is only partial dependence on an interface. For example, one might start with a double-ended
gueue, but only put objects on the front of the queue and then take them off the front. One ought to be able,
then, to substitute a stack for the double-ended queue with no undesirable effects. This observation is
captured in Invariant's notion of implementation compatibility: version A is exactly implementation
compatible with version B if the substitution of A for B in an implementation has no effect on the
propagated interface; version A is strictly implementation compatible with version B if the substitution of
A for B in an implementation | results in a propagated interface PI' that is strictly compatible with the
original propagated interface PI.

These formal concepts — equivalence and compatibility — are crucial in the building of systems and the
choosing among various versions from which to build those systems. They provide us with a notion of
plug-compatibility and provide a level of static analysis that is not available in other version management
systems. Moreover, they provide us with a formal vocabulary in which to formulate policies about version
substitution at various stages in a system development process. For example, at some point in the
development process, a manager might make the policy that only exactly implementation compatible
versions are allowed as substitutions in the system model.

5.3 Benefits: Data Object and Operation Name Independence

Since the unit of use/reuse search and substitution is the predicate, reuse is independent of the names and
numbers of parameters of procedures and functions, and the names of types and data structures (that is, the
important aspect is the behavior of the operations or the properties of the data objects, not their particular
names). While this makes the reuse mechanism more flexible and concentrates on the more important
aspects of reuse, it does not provide a panacea. Thereis till abasic limitation: that of naming. In Inscape,
this limitation is moved from procedure, function, type and structure names to that of predicate names —
that is, auniform vocabulary is needed at the predicate level.

6. Validation

We have discussed various kinds of analysis that Inscape provides in the specification, construction, and
evolution of software systems. This analysis is based on a mechanism that makes no claim to provide full-
fledged verification. On the contrary, it is one of the design trade-offs to make Inscape a practical but
formal environment that we sacrifice this part of semantic checking and settle for a simpler, but useful,
form of consistency checking. Because the checking is shallow, there will be inconsistencies that Inscape’s
analysis mechanism will not find. Our shallow form of checking will catch and prevent alarge segment of
the logical errors (in the main because a large segment of logical errors are shallow errors), but we will not
detect all of them. For thisreason, we consider ways of integrating testing into the Inscape Environment.

There are two aspects of testing that we consider: test-case descriptions derived from the interface
specifications and the semantic interconnections constructed while the system is built and evolved; and
integration test management that uses the city-model facilities of Infuse (this part of the research is being
done with Professor Kaiser). The value of unit testing varies widely with the quality of the individual
programmer. Problems that should have been caught in unit test are often not found until integration
testing occurs. For this reason, we investigate the development of test descriptions that choreograph unit
test drivers and stubs in order to better exercise individual modules before they are integrated into more



complex, less easily testable pieces.

Integration test management is integrated into the Infuse subsystem and provides semi-automatic
integration-test-harness generation from component test harnesses, and intelligent regression testing as a
part of the integration of component parts. Integration of the component test harnesses may require
interaction with the users to resolve redundant stub conflicts and create integrated test drivers. Parts of the
component test suites may be rerun depending on the effects of the partial integration of the modulesin the
experimental data base. New test sets may be needed for the integrated unit. The test manager overseesthe
integration, creation process and regression testing.

7. Summary of The Inscape Environment

Inscape is an integrated environment that provides tools that are knowledgeable about the process of system
construction and evolution and work in symbiosis with the system builders and evolvers. Integration
occurs at two levels: an underlying common representation used by the various tools, and module interface
specifications that supply the integration for the various kinds of analysis that Inscape provides.

The state of the environment varies depending on the particular part. The specification language has been
defined and a syntax directed editor is being built. The form and scope of the logical language is under
investigation. Inform is in prototype form (currently providing manipulation of segquence, selection,
iteration and exception handling) and is being incrementally expanded to include more of the specification
language and programming language. A prototype version of Infuse incorporating a syntactic model has
been built by Professor Kaiser and her students at Columbia University. Their prototype will be ported to
Inscape and retrofitted with Inscape’ s semantic model. The concepts for browsing and version management
have been defined and designed at a high level. Work is currently focused on augmenting Inscape’s
analysis with testing. Eventually, we will have a compl ete prototype of Inscape.
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