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Abstract

This dissertation describes a programming tool, implemented in Lisp. called SCOPE. The basic
idea behind SCOPE can be stated simply: SCOPE analyzes a user's programs, remembers what it
sees, is able to answer questions based on the facts it remembers. and is able to incrementally
update the data base when a picce of the program changes. A variety of program information
is available about cross references. data flow and program organizatica. Facts about programs
are stored in a data base; to answer a question, SCOPE retrieves and makes inferences based on
information in the data base. SCOPE is interactive because it keeps track of which parts of the
programs have changed during the course of an editing and debugging scssion, and is able to
automatically and incrementally update its data base. Because SCOPE performs whatever re-
analysis is necessary to answer the question when the question is asked, SCOPE maintains the
illusion that the data base is always up to date—other than the additional wait time, it is as if
SCOPE knew the answer all along.

ScoPE’s foundation is a representation system in wh'ich properties of pieces of programs can be
expressed. The objects of SCOPE's language are pieces of programs, and in particular,
definitions of symbols—e.g., the definition of a procedure or a data structure. SCOPE does not
model! properties of individual statements or expressions in the program; SCOPE knows only
individual facts about procedures, variables, data structures, and other pieces of a program
which can be assigned as the definition of symbols. The facts are relations between the name
of a definition and other symbols. For example, one of the relations that SCOPE keeps track of
is Call; Call[FNl,FNZ] holds if the definition whose name is FN; contains a call 0 a
procedure named FN,.

ScoPE has two interfaces: one to the user and one to other programs. The user interface is an
English-like command language which allows for a uniform command structure and convenient
defaults; the most frequently used commands are the easiest to type. All of the power available
within the command language is accessible ihrough the program interface as weu. The
compiler and various other utilities use the program interface.
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Chapter 1—Introduction

1.1 MOTIVATION

It is weil known that software is in a desperate state. It is unreliable. delivered late. unresponsive
to change. inefficient. and cxpensive. Furthermore. since it 1s currenuy labor-intensive, the situation wiil
(unher deteriorate as demand increases and labor costs rise. Thus the industry faces one of two
choices: cither increase the productivity of highly (raned. carcfully sclected specialists or reduce the
traming requircments through automauon. thereby broademing the base of qualified users. [Baizer 1975]

Programming is costly, measured by almost any metric. In particular. the amount of
moncy spent annually in the United States on software measures in the billions. Recent “studies
have shown that the major expense is in maintaining existing programs rather than in writing
acw oncs [Lientz, ct al. 1978]. Software is modificd cither to correct mistakes in the original
implementaton. to respond to new ciements in the environment or to improve performance or
mainuinability. Such activities are reported to consume as much as 75-80 percent of systems
and programming resources. Regardless of these facts. many rescarchers interested in reducing
the cost of software production do_not address the issue of modification of complex existing
‘programs but instead focus on initial program dcvelopment

Currently, there are two major themes in improving software production: improving the
structure of the resulting software (to improve mainwinability and reliability), and automating
part or all of the task. As with other labor-intensive endeavors. it is thought that automation
might improve the software production situation by reducing mistakes and increasing
productivity. Efforts in program automaton fall along a spectrum with respect to the degree of
automation. While the goal of complete automation of the programming task is laudable, such
an approach is far from producing practical results [Balzer 1975]. The alternative is to provide
tools which aid the programmer in the production and maintenance of software. The set of
tools available to a programmer form part of the programming environment:

iIn normai uségc. the word “enviroument” refers to the “aggregate ‘of .social and cultural
conditions that influence the life of an individual.”™ The programmer's cnvironment influences, to0 &

large cxtent derermines. what sort of probiems he can (and will want 10) tackle. how far he can go. and

how fast If the environment is “cooperative™ and “helpful”—the anthropomorphism is deliberate—then

the programmer can be more ambitious and productive. If not. he will spend most of his time and
energy “fighung™ the sysiem. which at times scems bent on frustraung his best efforts. [Teiteiman 1969]

Whether a programmer is dealing with a toy problem or a highly complcx one, there is
widespread realization that, for any users of computers, the programming language and its
compiler is only a small part of the environment with which the programmer must deal; a
complete programming cnvironment would include a vanety of additional system aids and
supportive facilities. INTERLISP is an cxamplc of a programming cnvironment which attempts
-0 be cooperauve and helpful by providing facilities and aids which work with, not against, the

programmer:



Chapter 1—Introduction

The concept of a programming environment has added new dimensions to software research.
With the advent of interactive use of compulers a programmer can participale actively in software
design and development. It 1s no longer realistic to view programming as a process of discrete steps
staring al composition. then aliernating between submittals and dcbugging the results. Instead it
becomes a dynamic process with unclear demarcations. Recent programming sysiems specifically
designed 10 operate interactively. the best exampie of which is INTERLISP. exemplify this concept by
also laking an active role in the programming process. INTLERLISP not only provides tools to the
programmer. bul it also “watches” over the process. giving aid where il can by detecting local errors
and providing numerous “smart” commands to hide unnecessary programming details. Oniy a limited
atempt is made, however, to “understand” the program. [Wilczynski  1975]

The goal of this work is to extend the INTERLISP environment. 0 “understand” the
program. The particular problem addressed is mainly that of maintenance of large
systems—Iarger than can be comprehended in a single gestail. The tools described here allow
the programmer to interactively inquire about relationships between pieces of large programs
without requiring the programmer to understand the whole. In this way, an attempt has been
made to break the "complexity barrier” [Winograd 1975]: the limit of the size of the system
with which a single programmer is ablc to deal. The same tools can also be used in several
other ways. For example, some of the information they gather is also useful in improving
compiler optmization.

1.2 OVERVIEW

This dissertation describes the implementation and characteristics of a programming tool
called SCOPE. The basic idea behind SCOPE can be stated simply: SCOPE analyzes a user’s
programs, remembers what it sees, is able to answer questions based on the facts it remembers,
and is able to incrementally update the data base when a piece of the program changes. A
variety of program analysis techniques are used to extract different kinds of information from
programs; examples include cross reference information, flow analysis, data type inference, and
program maintenance history. Facts about programs are stored in a data base; question
answering takes the form of retrieval and inference based on information in the data base. The
interactive nature of the system is maintined because SCOPE keeps track of which parts of the
programs have changed during the course of an editing/debfxgging session, and is able to
automatically and incrementally update the data base. SCOPE maintains the illusion that the
data base is always up to date, because SCOPE performs whatever re-analysis is necessary to
answer the question whenever a question is asked. Other than the additional wait time, it is as
if SCOPE knew the answer all along. '

SCOPE's foundation is a representation system in which propertics of pieces of programs
can be expressed. Representation systems arc characterized by the entities they describe, the
kind of facts they can contain and the manner in which the facts arc derived. The objects with
which SCOPE deals arc picces of programs, and in particular, definitons of symbols—e.g., the

(3]
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definition of a procedure, record type or macro. SCOPE does not model propertics of individual
statements in the program, the micro-syntax of symbals, or the presence of formatting; SCOPE
knows individual facts about procedures. variables, data structurcs, and other pieces of a
program which can be assigned as the definition of symbols. The facts are rclations between
the name of a definition and other symbols. For example. one of the relations that SCOPE
keeps track of is Cail: Call{FN,,FN,] holds if the definition whose name is FN, contams a
call w a procedurc named FN,. The class of facts which SCOPE can rcmcmbcr is gencral
enough (o encode the results of many kinds of program analysis. However, it is not the most
general imaginable: for cxample, interactive verification systems [Moriconi 1978, Deutsch 1973]
often allow assertions which involve quantified expressions.

SCOPE employs several different kinds of program analysis techniques w0 extract
information from the user's programs. While program analysis is itself an important topic of
investigation. the emphasis in this dissertation is on the mechanism for providing assistance to
programmers, rather than on the analysis techniques themseives.

Interface to SCOPE

The SCOPE systém operates within the INTERLISP environment. During a working session,
as the user is editing and debugging a program, the user communicates to SCOPE via a
command language (Figure 1-1). SCOPE is able to analyze the program the user is debugging
and store a data base of facts about it. SCOPE uses the data base to answer the user’s questons.

m oo Scope
. g
&__/

edit
- query

A4

Program Data base

Figure 1-1—Overview of SCOPE
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SCOPE has two interfaces: one to the uscr and one to other programs. The user interface
is an English-like command-language which allows for a uniform command structurc and
convenient defaults; the most frequently used commands are the casiest 0 type. All of the
power available within the command language is accessible through the program interface as
well. The compiler and various other utilities use the program interface.

1.3 WHAT SCOPE CAN DO

SCOPE makes available several different kinds of information about programs, such as
cross reference information, data flow information (including summary information about
variables, side effects, and data types), and filing information. The information SCOPE provides
can be used in several ways. For example, SCOPE can help the programmer (o understand an
unfamiliar program or to check for programming errors. This section is intended to give the
reader an overview of the kinds of information that SCOPE provides and of applications of that
information.

Cross reference

Information about the locah'on of references to symbols is called cross reference
information. Such information is useful when trying to understand or modify a program. For
example, a programmer who has changed a procedure BRK might want to find the places
where BRK is used. In this situation, the programmer can merely ask the question:

«. WHO CALLS BRK
and receive the response
(COMMAND SPACE LEADBL PUTWRD)

which lists the places where BRK is called. At no time during an interactive session is the user
required to do anything spccial to make sure that the results are up-to-date. The only visible -
effect that changing the program has is that the response 0 a command to SCOPE might be
returned more slowly if much of the program has changed since the last time a question was
asked. Thus, if the user cdits SPACE and changes it so that it no longer calls BRK, SCOPE
would subsequently respond with (COMMAND LEADBL PUTWRD).

Cross reference information can be used to drive the INTERLISP cditor so that, if one
wants to change the way a picce of program works, it is simple to make sure that all of the
uscs of that picce are caught Changing a data structurc type is simplified by the ability to
direct the cditor to those places which reference the parts of that data structure. For example,
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~. EDIT WHERE ANY FIELD OF COMTYPE IS USED

will invoke the INTERLISP cditor sequentially at those places which reference any field of the
data structure type named COMTYPE, giving the user the opportunity to explore or modify the
picce of program which contains the reference:

GETVAL:
(create COMTYPE TYPE « ARGTYP N « (CTOI BUF))
tty:
* ..nteractive edit session ..
*0K
FORMATSET:
(fetch TYPE of VAL)

. tty:
* ..interactive edit session ...
*0K
(fetch N of VAL)
tty:
* _.interactive edit session ...
*0K

The user is led sequentally through all of the references to the fields of COMTYPE; at each
location, the editor pauses to allow the user to explore the surroundings, modify the program,
or perform other actions—even to (recursively) invoke SCOPE.

Flow information

.. the applications for interprocedural data flow analysis which are unrelated to opummnon are
of far greater importance than Gode improvement. Most of these applications reiate to the detection of

programming errors, program documentation, and improved language design. [Barth 1977]

Another kind of information of which SCOPE keeps track relates to program flow. Flow
information reflects the dynamic properties of the execution of programs. while cross reference
information relates to the static interrelations of the suucture of pieces of programs
independent of program exccution. (It is possible to "understand™ cross reference even for
non-executable languages, e.g., one data structure type can reference another.) The flow
information which SCOPE computes includes the ways in which one procedure might call
another, and the location where variables are bound. usced. and assigned. Flow information has
many applications: for example, flow propertics can be used for detccting programming errors,
in aiding compiler optimization, and to provide useful information to the programmer.

One common error in INTERLISP programs ariscs from misuse of free variables. A free
variable is used in one procedurc and declared in another; the identity of the variabie is
‘decrmined by the run-time context of the use. Detecting free variable errors is difficult for a
programmcr because it often involves cxaminaton of large portiuns of the program. SCOPE's.
flow information. which includes the location where variabics are used freely. where they are
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bound. and the possible calling chains, is sufficient to detect the possibility of a free variable
error. At any time during the program development process, the programmer can ask SCOPE to
check for free variable crrors using the CHECK command. For example, the command

«. CHECK FORMAT
might result in the warning: l'] }
It

BLANKS is used freely by SKIPBL, which can be reached from INDENT,
an entry, without BLANKS being bound.
This warning message means that therc is a possible dynamic calling path which can reach the
procedure SKIPBL in which the variable BLANKS is not defined.

Side effect information

A particular kind of flow information which ScopE provides is a summary of the side
effects of procedures: SCOPE can determine. for a procedure, what types of data structures
might be changed as a result of a call to that procedure. The classical use of side effect
information is in program optimization. Many code transformations in an optimizing compiler
have preconditions which are expressed in terms of side effects and uses. In a language such as
LisP which is strongly oriented toward short procedures, interprocedural information is
important when making code improvements.

For example, the program fragment:

(VAL~(GETVAL BUF))
(CT+(COMTYP BUF))
(DOCOMMAND CT VAL)

can be rewritten as
(DOCOMMAND (COMTYP BUF) (GETVAL BUF))

if the variables VAL and C. are not used subsequently in the program (or by DOCOMMAND)
and the expressions (COMTYP BUF) and (GETVAL BUF) can be exchanged.

Type information

Yet another kind of information which SCOPE is able to provide concerns data types. In
LISP, variables do not have data type declarations associated with them; rather, the objects that
are passed as the values of variables, stored in fields of records or returned from procedures
may have data types associated with them. Even though- l.isp (usually) has no type
declarations. it is often possible to infer from the code some restrictions on the possible ranges
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of variables. If a "data type” is construcd to be a range of possible valucs (one of the many
possibic interpretations of “data type™). then SCOPE can be said to perform data type inference.
For exampie, SCOPE can infer that the procedure:
(PUTLIN
[LAMBDA (BUF 0QUT)
(for X in BUF do (PUTCH X 0UT])

expects BUF and OUT to be a list of characters and file name respectively, and that PUTLIN
reeurns NIL. The type declarations which are so inferred are useful both as information to the
programmer and as possible additional information to the LISP compiler.

L4 DESIGN PHILOSOPHY

The most important constraint on SCOPE’s design was that it should be a practical tool of
general utility for use with almost all INTERLISP programs. In the course of designing SCOPE,
~several issues have arisen whichr have critically affected the way in which the system works.
This section lays out some of those design constraints.

Non-intrusive

A tool should not get in the way when it is not needed. Program analysis tools which
require the programmer to input a large body of assertions about the program in addition to
the program itself will not have much success as practical programming tools, because the
assertions play no part other than error checking in the program development process. This
claim has been partially refuted by the increasing popularity and success of programming
languages which enforce strict type checking such as PASCAL, ALGOL 68, and MEsA [Geschke,
Morris & Satterthwaite 1976]. However, declarations in those languages contribute to program
efficiency and aid in storage management as weil as providing for static checking.

In adding program inference capabilities to an existing language, it is important not to
add to the burden of programming. A large program is in fact a mine of
information—information which any competent programmer might be able to infer, given
-sufﬁcicm tme. The goal of this work has been to embody that capability within the
programmer’s mecchanical assistant. It is possible to build an assistant which can infer
relationships from the program as written without requiring the user to make additional

assertons.






