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Abstract

In this paper we describe UQU, an integrated devel opment environment that is
currently under construction at the University of Queensland. Its architecture
supports the definition of multiple documents and multiple document types,
and allows the relationships that are implicit within the set of documents to be
represented explicitly. We identify two techniques that aid program
comprehension which require knowledge about the relationships that exist in
and between documents. They are program dependency analysis and literate
programming. Two simple examples are presented to illustrate the flexible
definition of relations within such an architecture and the use of relations for
presentation of, and navigation through, various views of a program and its
related documentation. These examples highlight the application of such an
approach to program dependency analysis and literate programming.
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1 I ntroduction

Program comprehension, also referred to as program understanding, is the act of perceiving
the meaning and structure of a program. When is program comprehension important?
Software maintenance takes over 50% of the total expenditure that is allocated to a software
system during its lifetime and program comprehension takes at least 50% of the time spent
on the maintenance task [11, 12]. However, program comprehension is not solely a
maintenance issue. Program comprehension is also a significant task during implementation.
For example, individual members of programming teams continually review each others’
code for both quality and corrective reasons. Even individual programmers reviewing their
own code that was written over an extensive period of time will, for various reasons, find it
necessary to investigate what various parts of their program do. Additionally, program
comprehension is important during testing and debugging. Programmers must understand
programs to devise complete and comprehensive test cases and to locate bugs. The need for
tools to support program comprehension is well documented [19]. These tools should
support program comprehension during implementation, maintenance, testing and
debugging.

Wilde [32] emphasises thatA“ key to program understanding is unravelling the
interrelationships of program components’. In the context of a program source document,
these relationships are more commonly known as program dependencies. Since the late
seventies, much work has gone into the theoretical aspects of program dependencies [35, 34,
27, 28, 15, 24, 32, 21, 14] to pave the way for automating their extraction and presentation.
This work has resulted in a wide variety of tools that address this issue. Large integrated
environments such as Pecan [22], PV [7], MicroScope [1], ProDag in the Arcadia
environment [23] all provide views of a limited set of program dependencies for a specific
implementation language. Stand-alone program analysis and editing tools such as PUNS
[12], Whorf [3], DgQuery and its associated tool-set [33], CIA [9] [10] and CIA++ [8]
provide more comprehensive coverage of program dependencies, but are still language
specific. Some program analysis tools such as LogiScope [18] are capable of analysing
many different languages, but only provide views of a limited set of program dependencies.

Another important key to program comprehension is the documentation that accompanies
the program. One well-known approach is the literate programming style [16]. However,
Knuth's literate programming system WEB fell short of an ideal environment to encourage
good documentation practice. Broom [5] improved on WEB by providing an interactive on-
line presentation and simultaneous manipulation of both documentation and code as well as
off-line presentation of a ‘literate program’ in an editor/browser called Sue. However
interactive systems that support literate programming should not stop at this. Tools that
support design and reverse engineering utilize graphical diagrams to convey ideas about a
program. Literate programming and environments that support it should include appropriate
graphical notations to allow enriched explanations of programs.

The comment by Teitelbaum th@rograms are not text; they are hierarchical compositions
of computational structures and should be edited, executed, and debugged in an environment
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that consistently acknowledges and reinforces this viewpoint” [26] indicates the need to
integrate programming tools into a single environment based on a uniform representation.
This comment was associated with an environment based on a structure editor which
emphasises a fixed view of the program. Welsh [29] indicates that environments not need be
restricted to structural views to reinforce the fact that programs are hierarchical
compositions of computational structures. Ambras extends this concept and indicates that
“Programming environments that support evolutionary software development must include

tools that help programmers understand complex programs’ [1]. We believe that these ideas
should be extended further so that the documentation associated with the design and
development of a program’s source code is manipulated in the same way as the program’s
source code. Thus a programming environment should reinforce the fact that programs and
their associated documentation are hierarchical compositions and should provide facilities
to edit, execute, debug and understand them.

In order to support these concepts, we are developing an environment, Wi@se
architecture supports the definition of multiple documents and multiple document types, and
allows the relationships that are implicit within the set of documents to be represented
explicitly. The documents and views supported by such an architecture may be textual,
graphical or both. The aim of this approach is to provide the ability to incorporate
documents from the earlier phases of the software development life-cycle into the same
architecture as the program, and to emphasise the inter- and intra-document relationships
that allow more flexibility in defining and navigating through views of the software system
than do conventional editors and environments. An important issue in the conceptual design
of this architecture is that the program source is just another document whose language
happens to be compilable into executable form.OUQrovides the flexibility to define

views of program dependencies through the definition, manipulation and use of relations.
Furthermore it encourages literate programming. Programs which are not literate and their
development documentation can be loaded into the environment and woven together by
creating the appropriate relations as the programmer explores the documents.

There are three accepted categories of theories that describe the cognitive processes
involved in program comprehension. Corbi [13] describes these &sttber-up, thetop-

down and theopportunistic theories. Bottom-up theories are based on the notion that a
programmer understands a program by iteratively abstracting and connecting together
‘chunks’ of code. Top-down theories are based on the notion that the programmer uses their
own experience and attempts to confirm their expectations. Opportunistic theories are a
mixture of the first two types of theories, where the programmer usasraeded rather

than a systematic approach to understanding the actual code [17]. By supporting flexible
views of program dependencies and the ability to peruse development documentation in a
‘literate’ style, UQ1 will support all three types of theories, particularly opportunistic
theories.

In this paper, we discuss in more depth the importance of relations in program
comprehension in section 2, and in the following sections illustrate how t#Res
advantage of this to provide an integrated development environment that addresses these
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issues. In section 3, an overview of the architecture of UQU is presented. An example is
presented in section 4, showing the derivation and application of relations for program
dependencies, and section 5 contains another example which shows the use of relations for
navigation within and between documents. Section 6 presents an overview of the work
presented in this paper and related work at the University of Queensland.

2 Relational Viewsfor Program Comprehension

In this section, we extend the ideas presented in the introduction to show the important role
that relations play in program comprehension. By treating relations as an underlying
conceptual structure of a programming environment, all the views discussed in this section
are available to the programmer. We confine the discussion to two areas in which relations
form the foundation of views that contribute to program comprehension. The first area is
program dependencies and the second area is relationships between development documents
and program source documents.

2.1 Program Dependencies

Program dependencies are relationships between a set of program elements that are
dependent either syntactically or semantically on another set of program elements. In an
environment based on relational structures, these relationships can be made explicit within
the structure in which the program source document is contained. If inter- and intra-
document relations are handled in the same fashion, the expression of program dependence
relations is not restricted to being within a single program source document; they can be
expressed between program source documents of both the same and different languages.
This means that program dependencies can be traced through sub-programs that are written
in different languages from the parent program under investigation.

Discussion of program dependenciesin this section is limited to those found in conventional
imperative programming languages. When considering such languages, we identify four
classes of program dependencies. data-type dependencies; data-item dependencies,
procedure/function dependencies; and module dependencies. Each of these is presented
individually in the following sub-sections.

211 Data-Type Dependencies

In typed programming languages, data-type dependencies are the simplest type of
dependency. Such languages have afinite set of pre-defined types, however in most of these
languages the programmer can use these basic types as building blocks to create new, more
complex types. Thus a programmer who has to understand a program, at some stage will be
required to work out how these more complex types are constructed.

212 Data Item Dependencies

Data items are any components of a language that represent a particular value. Examples of
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data items are variables and constants. In most languages, data items are dependent on two
things: their declaration which specifies what type of value can be stored; and other data
items that are used to derive their value. In the first case, the programmer is interested in the
type of a given data item. This type may be a complex type that requires further
investigation (section 2.1.1). In the second case, the programmer is interested in the effects
of operations on data items. There are two questions to consider in this case:

1. What operations affect a particular data item at a given place in the program?
2. What data items are affected by a change in a given operation?

The first question involves isolating the statements that have a direct effect on the given data
item. Weiser [27] described a related technique, which he cpttmgtam dlicing, as a
method used by experienced programmers for abstracting and understanding programs. This
technique is also an excellent and widely used technique for debugging programs [28]. A
program slice is formally defined as the minimal subset of a program that produces a
selected subset of the program’s original behaviour. Weiser [27] says, in general,
automatically finding a slice is impossible. However dataflow algorithms can be used to
approximate a slice where the behaviour subset is the values of a set of variables at a
statement.

The second question involves isolating statements which use the result of the given data
item to derive the values of other data items. Yau [35] describes thigpphs effect
analysis. This technique is most applicable to maintenance [35, 34], and like program
slicing, it relies on dataflow algorithms to locate the desired information.

21.3 Procedure/ Function Dependencies

Procedures and functiohgan be seen as functional black boxes, providing their full
behaviour is known and does not need to be changed. However if this is not the case,
programmers trying to understand various aspects of a function’s behaviour are faced with
the problem that a function may contain references to program elements that are not defined
in the function. Such references are known as a function’s global dependencies. In
structured languages like C, Pascal and Modula-2, the global dependencies of a function
may be any of the following:

* Global type declarations;
* Global variables;

» Other functions; and

* Constants.

As with data item dependencies, a programmer may be interested in the declaration of the
dependency, or the operational effects of the dependency.

1. In this section the erd function is used to mean procedure as well as function.
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214 Module Dependencies

In this paper we consider modules to be separate files such as in Modula-2. By this
definition, classes in object-oriented languages such as Eiffel can also be seen as modules.
As with functions, modules can contain references to program elements that are not defined
in the module. Such references are known as the module’s global dependencies. In
structured languages, the global dependencies of a module may be any of the following:

* Global type declarations;
* Global variables;

* Global functions; and

* Constants.

The global dependencies of a module are always contained in another module, but are not
necessarily the entire module. Thus this type of dependency is a more abstract dependency
than the ones presented in previous sections. As well as module dependencies, a
programmer may be interested in the declaration of the dependency, or the operational

effects of the dependency.

2.2 Relations Between Development and Program Documents

Development documents reflect both functional and structural aspects of a program’s
implementation, as well as reasons for design decisions. Typical development documents
include requirement, specification, design and program description documents. These
documents may be textual, graphical or both. Advocates of top-down program
comprehension theories indicate that domain knowledge is the fundamental starting point
for program comprehension. In many cases, particularly program maintenance,
programmers will have a very limited knowledge of the domain. In such cases, programmers
rely on the development documentation to gain this knowledge. This task is potentially time-
consuming since the set of such documents associated with a program is often larger than
the program itself. To further complicate matters, individual development documents
usually only describe a few aspects of the program in question.

However development documents are often highly structural in nature. This structure results
in explicit and implicit relationships both among development documents and between these
documents and the program source documents. Understanding these relationships provides
valuable insight into the functionality and structure of the program and issues that reflect
why the program was implemented the way it was. Furthermore these relationships can be
used to weave a ‘literate program’ that contains both text and graphics.

Unfortunately, the development documentation associated with large software projects is
rarely indicative of the current state of the programs. Belady and Lehman [2] proposed three
laws of program evolution, two of which indicate why it is important to spend time updating
the development documentation so it is consistent with the current state of the program.
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1. “Law of continuing changeA system that is used undergoes continuing change
until it is judged more cost-effective to freeze and recreate it.”

2. “Law of increasing entrgp The entropy of a system (its un-structured-ness)
increases with time, unless specific work is executed to maintain or reduce it.”

The first law indicates that maintenance is likely to be carried out in the future, and the
second that this maintenance will be more difficult unless specific action is taken now. By
making a program literate, its structure is captured and reinforced, easing the load on both
current and particularly future activities that involve program comprehension.

3 Architecture of UQD

The UQJ system is based on a structured document model [30]. It allows for the
representation of the syntactic and semantic structure of documents. It provides document
construction facilities via textual and graphical views of document structures. Documents
may also be constructed by integrated software-analytic tools and by importing text files.

The architecture providing this support is a persistent store of documents manipulated by
front-end and badk-end tools, as depicted ifigure 1. Front-endtools are those which
interact with users to present and modify the document store, vatieendtools are those

which perform analytic operations upon the documents, producing results which become
part of the document store.

back-end
front-end tool

editor

Persistent backond
ack-en
document tool

front-end \
editor back-end

tool

Figure 1. A high level view of UQI architecture

3.1 Documents

The syntactic structure of traditionally textual documents such as Pascal programs can be
expressed via an EBNF document which is in the document store. From this, the system
produces a state machine used for scanning and a grammar for parsing. These are used by
the document construction facilities in textual views to build parse tree documents from text
input in the language specified by the EBNF grammar. These parse trees are the document
representation; textual views are formed by unparsing.
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The document store consists of atomic elements and relationships between these elements,
such as aStatementparse tree node and its parent-child relationship to its syntactic
constructs. Other document structures, such as the inter-relationship of the specification,
design, implementation, and the user manual of a software system can also be expressed.

3.2 Relations

Relations exist between document segments. Relations can be classified by the mechanism
by which they are created. The categories of relations supported Dyaté)

» UserDefined \alues The user creates individual links between document
components. For example, a user might link portions of the implementation of an
algorithm to points in a textual discussion of the algorithm in the design
documentation.

» Pre-defined The UQJ parsing mechanisms create hierarchic links in parsed
documents. Also, EBNF grammars are presented as relations among syntactic
constructs.

» UserDefined Dened The user expresses a relation in terms of other relations.
For example, a user might define a call-graph from relations defined by tools and
the parsing system. This example is illustrated in section 4.

» Tool-Defined A tool defines new relations based on existing relations. For
example, a back-end todligure 1) might generate a relation describing the
scope of variables from the syntactic structural relations.

3.3 Back-end Tools

Back-end tools can be used to contribute to the document store. They may generate relations
between document components, and generate document components for either inspection or
further manipulation by the user. The nature and contribution of such tools are varied. A
compiler may produce a list of errors, or an executable. A constraint verification tool may
produce a single yes/no value based on its analysis. A program dependency analysis tool
may produce a set of dependency relations. These are only a few examples of back-end tools
that may be coupled with UQ A simple example of a possible application of a back-end

tool is highlighted in the example presented in section 4.

34 Front-end Tools

The user interacts with the underlying documentswviea's of the structure provided by
front-end tools. For interactive presentation and manipulation, the view can be some
combination of text and graphics ranging from an automatically formatted unparsing to a
graph of nodes and arcs. Similar view generation is able to generate publication-quality
presentations, by generating LaTeX input.
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4 A Simple Program Dependency Example

In this section we present an example to highlight the flexibility of definition and use of
relations with UQU . The example is a user-derived relation for acall graph in Modula-2. A
call graph is a directed graph depicting the procedure call structure of a program. It is
defined by the relation between each procedure or module in a program and each procedure
it cals.

Cdler

Funct Proc

CallGraph Relation

Figure 2. Call graph showing derived CallGraphrelation

The example is illustrated using the Z notation [25] to show how a useful relation can be
derived from other given relations. The relation described is the CallGraphrelation (figure
2). Figure 3, at the end of the section, provides an overview of the example under
discussion.

We start by defining the set of all possible nodesin the parse tree as:
[NODE]

A relation is a segment that relates two other segments. We therefore define arelation as a
mapping between two NODE elements. For this example, three relations are pre-defined:

GrammarNodeType : NODE NODE
Parent : NODE- NODE
DeclarationUse : NODE- NODE

The first two relations must exist for all documents. GrammarNodejlpe is a relation
between a parse-tree node and its grammar-node and is inherent in the EBNF of the
document. Parentis arelation between a child node and its parent node and isinherent in the
structure of the parse tree. In this example Parentis defined as a partial function whichisa
specialised relation. DeclarationUseis a relation between the declaration of a program
element and all uses of that element and is assumed to have been constructed by a back-end
tool familiar with the semantics of Modula-2.
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The DeclarationUserelation contains some information that is not relevant to call graphs
since call graphs only consider procedure declarations, not al program elements. To extract
the required information, a derived relation ProcDecPocUse is defined. This relation
contains only those (declaration, use id) pairs where the declaration is a procedure
declaration and the parent node in the parse tree of the use _id is aprocedure or function call.

ProcDecProcUse : NODE- NODE

O declaration, use_id : NODE (declaration, use_id ProcDecProcUse-
(declaration, use_id] DeclarationUse]
(declaration, ‘ProcedureDecl”) O GrammarNodeTypél
( (Parent(use_id, “ProcedureCall”) O GrammarNodeTypgl
(Parent(use_id, “FunctionCall”) O GrammarNodeTypg

Two further derived relations are required to define the CallGraph relation:
ModOrProcRarent and NearestModOrPoc. ModOrProcParent relates each node to every
enclosing procedure or module declaration.

ModOrProcParent : NODE- NODE

O descendant, ancestor : NOBHKdescendant, ances)darl ModOrProcParent=
(descendant, ances)dr Parent O
( (ancestor, ‘ProcedureDecl”) O GrammarNodeTypé
(ancestor, ‘ModuleDecl”) O GrammarNodeTypg

NearestModOrPoc is an additional speciaisation that relates each node to the closest
enclosing procedure or modul e declaration.

NearestModOrProc : NODE- NODE

O descendant, nearest : NOBEdescendant, neargsil NearestModOrProc-
(descendant, neargdil ModOrProcParent]
- (Oanother : NODE another# nearest]
(descendant, another] ModOrProcParent]
(another, neare¥t] ModOrProcParen)

From these derived relations, the CallGraph relation can be defined. A callee is any
procedure declaration in ProcDecPocUse that has a corresponding caler in
NeaestModOrPoc.

CallGraph : NODE-~ NODE

O caller, callee: NODE (caller, calleg O CallGraph =
Ouse_id: NODE-
(callee, use_ipl ProcDecProcUsé]
(use_id, calley O NearestModOrProc
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Aswith the other relations derived in this example, the CallGraph relation may be used as a
starting point for deriving other useful program dependencies.

ModuleDecl GrammarNodeType
MODULE M;
a—
DeclarationList<~—" | I
/ ProcedureDec <<~
/ —. PROCEDURE A;
/ -t
BEGIN
" .-
83 ENDA;
S5l &l <
8| g| &
Z13|¢8
Bl o ® ProcedureDecl B
olajo PROCEDURE B; B
ProcedureDecl B
PROCEDURE C;
8
=
BEGIN o} I
8l =
K ProcedureCall o g
N e}
= | ldentifier | | Params g §
A || @ 85
o)
s ~5
a( \ END C;
g =
( = BEGIN
- e ( \
K
END B; &
Relation
BEGIN Grammar node
Parsetree nodes
\_ J

END M. |

Figure 3. Relations involved in the derivation of the CallGraph relation
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5 Presentation and Navigation through Documents

In this section we illustrate how relations can be used by front-end tools to alow the
programmer to navigate through a collection of documents. Our illustration traces a enquiry
session of a simple program that starts with a call graph and allows the programmer to
browse the program progressively in more detail.

Figure 4 shows a call graph for a program that calculates the greatest common denominator
for a set of positive integer pairs. Such a graphical view may allow the user to select a node
and view the related code. The CallGraphrelation was described in the previous section as a
relation between the caller and the callee, which represented the arcs in the call graph. The
nodes in the graph are the ProcedureDecl nodes in the parse tree (figure 3). Thus by
selecting a node in the call graph, UQU is given a handle to the corresponding node in the
parse tree.

GCDprog

GetNumbers GCD

Figure 4. Cal Graph of GCDprog

In figure 4 the procedure GCDprog has been selected. GCDprog is the root module with the
same name. Figure 5 shows GCDprog as well as text and Z documents that describe it. A
relationship exists between the GCDprog module and the text and Z documents. This
relationship allows UQUO to establish this view.

Additionally the detail of the procedure declarations in GCDprog is suppressed. The use of
detail suppression [4, 29] supports program comprehension by reducing the amount of
information the programmer has to contend with. However the programmer may at some
stage be interested in these procedures.

View generation allows the programmer to expand the procedure declaration in situ, but this
would make presentation of associated documentation more cluttered. Although the
programmer may be interested in one of the two procedures, the information contained in
figure 5 may aso be required. Opening another window to display a chosen procedure
addresses both of these issues. An example of such awindow for GCD is shown in figure 6.
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@)X UQ2 — gad.doc ]

{(File vy (Edit v) { Contexts v ( Search..) ((Teols v} (Misc w) { Props v)

% begin LaTeX...
This program calculates the GCDs of a file of integer pairs.
Formally, the program obeys the following specification:
—GCDprog
i7: seq (f » Rd) 3
ol seq [

41 =]

ol = GCD - 17

-In-pr-ac-ti-ce,- the :'Lr-'lte-ge-r i:airé are read from the standard
input stream, and the GCDs calculated are written to the
standard output stream, one per line, wia the module SimpleTId.
MODULE GCDyprog;

IMPORT Simplell;

PROCEDURE GetMumbers (WAR a, b: CARDIMAL): BOOLEAM,; .. .;
PROCEDURE GCD(a, b: CARDIMAL): CAEDIMAL: .. ;

VAR a, b: CARDIMAL;

EEGIN
WHILE Getblumbers{a, b) DO
SimplelO . WiiteCerd (GCD (s, b)), 10);
Bimplel D . WiiteLn
END
END GCDprog.
% end LaTeX... =

Figure5. View if GCDprog and associated description documents

Oman [20] emphasises that off-line presentation of program sources are still a necessity
even with the availability of multiple window system like UQO, and proposes a book
paradigm for the presentation of such documents. UQU is ideally suited to producing such
documents through its ability to interleave multiple document types, include LaTeX
commands in text documents and generate views from cross-reference (relation)
information.

For the example described in this section, a presentation promoted by the book paradigm
may have the following contents page:

Contents
Structurechart . ... 1
GODPIOg . v vttt 2
GO . ot 3
GEtNUMDES. . ..o e e 4
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®|x] UQ2 — gad.doc H]
(File v} (Edit w) { Centexts w) { Search..) {(Teols w) ( Misc w) { Props v
The function GCD computes the Greatest Common Divisor =
of its two parameters, as defined by:
EAS .
GCD: (N X M) — R =
Ta, b Fd

amod GCD (a, B) =0 A

b wod GCD (a, b) = 0 &

Az Pl w2z > OCD fa, b A amoedz=0Abwmedz=20
B
The calculation is achieved using the Euclid's algorithm.

Mote that if a8 is less than $b% initially, the first
iteration of the loop simply exchanges their walues.
PROCEDURE GCDi(a, b: CARDINAL): CARDIMAL;
VAR r: CARDIMNAL;
BEGIN
LOOP
r := a MOD b;
IF r = 0 THEN
RETURN b

END;

a :=h;

b=

END
END &CD:
=

Figure 6. View of GCD and associated description documents

The structure chart is the view presented in Figure 4. The GCDprog and GCD would be the
views presented in figures5 and 6 respectively and GetNumbers would be the equivalent
view for that procedure. The index would contain page and possibly line numbers for the
declaration and the uses of program elements occurring in the program. Note that this can be
constructed from the DeclarationUserelation presented in the example in section 4.

6 Conclusion

Program comprehension is an important issue in software engineering. This paper has
identified two techniques that can be employed, both to comprehend existing programs and
to encourage the development of more comprehensible programs. They are, analysis of
program dependencies and literate programming.

Documents that describe a software system are often highly structural in nature. This
structure results in explicit and implicit, inter- and intra-document relationships. These
relationships may be used in program dependency analysis or to link parts of various
documents together to form literate programs.
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We described UQ, an integrated development environment which supports the use of
multiple documents and document types and allows the relationships that are implicit in a
set of documents to be represented explicitly. It will allow existing programs and related
documentation to be imported for analysis and construction into a literate program.
Furthermore it encourages the literate development of new programs, by providing the basis
for hyper-textual literate views of programs. We illustrated a possible definition and use of
relations within the U@ environment in two short examples. The first presented the
derivation of a simple derived dependency and the second illustrated the use of relations for
navigation through and presentation of multiple documents of differing descriptions. The
relations and views presented in these examples are only a limited set of the viewsthat UQ
will be capable of presenting.

To conclude, we believe that an environment that treats relations as a fundamental part of
document structure is both flexible in definition and nature.
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