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The methodology of structured programming has

enabled rapid progress in many areas of theoretical

computer science. Structured programs are generally

easier to debug, test, prove and analyse. The develop-

ment of these achievements into commercially viable ap-

plications and products has been slower than expected.

The primary reason is that most of the programs current-

ly in use are unstructured and theories based on assumed

structure are not relevant to them.

This paper describes a procedure for associating

statements in a program with the predicates that influ-

ence their execution. This association is independent

of the structure of the program and it provides a

characterization of the statements which corresponds to

the property of nestedness in the control flow of struc-

tured programs. A set of axioms is introduced which



facilitate the reduction of path expressions to forms

in which the predicate influence at a given statement

is readily identifiable.

A second analytical tool is introduced in which

programs are represented as compositions of predicate

to predicate paths. These paths permit a tree-like

representation of the program and can be used to convert

unstructured code to structured code while preserving

the logical structure of the original code.

These two analytical techniques are applied to two

unrelated areas of research. Firstly, they form a sound

basis for the derivation of measures of the psychological

complexity of programs. Quantifiable attributes of the

control flow and the data flow in any program are de-

fined. The behaviour of simple measures of these

attributes when applied to some typical code segments

is examined. In the second application we use these

techniques to describe an alternate solution to a prob-

lem in the concurrent execution of programs using data

flow machines. The problem concerns the timing of ex-

ecution of a computation which references a variable

that may have more than one value assigned to it in

preceding code segments. A new set of symbols for the

representation of programs as data flow machines is

described, and their applicability to naturally-struc-

tured code is demonstrated.
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ANALYSIS OF PROGRAM CONTROL STRUCTURE
AND DATA FLOW - WITH APPLICATIONS FOR

PROGRAM COMPLEXITY AND
DATA FLOW MACHINES

I. INTRODUCTION

The discipline of structured programming has had a

major impact on programming and related areas of comput-

er science. Over the past decade we have come to accept

and appreciate its influence on all phases of the pro-

gramming process. In general, structured programs are

easier to construct, comprehend, test, and maintain. By

placing restrictions on the control flow, significant

advances have been made in the theoretical areas of

proving programs correct, parallel programming and

others.

Unfortunately, many of the theoretical developments

applicable only to structured programs have little prac-

tical value at this time. The reality of the current

state of programming is that almost all of the code that

has been produced is unstructured, and therefore not

generally amenable to the developments in structured

programming. There are at least three possible solu-

tions to this problem. Firstly, programmers could re-

write all of the unstructured code as structured code.

At today's manpower costs this is clearly infeasible.

Secondly, we could automate the conversion process.
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Thirdly, we could attempt to achieve the same theoreti-

cal progress for unstructured code as we have attained

for structured code. This paper addresses the last two

issues. We show that there are fundamental elements of

unstructured code which can be used to convert the code

to forms having various degrees of structure. These

fundamental elements also serve as the basis for an

analysis of the logical structure of unstructured pro-

grams. Both the conversion process and the structural

analysis are used to establish a more comprehensive

foundation for deriving measures of the psychological

complexity of programs than has been available in the

past. We also use these developments to solve a pro-

gram concurrency problem in the relatively new field

of data flow machines.

The capability for converting unstructured programs

to structured programs has been available for some time

[1,21. The technique involves the replication of state-

ments (called node-splitting) and the introduction of

additional variables and boolean expressions. The

method introduced in this paper requires the replication

of more statements than in the traditional methods, but

it generates versions of the original program which are

easier to code into structured language forms. Further-

more, it uses a tree-like representation of the control
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flow of the program. The construction of this repre-

sentation will, in certain cases, produce all of the

replications necessary to obtain structured versions of

the control flow. In other cases the tree must be ex-

tended to obtain the desired structure. We will also

demonstrate that replication by itself is sufficient to

obtain semi-structured versions of the program which

are a practical and realistic compromise between un

structured code and the sometimes inconvenient strictly-

structured code.

Structural analysis of unstructured programs has

received little attention in the literature. Interval

analysis, developed by Allen and Cocke [3] is applic-

able to reducible (single-entry control block) control

flow graphs only. Hecht [4] extended interval analysis

to irreducible (unstructured) control flow graphs and

also described iterative algorithms for data flow anal-

ysis. The lack of interest in analysing unstructured

programs appears to be partly due to the belief that

we can always convert the programs to a structured form

and apply the known techniques. However, such an ap-

proach is not applicable to the study of the psycholo-

gical complexity of programs the original form of the

program is the only one of interest. There is also the

belief that the use of structured programming is so
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prevalent that the study of unstructured programs is not

worthwhile. As noted earlier this does not appear to be

the situation at present and may not become the situa-

tion as early as the computing community would like.

Our inability to adapt interval analysis or the

iterative methods of Hecht to our chosen applications

forced us to attempt a new approach to the problem.

The development of this approach was influenced by

these applications and we cannot claim that our methods

are applicable to other areas. In this chapter we will

give only a general description of the background of

our applications. A more detailed historical review

appears in the relevant chapters.

The first application is the psychological complex-

ity of programs. There are sound reasons for the high

level of interest in this area:

(1) One of the phases of software development is

program testing. The usual procedure involves choosing

sets of test data which adequately exercise the program.

Obtaining an acceptable degree of reliability with an

acceptably small set of test data has proved to be an

elusive goal. A reasonable approach would be to con-

centrate the testing effort on the more complex (and

potentially error-prone) segments of the program.

Identifying and measuring those attributes of programs
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which contribute to complexity is the first step.

(2) There is a profusion of programming languages,

language constructs, and syntax rules. Being able to

identify those elements which yield less complex pro-

grams should assist the design of languages and the

specification of programming rules that will reduce the

cost of software development and maintenance.

The goal of the research in this area is to obtain

a measure of the difficulty experienced by programmers

in trying to understand a program. The progress towards

this goal has been disappointing. Several excellent

survey articles [5,6,7] document the deficiencies of

previous research. The numerous metrics that have been

proposed (Curtis [8] has discovered at least forty) are

simplistic measures based on one or two attributes of

a program. it is quite clear that we do not need any

more metrics of this type. However, before we can de-

velop a measure which includes all of the program at-

tributes that contribute to complexity, we must estab-

lish a glossary of terms and definitions. Even though

there are several dozen papers on the psychological

complexity of programs, there is no accepted definition

of what it is. There is no agreement as to the factors

comprising complexity, how they can be measured, or how
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they must be combined to obtain a valid comprehensive

measure. The work in this paper attempts to identify

and define the major components of psychological com-

plexity. We examine two of these components (control

flow and data flow) in detail and describe how our

structural analysis techniques can be used to quantify

the programming factors of which these components are

composed.

The second application is a software problem in

data flow machines. A data flow machine is a multi-

processor configuration in which computations are ex-

ecuted asynchronously i.e. computations are performed

as soon as the data values they require are available.

Such an environment exploits the parallelism in a pro-

gram and decreases the execution time. The analysis

of parallelism in programs has been an active area of

research for almost two decades. During this time

there have been many papers published on the detection

and enhancement of parallelism. The emphasis has been

primarily on the enhancement of parallelism at the

statement and pair-wise computation level. Some designs

have exploited parallelism at the subroutine level [14]

The recent work has concentrated on the analysis of the

data flow at the control block level [ 10] and in par-

ticular on the problems that arise when a variable is
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defined more than once. Multiple definitions of a

variable can create non-deterministic computations when

the variable is referenced. There have been two pro-

posed solutions to this problem - either restrict the

program to single assignment [9] or sequence the defi-

nitions so that a conflict cannot occur [10]. Both

solutions lead to a potential reduction in the degree

of parallelism in the final program. We will use the

results of our structural analysis to propose a third

solution. This solution optimizes the degree of para-

llelism by expressing the conflicts caused by multiple

definitions as a conditional expression controlling the

execution of the computation referencing the variable.

We also describe alternate graphical forms of data flow

graphs that provide a more general approach to the data

flow representation of programs, and which are compat-

ible with our solution to the conflict problem.

OUTLINE OF THESIS

Chapter II reviews the concept of structure and

establishes some of the terminology used in this paper.

The control flow and data flow attributes of structured

programs are examined. Chapter III develops the theme

of this paper. The structure of the control flow of
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unstructured programs is analyzed. We present axioms

for determining the control flow information affecting

the execution of any statement in a program. The re-

lationship between control flow and data flow is exam-

ined. The general steps in a procedure for converting

unstructured code to structured code are presented. In

Chapter IV we use the results of Chapter III to describe

a foundation for future work in the measurement of the

psychological complexity of programs. In Chapter V

these results are used to solve the conflict problem

for programs on data flow machines.
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II. ANALYSIS OF STRUCTURED PROGRAMS

This chapter will introduce some of the terminology

and concepts to be used in later chapters. We have

chosen to begin with the analysis of structured programs

because they present the fewest problems for the analy-

tical techniques we use. We review the concept of a

structural hierarchy of programs and propose a new mem-

ber of this hierarchy. In this and subsequent chapters

we are concerned only with the control flow and data

flow aspects of program structure and not with cosmetic

attributes such as indentation and modularization of

code.

Although it is common to classify programs as being

either structured or unstructured the classification of

programs is not dichotomous. The work of Kosaraju [11]

and the extensions of Ledgard and Marcotty [12] have

established a continuum of structure, usually referred

to as Kosaraju's hierarchy. The categories of this

hierarchy that are relevant to this paper are shown in

Figure 2.1. All classes are assumed to contain assign-

ment statements, input/output, control constructs, etc.

A control construct (or control block) is a sequence of

statements in a program whose execution is determined by

the outcome of a predicate expression. The predicate

controls the execution of statements within the control
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block. In the table we show only the control constructs

peculiar to that structure. A single-entry single-exit

(SESE) construct is a set of statements in the language

with the following property - there exists a single

statement which will be the first statement executed,

and a single statement which will be the last to be ex-

ecuted. We will use the-abbreviations SEME, MESE, and

MEME to represent the remaining combination of single

and multiple entry and single and multiple exit

constructs.

DESCRIPTOR

D = GP
1

D = BJ
1

BJ
n

(n > 1)

GP

L = GPo0

CONTROL STRUCTURES

IF-THEN-ELSE ; WHILE-DO.

IF-THEN-ELSE ; WHILE-DO ; REPEAT-

UNTIL CASE , single branch IF.

IF-THEN-ELSE ; SESE control con-

structs with at most n exit

conditions.

Any construct such that all SESE sub-

constructs have at most n predicates.

Any construct - no restrictions on

predicates, actions or transfers of

control.

FIGURE 2.1. CONTROL HIERARCHY
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Unless specified otherwise, a structured program is

assumed to have D structure and an unstructured program

L structure. SESE control constructs with at most n

exit conditions are not the same as SEME constructs. In

the former, the n exits may be to different statements.

In Chapter III we require a language structure that

we denote as NS (natural structure.) NS structure per-

mits SEME (but not MESE or MEME) control constructs and

this creates certain problems that we wish to resolve

at this point.

We define a block (of statements) in a program as a

logical sequence of statements with one of the following

forms:

(1) it is a control block; i.e. it has the con-

ventional form of WHILE-DO, REPEAT-UNTIL, IF-THEN-ELSE

(2) it is a logical sequence of statements - the

first statement in the sequence is the destination of a

conditional branch; the last statement logically pre-

cedes another block.

This interpretation of program structure will enable

us to define NS in such a way that multiple-exits from a

block do not violate multiple-entry restrictions. For

example, in Figure 2.2(a) the exit at p2 is to a block

beginning at label 10. Statement S
3
is also a block be-

cause it is a possible destination of the implicit branch

at pl. In Figure 2.2(b) a multiple-entry restriction to
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WHILE pl DO

IF p2 THEN GO TO 10

ENDWHILE;

S3;

* 10: S
4'

(a)

WHILE pl DO

IF p2 THEN GO TO 10;

ENDWHILE;

WHILE p3 DO

* 10: S
4

;

ENDWHILE

(b)

FIGURE 2.2 SEME CONSTRUCTS
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the second WHILE-DO block is clearly violated.

The second problem occurs with multiple-entry

points in IF-THEN-ELSE constructs. In Figure 2.3(a)

the ELSE block has two entry points. The logically

equivalent version in (b) has no multiple-entry points

if we use the same interpretation as in the first prob-

lem. Therefore, multiple-entry points into IF-THEN-

ELSE constructs can be converted to IF-THEN constructs

with all multiple-exits satisfying the multiple-exit

rule of NS. Consequently, throughout this paper, the

multiple-entry restriction will apply only to loop con-

trol constructs.

CONTROL FLOW

The description and display of control flow for

structured code is particularly simple because it has

the structure of a well-formed parenthetical expression

and consequently is easily represented with a tree-like

structure. Control flow could also be displayed as a con-

ventional flow chart, hereafter called a control flow

graph (CFG), but we will postpone a discussion of control

flow graphs until Chapter III. A control flow tree

displays the containment relationship between single-

entry single-exit control blocks of a program. A node of

this tree may be a sequence of control blocks. Descendant

nodes will be the sequence of blocks contained within each
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10:

20:

GO TO 10;

IF p2

THEN S
3

ELSE 10: S
4

ENDIF;

S
5;

(a)

GO TO 10;

IF p2

THEN S
3

;

GO TO 20

ENDIF;

S4c,

S5;

(b)

FIGURE 2.3 MULTIPLE-ENTRY IF-THEN-ELSE BLOCKS
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block of the parent node. A control block in a sequence

will be represented by either a statement notation of the

form Si or by the predicate that controls the block, p..

Figure 2.4(b) is the control flow tree for the structured

code of Figure 2.4(a). The subscripts of the block re-

presentatives indicate the physical ordering of the blocks.

within the program. A predicate controlling an IF-THEN-

ELSE construct will have a left and a right descendant.

There will be only one descendant for predicates con-

trolling loops or IF-THEN blocks.

In Figure 2.4(b) the root of the tree is the se-

quence So pl p10 S17. pl represents the IF-THEN-ELSE

construct containing blocks S2 and p3 in the THEN segment

and p5, S7, p8 in the ELSE segment. Such a representa-

tion of a program has several features that are relevant

to the discussion of program complexity in Chapter IV:

(1) The degree of nestedness of statements is dis-

played. The levels of the tree (with level 0 at the root)

correspond to the nestedness of each statement in the pro-

gram. The level also indicates the number of predicates

whose outcome determines whether or not a statement at

that level can be executed.

(2) A modified preorder traversal of the tree

yields the physical order of statements in the code. The

modified traversal requires that we traverse the sequence

of a block within a node from left to right, with preorder
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So;

IF pl

THEN S
2'

WHILE p3 DO

S
4

ENDWHILE

ELSE REPEAT UNTIL p5

S
6

ENDREPEAT;

S
7;

IF p8 THEN S9

ENDIF;

WHILE p
10

DO

S11;
REPEAT UNTIL 10-12

S
13

ENDREPEAT;

IF p
14

THEN S
15

ELSE S
16

ENDIF

ENDWHILE;

S17'

FIGURE 2.4(a). D STRUCTURED CODE
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FIGURE 2.4(b). CONTROL FLOW TREE
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traversal for each block with descendants. We will re-

fer to this traversal as pseudo-preorder.

(3) The tree can also be traversed in a manner

that reveals discrepancies between the order of execu-

tion and the pseudo-preorder. These discrepancies are

related to the number of knots (defined and discussed

in Chapter IV) in the program. A predicate pi is either

a loop control predicate or a multi-way branch predicate.

Following a loop the next statement to be executed will

be the one in the pseudo-preorder sequence. However,

following execution of one path of a multi-way branch,

the next statement executed will be the one in the pseudo-

preorder from the branch-controlling predicate. For

example, in Figure 2.4(b), if the left branch of pl is

taken, the execution sequence will be pl S2 p3 S4 and

then
p10. We will refer to this ordering of nodes in the

tree as logical preorder. The pseudo-preorder from pl

would be pl S2 p3 S4
p5 S6 We believe that the non-

equivalence of the logical preorder and pseudo-preorder

sequences has useful implications for program complexity.

DATA FLOW:

A data flow graph displays the relationship between

definitions of and references to variables in a program.
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We believe that the attributes of data flow are signif-

icant contributors to program complexity, and of course

are germaine to the principles of data flow machines. In

this section we present a representation of data flow

and examine its properties.

Definition:

A data dependency graph (DDG) of a program is a

digraph (V, Ed), where V is a set of nodes and each node

represents a statement in the program, and Ed is the set

of edges displaying data dependencies. An edge from

node (statement) S. to node S. indicates that the vari-
1

able assigned a value at S. is referenced in S.. A DDG
1 3

displays the data flow in a program. We have chosen to

use the term data dependency graph rather than data flow

graph, because the latter has a different connotation in

this paper.

We must warn the reader at this point that our use

of "statement" does not conform to the usual meaning

as used in PASCAL for example. Phrases such as WHILE p

DO , IF p , and REPEAT UNTIL p will be referred to as

predicate statements (or simply statements). We con-

sider them to be logically equivalent to conditional

branch statements. In Chapter V the boolean values

computed by predicate statements are referenced by other

statements as if they were data values in the usual
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sense.

Figure 2.5 shows a code segment and its DDG. The

node labels used are shown adjacent to the statements

they represent. In general, predicate statements are

shown as pi. Assignment and input statements are de-

noted by the variable they define. Input statements and

recursive assignments are represented by nodes with self-

loops. Because we do not want to show the initializa-

tion of all variables in our examples, a subscript of

zero will be used to indicate the existence of an earli-

er definition of a variable. In Figure 2.5 variables

no , ko , and s
o

are assumed to have been defined earlier

in the program; pi_ denotes the WHILE n <= k DO statement;

x
2

is the READ x statement, and so on. The correspond-

ing DDG displays variable usage. For example, no is

used in the predicate expression pl and in the statement

redefining n at statement number 5. In subsequent

iterations of the WHILE loop, the value of n computed at

n5 is used in p1 and also in the computation at n5;

hence the edge from n5 to pl and the self-loop at n5.

A DDG has the following properties:

(1) The control structure of the code is not

apparent in the DDG. We cannot determine whether a pre-

dicate is a loop controller or a branch predicate. The

DDG displays information which is influenced by and
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n , k ,

0 0
S0

WHILE n <= k DO p1

READ x; x
2

IF x = 0 p3

THEN S = S + x; s
4

n = n + 1 n5

ENDWHILE

(a). D CODE AND NODE LABELS

(b) . DDG of (a)

FIGURE 2.5
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complementary to the control structure.

(2) The DDG of a loop control block will be

cyclic. If the loop controlling predicate is to change

value and terminate the loop after several iterations

then it must reference a variable whose value depends

on variables modified in previous iterations, i.e

there must be a cyclic dependency of data values. If

the predicate depends on a variable whose value is in-

put within the loop, the cyclic dependency is not ex-

plicit. However, the input of any value of the variable

depends upon the previous value having been read. This

is the reason why we choose to represent an input op-

eration as a self loop on the node.

(3) The DDG of a branch control block is acyclic.

(4) The node set of the DDG of a control block

can be divided into three subsets: an input set (I)

consisting of variables defined outside the control

block, a defined set (D) consisting of those variables

defined within the block, and a set of predicate state-

ments (P). The general form of the DDG of a control

block is shown in Figure 2.6. With the dashed edges the

control block is a loop; without them it is a branch

control block.

Just as a control flow graph can represent several

levels of control structure detail, so the DDG can be
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I: INPUT SET

D: DEFINED SET

P: PREDICATE SET

FIGURE 2.6 GENERAL FORM OF A DDG

used to show data dependency in varying detail. In

this paper a node in the DDG will represent one state-

ment; however, we could modify our definition of a DOG

so that a node represents a set of statements. Although

some information is lost in this case, we propose to

develop analytical techniques using the statement level

only with the understanding that they apply at any level

of detail.

In the next chapter we extend control flow analysis

to unstructured code. Data flow is not influenced by

the degree of structure in the code, hence the general

properties of data dependency graphs noted above also

apply to unstructured code. The structural analysis of

Chapter III and the applications in Chapters IV and V

require a modular approach, so it remains to decide the

specifying attributes of a module. In this chapter we
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chose SESE blocks. In Chapter III we define a similar

structure for unstructured code. In Chapter IV we will

examine quantifiable attributes of the DDG as potential

contributors to program complexity. In Chapter V we use

the dependence of computations upon the availability of

data and boolean values to establish a partial ordering

of statements within a module.
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III. ANALYSIS OF UNSTRUCTURED PROGRAMS

In this chapter we propose to show that the analy-

sis of L structured code is not a formidable task and

that by relatively elementary techniques it is possible

to establish a quantification of control flow with po-

tentially useful applications. We will demonstrate a

procedure for the conversion of L structured code into

code versions with varying degrees of structure. The

target structure of interest we have defined as natural

structure (NS), but the target structure could also be

D structure.

It is considered somewhat heretical in the halls of

theoretical computer science to acknowledge the exist-

ence of, or to analyse programs written with unrestrict-

ed use of unconditional and conditional branching. To

ignore unstructured code, however, is to ignore almost

all of the commercial and technical software that has

been produced and is still being produced. It was the

original intent of the work in this paper to deal only

with well-structured (single-entry single-exit control

block) programs. The advantages of having to deal with

a small set of well-defined easily composable language

forms were obvious. However, an attempt to obtain a
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reasonable set of such programs of varying size and ap-

plication which were to form the experimental basis for

the discussion of program complexity in Chapter IV was

quite fruitless. We were forced to consider and devise

analytical techniques for programs with varying degrees

of structure. Attempts to facilitate the analysis of

complexity by imposing restrictions on the amount of

disorder permitted in the program tended to severely

limit the experimental set and to eliminate some parti-

cularly interesting segments of code. Therefore, our

approach has been to assume no restrictions whatsoever

on the flow of control: any existing code segment is a

candidate for the type of analysis to be described here.

We have assumed binary-valued predicates but the exten-

sion to CASE statements, computed GO TO's, etc, is

straightforward.

We begin by establishing the concept of a predicate

environment. These environments are used to determine

the control flow information needed to reach any partic-

ular statement in the program. We present axioms for

identifying predicate environments and develop the no-

tion of reachability of statements from predicates.

Predicate paths are used to generate semi-structured

versions of unstructured programs.
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PREDICATE ENVIRONMENTS:

The terminology introduced in this section forms

the foundation for our analysis of unstructured code in

this and in the next chapter. We have chosen verbal and

descriptive forms of definitions rather than less com-

prehensible symbolic forms. For a predicate we will

use the symbol pi. Predicates are assumed to be binary

valued with values pT and p F denoting the TRUE and FALSE

outcomes of pi respectively. Definitions are given in

terms of one of the predicate outcomes but it should be

understood that they apply to the other outcome as well.

Terminology:

Unstructured Code: -

Unstructured code is equivalent to L structured

code. There are no restrictions on conditional or un-

conditional branching.

Naturally-Structured (NS) Code:-

A program is naturally structured if it can be

represented with the control constructs IF-THEN-ELSE,

WHILE-DO, and REPEAT-UNTIL; conditional branches are

permitted but only as forward exits from one of the

above. We permit multiple exits from all control con-

structs but retain the single entry restriction for loops

only.
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The inclusion in NS code of multiple-entry branch

control blocks does not present a serious problem. We

will show that the procedure for converting unstructured

code to NS code can remove these multiple entry points.

We will also use the loop constructs WHILE-DO and

REPEAT-UNTIL with the understanding that they have no

more semantic power than loops composed of conditional

branches and GO TO's. That is, multiple entry points

are permitted for all loop constructs used in this paper.

Predicate Environment: -

The characterization of a predicate environment and

the determination of the predicate environments contain-

ing each statement in a program is the principal goal

of this chapter. A predicate environment containing a

given statement is characterized by the set of predi-

cates whose boolean outcome must be known before it can

be determined whether the statement can be executed.

For structured code this investigation is straightfor-

ward. The predicates affecting an environment are those

on the shortest path in the control flow tree from the

root to that environment. In the tree of Figure 2.4(b)

the predicate environment at S7 is characterized by pl

because pl must have an outcome of FALSE for S7 to be

executed. p5 is not part of the characterization for

S
7
because S

7
will eventually be executed regardless of
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the preceding outcomes of p5 (assuming the loop term-

intes). Clearly, all statements (and their enclosing

environments) at a given level of the tree will have the

same number of predicates in their characterization.

For unstructured code the description of predicate

environments is a difficult problem. The ability to

transfer control from any point in a program to any

other point produces a network rather than a tree re-

presentation of the program. The work in this chapter

analyses predicate environments for unstructured code

and determines a characterization for them.

Global Cut Point:-

A global cut point is a statement within a program

- a node in the corresponding control flow graph -

through which all execution paths must pass. Because

there is no path bypassing a global cut point, the cut

point cannot be within a predicate environment. The

evaluation of any predicate preceding a global cut point

in any execution sequence cannot effect the certainty

that the statement at the cut point will be executed.

For ease of reference we will classify predicate en-

vironments into levels of nesting where the number of

the level is the maximum number of predicates that must

be evaluated to reach the environment. A global cut

point is at level 0. We will assume that all programs
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have at least two global cut points - the unique start-

ing point and the unique terminating point of the pro-

gram.

Global Cut Block:-

A global cut block is a segment of code (subgraph

of the control flow graph) between two global cut points.

Our approach in this and the next chapter will be to

analyse and quantify the control and data flow of a cut

block.

Local Cut Point:-

A local cut point is a point within a predicate

environment through which all paths within that environ-

ment must pass.

Local Cut Block:-

A local cut block is a segment of code between two

local cut points that are within the same predicate

environments.

S.
1

This denotes that S. is reachable from S.. That is,
J 1

there exists a control path from S. to S.. This same
1 J

notation will also denote the sequence of statements

which constitute the path. The initial statement must

appear once only in the path. Therefore, the notation

pT---b.-S. defines the cycle-free path from the TRUE branch
1 3
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of predicate p
i
to statement S..

IS1.--:*S.1 will denote the set of cycle-free paths

from S. to S..
1

S. S. indicates that no path exists from S. to

S ., i.e. S7 not reachable from S.
3 3

1

Path Expression:-

A path expression is a regular expression that

describes the control flow between two statements in

a program. The expression consists of predicate out-

comes as operands and the logical operators conjunction

and disjunction. We will denote the path expression at

S . by PE(S ).

e .g. (1) the path expression pi + pF to S means that
4

S, can be reached following either the TRUE

outcome of pi or the FALSE outcome of p..

We will write this as

pT + p. S.

(2) pT pF means that S. is reachable as a
1 j 3

result of the TRUE outcome of p
i
followed

by the FALSE outcome of p.. The sequence of

evaluation is implied by the order of the

predicates. Loops can also be represented

with regular expression notation. e.g.

(p )*p
i
represents a loop with p

i
as the

controlling predicate.
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Direct Paths:-

1
Apathset.{S.-1.Slis direct if all paths begin-

ning at a statement in terminate only at state-
s J

mentsiniS...S.I. Otherwise the path set is indirect.
1

A direct path set is therefore a multiple-entry single-

exit segment of code.

Unavoidable Statements:-

If statements S. and S. are contained within the
1 3

same predicate environment and S. is reachable from S.
J 1

then S unavoidable from S. if all paths from S. to
3 1

the last statement in the environment contain S.. If
J

Si is executed then S. will also be executed.
3

To determine the control flow information required

to reach a given statement our approach will be to ana-

lyse the control flow of a global cut block. Although

the analysis is independent of the size of the block,

if size is a problem then the analysis could be applied

to local cut blocks and these local blocks treated as

SESE components of the containing global cut block.

Since predicate environments are also local cut blocks,

the identification of these environments provides a

foundation for the analytical process to be described in

this chapter. The problem of determining the set of

statements reachable from a given statement can be
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solved by the conventional matrix methods [36] employed

in digraph theory. Such methods can be applied to im-

plement the analysis described here. In the next section

we refine the concept of reachability and define classes

of this refinement. We believe that these classes are

significant aspects of the contribution of control flow

to program complexity. However, we recognize and define

classes of reachability which we believe contribute

significantly to a quantification of program complexity.

REACHABILITY:

In this section we present the definitions of

reachability classes. We show that a small set of

axioms can be used to deduce the reachability class of

a node with respect to a given predicate.

Null Reachability:

The null part of this term refers to the degree of

significance of the role of a predicate in determining

whether the statement can be reached. Null reachability

implies that a predicate has no effect on determining

whether the statement will be reached. There are two

parts to the definition - the first dealing with non-

looping conditional branches and the second dealing with

loop-controlling predicates.
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Definition:

A statment S. is null reachable from predicate p
i

T F(p, ...21..4.s.) if the path sets {pi--0-S.1 and fp. ---1.-S.1 exist
i 3 i 3 i

and are direct.

This definition says that S. is reachable from p.

regardless of the outcome of the predicate p
i

. S. is

also unavoidable from p
i

. We include the case where S.

is reached after the iteration and termination of a

loop controlled by pi. In this case S is preceded by

a sequence of evaluations of pi which can be expressed

as (p
i
)* pi. Figures 3.2(a), (b), (c) show examples in

which S. is null reachable from p.. In each case
J 1

tpT--,-SJ
1

A and fp---4-SA exist and are direct. In ex-
i

J

amples (d) and (e) S. is not null reachable from p
i

S.

because IpT.---P.S.1 is indirect.
i 3

If statement S. is null reachable from all predi-
J

cates, then S. is a global cut point, i.e. is at level

0. The proof of this assertion hinges on the signifi-

cance of the directness of paths. If S. is reachable

and unavoidable from each outcome of all predicates,

then it must be reachable and unavoidable from all

statements in the program. Hence it is a global cut

point.
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(a) (pi) * pF S (b) pi + pi S

(c) p
T p s,

T T
(d) (p. p.)* p. S.1 1

T
(e) p.

T
p. + p. S.

3 1 3 1

FIGURE 3 . 2 REACHABILITY EXAMPLES
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Before proceeding it is necessary to clarify the

terminology used in the definitions and the axioms in

this section. The following examples illustrate the

two basic forms used to denote control paths and reach-

ability classifications.

(1) p.
1

meansthatS.is strongly reachable

from pi.

(2) p7L,.s,
1 J

means that S is strongly reachable fromS.

Yp
i
via the path pT--*S,3 . That is, p

i

T

3
--a.S, but p

i

F
-7,.,P.S

j
.

This particular form occurs as a partial result in the

reduction of path expressions to determine reachability.

The final reachability class of S, relative to p
i

will
3

be determined by the partial results for both pT and

p'. The relationships between the partial forms and

the final reachability classification are displayed

in axiom A9 on page 44(a).
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STRONG REACHABILITY:

Definition:

Statement S. is strongly reachable from predicate

pi (pi--4-Si) if Si is reachable from pi but not from pi,

i.e. path set fp7---P-S.1 exists but fp1:---P-S.) does not.
3

Statements within a loop (except when the loop is

contained within another loop) and statements in one

path of a conditional branch are covered by the de-

finition of strong reachability. All remaining cases

(not null or strongly reachable) are included in the

next class.

WEAK REACHABILITY:

Definition:

Statement S. is weakly reachable from predicate p.
3 i

W f T F
(p. ---.,-S,) if both path sets ip.--4-S.1 and {p.--wS.}i J 3 i 3

exist and at least one path set is indirect.

The argument that these three classes of reachabil-

ity definitions (null, strong, weak) cover all possible

p. to S. relationships is quite elementary. Null and

weakreachabilitlicoverthecaseswhereS.is reachable

from both branches of pi. The,presence and absence of

direct paths distinguish between null and weak reach-

ability respectively. The following examples should

clarify this.
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- pi--.S1 and the path set {pi --.SjI is

direct. Hence Sj is null reachable from pi.

- Similarly, S. is null reachable from pk.

- , pi--wSk but the latter is indirect.

Hence, Sk is weakly reachable from pi.

- Sk is strongly reachable from pk.
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-ID.----4S.,r).--PS.btrtpathset .1 is not
1 J 1 J 1

direct because there is a path beginning at pk

which does not terminate in tip 1. Hence,

Si is weakly reachable from p..
3 1

- S. is strongly reachable from pk.

The above two examples illustrate the effect of

the existence of indirect paths. Although S. is reach-
]

able from p T
and pF in both examples, whenever there

exists a possibility that S. will not be reached from

one (or both) of p
i

and p
i
the reachability class

changes from null to weak. In Example 2. the existence

of the path from pT bypassing S. provides the indirection
3

thatclassifiess,asweaklyreachablefromp..A
3 1
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similar situation exists with loops and this is demon-

strated in the following examples.

Example 3.

- {p..--1.S.} and tp.--v.S.1 exist and both path sets

are direct. Hence Si is null reachable from p..

S is strongly reachable from p
k

.

Example 4.
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{F T
p.---;..S.}and[p.--4-S.] exist but path set
i 3 i D

tp.F

---0-S. is indirect. lience,S.is weakly
i 3' 3

reachable from P..

- Si is strongly reachable from P
k.

Example 5.

S. is strongly reachable from both pi and pk.

We have selected these three classes of reachability

because we believe that they contribute significantly

to the complexity of a segment of code. For null reach-

ability the execution of a statement is independent of

the value of the predicate. For strong reachability,

execution is conditional upon only one outcome of the

predicate. For weak reachability, although the state-

ment can be reached from both outcomes of the predicate,

the existence of a second predicate creates uncertainty

as to whether the statement will be executed and
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justifies the existence of the class.

Certainly these are not the only reachability

classification possibilities. Strong reachability could

be sub-classified according to the directness or indi-

rectness of the path from the predicate to the state-

ment being considered. Similarly, weak reachability

includes at least two distinguishable cases - either

one or both paths may be indirect. We have chosen to

limit the number of classes to three until the magni-

tude of the differences between their respective contri-

butions to program complexity can be determined.

AXIOMS FOR REACHABILITY:

We present a set of axioms for determining the

reachability claas of a statement with respect to a

given predicate. These axioms use the path expression

terminology introduced earlier. The symbol a
i
will be

used to represent any path expression. We use regular

expressions because of their concise representation of

control flow. In the following, the intent is to de-

termine the reachability class of p
i

at statement S,3 .

S is null reachable

from pi.

A2. (p)*, J,
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Axioms Al and A2 represent the conditions for null

reachability. If the path expressions from p
i
to Si can

be reduced to either pT + pF or (p
i
)* p

F
then S. is null

reachable from pi.

A3. p
T

p
T

+ pF S. p
3

. and piWAS.

See Example 1.

T
Ti41.(P.13,)*P.'S > p-J-0-S and p.-.114-S

I. 3 1

Figure 3.2(d) is an example of this axiom. For

notational convenience we introduce the operator

which is defined in the following way:-

(PiT T * F
. p.)* p.

1 P.
a. 3 1

The interpretation is that statements reachable from p
i

arealsoreachablefrompT.following a loop controlled

by p

The next four axioms facilitate the reduction of

expressions to forms from which the reachability classes

may be determined. A6 and A7 are properties of regular

expressions. A8 can be verified from axiom A4 - the

strong reachability from p
i is indicated twice so the

first can be eliminated.
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AS. (a. + ___> (a.)* + (a.)*--*S.
1 3 1

For determining reachability the number of iter-

ations of a loop is not important. We need to consider

only one iteration to ensure consideration of all paths.

We retain the to facilitate identification of loop

expressions.

A6.

A7.

A8.

(a.)** = (a.)
1 1

T
Pi
T

(Pi
F
Pi)* =

T T F
P. (P. I Pi) =

The last axiom

F
(Pi

T
Pi)*

T
(P.

A9 lists

Pi

k FT p)

the relationships between

partial reachability forms and the final reachability

classification. If reachability classes for Si are

known and S. S. is direct, then these classes become
1 3

partial reachability forms for S.. The three rules in A9
3

combine these partial forms.

T S _, F S _ NA9. (1) p i--0.S, anu p.--* ___>p. --*S,
J 4- 3 1 3

W F W N(2) pi- -*Sj and pi --WS. --> .--*S.
1 3 1 3

F S N
(.3) pT-E...s and 13, --*S_. --> p.---*,Si

3 1 1 3

The following example will demonstrate the appli-

cation of these axioms. In reducing the path express-

ions we have used the above axioms and some of the

simpler properties of regular expressions. We assume

the reader's familiarity with the latter.
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T , F T T T, F, F
PE (S1) = (p1 kp2 pl + p2 p3)^ P2)- Pi

F T TTTFF
(P1

T

(P2 P1) * P2 P1 (P2 P3) P2) P1

((plFk
T T T\ F\ F

Pl P21* + P1 P2 P31* P21* P1

Ax.A5

Ax.A7

T T T F F

(P1 (P2 P3)* P2)* P1

(P3 1 PF2) t PF1
Ax.A4

--Wr Si and pl ---40- si Ax.A4==>p3 ---0. 0 , p2

Hence S1 is weakly reachable from pl and p2 and

strongly reachable from p3.

,PE(S
2

) = p
1

T
(p

2

T
p
T)

* p2
T Ti

=-* P
F

1 3

S'
S2 , p3 S2 ,

Ax .A4

Hence S
2

is weakly reachable from p
2
and strongly

reachable from pl and p3.



PE(S3) =

=

=

=

PE(S1)

PE (S1)

PE(S )

1

PE(S
1

)

+

+

+

+

P1
T

T
P/

P
T

1

, T
kP

1

(P2

,

kP2

(P

F T T
P1 + p2

F T, T
P1)- p2

A FT1

T PT 2) p3

T, F
P
2

) P 3 +

T, T
p3/* p2
F T

P3 P1

T T
P P1 2

T , kTtP 1 (p2

F
P3

T

(p2

T
3

p
3

F
)

44b

_T
-1-'2

T)*

Ax. A5

T,

P 2 )

Ax.A4,A7

Ax.A4,A8

From PE(S1) the reachability classes for S
1
yield

partial forms for S3 *1---''S3 direct)
T W

3'

F W S
p

2
--4-S

3
and p

3

T
3.

The latter terms of PE(S
3

) produce

the partial forms p TS
....s

3'
p 2

W
3

and p 3
W

3.
The rules

in axiom A9 yield the result that S3 is null reachable

from pl, p2 and p3.

The above analysis and example demonstrate that, for

unstructured programs, it is possible to determine the con-

trol flow information affecting the execution of a state

ment. The techniques described above have useful implica-

tions for the development of heuristic formulae to measure

program complexity (Chapter IV) and for the detection of

concurrency in programs (Chapter V).

In the next section a more elemental view of the an-

alysis of unstructured code is adopted. We show that a

program can be represented in a tree-like form using

segments of execution paths; that these path segments

can be used to facilitate the analytical steps given

above, and that a transformation can be applied to these

tree-forms to obtain naturally structured (NS) versions
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of the original code. Furthermore, these transformations

preserve the predicate environment and the reachability

classes at any statement.

PREDICATE PATHS:

It is well known that structured languages can be

recursively generated using a small set of control flow

forms - statement sequence, alternation, and iteration

[15]. No such set exists, quite naturally, for programs

with no "structure." There is a large number of possible

control flow forms that can be generated from a small set

of predicates. There is, however, a fundamental con-

struct in unstructured programs (true for structured

programs also) and that is the path from the outcome of

one predicate to another predicate. This view of the

composition of programs has been used for some time in

the area of program testing and generation of test sets

[16]. Predicate to predicate paths form the basis for

the transformation process to be described.

We begin by defining and explaining the terminol-

ogy to be used in this section.

Predicate Paths -

A predicate path is a sequence of statements from

one predicate to the next. Hence pi Sk pj will repre-

sent the path from the false branch of pi through the

set of statements S
k

to predicate p.. Because the
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predicates are assumed to be binary valued, for n pre-

dicates there are at most 2 n
predicate paths.

Extended Path -

An extended path will denote a path composed of

concatenated predicate paths.

Any program can be represented by a set of predi-

cate paths. Consider the control flow graph (CFG)

and its corresponding set of predicate paths in Figure

3.3.

(a) CFG

FIGURE 3.3

pT S2 p
1 2 p3

p
1

S
8

Y

T
p
3

S
4

p
5

p
3

S
7

Y

p
5

S
6

p
3

F
p5 S p

5 2 3

(b) PREDICATE PATHS
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The following observations are relevant.

(1) X and Y are global cut points.

(2) an extended path has one of two basic forms -

either it terminates at Y or it terminates at a predi-

cate previously appearing in the path (i.e. forms a

loop). It follows that there are a finite number of

such paths each of finite length.

Predicate paths and extended paths form an excel-

lent basis for algorithms for the detection of reach-

ability. The set of predicate paths form a tree-like

structure, hereafter called predicate trees, or p-trees.

These trees can be used to generate naturally structured

forms of the original control flow. The nodes of the

tree are either the initial cut point (X) or final cut

point (Y) or a predicate. An edge of the tree from pi

to p. (or Y) represents the statements in the predicate

path from pT (or pi) to p (or Y). Coincident nodes

are linked by dashed lines (arcs). In all of the exam-

pies of predicate trees in this paper, the pi path will

be the left and p
i

the right branch from node p
i

. For

the example in Figure 3.3 the corresponding p-tree is
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The potential provided by predicate paths and the

corresponding p-tree for the structuring of programs can

best be demonstrated by the following example (Figure

3.4). The program selects the smallest of three values.

The p-tree form needs no modification in order to provide

a structured version of the original code.

TRANSFORMATION OF P-TREES:

The goal of the process to be described in this

section is the conversion of unstructured code to nat-

urally structured (NS) code without changing the logical

structure. The general approach involves extending the

p-tree until only NS constructs remain. In some cases

the predicate paths lead directly to NS p-trees; no

extension is required. We examine this case first.



IF x < y THEN GO TO 30

IF y < z THEN GO TO 50

small = z

GO TO 70

30: IF x < z THEN GO TO 60

small = z

GO TO 70

50: small = y

GO TO 70

60: small = x

70:
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(a). UNSTRUCTURED CODE
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(b). PREDICATE PATHS

FIGURE 3.4
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(c) . p -TREE

IF x 4. y
THEN IF x < z

THEN small = x

ELSE small = z

ELSE IF y < z

THEN small = y

ELSE small = z

(d) . STRUCTURED CODE

FIGURE 3 . 4
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In the example shown in Figure 3.5 the original CFG

has a multiple-entry loop. The predicate paths remove

one of the entry points by replicating (splitting) nodes

within the loop.

p
1

S
2

p
3

pl S7 S8 p3

T
p
3

S
4

p
5

P
3

Y

P5 S6 S8 p3

p5 S7 S8 p3

(a). ORIGINAL CFG (b). PREDICATE PATHS

FIGURE 3.5
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(c) . NS p-TREE

IF p1

THEN S2

ELSE S7

S8

ENDIF

WHILE p
3

DO

S4

IF p5

THEN S6

ELSE S7

ENDIF

S8

ENDWHILE

(d) . NS CODE

FIGURE 3 . 5
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The p-tree, with the arc showing the logical links

between nodes is simply a non-optimal CFG and if coded

directly would generally yield non-optimal code. In the

Figure 3.5(d), statement S
8
would appear in both branch-

es of the IF-THEN-ELSE construct controlled'by p5. The

advantage of the p-tree is that the structure of control

blocks is more visible and any extensions are easier to

perform.

We now consider the case in which the predicate

paths do not remove the multiple-entry conditions of

the loop and extension of the p-tree (or the predicate

paths) is required. The general technique can be demon-

strated with the digraph in Figure 3.6(a). The loop has

entry points at nodes 1, 2 and 4. Figure 3.6(b) repre-

sents the state of the loop when the influence of the

predicate paths is considered, and is obtained by re-

plicating (splitting) nodes between entry points and

predicates. The resulting graph is the p-tree. The

entry points to the loop control blocks have been moved

to the predicate nodes.

The single-entry loop in Figure 3.6(c) is obtained

by the following procedure:

(1) Arbitrarily select one of the entry points

(3 or 1) in Figure 3.6(b) as the target entry point

(hereafter called the header node). Choosing the entry
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point which is earliest in the physical sequence of

statements would, in general, produce the least per-

turbation of the original code.

(2) For each entry point other than the header

node, split the nodes in the path from the entry point

to the header node and create a new path to the header

node. In Figure 3.6(c) nodes 3 and 4 are replicated to
/

obtain the path 2-3-4-1.

(a). MULTIPLE-ENTRY LOOP (b). DIGRAPH OF THE p-TREE
- ORIGINAL CFG

(c). SINGLE-ENTRY LOOP (EXTENDED p-TREE)

FIGURE 3.6



54

We can conclude from this example that

(1) a p-tree requires extension if it contains a

multiple-entry loop;

(2) the p-tree is extended by expanding the tree

from each entry point (except the header node) until

the leaf nodes are either the header node or some node

not in the loop.

The second example in Figure 3.7 demonstrates the

process using p-trees. The loop beginning at p4 has

three entry points. The entry point at S9 from pF is

removed by the predicate paths. The entry point at S5

from p
1
is converted to an entry point at p

6
and then

removed by extending the p-tree from p6 in the right

branch of the tree.

Obviously many versions of the code can be obtained

from a p-tree. There is considerable freedom in the

choice of order of statements and control blocks. We

have not investigated methods of deriving "optimal"

coded versions of the p-tree.

Although we have allowed multiple-entry branch con-

trol blocks in code, the remaining example in this sec-

tion will demonstrate that extension of the p-tree can

be used to remove these as well. The branch control

block beginning at p4 in the p-tree of Figure 3.8(a)

contains multiple entry points at p6 and p8. These are

removed by extending the p-tree as shown in Figure 3.8(b).
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(a) . CFG

(b) . p -TREE

FIGURE 3 . 7
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(c ) . EXTENDED p-TREE

FIGURE 3 . 7



IF NOT pl

THEN S
5

IF p6

THEN IF p7

THEN S
8

S
9

GO TO 10

ELSE GO TO 20

ENDIF

ELSE IF p2

THEN S
3

ELSE S
9

ENDIF

ENDIF

ENDIF

10: WHILE p4 DO

S
5

IF p
6

THEN IF p7

THEN S
8

S
9

ELSE GO TO 20

ENDIF

ELSE S8

ENDIF

ENDWHILE

20: Y

(d). NS CODE

FIGURE 3.7
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(a)

(b)

FIGURE 3.8 REMOVING MULTIPLE-ENTRIES
TO BRANCH CONTROL BLOCKS
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The simple transformations described above provide

a very effective method of generating one or more nat-

urally-structured versions of an unstructured segment of

code. The implications of such a capability are signif-

icant.

(1) We can generate versions of a program which

have the same logical complexity (i.e. are logically

equivalent) but different structural complexity. Hence

it should be possible to experimentally determine the

effect that varying degrees of structure have upon psy-

chological complexity.

(2) Because the logical flow is preserved, the

data dependencies are also preserved. We will use this

property in the analysis of data flow.

(3) Multiple exit control structures can be con-

verted to single exit control structures (i.e. naturally

structured code can be converted to DI code) by the

introduction of a boolean variable and additional pre-

dicates. Given the predicate tree shown in Figure 3.9

(a), by introducing a new statement (S
6

) which sets a

boolean variable modifying predicate pl (shown as p1

so that its outcome is conditional on the boolean vari-

able, and introducing a predicate p3 (also a function

of the boolean variable) we obtain the DI structured

form in (b).
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(a). MULTIPLE-EXIT LOOP

(b). SINGLE-EXIT LOOP

FIGURE 3.9 REMOVING MULTIPLE EXITS
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All areas of program analysis including program

testing, proofs of correctness, and control flow and

data flow analysis are considerably easier for DI struc-

tured programs. The transformation process described

in this section preserves the logical equivalence of

the initial (unstructured) and final (NS) versions of

the code, therefore any analytical results valid for the

latter version must also be valid for the former. If,

for these areas of analysis, we can bridge the gap

between NS code and DI versions obtained by the tech-

nique shown in the preceding paragraph, then results for

D code would also be applicable to the unstructured

version from which it was derived. Although we have

not investigated this area it appears likely that a

proof of correctness (for example) would be considerably

easier for a program converted to D structure than for

the original unstructured code.

In this chapter we have introduced the concept of

a predicate environment. The characterization of the

environment supplies control flow information that de-

scribes the nestedness of statements within the environ-

ment. The nestedness of a statement is a function of

both the number of predicates and the reachability class

of each statement with respect to each of the predicates.
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In the next chapter we use this attribute of a program

as a major contributor to program complexity.

We have also introduced a process for transforming

unstructured code to naturally structured code. The

transformation preserves the control flow attributes of

the code and consequently the predicate environments.

This process will be used to facilitate our analysis of

program complexity and to enhance the analysis of data

flow in Chapter V.
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IV. A FOUNDATION FOR MEASURES OF COMPLEXITY

In this chapter we will apply the techniques of the

preceding chapters to program complexity. We propose

terminology and definitions in order to establish a basis

for future work in this area. It is not our intention to

develop another measure of program complexity. Rather, we

will identify quantifiable attributes of the control

structure and data flow and show that simple measures of

these attributes can provide useful information about the

complexity of similar code segments. We will also demon-

strate that these measures together with the more popular

ones in the literature are still not sufficient to disting-

uish between the complexity of certain code segments. We

agree with Curtis [8] that we have reached a development

plateau in this area where some fundamental concepts must.

be clarified and the effort made to obtain comprehensive

measures of complexity; that is, measures which include

all of the programming factors that we believe affect

complexity. Sufficient experience has been gained in most

aspects of the area to permit an objective evaluation of

the achievements and limitations of previous work. There

have been several excellent surveys in the literature



64

recently [7, 8, 21, 37]. The following are some of the

observations that are apparent in these surveys: -

(1) There is no consensus as to what is meant by

program complexity. There is no accepted definition and

there is no agreement as to how it should be measured.

(2) The experiments conducted to test the suitabil-

ity of a metric have yielded contradictory results and

are, by the authors' admission, in many cases, of quest-

ionable statistical validity. Most of the reasons for

this will be discussed in this chapter. A fundamental

problem is the inability to specify the attributes of a

"representative" group of programmers. The variability

between programmers of differing years of experience has

been greater than the variability of the group's perfor-

mance between programming factors. A programming factor

is any attribute of a program, including its external

documentation.

(3) A further defect of the experimental methods

has been the choice of criteria to represent program

complexity. The following criteria have been used separ-

ately and in combination with others in various studies: -

(a) time to construct a program;

(b) time to debug a program;

(c) number of bugs;

(d) time to recall a program;

(4) The most frequently discussed complexity
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(e) time to understand a program;

(f) time to implement modifications.

There is no evidence that these criteria are related to

each other, and studies using different criteria cannot

be compared. These criteria tend to fall into one of

two phases of software development - either the construc-

tion phase or the maintenance phase. In the construction

phase a programmer translates the specifications into

working code. In the maintenance phase a worst case

scenario is assumed in which a programmer unfamiliar

with the program must study it to the point of under-

standing what it does and how it does it. The pertinent

question is - "What is the relationship between the com-

plexity of the program from the author's point of view

and the complexity of the program as perceived by the

maintenance programmer ?" At present there is no just-

ifiable answer. If there is no relationship then we must

develop two theories and measures of complexity - one for

each category. To include such a possibility in a field

which still lacks definitive results is an alarming

prospect. We choose to avoid the situation by assuming,

as have all researchers before us, that the program com-

plexity we consider applies to all phases of software

development.

(4) The most frequently discussed complexity
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measures are Halstead's [17] , McCabe's [18] , number

of statements, and number of knots [19] .

measure is obtained from the formula

E = n
1

N
2

(N
1

+ N
2

) log
2

(n
1

+ n
2

)

Halstead's

2n
2

where N
1

= total number of operators;

n
1
= number of unique operators;

N
2

= total number of operands;

n2 = number of unique operands.

McCabe's measure is the number of predicates plus one.

A program knot is related to the physical discontin-

uities in the logical flow of the program. Given a se-

quential numbering of the statements in the code, a

logical branch from line a to line b can be represented

by an ordered pair (a,b). A knot occurs if there is a

second jump (p, q) such that either

(1) min(a,b) < tin(p,q) < max(a,b)

and max(p,q) < min(a,b)

Or

(2) min(a,b) < max(p,q) < max(a,b)

and min(p,q) < min(a,b)

In simpler terms, a knot occurs if the a line from a to

b must intersect a line from p to q when both lines are

drawn on the same side of the code listing.
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The complexity measures noted above have defects that

reduce their effectiveness. Halstead's measure appears to

be closer to comprehensive measure than any other measure

currently appearing in the literature, even though it in-

cludes only four program attributes. The measure assumes

that the programming process involves a selection of op-

erators and operands from a universe of such objects. We

believe that this assumption is quite irrelevant to the

programming process. Other deficiencies of this measure

have been described in detail in [20]. Nevertheless,

Halstead's measure has yielded better results than any

other metric when correlated with performance factors

such as number of bugs, time to recall a program, etc.

The measure has two useful properties - it counts all of

the lexemes of the program, thereby combining both the

number of statements and the length of each statement, and

it applies a logarithmic compression factor to these

counts. The use of a compression factor is compatible with

the intuitive belief that even though one program is twice

as large as another, it will not be twice as complex. This

refined measure of program size together with the assump-

tion that for a large number of programs the larger pro-

grams will in general be more complex is, in our opinion,

the principal reason for its success.

McCabe's measure, number of knots and similar macro-

measures are too coarse to warrant serious consideration.
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Although they do measure programming factors that most

likely affect complexity, there are too many other fac-

tors that they ignore. We cannot accept the claim that

any two programs with the same macro-measure have the

same complexity. It is a relatively simple task to de-

vise counter-examples. The two programs in Figure 4.1

have the same Halstead's measure, McCabe's measure, num-

ber of knots, and number of statements, but we believe

that (a) is more complex than (b). The existence of the

loop in Figure 4.1(a) and the recursive data dependencies

involving variables in the predicate and changes to the

values of those variables in the body of the loop, in-

crease the effort required to understand the code.

WHILE x <> y DO IF x <> y DO

IF x > y IF x > y

THEN x = x - y THEN x = x - y

ELSE y = y - x ELSE y = y - x

ENDIF ENDIF

ENDWHILE ENDIF

(a) SEGMENT WITH A LOOP (b) SEGMENT WITHOUT
A LOOP

FIGURE 4.1

The designers of some of the single-factor complexity

measures in the literature claim that their measure cor-

relates well with program complexity. We believe that
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this association is not a direct one. Any single-factor

measure can be expected to increase as the number of

statements increases. The measures of behavioural cri-

teria used to represent program complexity can also be

expected to vary directly with program size. Consequent-

ly any single-factor measure should correlate well with

these criteria provided the programs and the sample of

programs are large enough. Such results are not suffic-

ient to establish the validity of any complexity measure.

The measure must also be able to distinguish between seg-

ments of code such as those in Figure 4.1. For an ex-

cellent discussion of the behaviour of some of these met-

rics under experimental conditions the reader is referred

to Curtis et al [7].

It is apparent that the fundamental problem in the

area of program complexity research is that we lack a

unifying methodology for tackling the problems. Any

such methodology must have, as a basis, generally accept-

ed definitions of its terminology. Without these defin-

itions we cannot expect to see a common direction for

the solution or the remaining problems. The next section

of this chapter provides such a basis. At the same time

we will identify those attributes of programs that will

be the principal components of the analysis in subse-

quent sections.
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TYPES OF COMPLEXITY

In an attempt to establish a foundation for an

acceptable definition of program complexity we have

identified five fundamental types of complexity. Each

proposes a different view of the program's attributes.

For each type we list some of the potentially signifi-

cant attributes that may contribute to this complexity

type. The attributes of the last complexity type -

psychological complexity - include the attributes of all

other types.

In discussing these types we will refer to the

functional equivalence of two segments of code. Two

computations - they may be statements or sequences of

statements - are functionally equivalent if both

yield identical outputs for all possible inputs.

LOGICAL COMPLEXITY:

Two programs are logically equivalent (i.e. have

the same logical complexity) if

(1) there is a 1-1 correspondence between their

execution paths, and corresponding paths are functionally

equivalent;

(2) there is a 1-1 correspondence between state-

ments of corresponding execution paths, and corresponding

statements are functionally equivalent.



71

The two code segments shown in Figure 4.2 are log-

ically equivalent. Neither the control flow graphs nor

the data dependency graphs of the two segments are iso-

morphic. The reader should note that all control flow

constructs used in this paper will allow multiple-entry

into and multiple-exit out of control blocks. We could,

of course, replace the WHILE-DO loop used in this example

by the appropriate IF-THEN and GO TO combinations.

IF pi THEN. GO TO 10 IF p
1

S1 THEN S
2

WHILE p2 DO ELSE S1

10: S
2

WHILE p2 DO

ENDWHILE S
2

ENDWHILE

FIGURE 4.2 LOGICALLY EQUIVALENT SEGMENTS

The logical complexity of a program is the complex-

ity due to its logical behaviour. Quantifiable attri-

butes of the execution paths become candidates for in-

clusion in any measure of logical complexity. The fol-

lowing is a partial list of these attributes;

(1) Number of executable paths. This number may

be unknown if multiple iterations of loops are considered.

If we consider only one iteration of all loops then the
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number of paths is still at least 2n, where n is the

number of binary-valued.predicates. The simplest mea-

sure of this attribute may be the number of predicates

(McCabe's measure) but this would ignore such factors

as the degree of control structure nesting, differences

between loop predicates and branch predicates, etc.

(2) The length of each execution path. Because

execution paths overlap there may be many ways of mea-

suring this attribute.

(3) Measurable attributes of the data dependency

graph. These are discussed in detail later in this chap-

ter. The problem is akin to ascribing a measure of

complexity to an arbitrary digraph.

Unfortunately, it is not sufficient to simply

identify the possible candidates for inclusion in a

measure of logical complexity. We must also know how

the control flow and data dependency graphs interact, and

be able to measure the impact of this interaction on

logical complexity. No significant work has been done

in this area.

STRUCTURAL COMPLEXITY:

Two programs are structurally equivalent if their

control flow and data dependency graphs are isomorphic

and corresponding statements have the same position with-

in their containing programs. We could extend this
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definition to include the structure of statements. How-

ever, we doubt that the order of operands and operators

within a statement is a significant complexity factor.

We require only that corresponding statements contain

the same number of operands. If the nodes of the con-

trol flow and data dependency graphs have associated

subscripts representing the statement number within the

program, then the graphs will also display positional

information.

Structurally equivalent programs are not necessar-

ily functionally equivalent because neither operators

nor the order of operands within expressions are display-

ed in control flow or data dependency graphs. If two

programs are structurally and :Logically equivalent then,

except for possibly different identifiers (variable

names), cosmetic features (comments, syntax, etc.), and

the order of operands within statements, they are iden-

tical algorithms.

Structural complexity, therefore, is the complexity

due to attributes of the control flow and data dependency

graphs, including statement position information. Some

of these attributes are discussed in detail later in

this chapter. The extent to which the logical flow of

execution fails to follow the statement number sequence

can be measured in a general way by counting knots;
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however, a more precise measure based on statement num-

bers (node subscripts) would also indicate the distance

between successive statements and the direction of

logical flow. If the sequence of execution branches

from statement i to statement j (j i 1) then the

value of j - i can be used as a measure of the discontin-

uity of the logical flow.

STATIC COMPLEXITY:

The static complexity of a program is the complex-

ity due to its logical and structural complexity and to

its cosmetic attributes. Cosmetic attributes include

such programming factors as

(1) external documentation (flowchart, pseudo code,

etc.);

(2) internal documentation (comment);

(3) indentation;

(4) meaningful identifiers;

(5) modularity;

and any other techniques used to improve the readability

of programs. There have been numerous studies [21, 22)

concerning the effect of these factors on program read-

ability and any complete measure of program complexity

must consider them. Before continuing we require the

following definitions:-
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An input vector is a set of values of the variables

in the program for which the program will produce an

output. The input space of a program consists of all

of its input vectors.

The implicit assumption in assessing static com-

plexity is that all input vectors are equally likely and

that in one run of the program all paths through the

program will be executed with equal probability. We do

not consider the possibility of only part of the input

set being made available to the program during its life,

or that the restricted input set may reduce the number

of possible execution paths. Neither do we consider the

possibility that logical conditions in the program may

segment the program into several disjoint parts. Ob-

viously we need a complexity type which will take these

factors into account.

DYNAMIC COMPLEXITY:

An execution path set is the set of all execution

paths from the start of the program to normal termina-

tion. Associated with each path there is a set of input

vectors which constitute the input space for that path.

(i.e. the input space of a program maps onto the execu-

tion path set). If these input sets are not equally

likely - some may not be possible within the source of

data - then the perceived complexity of the program may
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be quite different from the static complexity. In ad-

dition, some meaningful segmentation of the program's

input space may produce a physical fragmentation of the

program for which the combined static complexity of the

parts differs from the static complexity of the whole.

Therefore dynamic complexity is the complexity of .

a program due to its logical and structural complexity,

cosmetic attributes, and the perceived behaviour of the

program based on the programmer's knowledge of the ex-

pected input set. Quantification of this latter element

is a significant, as yet unsolved and possibly intract-

able problem. It may be possible to determine the seg-

mentation of the program due to the expected input set

and then produce a measure based on the number of

segments and their static complexity. However, determin-

ing the effect of this segmentation on the programmer's

view of the complexity of the code is a formidable task.

Finally, it remains to combine these types of com-

plexity into a definition of what is generally considered

to be "program complexity." Our definitions of types of

complexity have been presented in the order of increasing

content of "human" factors. The last definition includes

factors that we may never be able to identify.

PSYCHOLOGICAL COMPLEXITY:

The psychological complexity (also referred to as
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program complexity or simply, complexity) of a program

is the complexity due to its static and dynamic complex-

ity and to factors which influence the program-programmer

interface.

Our definitions of static and dynamic complexity

have ensured that the three elements of this definition

are not mutually exclusive. Factors influencing the

program-programmer interface include the cosmetic at-

tributes of static complexity, the human factors in

dynamic complexity, and such imponderable human factors

as the effect of the programmer's experience and train-

ing, familiarity with the language's idiosyncracies,

etc.

The diagram in Figure 4.3 displays the relationship

between the types of complexity and their components

described in this chapter.

In this paper we will be concerned only with the

logical and structural complexity components of psychol-

ogical complexity. Our approach to measuring complexity

will be to determine the net amount of information needed

to reach and to execute each statement. This informa-

tion has two principal sources:

(1) the predicates whose outcome determines whether

a statement can be reached;

(2) the number, source and structure of the data
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FIGURE 4.3 TYPES OF COMPLEXITY
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values required for the execution of a statement.

Although we believe that the forms of data structure

used in a program are significant contributors to com-

plexity, we have not attempted to quantify that aspect

of data flow in this paper. We note only that an order

of increasing complexity for data structures may be the

following - constants, simple variables, array variables,

record elements, pointer variables, etc.

The discussion earlier in this chapter of the

currently popular complexity measures suggests that

single-factors measures are not adequate. It appears

unlikely that there is one programming factor that is as

good a measure of complexity as all other factors taken

separately or combined. The ultimate goal of research

into program complexity should be to obtain a measure of

complexity which includes all of the programming factors

that have a significant effect on complexity. In spite

of the dozens of worthwhile papers in this area, we do

not appear to have established a foundation from which

the goal may be eventually attained. The main thrust of

this work will be to supply such a foundation. It

should be apparent from our discussion earlier in this

chapter that there are a large number of programming

factors in the four classes: human factors, control

flow, data dependencies and cosmetic attributes. Of
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these, control flow and data dependencies are the easiest

to analyse and quantify.

The derivation of any comprehensive measure should

be guided by some fundamental properties of the measure.

The following program attributes and assumptions influ-

ence much of our analysis of control flow and data

dependencies:

(1) The program's size (number of statements and

the number of elements in each statement). We require

that all of the elements (at least the variables and

constants, and possibly operators) of every statement be

included. Of the measures currently available, Hal-

stead's is the only one with this property.

(2) The existence and clustering effect of control

structures. For structured code, the identification of

blocks of statements controlled by specific control

structures is quite simple. For unstructured code the

identification process is much more complex and requires

a more elemental view of control flow.

(3) The data relationships between statements. We

contend that in attempting to understand a statement in

a program a programmer seeks the location of the previous

definition or use of each data value. The existence of

more than one possible source for a data value increases

that apparent complexity of a statement containing the



data value.

(4) A program size compression factor.

81

It is gen-

erally believed that as programs increase in size they

do not increase in complexity by the same proportion.

If a measure of complexity counts program objects only

and ignores the influence of control flow and data re-

lationships, we suspect that the increase in complexity

is less than the increase in size. If all of the pro-

perties (1) - (3) above are included, then the increase

in complexity may be greater than the increase in size.

Unfortunately, the inclusion of data and control

flow relationships and a compression factor reduces the

possibility of deriving a measure with a simple compo-

sition rule. The complexity of a program is not going

to be the sum of the complexities of disjoint segments

of the program. The pertinent question becomes - when

computing a measure of complexity, how should the pro-

gram be segmented? The most justifiable answer is to

consider the program in its entirety. However, for very

large programs the analysis may be very difficult and

unrealistic. At the other extreme, segmentation to the

statement level will ignore many of the attributes of

control and data flow. We suspect that segmentation to

a program module level (provided that the modules are

not too large) may be a reasonable compromise. We have

function and behaviour of the control block; however, in

general, loops require additional information and may
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not attempted to solve the segment size problem, however

our analytical techniques require a single-entry single-

exit (SESE) property of the chosen segment.

In the next section we examine the influence of

contrbl flow on program complexity.

COMPLEXITY ATTRIBUTES OF CONTROL FLOW:

There is general agreement within this field of

research that the control structure of a program is a

significant factor in assessing program complexity.

McCabe's measure and the number of program knots have

already been mentioned. A measure based on construct

nestedness has been proposed in [23 1, but it was re-

stricted to languages with SESE behaviour. We believe

that a more comprehensive measure is needed. In this

section we examine some of the important control flow

components of such a measure and show how the techniques

of Chapters II and III can be used to quantify these

components.

(1) Control Block Type:

Loops contribute more to complexity than do con-

ditional branch constructs. Both require at least one

perusal of each statement in the block to determine the

function and behaviour of the control block; however, in

general, loops require additional information and may
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contain logical and structural complexities. For example:

(a) The conditions for termination of the loop

must be determined, and they may depend on the dynamic

behaviour of the loop.

(b) The number of possible execution paths through-

out all iterations of the loop may be very large. If

there are n binary-valued predicates within the loop and

the loop executes for k iterations, there may be as many

as 2
nk

possible paths.

(c) Existence of the loop implies recursion of the

data dependencies within the loop. This property of

loops is examined in detail in the next section.

It may also be necessary to distinguish between

types of loops (WHILE-DO, REPEAT-UNTIL, FOR-DO, etc.) and

between types of branches (two-way, multi-way, CASE,

etc.) We have not investigated this refinement.

For D structured code the identification of loops

and branch control blocks is quite elementary. For un-

structured code the problem is much more difficult.

Because a control block is controlled by at least one

predicate, the problem becomes one of identifying pre-

dicates as loop-controlling or branch-controlling predi-

cates. The examples in Figure 4.4 demonstrates that this

may be a difficult classification to make.
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30: IF NOT pl THEN GO TO 10

IF p2 THEN GO TO 20 IF p2 THEN GO TO 20

ENDWHILE GO TO 30

10:

20: 20:

(a) (b)

FIGURE 4.4

LOGICALLY EQUIVALENT SEGMENTS WITH
TWO LOOP-CONTROLLING PREDICATES

If the classification is based solely on logical atrib-

utes of statements, then pl and p2 in Figure 4.4(a) are

loop-controlling predicates. However, the statement

forms used (WHILE-DO and IF-THEN) suggest a loop and

branch classification for pl and p2 respectively, and we

believe that this classification is the better one in

this example. The situation is less clear if all of the

control constructs are formed from appropriate combina

tions of IF-THEN and GO TO statements. In Figure 4.4(b)

any set of properties which define pl to be a loop-con-

trolling predicate will give the same classification to

p2. One possible, but not entirely satisfactory solution

to this problem is to establish some ordering of the pre-

dicates in one loop and select only one of them as the



85

loop-controller. Furthermore, any definition of a loop

or a branch predicate must also be consistent with our

concepts of null, strong, and weak reachability if the

resulting classification is to be useful for an analysis

of complexity.

Unfortunately, for the general case, we have not

been able to resolve this conflict between classifica-

tions based on logical behaviour and those based on

statement forms. We would propose that a restriction be

placed on code generation that would require that a loop

be constructed with one of the loop forms (WHILE-DO,

REPEAT-UNTIL, etc.) so that each loop has a unique con-

trolling predicate. The classification can then be

based on statement form. When combined with our notions

of reachability we have the following classes of predi-

cate influence at a given statement.

NULL

STRONG - BRANCH

STRONG - LOOP

WEAK - BRANCH

WEAK - LOOP

This classification is further refined later in this

chapter.

(2) Control Block Nestedness:

For D structured code the degree of nestedness of
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any statement can be obtained directly from the control

flow tree (Figure 3.3(b)). Alternately, the reachability

classes can be determined using the techniques of Chapter

III. Because only null and strong reachability apply

to the statements of structured code, the degree of nest-

edness of any statement is the number of predicates from

which the statement is strongly reachable.

A principal goal of the reachability analysis

developed in this paper was to obtain a measure for un-

structured code that was similar to the concept of nest-

edness for structured code. The net information con-

cerning the strong and weak reachability of a statement

from those predicates whose outcome affects the state-

ment, provides the basis for such a measure.

(3) Control Flow Structure:

Control flow structure is concerned with the physi-

cal ordering of statements in the code. We are interest-

ed in the extent to which this order deviates from the

order of execution. In Chapter II we introduced these

two attributes as pseudo-preorder and logical preorder

respectively. Obviously, for a given program, pseudo-

preorder is a unique sequence of statements. For logical

preorder however, there is more than one sequence because

a statement may have more than one logical predecessor.
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Program knots are a simplistic measure of this difference

between pseudo and logical preorder. There is no doubt

that this attribute is an important contributor to com-

plexity. The growth of structured programming discip-

lines was motivated by the desire to eliminate "spagh-

etti-like" control flow in unstructured programs.

These differences between pseudo-preorder and logic-

al preorder can be included in a measure of complexity

as some function of the "distance" between a statement

and its logical predecessors. For simplicity we will

define the distance between two statements as the dif-

ference between their respective positions in the pseudo-

preorder. Therefore, when the complexity of a statement

is being computed, we should also include some factor

representing an aggregate of the number of such distances

and the magnitude of each for this statement.

When cosmetic attributes are also included in a

comprehensive complexity measure, the influence of code

indentation and comments may reduce, possibly substant-

ially, the significance of undesirable control flow

structure.

Although we believe that the above control flow

attributes are major components of complexity, they are

not a complete list. Weissman [21] includes the length

of program segments, use of procedures and labels on
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parameters, and the use of recursion as control flow

factors. In addition there are factors which involve

interaction between control flow and data - side effects,

methods of parameter passing and scope rules are a few

of them.

COMPLEXITY ATTRIBUTES OF DATA FLOW:

There have been several studies of data flow in

sequential programs and its contribution to complexity [24

,251. Most of these studies use variable "liveness" as

the fundamental factor in the analysis. Although the

definition of liveness varies, some measure of the num-

ber of statements between a definition and a reference

of a variable is involved. We believe that the situation

is more complex than this. For example, the influence

that control flow has upon data dependencies and the

attributes of data dependency graphs have not been stud-

ied. Before examining these attributes in detail we

discuss some of the general problems associated with the

interrelationship between control and data flow.

To appreciate the influence of data flow on program

complexity consider the code segment in Figure 4.5.

For x and y of type integer this code is the core of

Euclid's algorithm for finding the greatest common divi-

sor of x and y. In informal tests with experienced
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WHILE x <> y DO p1

IF x > y p2

THEN x = x y
3

ELSE y = y - x Y
4

ENDIF

ENDWHILE

FIGURE 4.5 GCD CODE SEGMENT

WHILE x <> y DO p1

IF x > y p2

THEN x = x - a x
3

ELSE y = y - b y
4

ENDIF

ENDWHILE

(a)

WHILE x <> y DO

IF x > y

THEN x = a - b

ELSE y = c - d

ENDIF

ENDWHILE

(b)

P1

p2

x
3

Y4

FIGURE 4.6 MUTANTS OF THE GCD ALGORITHM
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programmers who did not recognize this as a GCD algor-

ithm, we found that they had considerable difficulty

determining what the code does, how it does it, under

what conditions the loop will terminate, and if it does

terminate, with what result. These programmers did not

have the same difficulty with the simpler code segments

shown in Figure 4.6(a), (b).

The control flow of the above three variants is

identical, hence the reasons for the observed differ-

ences in perceived complexity must be due to data flow.

We think that the additional complexity of Figure 4.6

is due to the dependence of the predicates and the vari-

ables in the assignment statements on variables (x and y)

whose values may change on each iteration of the loop.

This dependence is less in Figure 4.7(a) and (b) than it

is in Figure 4.7(c). The data dependency graphs (DDG's)

of these three code segments (Figure 4.7(a), (b), (c))

display this dependency in the form of cycles in the

graph. The number of cycles and the number of statements

(nodes) depending on variables in those cycles decreases

in (b) and (c).

The following properties of the DDG's in Figure

4.7 should be noted:

(1) The DDG's have the same number of edges and an

increasing number of nodes (from (a) through (c))



(a) DDG OF FIGURE 4.5

90a

(b) DDG OF FIGURE 4.6(a)

(c) DDG OF FIGURE 4.6(b)

FIGURE 4.7 DDG'S OF GCD VARIANTS
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neither of which could account for a decrease in com-

plexity.

(2) A DDG represents the union of the DDG's for

each execution path through the loop.

(3) The DDG in (c) does not contain a cycle.

Therefore, if the WHILE loop is executed at all it is

executed once only or will never terminate. The exist-

ence of a cycle in the DDG is a necessary condition for

the loop to behave "normally", i.e. to execute for a

finite (>1) number of iterations.

A fundamental assumption of this work is that con-

trol flow and data flow are dependent. One obtains a

data dependency graph by selecting a suitable component

of the control flow. How large a component one should

select to obtain a data dependency graph which will yield

statistics that contribute significantly to complexity is

a key question. This question can only be answered ex-

perimentally. The formal definition of a data dependency

graph given in Chapter II assumes a single-entry compo-

nent and this may be one or more of

(1) a sequence of statements;

(2) a cut block (local or global)

(3) a predicate path, or

(4) an extended predicate path.
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We do not know enough about the influence that data

flow has upon a programmer's view of the complexity of

a program to determine which of these components is the

most appropriate. For the remainder of this paper we

will refer to a single-entry component as a control

block.

There is also the need to distinguish between

several definitions of the same variable within one

control block. The obvious solution is to associate

each occurrence of the variable with the statement de-

fining it. Hence node labels x. and x. will denote
1

definitions of variable x at the statements numbered i

and j respectively. The statement numberiitg scheme

chosen may not be important but it must ensure unique-

ness of variable definition. However, if the statements

are numbered according to their position in the program

then the difference of two subscripts may represent a

measure of distance (i.e. the number of statements).

With such a scheme a DDG segment indicates

that a is referenced in the statement defining x and that

the statement defining a is j - i statements from the

definition of x. If there are several possible sources

of the definition of variable a then there would be one

edge for each definition.
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We now examine those attributes of data flow that

may contribute significantly to program complexity.

(1) The number of variables in the input set of a

control block.

The size of the input set is part of the total in-

formation that is needed for the control block to be

executed. Its influence on complexity is not direct

however. In Figure 4.7(c), the input set is larger but

the complexity is less than in (a). Furthermore, if we

compute a complexity measure for each statement in the

block, the influence of one variable may be exaggerated

if it is referenced many times within that block.

A reasonable method for including this attribute

in a complexity measure would be to associate the num-

ber of input variables with the total number of refer-

ences to these variables, which is also the total out-

degree of the input set of the DDG, in much the same way

as the number of unique variables is associated with the

total number of variables in Halstead's formula.

(2) The number of variables within a control

block.

Again we could take a Halstead-like view of this

attribute and treat it as an association of two factors -

(a) the total number of variables,

(b) the number of unique variables.
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The total number of variables is approximately equal to

the number of edges plus the number of nodes in the DDG.

The relationship is approximate because the indegree of

a node (statement) will be either greater than the num-

ber of variable references in the statement if there is

more than one definition source for any variable, or

less than the number of variable references if a vari-

able appears more than once in the statement. The former

defect errs in the right direction because we would

expect the complexity to be increased if there is more

than one definition source for a variable. The latter

defect could be corrected by associating the number of

references to a variable with an input edge for that

variable.

The two attributes discussed above represent vari-

ations of the enumeration of nodes and edges in the DDG.

There are obviously many ways of counting and combining

these elements. For example, it may be unnecessary to

consider the input set separately from the set within the

control block. A more perplexing problem, however, is

to determine how these factors should be combined. The

process will have to be one of devising a reasonable

formula which includes these factors, testing it experi-

mentally, modifying it, testing again, and so on. Given

the partial successes of Halstead's formula, it may
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serve as a reasonable first choice. Although that form-

ula includes counts of operators, one could argue that

their effect on complexity is not as significant as that

due to the attributes discussed here. If operators are

eliminated, we- obtain a simplified formula with the

general form

Complexity = N2 2
. log n2

n
2

where N
2
is the total number of objects and n

2
is the

number of unique objects in a set. This formula, as

does Halstead's, has the property that for a fixed total

number of variables the complexity decreases as the

number of unique variables increases. We believe that

this propoerty is counter-intuitive. It is more likely

that increasing the number of unique variables increases

complexity but that there is a corresponding decrease in

the topological complexity (number and length of cycles

and paths) of the DDG. Figures 4.7(b) and (c) demon-

strate this situation. The attributes of data flow list-

ed below attempt to measure this topological (and con-

sequently psychological) complexity.

(3) The number and length of chains.

To determine the conditions and sources of values

affecting a decision or computation a programmer will

examine the flow of data values through the program. The
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number and length of the traces (hereafter called chains)

to be made may contribute to program complexity. A

chain is a path (i.e. a sequence of nodes) in the data

dependency graph. It represents the sequence of state-

ments that contribute to the evaluation of an expression

or to the value assigned to a variable. We can define

two types of chains depending on whether we wish to con-

sider attributes of the graph as a whole or whether a

node-oriented assessment of complexity is desired. A

full chain is a sequence of nodes (statements) .x

such that x.G I (the input set), x. Q P or D (the pre-

dicate expressions or the defined set respectively),

and either x. has outdegree zero or it occurs earlier

in the same sequence (i.e. the chain terminates with a

cycle). For example, the full chain in Figure 4.8(a)

is shown in (b). Nodes 1 and 2 are the input set, node

8 is a predicate and the remainder are in the defined set.

Full chains would be used if a complexity measure

based on a control block approach is desired. In this

case the data flow component of the measure might con-

sist of factors representing the number of nodes, the

number of edges, the number of chains, the length of

each chain, and the number of cycles.

In a node-oriented approach to complexity, the com-

plexity of each node in the DDG is computed based on the
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1 3 4

1 3 5

1 3 5

1 3 4

2 7 8

FULL

6 5 4

4 6 5

7 8

6 5 7 8
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97

(a)

FIGURE 4.8

paths from the input set and on the complexity of the

nodes immediately preceding each node. In this approach

the existence of cycles is not explicitly included as a

factor. A partial chain to node x. is a sequence of

nodes x....x. such that x.E I and no node may appear more
3

than once. The set of partial chains is the set of

shortest paths from the nodes in the input set to x..

Without the restriction that no node occurs more than

once, the presence of cycles creates node and cycle re-

dundancy problems. In Figure 4.8(a) the partial chains

to node 5 will be
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1 3 5

and 1 3 4 6 5

The complexity of node 5 can then be a function of

attributes of these partial chains and of the complexity

of the computations at the nodes preceding 5 (3 and 6)

and at 5 itself.

(4) The proximity of definitions and references.

For improved comprehensibility of code it is gen-

erally desirable to have definitions of variables as

close as possible to the statement which references

them. The complexity of a computation should include

some measure of the distance (number of statements) be-

tween this computation and the statements defining the

variables used in the computation. This distance can

be represented as a weight on the edge between the rele-

vant nodes in the DDG. Hence we can now supplement the

attributes of chains noted earlier with the weight of

a chain.

Our lack of success in devising consistent heuristic

formulae for the inclusion of data flow attributes in a

complexity measure, is due in part to the difficulties

we have encountered in reducing the effects of the redun-

dancy inherent in measures of nodes, cycles, and chains.

For example, a particular node may appear in many partial
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chains, thereby exaggerating its influence on complexity.

The inclusion of edge weight also presents problems. If

a variable is defined at one statement and then refer-

enced in several others, it would be more realistic to

include the effect of the distance between the definition

and a reference for one of the references only (prefer

ably the earliest reference in the execution sequence).

The complexity contribution of subsequent references

should include only the distance from the previous re-

ference. Unfortunately, from the control flow it may

not be possible to determine a unique earliest reference

or a unique previous reference.

We must conclude that although data flow is an

essential component of psychological complexity, the

prospect of obtaining composite heuristic formulae which

will be reliable for data dependency graphs of arbitrary

topological complexity is very remote. However, in

working with many program segments selected from the

literature and from large software projects, we have

found that the size of control blocks can be chosen so

that the resulting data dependencies and the correspond-

ing graphs are quite trivial. Knuth's data [25] for

Fortran programs supports this observation. Of 7,933 DO

loops examined, 85% contained five or fewer statements,

and 75% had a nesting depth of one or two. Therefore,
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we would suggest that future research into the complex-

ity contribution of data flow concentrate on the deriva-

tion of formulae which work for the simpler data depen-

dency graphs found in programs.

In the next section we examine the behaviour of

some simplistic measures of the control and data flow

attributes discussed earlier. We apply these measures

to some short code segments and compare them with each

other and with the Halstead and McCabe measures.

EXPERIMENTAL RESULTS

Our experimental programs consist of six sets of

code segments. Each set has two or more versions of

the same algorithm. The basic algorithms have been

drawn from two sources [26, 27]. Most of them have been

used in discussions of the clarity of programs and have

been ranked in these sources with respect to their re-

lative complexity. In some of the sets we have added

versions of the basic algorithm and imposed our judgment

as to their correct position in the complexity hier-

archy for this set. Acceptance of the discussion to

follow relies upon the reader's agreement with our com-

plexity rankings within each set. The six sets are

shown in the appendix.

The following formulae were used to generate the

values given in Table 4.1:
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V
1
is the sum of measures of the predicate environ-

ment information at each statement. The reachability

classification for each predicate at each statement was

determined and a numerical assignment according to the

following table -

Reachability Class Value

NULL 0

STRONG - IF branch 1

STRONG - WHILE, FOR, DO loops 1.5

STRONG - IF loop 2

WEAK - IF branch 2.5

WEAK - WHILE, FOR, DO loops 3

WEAK - IF loop 3.5

The assignments for each predicate. at each statement

were added and the aggregates summed over all statements.

V
2
measures control flow information by detecting

the descrepancies between the physical sequence and the

logical sequence of execution paths. The formula used

was

V2 (n
s

log
d
i

vs i=1
n
s

where s-a all statements in the segment;

and

n EE number of executable paths to statement p;

di .7 the distance between statement p and the

preceding statement in path i.
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V
3
measures data flow information at the statement

level. We used

where

N
s

7 [N s
logV

3
=

?

t
i
)]

Vs i=1

N
s
EE the number of unique variables referenced

in statement s;

ti EE the distance between statement S and the

last statement which used (defined or re-

ferenced) variable

F is the average maximum chain length from each

input variable of the code segment. Cycles in the chain

are included once only.

C is the number of data flow cycles in the segment.

Although both C and F are rather crude metrics we decided

that the short code segments in our experimental set did

not warrant more sophisticated measures.

E, M, and L are Halstead's measure, McCabe's mea-

sure and the number of statements respectively.

The values obtained with these formula for each

code segment are shown in Table 4.1. Before proceeding

to a discussion of each set, some general conclusions

can be drawn from the results. We intentionally chose

versions of a program which contained similar predicates

and assignment statements and which differed as little as

possible in size. Therefore, as the table shows,
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2

V
3

F C E
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A 1 6.5 1 8 3 6 1329 2 4

2 6.5 1 12 2 3 717 2 4

3 6.5 1 14.3 0 1.7 508 2 4

B 1 10 2 5 1 0 560 3 6

2 9 2 4.6 1 0 670 3 6

3 3 2.4 5 1 0 1024 3 6

C 1 10 0 25.8 4.3 2 3684 1 9

2 4.5 0 21.4 2.8 2 2425, 1 8

D 1 4.5 2.6 21.8 1.6 1 3768 2

2 14 2.6 15.3 1.4 1 2543 2 8

E 1 10.5 5.3 9.3 1 0 1161 3 6

2 10 5.2 8.3 1 0 1271 3 7

3 10 4 8.3 1 0 277 3 8

4 4 3.6 27.9 1 0 2092 4 8

5 3 2.4 20.9 1 0 1798 3 6

6 3 2.4 20.9 1 0 1176 3 6

P 1 6 0 3.2 2 2 466 2 4

2 19.5 1.2 11.2 2 2 1366 2 4

TABLE 4.1 VALUES OF COMPLEXITY METRICS
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McCabe's measure (M) and the number of statements (L)

show little or no- variation within each set and we will

not include either of these measures in the discussion.

Set A consists of the code segments introduced

earlier in this chapter. The table shows several differ-

ent effects of ihcreasing the number of unique variables

while fixing the total number of variables. Halstead's

measure decreases due to its presumption that increasing

the number of unique variables decreases the complexity.

V
3
directly reflects this increase in the number of

unique variables. We believe that the decrease in com-

plexity in this set is best explained by the reductions

in the length of data flow chains (F) and the number of

cycles (C). The dependence of the predicate expressions

upon variables whose value vary with each iteration and

which are interdependent greatly increases the compre-

hensibility of the code.

In set B only two measures show significant varia-

tion - V
1

and E. V
1
measures predicate nestedness and

varies directly with the complexity of the three ver-

sions. The inverse variation of E with complexity is

due to the replication of one of the predicate express-

ions and the use of two additional operators. The

simplicity of version 3 is not solely due to the reduced

nestedness of the assignment statements. The property
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that assignment statements are adjacent to the condition-

al expressions that control their execution is a most

significant factor. Version 3 is also much closer to

what we believe to be the clearest verbal description of

the algorithm. We consider both of these factors, in

particular the second one, to be very difficult to

quantify.

In set C, measures V
3

, F, and E confirm the reduc-

tion in the number of operands and operators. Measure

V
1

recognizes the use of the more definitive WHILE-DO

loop construct in version 2.

Set D yields an interesting discrepancy between

control flow and data flow metrics. Version 2 is con-

sidered to be simpler than version 1 for two reasons.

Firstly, the FOR loop in 2 is more obviously a sequent-

ial search of array A than is the WHILE loop in 1.

Secondly, the intent of the exit from the FOR loop to

label 10 is clearer than the normal exit from the WHILE

followed by the conditional branch. The control flow

metric V
1
is larger for version 2 than for 1, due pri-

marily to our weak reachability classification for the

four statements following the loop. That is, V1 reflects

the lack of structure in version 2. However, the data

flow metrics V
3
and E agree with the complexity ranking.

They both reflect the greater complexity of the loop-
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controlling predicate. As was the case in set B, none

of the metrics in the table adequately measure the more

likely reasons for the differences in complexity.

The code segments in set E are based on the "small-

est of three numbers" algorithm used in Chapter III.

Versions 1 and 2 use unstructured code. Version 3 is the

D structured equivalent of version 2. In version 4,

compound relational expressions replace the nested pre-

dicates in 3. Versions 5 and 6 are reduced versions of

4. The metrics in the table display considerable vari-

ation. Control flow metrics V
1
and V

2
confirm the

decreasing nestedness of the segments. The data flow

metrics V3 and E detect the effect of compound predicates

replacing nestedness. E is particularly sensitive to

the number of simple relational expressions and the num-

ber of assignment statements; hence the minimal value of

E occurs for version 3 which has the fewest of both.

Obviously, we have a reduction in control flow complexity

being offset by an increase in data flow complexity. As

was the case for set B, we believe that neither of these

factors are directly the cause of the decreasing complex-

ity from version 1 through to version 6, and that the

reasons are the same as they were for set B. For the

less complex versions, the assignment statements are

physically closer to the predicates that affect them, and
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the code segments are semantically closer to a clear

verbal description of the intent of the algorithm.

Versions 5 and 6 of set E differ only in the

arrangement of one of the relational expressions in each

compound predicate. We believe that the expression

(x < y) AND (x < z) for example, more readily implies

the condition that x is less than both y and z than does

(x < y) AND (z > x). Halstead's E detects this change

in this example because of the additional operator ( ))

introduced. If this operator occurred elsewhere in the

program, its appearance in this segment would not affect

E. We can think of no metric which could reliably mea-

sure a change which, to the logical structure of the code

is minor, but which is quite significant in its effect on

the psychological complexity.

The segments in set F are taken from [27] where

they are ranked in complexity in the same order that we

have given. Version 2 is claimed to be less complex than

1 because it more clearly describes its function. None

of the metrics in our table support this ranking and we

doubt that any quantifiable attribute of control or data

flow will do so. Quite simply, we have a situation in

which adding code improves the comprehensibility of the

segment.
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From the results in Table 4.1 and the preceding

discussion, we draw the following conclusions:

(1) No single metric is a consistently accurate

measure of psychological complexity for all programs.

(2) For each metric there is at least one set of

code segments for which this metric might be considered

a predictor of complexity.

(3) The first two conclusions support our earlier

statement that obtaining a comprehensive complexity

measure from even the small set of metrics we have

used will be a very difficult task.

(4) For many programs there is some, as yet un-

measurable, human factor which is related to the clarity

with which the program conveys its functional intent,

and which has a greater influence on the complexity of

the program than do control and data flow attributes.

The results given above and our conclusions should

not be viewed as denigration of the value of future re-

search in this area. The results highlight those areas

which should receive the most attention in the drive for

a "good" complexity measure. We are able to devise

formulae for measuring, in many different ways, each of

the control and data flow attributes described in this

chapter. Because the quantification of human factors is

a major stumbling block to progress in this area, it may
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be necessary to avoid them initially, and concentrate on

the development of comprehensive measures that are re-

liable for some restricted set of programs.

There are few guiding principles for the construc-

tion of such a measure; we must make assumptions as to

how the attributes might best be measured, how these

measures might relate and interact, and how they might

be functionally combined. The development process almost

certainly will be heuristic - propose a measure based

on these attributes, test it's accuracy and validity,

modify it, test again, and so on. Such trial and error

testing is going to require a substantial research

effort. The testing methods used in previous studies in

this area have involved either the analysis of a large

set of programs or the comparison of pairs of similar

code segments selected from the literature on programs

and programming. To validate a measure of complexity,

we believe that both approaches are necessary. The

measure must be accurate for a large sample of programs

and for any test cases selected or constructed specific-

ally to challenge the measure.

We have chosen to restrict our discussion of com-

plexity to control flow and data flow attributes, because

the techniques of Chapter IV facilitate their identifi-

cation and measurement. The ability to convert
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unstructured code into one or more naturally-structured

versions suggests an experimental program for determining

the influence of control structure on complexity. NS

versions obtained by the transformation process described

in Chapter IV are logically and functionally equivalent

to each other and to the original code. For control

flow we can examine the effects of variations in both

the types of control constructs used and the discontin-

uities in the logical sequence. For data flow, chains

in the data dependency graphs will differ in number and

weights but not in length. Although statements are

replicated to obtain NS versions, the data relationships

between them do not change. Therefore, the transforma-

tion process provides a basis for conducting controlled

experiments to determine the significance of and methods

of measuring some of the programming factors affecting

complexity.
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V. DATA FLOW ANALYSIS

In this chapter we apply the analytical techniques

of Chapters II and III to the analysis of data flow for

data flow machines. A data flow machine is a hardware

computing environment consisting of multiple processors

each capable of operating independently of and in par-

allel with the others. This machine is designed to

execute programs by performing computations as soon as

the data values required by the computation are avail-

able. The traditional concept of program execution as

a sequence of states of shared memory cells is not ap-

plicable to a data flow machine. Programs written with

sequential flow of control must be analyzed or redesign-

ed so that the data relationships between computations

determine the order of execution. In a multiprocessor

environment, parallel execution becomes possible and

maximising the degree of parallelism (with the corres-

ponding minimisation of total execution time) becomes

the dominant goal. Before describing our work towards

this goal, we place the present activity in parallel

computation within its historical context.

The desire to increase computing power by execut-

ing computations or programs in parallel fostered con-

siderable research activity during the 1960's on two
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types of parallel architecture:

(a) array processors these machines concurrently

apply one instruction to multiple sets of data. The

most important example of this class was the ILLIAC IV.

(b) pipeline machines - the sub-functions of a

computation are organized as a sequence of operations.

Several data sets are active in the pipeline simultan-

eously where different sub-functions are being applied

to each data set. Examples of this machine are the TI-

ASC and the CRAY-1. Derivatives of this model were the

look-ahead machines (CDC 7600 series and IBM 360/91) in

which the instruction translation process was performed

as a pipelined process.

Implementation of architectures lagged well behind

the developed theory of operation, primarily because of

the cost of the required hardware. This situation has

now been reversed. We appear to now have the technical

capability to implement forms of the most general class

of parallel computing environments - the multiple-in-

struction multiple-data machines. However, the problems

involved in the software analysis required to efficient-

ly use such an architecture have not been solved. The

present concept of a data flow machine stems largely

from the work of Dennis et al [28]. Graphical repre-

sentation of computations in such a machine has been
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based on the theory of marked graphs. Marked graphs,

formalised by Holt et al [29], are directed graphs in

which nodes represent computation events, and edges

carry tokens (data values). Movement of tokens through

the graph are controlled by firing rules for the nodes.

A node fires (a computation is executed) producing an

output token when there is a token on each input edge.

The principle disadvantage of marked graphs is that they

cannot represent data dependent branching. Such a

restriction would limit the class of computations we

wish to be implemented on data flow machines. Dennis

has established an extension of marked graphs called

data flow graphs which display both data and control

flow. The data flow elements used in this study are

modifications of the forms proposed by him.

There are currently three principle areas of in-

vestigation for data flow machines:

(a) The inability of any of the present plethora

of programming languages to adequately express or dis-

play computational concurrency has forced the data flow

machine designer to consider one of two solutions to

the problem. We can design programming languages with

the desired attributes - two languages currently being

developed are ID [31] and VAL [32], or we can devise

analytical techniques for the detection and enhancement
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of concurrency in existing languages. If the use of

data flow machines is to be economically feasible in

the near future, the first of these two choices would

require the re-writing of an enormous volume of code -

an impractical task. With the second choice we are

still limited by the degree of parallelism inherent in

existing sequential code or by the limitations of the

languages. However, there exists many transformations

for enhancing the potential parallelism of conventional

programs [10]. The detection of suitable conditions for

the application of these transformations and formal

mechanisms for applying them are open problems.

Furthermore, data flow machines will most likely be

used in a multiprogramming environment; so, although a

program may not be exploiting its optimum parallelism,

judicious scheduling should maximise the use of the

machines' processors. We believe that the development

of analytical techniques for conventional languages is

the most viable option.

(b) Data Flow Analysis.

The analysis of data flow in programs is a rela-

tively difficult problem. Early attempts to resolve

data dependencies [35] required at least the following

restrictions:-

(1) single assignment statements - this requires
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that a variable be assigned a value once only through-

out a program;

(2) no global references (no side effects); and

(3) no unconditional transfers of control.

Allan [10] presents a data flow analysis technique

for structured programs in qhich only the latter two

restrictions are in effect. However, it is not at all

clear that Allan's algorithms can resolve a multiple

assignment situation other than by serializing the as-

signments and the intermediate references. Consider

the following example:

x := 2;

WHILE (condition) DO

x := 3;

ENDWHILE

y := x;

The implicit intent is that the value of y should

be 2 unless the loop is executed at least once. If no

part of the loop references x then the first statement

and the loop may be executed in parallel (or in any

order). This creates a nondeterministic outcome for the

value of x to be assigned to y. There are two possible

solutions to this problem - either the statements are

executed in the order shown, or the assignment to y

becomes dependent on an expression of the form - "use
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the value of x := 2 from the first statement if <con-

dition> is never true, otherwise use the value x := 3".

Allan's solution appears to be (1); ours will be (2).

The goal will be to achieve maximum parallelism. The

cost will involve a complex generation process for ex-

pressions involving conditional data dependencies. Data

flow analysis techniques currently in the literature

[4] supply general procedures only; the detailed analysis

necessary to resolve conflicts of the type described has

not been performed.

(c) Architecture

The architecture of a data flow machine may be ex-

amined at several levels - a logical implementation

schema, the scheduling of computations across processors,

or a physical configuration of resources and control com-

munication. Proposals for efficient interconnection of

processors appear in the literature [33] and there are

currently prototype construction projects in progress

[30]. The optimal scheduling of computations in a multi-

programming data flow machine is apparently an open prob-

lem. Logical schemas for management of data have been

proposed in several papers [28, 34, 35]. It is this

latter aspect of the architecture that concerns us in

this study.
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The data flow graphs we will propose are based on

the view, proposed by Dennis [18], of a computation as

a multiple input - single output actor. The input set

consists of only those values required by the computation,

and an acknowledge signal from the output line which

allows the actor to fire only when there is no data value

on the output line. A template representation of such

an actor is shown in Figure 5.1(a). An actor fires and

produces an output token (value) only when all of the

required data values are available and the acknowledge

signal indicates there are no tokens on the output line.

We wish to generalize this template representation

so that the template may represent a control block

(WHILE-DO, REPEAT-UNTIL, IF-THEN-ELSE), as well as in-

dividual computations. Because we are relaxing the

single assignment principle for the source language, the

input set must be supplemented by the predicate tags

(boolean values) needed to resolve the conflicts between

multiple definitions of the same variable. The output

set will, in general, be a set of both data and boolean

values. The acknowledge signal acquires greater import-

ance in our proposed forms. Just as it controls the

firing of individual computation so will it control the

execution of control blocks in the more general repre-

sentation. For example, a second set of inputs into a
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control block will not be available to the computations

within the block until the acknowledge signals indicate

that the execution of the block has terminated and the

output lines are token-free. Conceptually, the acknow-

ledge signals will correspond to the loop control mechan-

ism suggested by Dennis. The generalized form of the

template is shown in Figure 5.1(b).

Because we seek as simple a representation of data

flow graphs as possible we will omit the acknowledge

signals from our graphs. Therefore, when a control block

has two inputs, one for values defined outside the block

and one for values defined within the block, the acknow-

ledge signals for the block will control access of the

former input set to the block.

In the next section we introduce the symbols to be

used and explain their operation.

DATA FLOW GRAPHS:

Definition:

A data flow graph representation of a program is a

directed graph G = {V,E}, where V is a finite nonempty

set of nodes (actors) and E a finite set of edges. The

set of nodes V consists of two types of actors and an

output gate.



(1) Boolean Actor:

INPUT
DATA

VALUES
PREDICATE

TAGS
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BOOLEAN OUTPUT

The input set (data values and predicate tags) will

be denoted by IN. When the actor controls a loop, a

second input set of values defined within the loop will

also be shown. The input sets always consist only of

those values required by the actor.



(2) Data value actor:

INPUT
DATA

VALUES
PREDICATE

TAGS

OUTPUT DATA VALUES
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The input set will have the same properties as for

the boolean actor. In general, the output set will con-

sist of data values and the boolean values required for

the resolution of referencing conflicts in subsequent

computations. In both of the above actor types, if one

boolean value (say p
i

) is a required predicate tag but

T
p. is received then absorption of all other inputs will

result. In other words, the actor is discharged rather

than fired, and no output is permitted. This action is

needed to clean up values destined for computations

which should not be performed because of an incorrect

outcome of a predicate.



(3) Output gate:

INPUT
DATA

VALUES

BOOLEAN
VALUE
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In our representation, the output gate performs two

functions. Firstly, it controls the release of values

from loop control blocks. The output set will consist

of data and boolean values including the boolean valued

used as the switch. Secondly, for conflict resolution

we need to be able to distinguish between no iterations

and one or more iterations of a loop; i.e. between

p. and (pT )
+
pF , for example. Because both boolean values

are received at the output gate we can use the following

circuit (or its software equivalent) to supply the ap-

propriate signal for this example:

SET BY p
i

RESET

F
Pi

OUTPUT
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The output from this circuit is 1 if (p
T

)

+
p
F

but

0 if pF only is received. The circuit is reset initial-

ly, of course, and is also reset by the acknowledge

signal. The resulting output of this circuit becomes

part of the output set of the output gate.

The set of edges E represent lines carrying boolean

and/or data values to the actors requiring them. The

edge form represents a dispersal or replica-

tion of the output set to the appropriate

actors.

The above symbols and their associated rules of

operation yield simpler data flow graph representations

of programs than do the conventional forms. However,

they do not display all of the timing controls explicitly

shown in the conventional forms. Figure 5.2 shows the

conventional forms for the control blocks WHILE-DO,

REPEAT-UNTIL and IF-THEN-ELSE. Our proposed forms for

the same constructs are shown in Figure 5.3.

Our proposed forms differ from the conventional

forms in the following ways:

(1) In the conventional forms edges are of two dis-

tinct types; data lines or control lines. The set of

control lines represent a control infra-structure imposed

upon the data flow to ensure the proper sequencing of

computations. In our proposed forms, edges carry data
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(b) . REPEAT -UNTIL

THEN
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ELSE
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(c ) . IF-THEN-ELSE

FIGURE 5.2 CONVENTIONAL FORMS
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(a) . WHILE-DO

IN

IN

ELSE
BODY

I OUT

(b) . REPEAT-UNTIL

IN

THEN
BODY

I OUT

(c ) . IF-THEN-ELSE

FIGURE 5.3 PROPOSED FORMS
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and/or boolean values and it is not important to distin-

guish between the two types. For clarity however, we

will show edges carrying only boolean values as dashed

lines.

(2) The input guard in the conventional forms in-

hibits the availability of the inputs to the block body

until the predicate is evaluated. We prefer to show that

the inputs are available to all actors requiring them and

use the acknowledge signals on implementation to control

the timing.

(3) The proposed forms permit multiple exits from

a control block and are therefore suitable for the data

flow graph representation of naturally-structured code.

Each exit will supply acknowledge signals to the input

set of the block.

(4) When applied to a specific program the pro-

posed forms will display two types of actors in a control

block. One type, the header set, will require'a tag

from the predicate controlling the block before the actor

can fire. The other type, the dependent set, consists

of actors which require at least one value from either

the actors in the header set or from others in the depen-

dent set.

The sample code segment in Figure 5.4(a) is shown

in both forms; the conventional in Figure 5.4(b) and the
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proposed in Figure 5.4(c). IN is used to represent only

the set of values required for each node.

WHILE p
1

DO

S
2

IF p3

THEN S4;

REPEAT UNTIL p5

S6

ENDREPEAT;

ELSE S
7

ENDIF

S
8

ENDWHILE

FIGURE 5.4(a). CODE SEGMENT
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°OUT

FIGURE 5.4(c). PROPOSED DFG FORM
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The final example in this section displays the use

of these proposed forms for naturally-structured code.

Figure 5.5(a) is a generalized code segment with two

exits from the WHILE-DO block. The DFG of this segment

in Figure 5.5(b) assumes considerable data dependence

between the statements. The key to understanding the

potential operation of this graph is our assumption

that both data and boolean values can flow on the same

lines. For example, the input to S6 consists of the

data values required by S6 as well as the boolean values

(from pl, p3 and any predicates occurring before this

segment) that may be needed to resolve data referencing

conflicts at S6. Similarly, at S7 the input set includes

the values required by S7 from S6 and/or S4 as well as

any necessary boolean values. The resolution of data

conflicts will be developed in the next section.

WHILE p
1
DO

S
2

IF p3 THEN S4

GO TO 20

S
5

ENDWHILE

S
6

20: S
7

FIGURE 5.5(a) SEME CODE SEGMENT
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IN
r- -

IN

IN S4.

FIGURE 5.5(b) DFG OF (a)
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DERIVATION OF CONFLICT RESOLUTION EXPRESSIONS:

The fundamental principles upon which this analysis

is based are essentially the same as they were for

Chapter IV. However, we present a summary of those

principles relevant to the material in this section.

(1) We assume no restrictions on the control

structure except that all predicates have only two pos-

sible outcomes - the boolean values TRUE and FALSE.

There are no restrictions on data dependencies or on the

number of re-definitions of a variable.

(2) The existence of exit points, cut blocks, and

local cut blocks is assumed.

(3) The definition of predicate paths, extended

predicate paths, and their associated tree forms are as

defined in Chapter IV.

The general approach will be to determine the con-

flict resolution conditions for each variable at the

cut points of the program. The determination of the

conditions applicable at each reference of a variable

is possible using the same set of rules. We describe a

set of rules for determining the conflict resolution

conditions for variables in unstructured code. Both

the reachability classes and the p-trees of Chapter III

play an important role in the application of these
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rules. We will use p-trees and the transformation pro-

cesses applicable to them to produce NS versions of the

unstructured code and thereby greatly simplify the re-

presentation of the code as a data flow graph.

The following symbols will be used in this chapter:

p.:EFj a predicate with a boolean outcome of either

TRUE (pT ) of FALSE (p ). The definitions and rules we

present in this chapter will be stated in terms of only

one of the boolean outcomes of a predicate, but it is

to be understood that these definitions and rules are

also true when stated in terms of the other boolean

outcome.

evEE a unary operator named NEVER. When applied to

a predicate (p
i

) it is to mean that the one boolean

outcome of pi was NEVER preceded by the other. For

example, p
i

implies that the value of p
i

is FALSE and

has never been preceded by its TRUE value. This opera-

tor will be applicable to loop-controlling predicates

only - we need the ability to describe the situation

of a loop-controlling predicate causing an exit from

the loop before any iterations of the loop body have

been made. Obviously, the correct use of NEVER requires

that a history of the outcomes of p
i
will be maintained.

This history must be discarded when the loop exit has

been taken. For SESE loops detection of the exit from

tions of control constructs. Consider the following

example:

used in this statement.

The general form of a CRE at any statement will
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a loop is trivial. For unstructured code (specifically

with multiple-exit loops) the reachability analysis of

Chapter III can be used to determine the statements

which are null reachable from pi. For each execution

path from pi to the end of the program the history of p.

can be discarded when the first statement null reachable

from pi in any path is reached.

P
i

S. S, is reachable from the TRUE outcome

of predicate pi. -7L-4- will denote non-reachability.

Q.=-7.-a. logical expression involving predicates as

operands and the logical operators of conjunction dis-

junction and NEVER.

DEFINITIONS:

Loop Predicate:

p
i
is a loop predicate if either p

i
or

F
pi pi .

Branch Predicate:

pi is a branch predicate if pi . pi and p
i pi.

Unless we restrict the interpretation of the re-

lation --IN we will have trouble with certain combina-_

tions of control constructs. Consider the following

example:
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If there is more than one iteration of the loop con-

trolled by p, then p
i
will be reachable from p

i
or

This could lead to an incorrect classification of p
i

as

F

a loop predicate. We can resolve the problem by. using

the concept of null reachability. Although there may

exist paths from pi to pi we use the notation

only if there exists a path which does not contain a

statement that is null reachable from pi. Conversely,

pi p. implies that in all paths (if any exist) from

p. to itself there exists at least one node which is

null reachable from pi.
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Predicate Domination:

T SA predicate pi dominates predicate pk if

(p
k

is strongly reachable from p
i

) and p
k

is null

reachable from all predicates between p
i

and p
k.

The implication of the definition is that if the

outcome of pi is TRUE then pk will be executed. We

will use this relationship between pi and pk to reduce

logical expressions containing both predicates.

Active Variable Definitions:

A particular definition (x
i

) of a variable x is

active at a statement (S.) in a program if there exists
7

at least one path from x
i

to S. which does not contain

a re-definition of x. Otherwise x. is inactive at S..

Conflict Resolution Expression (CRE):

A conflict resolution expression is an expres-

sion composed of definitions of variables and predicate

outcomes as operands and the operators conjunction, dis-

junction, and NEVER. Every program statement which

references variables has, for each variable referenced,

a CRE. Each term of a CRE consists of a particular

definition of a variable and the set of predicate out-

comes needed to ensure that this definition is the one

used in this statement.

The general form of a CRE at any statement will
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therefore be Ex. Q. where n is the number of unique
i=1

variables implies

that if the statement (S
i

) defining x is executed, then

that value of x will be used in the reference.

In developing the rules for CRE's we will use much

of the symbolism introduced in Chapter III. The code

segment of interest will be a global cut block with

initial cut point X, terminal cut point Y and a block

of unstructured code consisting of predicates p. (j = 1,
3

..m, m 0) and general computations, the latter con-

taining definitions of a variable x. We represent the

various definitions as x. (i = 1..n , n > 0) with x0 as

the definition available at x. The following assump-

tions and observations are relevant to this analysis.

(1) All statements in the code are reachable from

X, and Y is reachable from all statements.

(2) There are a finite number of unique paths from

X to Y; a loop is considered to have only two execution

possibilities that are of importance, it is either never

executed or executed one or more times.

(3) A path from X to Y must either contain no

definitions of the variable x or one or more definitions.

References to variable x are not important to the anal-

ysis initially.

(4) Predicate type (loop or branch) and reach-
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ability can be determined in a straightforward manner

using predicate paths and the techniques of Chapter III.

A formal statement of the rules for conflict re-

solution will be followed by examples of some of the

more difficult cases.

RULES FOR CONFLICT RESOLUTION:

For generality we assume the existence at X, of a

defined variable x0. We will derive the conflict re-

solution expression active at Y for x
0
and all x

i
in

the intervening cut block. These same rules may be ap-

plied between X and a reference to variable x or between

a definition of x and Y.

Rule A: If there are no paths between x. and Y contain-
].

ing a re-definition of variable x then x
i
will be active

at Y. The CRE for x at Y will be x. (Q. = 1).

Obviously it requires the existence of a re-defini-

tion of x to produce any modification to existing con-

flict resolution expressions.

Rule B: If all paths between x. and Y contain re-defini-
i

tions of x then x. will be inactive at Y.

For each path the definition x
i
becomes inactive

at all statements which follow the new definition of x.
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The next two rules handle the general case of some

paths with and some without a definition of x. The

first deals with branch predicates, the second with loop

predicates.

withRule C: For each branch predicate
3

the following

properties:

(1) there exists a path x
i

p which is

definition free;

(2)thereexistsapathp.-4-Y which is

definition free;

(flthereexistsapathp.---P-Y containing a

definition of x; a partial CRE for x
i

at Y will be

T
xo pi.

RuleC.lensuresthat.x.can reach p.; C.2 ensures
1 3

that x, can reach Y, and C.3 provides for possible re-

definitionofx.if condition path pF. is taken. Hence
1

p. a potential decider between the availability of

x
i

and the re-definition of x. If the path set

Y) contains both a definition-free path and a

path with a definition then there must be some pk (dom-

inated by p.F ) which determines the path to be taken.

Tgewillseethat,byRuleF,p.can be eliminated as a

CRE component. A similar argument applies to the path

set 1p
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Rule D: If, for each loop condition p. with the follow-

ing properties:

(1)thereexistsapathxi 1...p. which is defini-

tion free and

(2) there exists a path which is defini-
J

tion free then

(3) (a) if all simple loops p, contain a

definition of x the partial CRE for xi will be

NF
x p
i j

(b) if no simple loop pF contains a

definition then p will not be part of a CRE;

(c) otherwise the partial CRE will be

F
x, p.
v 3

Although Rule D addresses loop predicates, with

the exception of part 3(a), the arguments for its valid-

ity are similar to those for Rule C. In 3(a) we must

ensurethatnoloopp.-4..p.is executed, that is,

p. must never be the value of predicate p. prior to a

value of p.. D.1, D.2, and D.3(a), D.3(b), are essent-
J

ially the same as Rule C.

Before stating the rules for combining CRE's we

require a formal concept of connectivity between two

logical expressions. Two expressions Q. and Qk are

connected(denotedbyk) if each predicate in

Q
k is reachable from every predicate in Q.. We require
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that only one path from each predicate in Q, be the

connecting path. Conversely, if there exists one pred-

icate in Q. from which all predicates in Qk cannot be

reachedthenQ.and Qk are not connected. It may
3

appear that if Q. can be subdivided into two sets of

predicates such that one set is connected to Q
k
but the

other is not, then there may be some ambiguity as to

the application of the composition rule. However, we

will see that the use of predicate dominance will enable

a reduction of these logical expressions to forms which

avoid any ambiguity.

Rule E: (COMPOSITION RULES)

Let x. Q. and x. Q represent partial CRE's for
3 k

definition i of variable x; the composite CRE for xi

will be

1. xi Q. Qk if Q
j

and Q
k

are connected;

2. x
i

(Q
j

+ Q
k

) if Q. and Q
k

are not connected.

Although the order of Q. and Q
k

is not important in

the final conjunctive form, for the application of the

reduction rule it is convenient to have them in the

order of execution for the path being constructed i.e.

xi Q. Qk only if 0 Q
k'

The usual procedure will

be to construct the paths by E.1, apply the reduction

rule (Rule F) and then apply E.2 to obtain a complete

CRE for x..



140

Rule F: (REDUCTION RULE)

If a CRE for variable x contains a partial expres-

sionwiththeformp.p.thenp.can be eliminated from

the expression only if

(1) pi dominates p. , and

(2) the predicate path pi pk contains no de-

finition of x.

The basis for this rule is our assumption that a seg-

ment of code whose execution is dependent on (dominated

by) the outcome of a predicate, cannot be executed

until the predicate is evaluated. We are thereby ex-

cluding the possibility of "look ahead" execution. If

pi is is the desired predicate outcome and p is within the

segment of code dominated by pT then the execution of

p, implies previous evaluation of p
i
to the appropriate

outcome (TRUE), i.e. p. is strongly reachable from p..

Furthermore, if the path from p F
to the succeeding pre-

dicate pk contains no definition of x then pi is non-

critical in the determination of which definition of x

is to be used. Hence, timing of the evaluation of pi

is not critical in determining either when the approp-

riatex..becomes available or which x. is the correct

value to be used. In this way we can reduce the CRE's

so that they dispay only the critical predicates affect-

ing which definition will be used in references at or
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after Y. Obviously we seek the earliest possible de-

cision point so that the execution of statements refer-

encing x can be initiated as soon as possible.

The general procedure for determining the CRE for

a variable at any point in a program can now be given.

The initial point (X) may be any point in the program

but will usually be either a cut point (global or local)

or a definition of the variable. The terminal point (Y)

may also be any point but will usually be a cut point or

a computation containing a reference to the variable.

The set of paths of interest are those reachable from X

and from which Y is reachable.

PROCEDURE:

For each variable of interest:-

1. for each predicate p in the path set I X Yl

(a) determine the predicate type (loop or branch);

this can be done in a straightforward manner using the

predicate paths of Chapter IV and the definitions given

earlier;

(b) apply whichever of Rules A through D is ap-

propriate to obtain a partial CRE (if one exists) for

this predicate;

2. apply the composition Rule E.1 to obtain the

set of CRE's (which in effect describe the paths by

which a definition of the variable at X will be avail-

able at Y;
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3. apply the reduction rule to each CRE to ob-

tain the simplest form of each CRE;

4. apply the composition Rule E.2 to obtain the

complete CRE.

We present several examples to show the application

of the rules described above. In these examples the

code segments we wish to analyse will be presented as

control flow graphs showing the predicates and the es-

sential definitions of the variable. The rules given

above will be applied to the control flow graphs ini-

tially. At the end of each example we will show how

the p-tree version of the control flow can facilitate

the application of the rules.

EXAMPLE X
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- pi , pi , p2 and p3 each satisfy Rule C for de-

finition x0. Hence, x0 p1 ,

x0
pi , x0 p2 and x0 p3 are

partial CRE's for x
0

at Y.

p4 satisfies Rule D for x0; the resulting partial

,vp
CRE is x0 p4.

p5 satisfies Rule B, i.e. all paths X --P.- p5

contain a definition of x. Therefore, p5 cannot appear

in a CRE for x0.

Because p1, p2, and p
4

are connected, the com-

posite CRE will be

T F ,vF

x0 p1 p2 p4 O
Similarly, the connectedness of p1 and p3 yields

F F

x0
p

0 1 p3

In (1) pi dominates p2 and pi p3 contains no

definition of x; hence Rule F applies and the reduced

CRE is

F ^,F

x0
p

0 2 p4

In (2) p
1
dominates p

3
and Rule F applies: the

reduced CRE will be

F
x p3.

3

Therefore the CRE for x0 at Y will be

x
0

(p
2

F
p
4

+ p
3

)

F T- For x
1

the CRE at Y will be x
1

p
5

p
4
which by

Rule F, reduces to
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- For x
2

and x
3
the CRE's are (by Rule B) x

2
and

x
3

respectively.

- Therefore, the complete CRE for variable x at Y

will be (by Rule E)

F fvF
(p2

P4
p3)

4- xl
p4

x2 x3

To understand the significance of this expression,

assume that an assignment statement at Y references on -

ly the variable x. We want Y to be executed as soon as

the correct value of x is available. The CRE displays

the instants at which Y could be executed. If x
o

is

defined, then at the instant that p4 is detected to be

NEVER FALSE or that p3 is FALSE, Y could be executed

with the value of x0. Similarly, if xl is defined, then

p4 becoming TRUE permits .Y to execute with the value xl.

Y may also be executed immediately after either x
2

or

x
3

is defined.

To display CRE information in a data flow graph,

we would have to devise symbols for the logical opera-

tors. The resulting representation would look like a

combinationalcircuitwithx:sand pis as inputs and

outputs to the symbols representing statements which

reference x.

The application of the conflict resolution rules

is generally easier if the p-tree or extended p-tree

is used instead of the control flow graph. The extended
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p-tree for Example 1 is shown in Figure 5.6.

X

FIGURE 5.6. EXTENDED p-TREE OF EXAMPLE 1.

To derive the partial CRE for each x
i
we trace the

definition-free paths from x
i

to Y applying the rules

at each node. For example, the paths from x
0

are

T F n.F F Fx0 pl p2 p4 and x
0

p
1

p
3

Predicate domination and the conditions for the

application of Rule F are easily detected. Predicate

p
1
dominates p

2
and p

3
and the paths p T

p
2

and
1

p
1 3

are definition-free and the reduced partial

CRE for x
0
follows

x
0

(p
2

F
p
4

+ p3)
3
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In this example every predicate is a loop predicate

and all loops are multiple-entry multiple-exit.

X
0

For p
1

and p
2
Rules D.l, D.2, and D.3(a) apply

yielding the partial CRE's

NF NF
x
0

p
1

, X0 p2

For p
3

and p
5
Rules D.1, D.2, and D.3(c) apply

yielding



X1.

x2
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F F
x p , x p
0 3 0 p5

By Rule E composition produces the complete CRE

for x0

NF NF F F
x0 p1 p2 p3 p5

which after reduction becomes
NF NF Fxppp

0 1 p2 p5

The complete CRE is

F F F

xl p4 p3 p5

and after reduction

F Fxl p4
p5

The complete CRE is

T F Fxppp
2 p2 p3 p5

and after reduction

T F
x p p
2 2 p5

The complete CRE for variable x will be

fvF eiF F F F T Fx0 pl p2 p5 + xl p4 p5 + x2 p2 p5

Of course, the same result can be obtained more readily

from the p-tree or its extensions to NS structure. We

have omitted the extended p-tree from this example be-

cause it is very large.

As we stated at the end of the first example, the

implementation of the CRE in a data flow graph requires

simple combinational logic. The construction of the
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data flow graphs of the sample programs used in the

above examples is not a simple task however. They are

both unstructured and there are no accepted procedures

for designing data flow graphs for unstructured programs.

Fortunately, the structural transformation process in-

troduced in Chapter III solves the problem. We are able

to transform unstructured programs to NS programs and

use the graphical forms described earlier in this chap-

ter. Furthermore, the transformation process preserves

both the control flow and the data flow relationships

within a program. Consequently, the CRE's obtained

from the unstructured version are valid for the NS ver-

sion as well.

The final example will demonstrate how the program

structure transformation techniques presented in Chap-

ter III can be used to facilitate the design of a data

flow machine implementation of a program. The CFG of

an L structured code segment, its p-tree and the extend-

ed p-tree are shown in Figures 5.7(a), (b), (c).

In this example, the CRE for variable x at Y is

F "-r
x0 p+xp+xp
0 pl

p7
5
p7

6
p7

This expression is valid for all logically equivalent

versions of the code segment. One naturally-structured

version of the program is shown in Figure 5.7(d).
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FIGURE 5.7(c). EXTENDED P-TREE

x0

IF pl
THEN S

2

ELSE S
3

IF p7

THEN S

GO TO 10

ELSE GO TO 20

ENDIF

ENDIF

10: REPEAT UNTIL FALSE

IF p4

THEN x
5

ELSE x
6

ENDIF

IF p7

THEN S
s

ELSE GO TO 20

ENDIF

ENDREPEAT

20: Y

FIGURE 5.7(d). NS CODE FOR FIGURE 5.7(c)
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A data flow graph could be obtained from the L

structured version of the code and although the result-

ing graph will be minimal in terms of the number of

actors and data and control lines, there are significant

disadvantages to such an approach.

(1) the detection of loops and the data values

controlled by these loops so that output values can be

guarded by the loop controlling predicates, is consider-

ably more complex for L-structured code than for nat-

urally structured code;

(2) the detection of branch predicates and the

detection of the environments that they do and do not

control is also more difficult.

The result of the transformation of the naturally

structured code in Figure 5.7(d) to a data flow graph

is illustrated in Figure 5.8. The graph is non-minimal

with respect to the number of actors and control lines

compared to a functionally equivalent unstructured ver-

sion; however, the conflict resolution expression is as

valid for this implementation as it would be for any

data flow graph obtained from the predicate path set of

the original unstructured code.

In this chapter we have demonstrated that the im-

plementation of unstructured programs on a data flow
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N

5

IN

T

r-

FIGURE 5.8 DATA FLOW GRAPH FOR FIGURE 5.7 (d)
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machine is feasible. We have prescribed the following:

(1) A data flow graph symbolism which is both

simpler and more practical (closer to current methods

of implementation) than previous forms. This symbolism

is designed to represent both the control and the data

flow of a program executing in an environment where only

the availability of data (including boolean) values con-

trols the execution. It assumes the avoidance of timing

problems by the use of expressions explicitly designed

to optimally resolve them. Although we have used three

basic node forms so that the data flow graphs can be

more readily compared with the code they represent, it

should be noted that it is quite unnecessary to distin-

guish between control and data flow. The basic form

SET

OUTPUT

where the input consists of both data and boolean values

and the output may be a data value, a boolean value or

a subset of the input set, includes the three forms

used in this chapter. If additional information about

control flow must be displayed then the input set can

be shown as



DATA BOOLEAN
VALUES VALUES

OUTPUT
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(2) A method for performing data flow analysis

using the condition paths derived from unstructured code.

The analysis technique permits realisation of the max-

imum parallelism inherent in the code and a subsequent

decrease in execution time. The generation of the con-

flict resolution expressions and the methods by which

they control the data flow will, by some unknown amount,

offset the advantages of increased parallelism. Exten-

sive simulation studies are needed to determine the net

effective gain using the methods proposed here.

(3) A general method for generating data flow

graphs from naturally structured versions of the unstruc-

tured code. The opening sentence of this section is not

intended to imply that one should be transformed into a

naturally structured form. Neither control flow nor data

flow is perturbed by such transformations. The conflict

resolution expressions obtained from the condition paths

are independent of the code version from which the data

flow graph is derived.
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VI. CONCLUSION

The work in this paper was motivated by the desire

to obtain theoretical results that are meaningful and

useful for the program code (almost all of which is

unstructured) that is currently in use. These results

are not limited to unstructured programs however, and

our two applications were chosen because they are valid

areas of research for all programs.

In Chapters II and III we examined the control and

data flow properties of structured and unstructured

programs. We introduced the concept of a predicate en-

vironment and defined classes of reachability of state-

ments from predicates. The aggregate of classes serves

as a characterization of the environment. A set of

axioms is stated which generate the classes from simple

path expressions constructed using regular expression

terminology. We have described a process for transform-

ing unstructured code to naturally-structured code.

This process is a form of node-splitting in which pre-

dicate to predicate paths rather than just single nodes

(statements) are replicated. Although we may obtain

more statements in the final version of the code than

would be obtained with conventional node-splitting, the

choice of predicate paths as the basic elements has

several advantages. Firstly, we can represent the
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program with a tree-like structure with the predicates

as the nodes of the tree. Secondly, for some unstruc-

tured programs the formation of the tree yields the

naturally structured version of the program without

further manipulation. In general however, the tree

must be extended to obtain the desired form. Thirdly,

because predicates are at either the tail or head of

every control block, the program can be encoded using

conventional branch and loop constructs.

There are several possibilities for the extension

of these ideas. As noted in Chapter III the number of

reachability classes can be extended to at least five.

Although this will complicate the axiomatic manipulation

of the path expressions it will bring us closer to a

very significant goal - a mathematical characterization

of the control flow of unstructured programs similar to

the regular expression forms for structured programs.

We also need formal proof mechanisms for establishing

the completeness and correctness of reachability class-

ifications.

Our method of extending p-trees to obtain the de-

sired structural form is rather ad hoc. For trees of

arbitrary structural complexity, a more systematic pro-

cedure is required. This procedure should yield a mini-

mal (in some sense) naturally-structured or D structured
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Chapter IV attempts to formalize the terminology

and methodology of the research into measures of program

complexity. We have identified four classes of pro-

gramming factors - human, cosmetic, control flow and

data flow. Five complexity classes - static, dynamic,

logical, structural, and psychological are defined.

These classes of both factors and complexity enable us

to effectively segment the problem. Control flow,

data flow, and the relationship between the two have

been analysed and a set of measurable attributes pro-

posed. Application of some simple metrics for these

attributes to a sample set of programs reveals some of

the weaknesses of such single factor metrics.

The immature state of research into psychological

complexity exposes considerable potential for future

research. Identification and quantification of the

human factors and cosmetic attributes that influence

complexity have received scant attention. No attempts

have been made to obtain comprehensive measures of com-

plexity. We believe that our structural transformation

process will be an effective tool in examining the ef-

fect on complexity of different forms of program control

structure.

In Chapter V we have introduced a new set of data
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flow machine symbols. We claim that these new forms

yield simpler representations of programs and we have

demonstrated that they can represent naturally struc-

tured programs. The problem of conflicts in data refer-

encing is solved using some of the reachability concepts

of Chapter III. The use of p-trees rather than control

flow graphs can simplify the derivation of conflict

resolution expressions. The derivation is independent

of program structure and requires no restrictions on

either the control flow or the data flow of the program.

Whether conflict resolution expressions are a prac-

tical solution to the data referencing problem has still

to be determined. It is quite possible that the in-

crease in execution speed will be offset by the overhead

involved in generating and evaluating the expressions.

We also require a proof mechanism for extablishing the

correctness of these expressions.

We believe that the analytical techniques intro-

duced in this paper can be applied to other topics in

computer science. In the text we have suggested program

testing and proving programs correct as potentially

fruitful areas of research. Certainly, any theoretical

developments presently restricted to structured programs

warrant investigation into the possibility of their

extension to programs of arbitrary structure.
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SET A.

1.

2.

3.

WHILE x <> y DO
IF x > y
THEN x = x y
ELSE y := y x

ENDIF
ENDA/HILE

WHILE x <> y DO
IF x > y
THEN x := x - a
ELSE y := y b

ENDIF
ENLWHILE

WHILE x <> y DO
IF x > y

THEN x := a b
ELSE y := c d

ENDIF
ENEWHILE
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SET B.

1.

2.

3.
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IF qty > 10
THEN IF qty > 200

THEN IF qty >= 500
THEN bill = bill + 1.00
ELSE bill = bill + 0.50

ENDIF
ENDIF

ELSE bill = 0.00
ENDIF

IF qty >= 500
THEN bill = bill + 1.00
ELSE IF qty > 200

THEN bill = bill + 0.50
ELSE IF qty <= 10

THEN bill = 0.00
ENDIF

ENDIF
ENDIF

IF qty >= 500
THEN bill = bill + 1.00

ENDIF
IF qty < 500 AND qty > 200

THEN bill = bill + 0.50
ENDIF
IF qty <= 10
THEN bill = 0.00

ENDIF



SET C.

SET D.
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1. fact = 1
sum = x

10 n= 2
fact = -fact * (2 *n_l) * (2*n-2)
step = x**(2*n-1) / fact
sun = sun + step
n = n + 1
IF (abs(step) .GT. error) GO TO 10
sin = sum

2. sum = 0
step = x
n= 1

WHILE (abs(step) .GT. error) DO
sun = sum + step
step = -step * x**2 / (2*n-1) / (2*n-2)
n = n + 1

ENDNHILE
sin = sun

1. i = 1
WHILE i <= m AND a(i)

i = i + 1
ENDNHILE
IF i > m

THEN m = i
a(i) = x
b(i) = 0

ENDIF
b(i) = b(i) + 1

<> x DO

2. FOR i = 1 STEP 1 UNTIL m DO
IF a(i) = x THEN GO TO 10

ENDFOR
i = m + 1
m= i
a(i) = x
b(i) = 0

10 b(i) = b(i) + 1



SET E.

1. IF x < y THEN GO TO 30
IF y < z THEN GO TO 50
GO TO 40

30 IF x < z THEN GO TO 60
40 small = z

GO TO 70
50 small = y

GO TO 70
60 small = x
70

2. IF x < y THEN GO TO 30
IF y < z THEN GO TO 50
small = z
GO TO 70

30 IF x < z THEN GO TO 60
40 small = z

GO TO 70
50 small = y

GO TO 70
60 small = x
70

3.

4.

IF x < y
THEN IF x < z

THEN small = x
ELSE small = z

ELSE IF y < z
THEN small = y
ELSE small = z

IF x < y AND x < z
THEN small .= x

IF x < y AND x >= z
THEN small = z

IF x >= y AND y < z
THEN small = y

IF x >= y AND y >= z
THEN small = z
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SET F.

5.

6.

IF x < y AND z > x
THEN small = x

IF y< z AND x >= y
THEN small = y

IF z <= x AND y >= z
THEN small = z

IF x < y AND x < z
THEN small = x

IF y < z AND y <= x
THEN small = y

IF z <= x AND z <= y
THEN small = z

1. DO 20 i = 1,n
DO 10 j = 1,n

x(i,j) = 0.
10 CONTINUE

x(i,i) = 1.
20 CONTINUE

2. DO 20 i = 1,n
DO 10 j = 1,n

IF (i .EQ. j) = 1.

IF (i .NE. j) x(i,j) = 0.

10 CONTINUE
20 CONTINUE
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