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CHAPTER 1

Introduction

This report is a summary of a project that focused on gaining expe-
rience in the implementation and application of software complexity
measures. Much of the emphasis in adopting structured programming tech-
niques is due to the perceived need to provide guidelines through which
to reduce the complexity and increase the understandability of modules
of software. A major factor motivating this emphasis is the high level
of maintenance costs often experienced during the 1ife-cycle of a piece
of software. Intuitively, the complexity of a software module is somehow
reiated to the difficu]py experienced in developing., understanding,
testing, madifying, and consequently maintaining that piece of software.
With maintenance costs consuming the vast majority of the D.P. budgets
of many ofganizations, there is a very real and pressing need to have
some means by which to quantitatively measure software to see if it con-
forms to programming style guidelines which enforce and reinforce adher-
ence to whatever structured programming techniques an organization se-
Tects. Software complexity measures are an attempt to fill this need.

The two complexity measures selected for this project are based on
work done by Thomas J. McCabe [McCabe, 1976] and the late Maurice H.
Halstead [Haistead, 1977].



1.1 Purpose of Report

This report is to serve as the documentation of the experiment with
software complexity measures. It is by no means complete in the bursuit
of this purpose. The goal of the project was to evaluate a set of soft-
ware, for which the error history is known, against several different
complexity measures; Many authors have presénted what they view as a
suitable means of measuring software. Some of these measures have even
achieved a degree of universal acceptance, such as the ones selected for
this project. An important aspect of this project.is to determine if
software which is indicated to be of high complexity in terms of a spec-
ific complexity measure proves to be problematic in terms of error

history.

1.2 Content of Report

Presented in this report is the various aspects and issues involved
in the experiment in the utilization of software compliexity measures.
Examined, to various degrees, are the selection of appropriate complexity
measures, the history, determination, and implications of the selected
compiexity measures, and the experience of implementing and using tools
to apply the selected software measures. There is an appendix contain-
ing functional and implementation specifications for the selected com-
plexity measures, and listings of the tools used to apply the two mea-
sures used in this project, as weil as listings and tables of the
results of the software complexity measures applied to Ehe set of

software examined.



CHAPTER 2

Software Compliexity Measures

Prior to the evolution and acceptance of Halstead's metrics and
McCabe's cyclomatic measure, attempts at quantifying and limiting the
complexity of a piece of software consisted of arbitrary guidelines
which recognize that there is a rough correlation between module sizes
and the understandabf]ity, reliability, and maintainability of those
modules. The arbitrary guidelines took such forms as IBM limiting the
size of modules to 50 source lines and TRW setting an upper bound of
2 pages of source code chCabe, 1976]. While these Timitations are no
doubt useful to some extent, they are far from adequate when seeking a
rigorous means by which to measure such aspects of sofiware as clarity,
testability, expected error rates, and goodness of the modularity
scheme.

In 1972 Halstead published his theory of Software Physics [Halstead,

19721, which has since been renamed Software Science. Since then, there
has been an avalanche of proposad software complexity measures and enhance-
ments to proposed complexity measures. Although it is certéinly not
complete, in [Zolnowski and Simmons, 1980] the authors make a reasonable
attempt st presenting a table listing, categorizing, and describing
many of the software complexity measures proposed up to the point of
publication of thair report. The table is repreduced in Figure 2.1
for the reader's edification. Of these probosed measures, consideration
for automation was given to Halstead's, McCabe's, McClure's, and
Zolnowski and Simons', among others.

At this point, it is important to clarify the difference between
measures of computational complexity of software and measures of the

- .



Orientatica of Measure

Description

Author

Control Flow

#odule Interaction

Data Reference

Program Control

Legical Complexity

Software Science

Corposite Heasure of
Complexity

Cyclomatic Nurmber
Count of Program Paths

Enhancement of Cyclomatic Number (includes a count
of logical conditions)

Measu;ement by the Pair (Cyclomatic Number, Operator
Count

lumber of Multiple Entry Loops
Number of Knots

Cyclomatic Complexity Interval Plus # lines into/fout
of line of code

Nurber of Modules or Subsystems

Number of Module Tinkages
R(Numr.er of Hodules )

Measure based on control structures and control variables

Measure of difficulty in understanding software's
furcticn based on components of sets on input and output

Minimal Irtersection Number

Number of ron-normal exits from a decision statemant
Total number of instructions -

R

Metrics of software science predict complexity of a
program )

Asproach complexity via statistical (natural) language

Index of Complexity based on Structura/Interaction/
Instruction Mix/lata Reference Program Characteristics

Interfsce complexity/Computational complexity/I1/0
complexity/feadability

Figure 2.1 Proposed Complexity Measures

.

McCabe [1976]
Sultivan [1973]
Meyers [1977]

Hansen {1978]

Feterson [1973]
Wocdward, et al. [1979]
Cobb [1578]

Gitb [1977]
Gilb [1977]

McClure [1978]
Chapin [1979]

Chen [1978]
Gilb [1977]

Haistead [1977]

Shooman & Laemmel [1977]

Zolnoswski & Simmons [1577]

Thayer [1976]



psychoiogical complexity of sofiware. Ccomputational complexity is
understocd as "the quantitative aspects of the sclutions to computational
problems" [Rabin, 1977]. An example of usage of computational complexity
measures would be in comparing the efficiency of aiternate algorithmic
solutions [Curtis, et al., 1979]. Psychological compiexity measures, of
the type considered and utilized in this project, assess human perform-
ance in programming activities. Although there are certainly correla-
ticns between the two concepts, there is not expected to be any simple
relaticnship between computational and psychological complexity measures.
The measures selected, those of T. McCabe and M. Halstead, are
psychological software complexity measures. These two measures were
selected out of the many choices due to their relative simplicity in
what parameters are examined in the software being evaluated. This
simplicity of parameters leads to a low level of computational complexity.
When compared to psycholiogical complexity measures proposed by McClure
and Zolnowski and Simons, for instance, the cyclomatic complexity measure
of McCabe and the Software Science metrics of Halstead are relatively
easy to automate, yet the results of these measures satisfy many aspects

of our intuitive notion of software complexity.



2.1 McCabe's Cyclomatic Complexity Measure

The definition of software ccmplexity proposed by T. McCabe is
based cn the decision or control flow structures present in a piece of
software. The actual metric used is the classical graph theory cyclo-
matic number indicating the number of regions in a graph. The graph
used is the one classically known as the program control graph [Legard
and Marcotty, 1975], where each node in the graph corresponds to a
block of code where the flow 15 sequential and each of the arcs of the
araph correspond to conditional branches in the blocks of code. The
cyclomatic number of the graph is equal to the numbee of linearly in-
deperdent control paths comprising a program [Curtis, et al., 1979].
Fundamentally, the measure then is the minimal number of independent
paths in a module that has a single entry and a single exit.

The following examples will present three different, but equivalent
methods by which McCabe's cyclomatic complexity measure may be computed.
The first formula that can be used is:

V(G) =e-n-2p

wnere Y(G) = cyclomatic complexity of graph,
e = number of édges,
n = number of nodes, and
p = number of connected components in the graph

{p = 1 for single entry/single exit modules).

In Figure ¢.2, the graph given there has 9 edges and 7 nodes. Thus

V(G) =e-n+2
V{B) =9 -7 +2
V(G) = 4

This means that there are four independent nathe in the graph in

-6 -



Figure 2.2 Example of Flow Graph where V(G) = 4
s T a



Figure 2.2 from which all paths can be made. These four independent

paths are:
(1) AB
(2) GHI
(3) cnI
(4) CEF

A second formuia for determining McCabe's cyclomatic complexity
measure is:

V(G) =7 + 1

1]

where V(G) = cyclomatic complexity of graph, and

m number of predicate'nodes (nodes with multi-exit paths).
In this formula, each binary exit node contributes 1 to the cyciomatic
complexity, while each case-type node contributes one less than the
number of exit-paths. In Figure 2.3, the graph given has three binary

nodes and one case node. Thus

VIG) =n +1
VG) = [3+ (4-1)]+1
V(G) = 7

Note that in this second example, it is not actually necessary to look
at the flow graph. Instead, all that is necessary to compute the com-
plexity of a moduie i§ to simply count the number of predicates (i.e.
conditionals) in the code.

A third method for calculating McCabe's cyclomatic complexity
measure is to use Euler's formula. If fhe flow graph is a plarar graph,
then:

V(Gg) = R
wnere R = the number of bounded regicns on the graph, with the

= B =



Figure 2.3 Example of Flow Graph where V(G) = 7
= B =



region external to the graph also counted as one.
in Ficurs 7. &, the graph has the five bounded regions identified.

By u*ilizing the three methods given for each of the graphs in
Figuire 2.2, Figure 2.3, and Figure 2.4, it can be seen that the methods
are equivalent. A proof of the equivalence can be found in [McCabe,
1976].

There are several properties of McCabe's cyclomatic complexity
measure, which are restated below from [McCabe, 1976]:

1) vs) 2 1,

z) V{G) is the maximum number of linear independent paths in G;

it is the size of a basis set.

3) Inserting or deleting functional staiements to G does not

affect V(G).

4) G has only one path if and enly if V(G) = 1.

5) Inserting a new edge in G increases V(G) by unity.

5) V(G) depends only on the decision structure of G.

Althoush the concept was not used in this experiment, essential
complexity will be briefly intrcduced here. Using the work of Rao
Kasaraju [Kasaraju, 1974], McCabe expands on the concept of reducibility
of structured and unstructured software, and defines escential complex-
ity. [The essential complexity, ev, of a module is the complexity that
the flow graph can be reduced to when appropriate single entry/single
exit subgraphs are successively replaced by structured single nodes.
The minimal essential comp]éxity of an unstructured program is 3,
whereas a structured program is reducible to a program whose complexity

ic 1.

- 10 -
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Figure 2.4 Example of Flow Graph where V(G) = 5
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2.2 Halstead's Metrics

The metrics of Halstead's Software Science span more than just the
simple measurement of the complexity of computer programs. The "soft-
ware" of Software Science is any communication that appears in symbolic
form in conformance with the grammatical rules of any language [Halstead,
19791. Thé properties of a program, as defined by Halstead, are based

upon four measured parameters:

1) n_o- the number of unique operators,

2) n, - the number of unique operands,

3) H1 - the total frequency of operators, and
4) Né - the total frequency of operands.

From these measured parameters, there are several properties that the
theories of Software Science define as useful measures of a piece of

software. The computed measures used in this project inlcude:
1) Program Vocabulary - n = n + n,

2) Program Length - N = NI + N

2
3) Estimated Program Length N = nlogn +nlogn
1 21 2 22

4) Program Volume - V = (N + N )log (n +n )
1 20 21 2

*
vV /v

5) Implementation Level - L

6} Estimated Implementation Level - L= (Z/nlJ(nziﬂz)

~d

7) Estimated Potential Volume - V = LV

8] Effort Metric - Ec V/L

9) Programming Time - T = E./S, where S is Stroud's number, 18
2

(L) v
- 12 -

10) Language Level - A



Although a brief discussion of each of these computed measures will be
given here, the reader is referrgd to [Halstead, 1979] for a more complete
description of the fundamentals and implications of each metric.

The first two metrics in the list, Program Vocabulary, n, and Program
Length, N, should aimost anpear obvious. The count of items in a program's
vocabulary is simply the sum of the number of unique operators and the
number of unigue ope}ands. The total number of occurrences of operators
and operands is defined as the length of the program.

The 2quation for the estimation of Program Length, &, is a result of
an unexpected, and initially counterintuitive finding in the field of
Software Science, that the lengths of programs are determined almost
exclusively by the sizes of the vocabulary components nl and o The
equation estimating Program Length is thus an expression of the vocabu-
lary-length reiationship. There have been studies [Elshoff, i378]
where correlation coefficients between N and N of over 0.98 have been
reported for large graups of programs. There have been identified at
least six "Impurity Cases” which can be the cause of a program not con-
forming to the vocabulary-length relation [Halstead, 1979]:

(1) Complementary Operations, such as adding and immediately

subtracting one operand from another,

{2) Ambiguous Operands, the use of one operand name to serve more

than one purpose, most likely in different parts of a program,

{3} Synonymous Operands, the use of two different variables whose

vaiues are always the same,

(4) Common Subexpressions, the failure to assign a name to the

result of a frequently used calculation,

(5) Unwarranted Assignment, the assignment of an operand name to
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the result of a calculation used only one, and
i5) Unfactored Expression, the failure to factor a factorable

expression.

[t is suggested that the inclusion of Impurity Cases in a piete of _ __

software makes that software harder to implement and understand.

The equation of Program Yolume, V, is independent of the actual
number of letters or characters in the identifiers- found in a piece of
software. The Program Volume is the fewest number of binary digits, or
bits, with which a particular piece of software (program) can be re-
presented.

The Implementation Level, L, of a piece of sofitwaras is 3 measure
of the brevity and compactness ¢f an implementation ¢f an algorithm or
function. The Implementation Level may differ for functionally equiv-
alent programs, depending on the power or level of language 1n which
they are expressed. The equation estimating Implementation Level, E,
has been found to be close enough to be used interchangably with L.

[t is obvious that the volume o7 a program varies with the Tanguage
in which the program is written. Translation of a piece of software into
another language may result in an increase or a decrease in volume.
Assuiming that programs are translatable into ever more powerful languages,
tnhere would exist a potentially optimal language, and a pcotential volume,
where the potential volume is the function of the program expressed as
a procedurs call in the potentially optimal language. Thus, the com-
puted Potential Volume, V*, represents the minimum possible volume assoc-
jated with the function of a piece of software, and an absclute value
against which others can be compared. For the purposes of this project,
gs L can b2 reasonably estimated, using the definition of L, V* can be
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estinated by substitution.

The Effort Metric, Ec, is a ratic of the Pregram Volume tc the
implementation Level, and i3 an estimation of the mental effort required
to create 3 program. The Program Volume metric serves as an indicator
of the number of mental comparisons required to generate a program. The
Implementaticn Level metric is the inverse of difficulty, as it is an
indicator of the number of elementary mental discriminations (e. m. d.)
required to make one average mental comparison. Thus, the difficulty
of creating e program increases as the Program Volume increases, and
decrzases as itne Implementation Level decreases, and the Program Volume
muitiplied by the inverse of the Implementation Level results in the
total number of elementary mental discriminations required to generate
the complete program.

By knowing the rate at which elementary mental discriminations
cccur, the amcunt of time reguired to generate the completed program can
be computed. Fortunately, psychology provides such a rate, which is
nearly constant, and does not vary significantly with intelligence.

The numter is named in honor of John Stroud, who did work in the examina-
tion of psychological time [Stroud, 1966], and who first reported this
rate, which, fcr time in seconds, in taken as 18 [Halstead, 1979].

The equation for determining the Language Level, %, of a program is
equivalent to the Implementation Level wultiplied by the Potential
Volume. It has been found experimentally that as Potential Volume
is increased, lmplementation Level will decrease proportionately
[Halstead, 1979]. Thus, the average Language Level for programs written
in the same language tends to remain constant over a wide range of
pregram sizes. For English, the average Language Level is 2.16.
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Chapter 3

Tools to Measure Software Complexity

The automation of the measures of hHalstead and McCabe was accom-
plished by writing separate programs for each measure in COBOL. The
machines o0a which the measures were developed are members of NCR's
I-Family of computing systems. The I-Family consists cf members of
the NCR 8000 series of computers that operate in the interactive direct
processing or "I" mode. The I-Family of systems is oriented to con-
versational, online processing where there is continual interaction
between machine and operator. The members of the I-Family range from
desk-top micros to minis to mainframes. The major development system
used in this project was an 18270 with 1024K bytes of memory, and the
IMOS V operating system.

The COBOL lahguage was selected due to its commonality among the
I-Family systems. This commonality extends to a common COBOL virtual
machine into which COBOL programs are compiled, using a commen COBOL
compiler. The COBOL virtual machine is emulated via various hardware/
firmwvare/software mixtures in the individual systems of the I-Family.
The common COBOL compiler and virtual machine thus allow the complexity
measures to be transportable in both scurce and object form between the
members of the I-Family. An additional advantage of using COBOL as the
implementation language is that, with minor modifications to remove
1-Family specific screen-formatting instructions, the source for the
complexity measure tools is transportable to NCR's virtual, or "V" mode

systems. The "V" mode systems use the VRX operating system, and have
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a separite COBOL machine for the VRX environment. The VRX environment
is implemented on small through medium through large mainframes and

is primarily batch oriented.
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3.1 Mcfabe's Complexity Measure Evaluation Tool

The tool tc evaluate a COBOL program in terms of McCabe's cyclomatic
complexity measure was the first of the two complexity ireasure tools
written. A functional specification for the tool can be found in Appendix
A, an implementation specification for the tool can be found in Appendix
C, and 2 source listing of the completed COBOL program implementation can
be found in Appendix E.

The initial problem to be solved in the design of the McCabe's
Complexity Measure Evaluation Tool was the evolution of a technique to
isnlate tokens from the source program being evaluated. The tool first
had to handle the fact that the COBOL source input could be in either
fixed- or variable-length record format. The code in the Declaratives
section of the program does this by handling fixed-length records as the
standard situation and variable-length records as the exception case.

The token isolation routines, when presented with a line of code, will
sequentially scan each character of the line, and isolate source words
based on known delimiters. If a literal is encountered, a special routine
which can accomodate embedded quotation marks and allow literals up to

the standard maximum of 255 characters is invoked.

In the calculation of McCabe's cyclomatic complexity measure, the
methodology was to count all the decision points in the Procedure Division
of a program, summing the count for each paragraph and section in the
program, and for the whole program, and calculating the average complexity
of the paragraphs in the entire program. In all cases, a paragraph is
assumed to be equivalent to a module and thus have an initial complexity
value of one. In a complex conditional expression, each simple condi-
tional expression was assigned a value of one. In COBOL, a conditional 7

.



exprassion may consist of a condition-name or a combination c¢f condition-
names, as well as explicit conditional expressions. These condition-
names can be user-defined, such as switches and 88-level items, or
part of the language definition, such as "ALPHABETIC", "NUMERIC", etc.
In order to recognize user-defined condition-names that may occur in
conditional expressions, and thus include their implicit complexity
values in the computations, the Environment Division is scanned for
any 88-level items. In the case of an 88-level item, a single value
is counted as adding a value of one and a range, such as "A THRU 2",
is counted as adding a value of two. This is due to the assumption
that the single value can be tested using an equality conditional and
the range can be tested using greater-than-or-equals and less-than-or-
equals conditionals.

In order to retain the information associated with condition-names,
specifically switches and 88-level items, two scratch werk files are
used. The reason for this is that the language that the tool is writ-
ten in, COBCL, does not have dynamic data structures, such as the heap
in PASCAL, and the work files are the only reasonable means by which
to handle information of indeterminate size. The side effect of this
is, given that the source program is coded as efficiently as possible,
the majority of the execution time is spent in disk accesses, mostly
duz to obtaining the next source line, but sometimes due to searching
for a particular condition-name.

In the implementation phase, the largest problem encountered was
smoothing out the token isolation and advancement procedures, éspe-
cially the parsing of specific COBOL syntactic structures in the Pro-
cedure Division. In order to facilitate this debugging process,
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code was added to the McCabe's Complexity Measure Tool so that if the
tool is compiled with the Debug option on tha system execute command,
and then executed, useful information will be displayed on the CRT
device. This information includes the current source word and source
line being scanned, the current line number, the current running total
cyclomatic complexity for the current module, and a pointer to the last
character in the current source line that has been scanned. While
this information is very useful, there is a performance penalty to be
paid in the time consumed displaying all this information to the CRT
device. A rough estimate of the penalty would be in the range of a
5:1 ratio. The optional code to do these displays is indicated by a
D in column 7 of the source, and if the Debug option is not specified
during the invoking of a compilation, the COBOL compiler treats these

lines as comments,
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3.2 Halstead's Metrics Evaluation Tool

The tool to evaluate a COBOL program in terms of the selected metrics
from Halstead's Software Science was developed after the McCabe's Com-
plexity Measure Evaluation Tool was designed, implemented, and tested.

A functional specification for the tool can be found in Appendix B, an
impiementation specification for the tool can be found in Appendix D, and
a source listing of the completed COBOL program implementation can be
found in Appendix F.

As the tool for evaluating a COBOL program in terms of McCabe's
cyclomatic complexity measure had already been designed, implemented,
and reasonably verified, the design and coding effort for the tool for
Halstead's metrics was made much easier. This is due to the ability
to borrow large portions of cede to handle the task of the isolation
of tokens in the source program being examined. The design effort then
centered on the collection of operators and operands, and their fre-
quencies, and the calculation of the individual metrics.

Fundamental to the computation of Halstead's metrics for a given
CCBOL program is the determination of exactly what constitutes an opera-
tor or operand. In trying to do so, one soon discoyers that once past
the general definitions presented in Software Science, it becomes a
seat-of-ths-pants affair. For the purpose of this project, only the
Procedure Civision was scanned for operators and. operands, with operators
heing predetermined from the set of COBOL reserved words that satisfy
tne author's notion of operators. Along the way, the decision was made
to rount each pair of parentheses as a single occurrence of a parentheses-
class operaior and to associate double-quotation marks surrounding literals

as an integral part of those literals. Delimiters and separators, such
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as periods, commas, and semicolons, which are optional in many cir-
cumstances, are not counted as either operators or operands.

As a point of interest, to calculate the base two logarithms
required in some of the formulas for the metrics (see Section 2.2), a
power-series method was used to obtain the natural logarithm of a
given number, with a conversion factor applied to obtain the base two
logarithm. The exact technique is described in [Lyusternik, Chervonenkis,
and Yanpol'skii, 1965].

In the original pass at implementing a tool to evaluaie Halstead's
Software Science metrics, only one scratch work file was used. This file
served as a dynamic data structure which held the individual operands'
id-names found in the source input, along with a count of their
frequency of occurrence. When an operand is encountered, a search of the
list of existing operands is made to determine whether the operand has
already been encountered, and thus exists in the 1ist, or if a new
entry needs to be made. As the operands were entered into the list in
the order of first occurrence in the scurce input, the search of the
list was originally implemented in a sequential fashion. It soon became
obvious that it was possible to improve upon this. The tool was modified
so that there are row two scratch work files. One of the files still
holds the operands' id-names and frequency counts in order of first
occurrence in the source input. The other file is a set of links, chain-
ing together all operands with the same first alphabetic character,
unless the first character is non-a]phabetic, for which case. a_separate
chain of non-alphabetics exists in the file. A performance improvement
during the scanning of an operand results, as only the chain of entries
with the same first character, or the chain of non-alphabetic characters,
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needs to be searched. The improvement is in the range of a 1C:1 decrease
in execution time required for a 10,000 line COBOL scurce program.

As with the tool to evaluate McCabe's complexity measure, code was
added so that if the tool is compilaed with the Debug option on the system
execute command, and then executed, useful information will be displayed
to the CRT device. This information includes the current source word
and source line being scanned, the current line number, and a pointer to
the last character in the current source 1ine that has been scanned.
There is, as with the other tool, a performance penalty to be paid when
executing in this mode, due to the time consumed in displaying this
information to the CRT device. A rough estimate of the penalty is simi-
larly in the 5:1 range. In both cases, the optional code to do these
displays is indicated by a "D" in column 7 of the source; these lines
are treated as comments if the Debug option is not specified during the

invoking of a compilation.
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3.3 Design Effort For McClure's Measure

in the course of selecting the complexity measures to be used in
this project, serious consideration was given to using the complexity
measure proposed by Carma McClure [McClure, 1978]. It was observed that
the rosults of applying McClure's measure anpear to be very meaningful
and usefui. Basec on this observation, an effort was made to design a
software too) to automate the evaluation of a piece of software in terms
of McClure's measure.

Once most of the design was complete, and some preliminary throw-
away code written, it became apparent that there would be severe per-
fermance problems with an implementation of McClure's measure. Essential-
1y, the difficulty lies in that the measure requires that variables be
evaluated in terms of their relationship to the execution hierarchy of
a program. Two dasses through the source are made; the first to save a
representation of the execution hierarchy, and the control variables
directly involved, and the second to examine the source for instances of
each of the control variables in terms of modules where they are refer-
enced, modules where they are modified, and modules where they are not
refarenced or modified, but are part of the execution hierarchy. Tne
examination of each variable's ancestor-dependent relationships acainst
the above-mentioned categories would consume an inordinate amount of
execution time, not to mention a large amount of dynamic data structures
{files in a COBOL implementation), and be unacceptable as a tocl to be
regularly usad in the development and maintenance of COBOL source programs.
Few programmers would have the patience to wait days for the results of

evaluating a 10,000 Tine program.
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CHAPTER 4

Experience Applying Software Complexity Measures

For this project, a set of software for which the error history is
known was evaluatad usinog the complexity measure tools developed. The
set of programs examined was not selected for any special reason, other
than they were available and have an associated error history. As is to
be expected, the error history is not a compiete'record of all past and
future errors in the selected software, but serves as a snapshot from
which to detect tendencies and trends. The measured software is a set
of three utility programs, written in COBOL, where all were written
by aifferent programmers, in different circumstances, and were passed
through the hands of several different individuals during the development,
maintenance, and enhancement phases.

A review of the error history, or snapshot of the error history of
the three programs examined, reveals reported problem counts of 32, 11,
and 5. For convenience, we will call the program with 32 reported
prechblems Preogram A, the program with 11 reported problems Program B,
and the program with 5 reported problems Program C. As can be seen,
Prcgram A has been fairly error-prone in comparison to the other two
programs.

A descripticn of the development environment of the utility programs
that ware examined assists in understanding the results of this experi-
ment. The program§ have had two distinct development phases. The first
phase led up to the initial version, or quiet point, in the development
cycle. The second phase involved the correctien of reported problems
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and perceived functional design shericzomings, including a new feature
added to the set of utilities. The new feature resides in Program B, with
new code to interface to ths feature existing in Program A. Program A
has had a total of six different programmers working on it; five on the
first version, and two on the second version, with one programmer over-
lapping the two phases. Program A's development has been very chaotic,
as can be seen by the high personnel changeover. In the two versions
Program A grew from 4956 lines of code to 5948 lines. Program B had two
different programmers involved in developing its first version é;d a
third programmer developed the second version. From the first to the
second version Program B grew from 4239 to 5001 lines of code. Program C
experienced a comparatively stable development environment, with the same
programmer responsible for both the first and the second versions. Program
C is the largest of the three programs, and grew from 9416 to 9425 lines
between the two versions.

Subjectively rating‘thé programs against accepted structured
programming techniques, Program A appears to be the least structured, and
Program C appears ta be the most structured, with Program B falling

somewhere in between the two.
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4.1 Results of Applying McCabe's Measure

Applying the cyclomatic complexity measure of McCabe to the utility
programs examined reveals some interesting results. Tables containing
the various cyclomatic complexity values found and the number of modules
that had each value are presented in Appendix G. Figure 4.1, Figure 4.2,
and Figure 4.3 show the change in the frequency of occurrence of cyclo-
matic complexity values between the first and second versions of each of
the measured programs. The contrast of the frequency of occurrence of
cyclomatic complexity values between the three measured programs for
their first versions is shown in Figure 4.4, and for their second ver-
sions is shown in Figure 4.5. As can be seen in a summary of some of
the various aspects of the evaluation in Figure 4.6, Program C, the
program with the fewest problem reports, has the highest value for the
average complexity of the paragraphs in the program. Unlike Program A
and Program B, Program C had a decrease in the number of decision points
between the two versions. It can also be seen that for the program with
the nighest number of problem reports, Program A, the average complexity
of the paragraphs in the program increased from the first to the second
version of the program. The increase is in contrast to the other two
programs, in which the average complexity of the programs‘’ paragraphs
decreased. |

In Program A, the number of paragraphs with a cyclomatic complexity
value of greater that 10 increased from 9 to 14 from the first version
to the second. In the first version the highest value is 18; in the
second it is 24. Out of the 12 sections in the program that underwent
change in complexity values in the first version, the average complexity
of the paragraphs in the sections increased in 9 of the 12 secticns.
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In Program B, the number of paragraphs with a complexity value
greater than 10 was 6 in both the first and second versions. In the
first version the highest value is 13 and is found in two paragraphs;
in the second version the highest value is 16. There were 10 sections
in the first version that underwent change in complexity values, and
out of those 10 sections, only 3 resulted in sections with an increase
in complexity.

In comparison, Program C had only 3 sections that had a change
from the first to the second version of the program which resulted
in a change in complexity values. Out of the three sections,
only ore had an increase in the avérage complexity of its paragraphs.
In Program C, there are 20 paragraphs with a complexity value greater
than 10 in both the first and second versions. The highest value in
both is 27, with two paragraphs in each having that value. There are
also two paragraphs in each with a value of 23, one with 19, and two
with 17. This program, of the three, has the highest individual com-
plexity values and the hichest average. Program C is also the program
with the lowest number of problem reports.

A further evaluation of the results of applying McCabe's measure
was conducted by a visual inspection of the source code of the first
and sécond versions of the three utility programs. The evaluation con-
sisted of comparing the problem reports with the areas of code associ-
ated with a problem report, and showed that the prdbiem areas of code are
not necessarily simply the paragraphs where the cyclomatic complexity
exceeds a value of 10. Rather, it appears that the problem areas are
those where the average complexity of groups of related paragraphs is
comparatively high. This is probably an indication of the amount of
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mental effort required to understand the interaction between the
affected paragraphs. For a futher discussion of the visual inspection

of code, see Section 4.3.
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Average
Cyclomatic
Number of | Total # of Complexity
Problem Total # of | Decision Value of
Version | Reports Modules Points Modules
1 304 1037 3.4112
Program A
2 32 383 1362 3.5561
1 252 744 3.0714
Program B
2 11 307 S04 2.9446
1 404 1662 4.1139
Program C
2 5 401 1643 4,1097

Figure 4.6 Summary of Results of Applying McCabe's Cyclomatic Complexity
Measure.
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4.2 Results of Applying Halstead's Metrics

The results of applying the meirics of Halstead’'s Software Science
are shown in Appendix H through Appendix M, with the ordered Tisting
by frequency of operands not shown, for brevity; it can be seen that
Program C, the program with the fewest error reports, has the lowest
Implementation Level and the lowest Language Level. Interestingly,
Program C also has considerably larger values for the Effort Metric and
for the Program Volume than do Program A and Program-B.

L. M. Ottenstein [Ottenstein, 1979], using psychological evidence,
has derived a formula for predicting an expected number of problem
reports, using the implementation level of a program as gquantitative
measure of the repetition of elementary mental discriminations. The

formula

Bv = LE/E0

is equivalent to
B, = V/EO.

| where év = estimation of number of problem reports,

L = Implementation Level,

E = Number of elementary discriminations that could be in error, and

E0 = number of correct elementary mental discriminations to be

expected before the first erroneous one.

Ignoring the language level of individual programs, and assuming that
the average language level utilized by the programmer is the same as that
used in natural language communication, which is 2.16, Ottenstein shows
that E0 = 3000. Applying this to both versions of the three programs

examined yields the values in Figure 4.7. There appears to be a cor-
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relation between the predicted amcunt of error reports, B, and the

v
actual trend in the errvor history, indicated by the number of problem
reports, Bv’ for Program A and Program 8. However, there is a large
discrepancy in the value for év and Bv for Program C. For further
discussion and interpretation of the resuits of applying the metrics
of Halstead's Software Science see Section 4.3, which follows this
section.

It has been observed that a pattern exists in the rank ordered
frequency distributions of operators in computer programs. Essentially,
the pattern is a reflection of the distributions following a logarithmic
function. Graphs of the logarithmic values of the frequency of occur-

rence of the three measured programs can be found in Appendix N. For

further discussion of the concept, see [Zweben and Halstead, 19791.



Estimated | Estimated
Error Count|Error Count
B 2
Actual v v

Evror Count for for ‘
Bv Version 1 | Version 2 !

Program A 3z 40.01 52.83

Program B 11 23.60 29.76
Program C 5 74.98 75.84 I

= B8 =

Figure 4.7 Canparison of Actual Error Count to Estimated Error Count



4.3 Interpreting Results

It is obvious that i¥ one's view of the expected error history of
the three utility programs examined was to be derived cnly from the
results of Halstead's and McCabe's complexity measures, that Program A
and Program B behave close tc expectations, where Program C is a counter-
example. There are a number of possible explanations for this phenomenon.
It is possible that Program C is indeed a software time-bomb, full of
errors, that simply has not been tested adequately. However, in this
case, it appears that all three proyrams have had equally rigorous
testing.

The more likely situation is that due to the relatively stable
development environment of Program C, the programmer who developed
both versions f the program, and who probably writes code with few
errors in the first place, was able to take full advantage of the learn-
ing curve due to his experience with the software, and thus had an
easier time debugging any erroneous situations encountered. What can
be interprated from the predicted high error rate for Program C is that
when other programmers bzcome responsible for its maintenance and
enhancement, if they are any less familiar with the original design
and intentions, a very difficult time moving aleng the learning curve
will be experienced (For a discussion of the learning curve concept,
see [Webb, 1976]). Due to this, modifications introduced will have a
high chance ¢f being incorrect and/or causing undesirable side effects.
In short, Program C will probably be much more difficult to maintain
and enhance than will Program A and Program B.

As mentioned in Section 4.1, a visual inspection of the source code
for the two versions of the three utility programs that were measured
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was conducted. Subjectively interpreting the results of that inspec-
tion, Program A appears to have confused, ad hoc, coding in many places,
which reflects the unstable development environment it experienced.
Program C appears to be over-modularized, with the author failing to
use common modules effectively, resulting in a more complicated control
structure. This over-modularization is reflected in the Estimated Pro-
gram Length for Program C being almost three times the measured Program
Length, which is an indication of the presence of Impurity Cases. Such
a large variation between the Estimated Program Length and the measured
Program Length does not exist for Program A or Program B. Program B
lies somewhere in between Program A and Program C, with most of its
awkward coding due to rearranging code around system memory constraints.
To summarize, after examining the results of the measures, the visual

inspection of the source code revealed no surprises.



CHAPTER 5

Summary of Experiment

This project evolved into three major phases of activity.‘ The
first phase consisted of a survey of literature to become acquainted
with the variety of psychological software complexity measures that
have been proposed by various authors and to select the measures to
be used based on appropriate criteria, especially ease of autcmation.
Once this process was completed, the next step was tc automate the
selected measures. During this phase, it became apparent fhat the
cyclomatic measure of McCabe and the metrics of Halstead's Software
Science were acceptable, but the measure proposed by McClure was too
complex in the computational sense. The design, coding, and testing/
debugging of the tools to automate the evaluation of the measures of
McCabe and Halstead was accompanied by preparation of documentation of
the effort consisting of functional and implementation specifications.

The last phase of the project was to apply the measures against
a set of software, in this case a set of utility programs with a known
error history. The results of this evaluation verify the usefulness
of the selected measures. The measures can indeed predict the error-
prone nature of code, both in the present and future versions of pro-

grams.
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5.1 Future Improvements and Directions

In any undertaking, there is always room for changes and, hopefuily,
improvernents. This endeavor is no exception. During the course of this
project, it was realized that there were some things which could, and
perhaps should, be changed, if time had permitted (an elusive excuse
at best.)

Gne alteration which would be innmnsé]y useful would be to alter
the tcols so that as they scan the COBOL source, they output to the CRT
device an indication that they are alive and well. The best format for
this is to output the name of the tool, followed by the source line num-
ber in increments of ten. Displaying source line numbers in increments
of ten should not provide tco severe of a performance degradation, yet
still be frequent enough to serve the intendad purpose.

Other alterations to be explored include those where tradeoffs
would cccur between performance and transportability or functionality.
An exampie of this type of change would be to use the system-dependent
sort utilities to improve the performance of such activities as the out-
putting of operators and operands by order of frequency.by Halstead's
Metrics Evaluation Tool. Or perhaps the bodies of code composing the
modules could be extracted into a work file in a first pass, and then
the work file sorted by frequency, then separated by known operators into
operators and operands. Certainly there are more elegant solutions the
author has not thought of nor seriously ccnsidered.

There are a multitude of directions future work stemming from this
project may take. A reasonable next phase in the aftermath of this
expariment is to use the tools developed to evaluate other groups of

software. Indeed, this step has already occurred, and the programmers
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who are using the tools on an informal basis in the industrial environ-
ment are enthusiastic about their availability. The author is proposing
that in the future tools for the two measures for each programming lan-
uage used be implemented and adopted as part of the standard development
and maintenance process. The justification for proposing McCabe's cyclo-
matic complexity measure and Halstead's Softwere Science metrics as basis
for standardization in the industrial programming environment derives

in part from the results of this experiment and in part from the support-

iva evicence to be found in the literature cited in this report.
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5.2 Conclusion

This exercise in the implementation and application of McCabe's
cyclomatic complexity measure and the metrics selected from Halstead's
Software Science has demonstrated that it is reasonable and useful to
automate these measures via coding in COBOL to apply against COBOL source
programs. Although they certainly do not serve as complete indicators
of complexity, the selected measures do appear to serve as useful in-
dicators of not only error-prone sections of code, but as warning flags

for otherwise innocent appearing piece of software.
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APPENDIX A

F-Spec For McCabe's Tool

The following is the Functional Specification for the tool to evaluate

McCabe's Cyclomatic Software Complexity Measure.



FUNCTIONAL SPECIFICATION
FOR
McCABE'S COMPLEXITY MEASURE EVALUATION TOOL

1.0 Introduction

1.1 Sccpe
This document defines the functional capabilities of the McCabe's

Complexity Measure Evaluation Tool.

1.2 General Description

The McCabe's Complexity Measure Evaluation Tool, which operates
on systems which support NCR I-Famiiy COBOL, is designed to scan a
COBOL source program in terms of McCabe's cyclomatic complexity mea-
sure, and output the results to a listing file. The files to be used
by McCabe's Complexity Measure Evaluation Tool must be established

while under control of the operating system.

1.3 References
The following references shcould be consulted for additional in-
formation on the concepts discussed in this specification:

(1) T. J. McCabe, "A Complexity Measure," IEEE Transactions on
Software Engineering, Vol. SE-2, pp. 308 - 320, Dec. 1976.

(2) Meals, Randall R., Implementation Specification for McCabe's
Complexity Measure Evaluation Tool. (See Appendix C.)
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2.0 Environment

The McCabe's Complexity Measure Evaluation Tool is designed for
use on any of the members of NCR's I—Fahi]y of computing systems. Cur-
rently, the hardware systems forming the I-Family include 8080-based,
605-based, and 8400-based user systems. The operating systems forming
the I-Family environment include the IDPS, MDPS, IMOS III, IMOS V, and
IRX operating systems. Execution of I-Family COBOL is alsc possible

under the MCITS and TCOS systems.

3.0 Compatabiiity Requirements
Compatability amongst the systems which support the I-Family
COBOL execution environment is assured via the usage of I-Family COBOL

as the implementation vehicle.

4.0 Performance Requirements

Although there are no actual execution time requirements, it is
understood that to be of any use in the COBOL development and mainte-
nance environment, the McCabe's Complexity Measure Evaluation Tool
should perform in a reasonable and timely fashion, i.e. not take days

to evaluate the complexity of a 10,000 line program.



5.0 Interfeces

The McCabe's Complexity Heasure Evaluation Tocl is invoked using
a sequence of JCL éommands that: assign the COBCL program source file
and two scratch work files; assigns the printer or spool file so the
output can be printed or saved; and executes the program.

ASSIGN I TO0 source-program

ASSIGN NAME-FILE TO <work-file-1>,NEW,SCRATCH,nnnn

ASSIGN SIRE-FILE TO <work-file-2> ,NEW,SCRATCH,nnnn
The work files must be large enough to contain all the necessary informa-
tion regarding the conditicn-names in the source program and their qual-
ification hierarchy. A size of 1000 sectors for each of the work files

generally provides sufficient space for a COBOL program of approximately

10,000 source lines.
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6.0 functional Description

The McCabe's Complexity Measure Evaluation Tool is desiéned as
a utility Tor COBOL application developers. It provides a means of
automating the calculation of McCabe's cyclomatic complexity measure
for every .paragraph and section, as well as averages for every section:
and an average and total for the entire program. The tool consists of
a COBOL program, which accepts COBOL source as input, utilizes two
scratch work files, and produces a 1listing output of.the results cof

the measure applied to the source input.

6.1 Functional Limitations

The McCabe's Complexity Measure Evaluation Tool will not handle
COPY files. If any condition-names occur in COPY files for the En-
vironment Division or the Data Division, and the condition-names are
referenced in the Procedure Division, an error message will be displayed
to the CRT device upon the teol's failure to discover the condition-name
in the scratch work file. All1 COPY statements in the Procedure Division
will simply result in the complexity of the associated code in the COPY

files not being included in the computation of cyclomatic complexity.
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6.% Description of Input
The source program processed by the McCabe's Complexity Measure
Evaiuation Tool must be in a file having one of the following formats:
1. Disk file with variable-length records varying in size from
1 to 80 characters, and a block size of 512 characters.
2. A cassette file with variable-length records varying in size
from 1 to 80 characters, and a block size ef 512 characters.
3. A card file (having fixed-length records of 80 characters).

2.5 Description of Qutput

6.3.1 Listing of Output

The 1isting output from McCabe's Complexity Measure Evaluation
Tosl consists of the individual paragraph names, section names, and
s2ciinn numbers found in the source program, with the paragraph names
folicwed by their cyclomatic complexity, and the section names and
section numbers followed by the total and average cyclomatic complexity
of the paragraphs of the section. After the entire source program is
scanned, the total and average cyclomatic complexity for the paragraphs

cof the program is output.
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6.3.2 Hessages
The following messages will be output to the CRT device if a de-

tected situation warrants such a message to be displayed.

6.3.2.1 Insufficient Space in SIRE-FILE
The message
RAN OUT OF SIRE-FILE SPACE
indicates that an insufficient amount of space has been assigned to the
SIRE-FILE for the particular COBOL program being examined. The solution
is to restart the initiating procedure, assigning more sectors to the
SIRE-FILE work file. An increment of 500 sectors would be a reasonable

estimate.

6.3.2.2 Insufficient Space in NAME-FILE
The message
RAN OUT OF NAME-FILE SPACE
indicates that an insufficient amount of space has been assigned to the
NAME-FILE for the particular COBOL program being examined. The solution
is to restart the initiating procecure, assigning more sectors to the
NAME-FILE work file. An iﬁcrement of 300 sectors would be a reasonable

estimate.
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6.3.2.3 Search For Non-existent Condition-Name

The message

TRIED TO SEARCH FCQR A NON-EX1STENT CONDITION-NAME <name>
IN LIME NUMBER <Tine-number>

indicates one of three possible situations:

(1) There was a physical error in searching the SIRE-FILE,

(2) The condition-name searched for is defined in a portion of the
Environment Division or Data Division contained in a COPY file, or

{3) There is a legic error in the McCabe's Complexity Measure Evaluation

Tool program.

6.3.2.4 Error Encountered During Search of SIRE-FILE
The message
SIRE-FILE SEARCH ERROR
probably indicates a physical I/0 error occurred while trying to.read
a record in the SIRE-FILE work-file. The user should restart the

initiating procedure.

6.2.2.5 Error Encountered During Read of NAME-FILE Record
The message
NAME-FILE READ ERROR
probably indicates a physical I/0 error occurfed while trying to read
a record in the NAME-FILE work file. The user should restart the

initiating procedure.



7.0 Reliability and Maintainability

7.1 Reliability
The McCabe's Complexity Measure Evaluation Tool should be robust
enough to reccver from situations created by references to condition-

rames defined in COPY files.

7.2 Maintainability

In order to facilitate maintainability, the COBOL source program
for McCabe's Complexity Measure Eva]uétion Tool, when compiled using
the Debug option of the system execute statement, and executed, will
display additional information to the CRT device, including the source

line and the line number of the source line being scanned.



APPENDIX B

~ F-Spec For Halstead's Tool

The following is the Functional Specification for the tool to evaluate

Halstead's Software Science Metrics.



FUNCTIONAL SPECIFICATION
rOR
HALSTEAD'S METRICS EVALUATION TOOL

1.0 Introduction

1.1 Scope
This document defines the functional capabilities of the Halstead's

Metrics Evaluation Tool.

1.2 General Description

The Halstead's Metrics Evaluation Tool, which operates on systems
which support NCR I-Family CCBOL, is designed to scan a COBOL source
program in terms of the Software Science metrics defined by M. Halstead,
and output the results to a listing file. The files to be used by the
Halstead's Metrics Evaluation Tool must be established while under con-

troil of the operating system.

1.3 References
The following references should be consulted for additional in-
formation on the concepts discussed in this specification:

(1) Meals, Randall R., Implementation Specification for Halstead's
Metrics Evaluation Tool. (See Appendix D.)

(2) Halstead, M. H., "Advances in Software Science," Advances 1n-
Computers, Vol. 18, Academic Press, Incl, New York, 1979.
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(3) Lyusternik, L. A., 0. A. Chervonenkis, and A. R. Yanpal'skii, Hand-
bock for Computing Elementary Functions, Pergamon Press Ltd.,
Oxford, 1965.
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2.C Environment

The Halstead's Metrics Evaluation Tool is designed for use on any
of the members of NCR's I-Family of computing systems. Currently, the
hardware systems forming the I-Family include 8080-based, 6G5-based,
and 8400-based user systems. The operating systems forming the I-Family
environment include the IDPS, MDPS, IMOS III, IMOS V, and IRX operating
systems. Execution of I-Family COBOL is also possible under the MCITS

and TCOS systems.

3.0 Compatability Requirements
Compatability amongst the systems which support the I-Family
COBOL execution environment is assured via the usage of I-Family COBOL

as the implementation vehicle.

4.0 Performance Requirements

Although there are no actual execution time requirements, it is
understood that to be of any use in the COBOL development and mainte-
narnce environment, the Halstead's Metrics Evaluation Tool should per-
form in a reasonable and timely fashion; i.e. not take days to evaluate-

a 10,000 line program,
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5.0 Interfaces

The Halstead's Metrics Evaluation Tool is invcked using a sequence
of JCL commands that: assign the COBOL program scurce file and two
scratch work files; assigns the printer or spool file so the output can
be printed or saved; and executes the program.

ASSIGN 1 TG <source-program>

ASSIGN OPERAND TO <work-file-1>,NEW,SCRATCH,nnnn

ASSIGN LINK TO <work-file-2>, NEN SCRATCH nnnn

EXECUTE OHALSTEAD
The work files must be large enough to contain all tke nesessary informa-
tion regarding the operands in the source program and link lists chain-
ing them together. A size of 1000 sectors for each of the work files

gererally provides sufficient space for a COBOL program of approximately

10,000 source lines.
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6.0 Functional Description

The Halstead's Metrics Evaluation Tool is designed as a utility
for COBOL application developers. It provides a means of automating
the calculation of the metrics of Halstead's Software Science discipline.
The tool consists of a COBOL program, which accepts COBOL source as
input, ‘utilizes two scratch work files, and produces a 1isting output
of the results of the measures applied to the source input.

ing metrics from Software Science are utilized in the evaluation of the

source input:

1)
2)
3)
4)
5)
6)
7)
8)
9)
10)
11)
12)
13)

For further explanation of the above metrics, see reference (2) in

The number of unique operators
The number of unique operands
The total frequency of operators
The tctal Trequency of operands
Program Vocabulary

Program Length

Estimated Program Length
Program Volume

Implementation Level

Potential Volume

Effort Metric

Programming Time

Language Level

Section 1.3 of this document.
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6.1 Functiornal Limitationrs

The Haistead's Metrics Evaluation Tool will not handle COPY files.
A1l COPY statements in the Procedure division of the COBOL scurce input
will simply result in the properties of the associated code in the COPY

files not being accounted for in the computation of the specific metrics.

6.2 Description of Input
The source program processed by the Halstead's Metrics Evaluation
Tocl must be in a file having one of the following formats:
1. Disk file with variable-length records varing in size from
1 to 80 characters, and a block size of 512 characters.
2. A cassette file with variable-iength records varying in size
from 1 te 80 characters., and a block size of 512 characters.

3. A card file {having fixed-length records of 80 characters).
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6.3 Description of Qutput

6.3.1 Listing of Qutput

The listing output from Haistead's Metrics Evaluation Tool consists
of a one page summary of the results of the evaluation cf the source
input program in terms of the specific metrics, followed by separate
lists of the individual operétors and the individual operands, and
their frequency of occurrence in‘the COBOL source program, in order of

their frequency of occurrence.
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6.3.2 Messages
The following messages will be output to the CRT device if a de-

tected situation warrants stuch a message to be displayed.

6.3.2.1 Error Encountered During Search of LINK-FILE
The message
LINK-FILE SEARCH ERROR
LINK KEY = <link-key>
NUMBER CF LINKS = <number-of-links>
probably indicates a physical I/0 error occurred whiie trying to read a

record in the LINK work file. The user should restart the initiating

procedure,

6.3.2.2 Error Encountered During Search of OPERAND-FILE
The message
OPERAND-FILE SEARCH ERROR
OPERAND KEY = <operand-key>
NUMBER OF UMIQUE OPERANDS = <number-of-unique-operands>
probably indicates a physical I/0 error occurred while trying to read a

record in the OPERAND work file. The user should restart the initiating

procedure.
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6.3.2.3 Insufficient Space in LINK-FILE
The message

RAN OUT OF SPACE IN LINK-FILE
LINK KEY = <link-key>

indicates that an insufficient amount of space has been assigned to the
LINK vork file for the particular COBOL program being examined. The
soluticn is to restart the initiatiné procedure, assigning more sectors
to the LINK work file. An increment of 500 sectors would be a reasonable

estimate.

6.3.2.4 Insufficient Space in OPERAND-FILE

The message

RAN QUT OF SPACE IN OPERAND-FILE
OPERAND KEY = <operand-key>

indicates that an insufficient amount of space has been assigned to the
OPERAND wofk file for the particular COBOL program being examined. The
solution is to restart the initiating procedure, assigning more sectors
to the OPERAND work file. An increment of 500 secters would be a rea-

sonable estimate.

6.3.2.5 Error Encountered During Rewrite of LINK-FILE Record

The message

PROBLEM REWRITING LINK-FILE
LINK KEY = <link-key>

probably indicates a physical I/0 error occurred while trying to rewrite
a record in the LINK work file. The user should restart the initiating

procedure.



6.3.2.6 Errcr Encountered During Rewrite of OPERAND-FILE Record
The message

PROBLEM REWRITING OPERAND-FILE
QOPERAND KEY = <operand-key>

probably indicates a physical I/0 error occurred while trying to rewrite
a record in the OPERAND work file. The user should restart the initiat-

ing procedure.
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7.0 Reliability and Maintainability

7.1 Reliability
The Halstead's Metrics Evaluation Tool should be robust enough to
recover from situations created by the existence of COPY statements in

the Procedure Division of the COBGL program being scanned.

7.2 Maintainability

in order to facilitate maintainability, the COBOL source program
for Halstead's Metrics Evaluation Tool, when compiled using the DEBUG
option of the system execute statement, ahd axecuted, will display
additional information on the CRT deviﬁe, including the source 1line and

the line number of the source line being scanned.
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APPENDIX C

[-Spec For McCabe's Tool

The following is the Implementation Specification for the tool to evalu-

ate McCabe's Cyclomatic Software Complexity Measure.



IMPLEMENTATION SPECIFICATION
FOR
McCABE'S COMPLEXITY MEASURE EVALUATION TOOL

1.0 Overview

1.1 Scope
This document specifies the implementation details of the McCabe's

Complexity Measure Evaluation Tool.

1.2 General Description

Tne McCabe's Complexity Measure Evaluation Tool, which operates
on systems which suppért NCR I-Family COBOL, is designed to scan a
COBOL source program in terms of McCabe's cyclomatic complexity mea-
sure, and output the results to a 1isting file. The files to be used
by McCabe's Complexity Measure Evaluation Tool must be established

while under control of the operating system,

1.3 References
The following references should be consulted for additional in-
formation on the concepts discussed in this specification:

(1) T. J. McCabe, "A Complexity Measure,"” IEEE Transactiens on
Software Engineering, Vol. SE-2, pp. 308 - 320, Dec. 1976.

(2) Meals, Randall R., Functional Specification for McCabe's
Complexity Measure Evaluation Tool. {See Appendix A.)



2.0 Epvirvonment

The McCabe's Complexity Measure Evaluation Tool is designed for
uce on any o the members of NCR's I[-Family of computing systems. Cur-
rently, the hardware systems forming the I-Family fnclude 8080-based,
605-based, -and 8400-based user systems. The operating systems forming
the [-Family environment include the IDPS, MDPS, IMOS I1I, IMOS V, and
IRX operating systems. Execution of I-Family COBOL is also possible

under the MCITS and TCOS systems.

3.0 Design Summary

The McCabe's Complexity Measure Evaluation Tool is designed as a
utility for COBOL apolication developers. It provides a means of
automating the calculation of McCabe's cyclomatic complexity measure

for every paragraph and section, as well as averages for every section

and an average and total for the entire program.

3,1 System Flow

The McCabe's Complexity Measure Evaluation Tool is invoked as a
normally executzble COBOL program via the appropriate system commands,
with its input in logical file I and its output in logical file PRINT-
FILE. There must also be assigned scratch work files associated with

the louical files NAME-FILE and SIRE-FILE.
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3.2 Logic Flow
The McCabe's Complexity Measure Evaluation Tool is a COBOL program.

t accepts as input COBOL source. The tool scans the COBOL source
input and first extracts the names and complexity of any switches in
the Environment Division and any 88-level condition-names in the Data
Division of the source program, along with the sire names of the qual-
ification hierarchy of the condition-names, saving these collected names
and associated information into scratch work files. The tool then
scans the Procedure Division of the source program, looking for condi-
tional expressions. If a conditional expression is found, the next
source word is examined to see if it is a conditional operator. If

it is not, the conditional expression is assumed to be a condition-
rname, and the condition-rame work file is searched for a matcn. If
no such match is found, an error is assumed, and reported via a
message to the CRT device, and the scanning is resumed. If it is
found in the condition-name work file, the implicit complexity of the
condition-name is added to the running totals retained for the current
paragraph, current section, and the entire program. For non-condition-
name situations, each conditional operator contributes unity. All
paragraphs have a minimum complexity of one if they are non-empty, and
a complexity of zero if there are no lines of code. The scanning and

computing cccurs until the end of the source program.
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3.3 Program Flow
The general program flow through the McCabe's Complexity Measure

Evaiuation Tool is shown in Figure C.1.
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4.0 Component Description

4,1 Local Data

Lccal Data for the McCabe's Complexity Measure Evaluation Tool

consists of the following:

NAME
SOURCE-LINE

CONDITION-NAME-ENTRY

SCURCE-WORD

SAVE-WORD
QUALIFICATION-ENTRIES

THE-TIME

HEADER

PRINT-LINE-1 through
FRINT-LINE-8

THE-DATE

ACCUMULATIVE-COMPLEXITY

GO-TO-COMPLEXITY

DESCRIPTION

The current source line of COBOL text
being scarnned.

The structure containing a condition-
name, its qualification hierarchy, and
other associated information, which
is retained in the SIRE-FILE.

The current source word of the COBOL
text being scanned.

Used to hold a copy of SUURCE-WORD.

Holds the qualification hierarchy of
an item being scanned in the Procedure
Division, for comparison with SIRE-
FILE entries.

The time of day, in hours, minutes,
and seconds. Retrieved from the
system,

Information printed at top of each
page in the 1isting output.

These contain the formats of infor-
mation to be placed in the listing
output.

The date, as retrieved from the sys-
tem.

The total complexity of the COBOL
source input program.

Used as a temporary structure to re-

tain compiexity of potential GO-TO-
DEPENDING situation.
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QUALIFICATION-COUNTER

PAGE-COUNT

NUMBER~-OF -CONDITIOMN-NAMES

SIRE-KEY
NAME-KEY

PTR
START-GF-WORD

END-OF-WORD

WORD-SIZE

SOURCE-PTR

PTR-TEMP

DELIMITER-TEMP

SOURCE-WORD-TEMP

SOURCE-STOP

SIRE-TABLE-SUBSCRIPT

SUBSCRIPT-TEMP

CURRENT-LEVEL

Index of depth of qualification of
data-name being scanned.

Counter incremented for each page of
the Tlisting output.

Counter incremented Tor each new
condition-name encountered.

Relative key for the SIRE-FILE.
Relative key for the NAME-FILE.
Index intc source line being scanned.

Index indicating where the starting
position in the source line of the
current word being scanned is.

Index indicating position of end
character in the source line of the
current word being scanned.

Size in characters of the current
word being scanned.

Index into the source 1line used in
scanning literals.

Temporary variable to hold indices
into the current source Tine being
scanned.

Temporary value used to hold source:
word delimiters in the scanning of
subscripts.

Temporary storage for retaining source
word values.

Contains the delimiter of the current
source word being scanned.

Index into SIRE-TABLE of CONDITION-
NAME-ENTRY.

Index used for indicating position
of the end of the source word being
scanned when skipping past parentheses
in the Procedure Division.

Present level-number of data-item
being scanned.

.



LAST-LEVEL

RUNNING-SECTION-COUNT

RUNNING-PROGRAM-COUNT

RUNNING-SECTION-TOTAL

RUNNING-PROGRAM-TOTAL

SECTION-AVERAGE

PROGRAM-AVERAGE

SIRE-NAME
FILE-FLAG

EOF-FLAG

AREA~A-FLAG

CONDITION-FIND-FLAG

DONE-SW
CONSUME-SW

QUOTE-SHW

Level-number of last data-item
scanned.

The running total of the number of
paragraphs in the current section.
being scanned.

The running total of the number of
paragraphs in the source program.

The running total of the complexity
of the paragraphs of the section
currently being scanned.

The running total of the complexity
of the paragraphs in the source
program.

The average complexity of the para-
graphs in the last section scanned.

The average complexity of the para-
graphs in the source program,

The id-name of a gqualifier.

A flag used to indicate whether the
source program being scanned has
fixed or variable length records.

A flag used to indicate that the
scanning of the source program has
reached the end of the source file.

A flag used to indicate whether the
AREA-A of the current source line is
blank or non-blank.

A flag used to indicate that a con-
dition name has been found in the
search of the SIRE-FILE that matches
the condition-name in the conditional
expression being scanned.

A general purpose flag.

A flag used in the scanning of liter-
als.

A flag used in the scanning of liter-
als.
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CGNDITIONAL-SITUATION-SH

NO-NOT-SW

MORE-CONDITION-SW

RELATIONAL-OPERATOR-SH

GO-TO-DEPENDING-SH

FIRST-TIME-THRU-SW

LINE-NUMBER

LINE-NUMBER-DISPLAY

ADD-ONE-SW

PRINT-TOTAL-N-AVERAGE-SW

A flag used to indicate that a con-
ditional situation has been found
in Lhe current source line being
scanned.

R flag used to indicate the presence
of 'NOT' in the current source line.

A flag used to indicate whether the
current conditional expiression being
scanned is compound or not.

A flag used to indicate the presence
of a relational operator in the cur-
rent source line being scanned.

A flag used to indicate that a GO-TO-
DEPENDING has been found in the cur-
rent source Tine being scanned.

A flag used to indicate whether or
not this is the first module being
scanned.

The line-number of the current source
line being scanned.

Used for conversion of numeric LINE-
NUMBER to alphanumeric value for
display to the CRT device.

A flag used to indicate if a line of
code has been encountered in the
current module being scanned, or if
the module is empty.

A flag used to indicate whether the
situation exists where the total and
average complexity should be printed.
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4.2 Routines

The following routines are part of McCabe's Complexity Measure

Evaluation Tool:

ROUTINE
MAIN
GET-WORD

READ-NEXT

ISOLATE-WORD

CONSUME-LITERAL

EXAMINE-AND-ISOLATE-SUBSCRIPTS

GET-TO-TOP-0F-PAGE

GET-TIME-AND-DATE

PROCESS-PROGRAM-1D-PARAGRAPH

COLLECT-CONDITION-NAMES

COLLECT-ANY-SWITCHES

COLLECT-ANY-G3-LEVELS

ANALYZE-CURRENT-LEVEL

FUNCTION
Qutermost routine (Driver).

Isolate the next token in the COBOL
source program.

Inputs the next character of the COBOL
source file.

Isolate a token in the COBOL source
program.

Isolate - a literal token in the COBOL
text.

Strip off and examine subscripts.

Slew the output listing to the top
of the page and print the heading
with page number.

Accept time and date for listing
from the system.

Scan for program-id to put in the
listing.

Collect condition-name entries in the
Environment and Data Divisions.

Scan the COBOL source program, looking
for any switches. '

Scan the COBCL source program, collect-
ing all the 88 level items found in
the Data Division.

Examine the level number of the item
being scanned. If the level number
indicates that the item is above the
last item scanned in the hierarchy of
the data structure teing scanned, re-
move the unrelated sires from the
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REGISTER-88-LEVEL

OUTPUT-CONDITION-ENTRY
OUTPUT-S IRE-NAME
PROCESS-PROCECURE-DIVISION
GET-MODULE-COMPLEXITY

FIND-CONDITIONAL-SITUATIONS

SCAN-FOR-GOTC-DEPENDING

CHECK-MODULE-START

ANALYZE-COMPLEXITY

GET-PAST-AND-REMOVE-PARENS

SCAN-FOR-NOT

SCAN-QUALIFICATION-N-SUBCRIPT

SCAN-FOR-IS-N-NOT

SCAN-FOR-0OR-N-AND

SIRE-TABLE. Then place the level of
the item being scanned and the item
in the SIRE-TABLE,

Scan an 88 level item and register
it and its corresponding complexity.

Output an entry to the SIRE-FILE.
Output an entry to NAME-FILE.

Analyze the complexity of the para-
graphs found in the Procedure Di-
vision.

Analyze the complexity of an individ-
ual paragraph.

Scan the COBCL source program, look-
ing for a conditional expression.

For every possible GOTO DEPENDING
situation, accumulate the potential
complexity. If the SEPENDING phrase
is found, add to compiexity totals
the accumulated complexity for the
GOTO DEPENDING.

Scan the COBOL source program, look-
ing for the start of a section or
paragraph. :

Scan a conditional, calculating its-
complexity.

Scan past parentheses.

Scan for NOT, setting NO-NOT-SW as
to whether one is found or not found.

Scan any qualification and associated
subscripts, scanning past the sub-
scripts, and placing the qualifica-
tion items in the table called
QUALIFICATION-ENTRIES.

Scan past IS and NOT if they are
found.

Scan for the connectors 'OR' and
'AND', which indicate compound con-
ditionals.
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CHECK-IF-RELATIONAL-OPERATOR

CHECK-CUT-CONDITION

GO-THRU-CONDITION-NAMES

PRINT-ROUTINES

If the current source word is a
relational operator, then the con-
ditional being scanned is a rela-
tional condition, and each simple
relational condition, whether or not
it is a member of a complex con-
ditional expression, has a complexity
value of one.

Determine the complexity of the con-
ditional being scanned.

Look through the SIRE-FILE for an
entry that matches the condition-name
currently pointed to in the source
program.

Qutput the results to the PRINT-FILE.
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5.0 Development and Maintenance

5.1 Development Systems

The primary development system used for McCabe's Complexity Measure
Evaluation Tool was an 18270 with 1024k bytes of memory, 6560 and 6530
disk drives, a 600-1pm band printer, and the IMOS V operating system.

Both compilation and execution may be performed on this system.

5.2 Maintenance Considerations

In order to facilitate maintainability, the COBOL source program
for McCabe's Complexity Measure Evaluation Tool, when compiled using
the Debug option of the system execute statement, and executed, will
display additicnal information to the CRT device, including the source
line and the line number of the source line being scanned.

0f assistance in maintenance is the I-Family COBOL interactive
Debug facility, which is activated when using the Debug option on the
system execute statement when executing the McCabe's Complexity Measure

tvaluation Tool.
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APPENDIX D

I-Spec For Halstead's Tool

The following is the Implementation Specification for the tool to evalu-

ate Halstead's Software Science Metrics.



IMPLEMENTATION SPECIFICATION
FOR
HALSTEAD'S METRICS EVALUATION TOOL

1.0 Overview

1.1 Scope
This document specifies the implementation details of the Halstead's

Metrics Evaluation Tool.

1.2 General Description

The Halstead's Metrics Evaluation Tool, which operates on systems
which support NCR I-Family COBOL, is designed to scan a COBGL source
program in terms of the Software Science metrics defined by M. Halstead,
and output the results to a listing file. The files to be used by the
Halstead's Metrics Evaluation Tool must be established while under con-

trol of the operating system.

1.3 References
The following references should be consulted for additional in-
formation on the concepts discussed in this specification:

(1) Meals, Randall R., Functional Specification for Halstead's Metrics
Evaluation Tool. (See Appendix B.)

(2) Halstead, M. H., "Advances in Software Science," Advances in
Computers, Vol. 18, Academic Press, Inc., Hew York, 1979.



{3) Lyusternik, L. A., 0. A, Chervonenkis, and A.k. Yanpol'skii, iHand-
book for Computing Elementary Functions, Pergamon Press Ltd.,
Oxford, 1965.
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2.0 Environment

The Halstead's Metric Evaluation Toel is designed for use on any
of the members of NCR's I-Family of computing systems. Currently, the
hardware systems forming the I-Family include 8080-based, 605-based, and
8400-based user systems. The operating systems forming the I-Family
environment include the IDPS, MDPS, IMOS III, IMOS V, and IRX operating

systems. Execution of I-Family COBOL is also possible under the MCITS
and TCOS systems.

- D-3 -



3.0 Design Summary

The Halstead's Metrics Evaluation Tool is designed as a utility
for COBOL application developers.
the calculation of the metrics of Halstead's Software Science discipline.
The tool consists of a COBOL program, which accepts COBOL source as
input, utilizes two scratch work files, and produces a listing output
The follow-

of the results of the measures applied to the source input.

ing metrics from Software Science are utilized in the evaluation of the

source input:

1)
2)
3)
4)
5)
6)
7
8)
9)
10)
11)
12)
13)

For further explanation of the above metrics, see reference (2) in

The number of unique operators
The number of unique operands
The total frequency of operators
The total frequency of operands
Program Vocabulary

Program Length

Estimated Program Length
Program Volume

Implementation Level

Potential Volume

Effort Metric

Programming Time

Language Level

Section 1.3 of this document.
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3.1 System Flow

The Halstead's Metrics Evaluation Tool is invoked as a rormally
executable COBOL program via the appropriate system command, with its
input in logical file I and its output in logical file PRINT-FILE.
There must also be assigned scratch work files associated with the

logical files OPERAND and LINK.

3.2 Logic Flow

The Halstead's Metrics Evaluation Tool is a COBOL program. It
accepts as input COBOL source. The tool scans the COBOL source, and
first Tocates the beginning of the Procedure Division. The tool then
scans the Procedure Division of the source input, examining each token
and determining if it is an operator or an operand. This is accom-
plished by comparing the token against a table containing the known
operators of the COBOL language. If the token is found in the table
of operators, then the count of occurrences associated with that operator
is incremented by one, and the running count of the freguencv of operators
in the program is also incremented by one. If the tcken is net found
in the table of operators, it is assumed to be an operand. In this
case, a search is made to see if a reference to the current token has
3lready been made. One of the work files contains a set of links chain-
ing the contents of the second work file, which contains previously
scannad operands and their individual frequencies of occurrence. A
chain exists for each letter of the alphabet, and a chain exists for
all non-alphabetics. 1f the token is not matched by one of the operands
in the work file, an entry is created so that the token is added to the
set of kriown operands. The count of occurrences associated with the
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antry in the work files for that operand is incremented by one, and the
running count of the frequency of operands in the program is also in-
cremented by cne. The scanning continues untii the end of the program.
At that point, the tool calculates the various metrics and cutputs to the
listing file a page containing the measured and computed metrics. This
is foliowed by separate lists of the operators and operands and their

frequencies, output in order of frequency.

3.3 Program Flow
The general program fiow through the Halstead's Metrics Evaluation

Tool is shown in Figure D.1,



Input ﬂ Process Output

1y
| SR Halstead's Metrics Evaiuztion
i ."'i“"">-. Tool
1. Scan to Procedure I GPERAND Scratch

Givision, A A 2
LLE0L Program 2. Scan Procecure Division ¢ Work File
Source File > extracting cperator

and coorand freguencies.
3. Gencrate listing.
4, Return central to systes, LUK Scratch
Work File

P
\!9

Listing Output

__..._.’/“-—

System Inputs

Date b

~
il \\

Time

<’~"‘\~i- &

Figure D.1 General Frogram Flow Through Halstead's Metrics Evaluation
Toel.
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4.0 Component Description

4.1 Local Data

Local Data for the Halstead's Metrics Evaluation Tool consists of

the following:

NANE
SOURCE-LINE

SQURCE-WORD
SAVE-WORD

OPERATOR-ENTRIES

ALPHABET-ENTRIES

OPERAND-HEAD-LINKS

OPERAND-ENTRY

THE-TIME

HEADER

PRINT-LINE-1 through
PRINT=LINE-20

THE-DATE

PAGE-COUNT

DESCRIPTION

The current source line of COBOL text
being scanned.

The current source word of the COBOL
text being scanned.

Used to hold a copy of SOURCE-WORD.

Table which hoids the id-name of
known COBOL operators and their
frequencies.

Holds the links chaining together
operand id-names using the first
character of the operand id-names as
an index..

The head links of the chain of Tink
elements for operands and their
frequencies.

Contains an operand id-name and its
frequency.

The time of day, in hours, minutes,
and seconds. Retrieved from the
system.

Information printed at top of each
page in Tisting output.

These contain the formats of infor-
mation to be placed in the listing
output.

The date, as retrieved from the
system.

Counter incremented for each page of
the Tisting output.
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PTR Index into the source line being
scanned,

START-0F-4ORD Index indicating where the starting
position in source line of the
current word being scanned is.

END-OF-WORD Index indicating position of end
character in the source line of the
current work being scanned.

WORD-SIZE Size in characters of the current
word being scanned.

SOURCE-PTR Index into the source line used in
scanning literals.

PTR-TEMP Temporary variable to held indices
into the current source line being
scanned.

SUBSCRIPT-TEMP Index used for indicating position

of the end of the source word being
scanned when skipping past parentheses
in the Procedure Division.

DELIMITER-TEMP Temporary value used to hold source
‘ word delimiters in the scanning of

subscripts.

SOURCE-WORD-TEMP Temporary storage for retaining
source word values.

SOURCE-STOP Contains the delimiter of the current
source word being scanned.

SAVE-STOP Used to hold a copy of SCURCE-STOP.

LINE-NUMBER The line-number of the current

source line being scanned.

LINE-NUMBER-DISPLAY Used for conversion of numeric LINE-
NUMBER to alphanumeric value for
.display to the CRT device.

OPERAND-KEY Relative key for the OPERAND scratch
work file.

LINK-KEY Relative key for the LINK scratch
work file.
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NUMBER-OF -LINKS
LAST-LINK

LINK-IKDEX

ITEM-BEING-CONSIDERED

ONC-TO-PRINT

LAST-ONE-PRINTED

CURRENT-HIGH

LAST-HIGH
NUMBER- OF - ITEMS-PRINTED
NUMBER-OF -UNIQUE-OPERANDS
NUMBER-OF-UNIQUE-OPERATORS
TOTAL-FREQUENCY-0F-OPERANDS
TOTAL-FREQUENCY-OF-OPERATORS

PROGRAM-VOCABULARY

Contains total number of items in
the iinked 1ists of operands.

Contains value of the last item to
be examined in a link jist of operands.

Contains value corresponding to
which link list head currently
corresponds to the first character
of the current operand being scanned.

Used to retain value corresponding
to the current item examined in the
outputting -of operators and operands
by rrequency.

The value carresponding to the index
of the operator or operand to be
output.

The value corresponding to the index
of the last operator or operand
which was output with its freguency.

The value of the highest frequency
to be encountered during a pass
through outputting the operators or
operands, that is less than or equal
to the frequency of the last item
output.

The frequency of the last operator
or operand output.

The total number of operators or
operands output.

The total number of unique operands
encountered in the source input.

The total number cf unique operators
encountered in the source input.

The total number of operands encount-
ered in the source input.

The total number of operators en-
countered in the source input.

The computed value of the Program
Vocabulary metric.
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PROGRAM-LENGTH

PROGRAM-VOLUME

IMPLEMENTATION-LEVEL

POTENTITAL-VOLUME

EFFORT-METRIC

ESTIMATE-OF-PROGRAM-LENGTH

PROGRAMMING-TIME-SECONDS

PROGRAMMING-TIME-MINUTES

PROGRAMMING-TIME-HOURS

LANGUAGE-LEVEL

PASSED-TO-LOG-ROUTINE

LOG-BASE-TWO-RESULT

TEMP-1 through TEMP-7

HALF-L0G

LOG-ADDEND

LOG-E

The computed value of the Program
Length metric.

The computed value of the Program
Volume metric.

The computed value of the Implementa-
tion metric.

The computed value of the Potential
Volume metric.

The computed value of the Effort
metric.

The computed value of the Estimate
of Program Length metric.

The computed value of the Programming
Time metric in seconds.

The computed value of the Programming
Time metric in minutes.

The computed value of the Programming
Time metric in hours.

The computed value of the Language
Level metric.

The value of which the base two
logarithm is to be calculated.

A calculated base two logarithm ‘
corresponding to the PASSED-TO-LOG-
ROUTINE value.

Temporary variables used for produc-
ing the computed metrics.

Used in the calculation of base two
logarithms.

Used in the calculation of base two
logarithms.

Used to hold the natural logarithm
corresponding to the PASSED-TO-LOG-
ROUTINE vaiue, and used as an
intermediate step in arriving at the
equivalent base two logarithm.
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MULTIPLIER Used in the calculation of base two

Togarithms.

FRACTION Used in the calculation of base two
logarithms.

I Index used in the calculation of base

two logarithms.

X-PLUS-1 Used in the calcuiation of base two

logarithms.

X-MINUS-1 Used in the calculation of base two
logarithms.

CONVERSION-VALUE The value by which a natural logarithm

is multiplied to arrive at an equiva-
lent base two logarithm.

FILE-FLAG A flag used to indicate whether the
source program being scanned has
fixed or variable length records.

EQF-FLAG A flag used to indicate that the
scanning of the source program has
reached the end of the source file.

AREA-A-FLAG A flag used to indicate whether the
_ AREA-A of the current source line is
blank or non-blank.

CONSUME-SW A flag used in the scanning of
Titerals.

QUOTE-SW A flag used in the scanning of
literals.

DONE-SH A general purpose flag.

OPERAND-FIND-FLAG A flag used to indicate whether the

current operand being scanned has
been previously encountered and thus
been placed in the appropriate

link list.
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4.2 Routines

The foilowing routines are part of the Halstead's Metrics Evaluation

Tool:

RCUTINE
MAIN
GET-WORD

READ-NEXT

ISOLATE-WORD

CONSUME-LITERAL
EXAMINE-AND-ISOLATE~SUBCRIPTS
GET-TO-TOP-0F -PAGE
PRINT-BLANK-LINE
GET-TIME-AND-DATE
INITIALIZE-OPERATOR-TABLE
INITIALIZE-ALPHABET-TABLE
PROCESS-PROGRAM- ID-PARAGRAPH

PROCESS-PRGCEDURE-DIVISION

GET-PAST-AND-REMOVE-PARENS

FUNCTION
Outermost routine (Driver).

Isolate the next token in the COBOL
source program,

Inputs the next character of the
COBOL source file.

[solate a token in the COBOL snurce
program.

Isolate a literal token in the COBOL
text.

Strip off and examine subscripts.

Slew the output listing to the top
of the page and print the heading
with page number,

Cutput a blank line to the output
listing.

Accept time and date for listing
from the system.

Initialize the entries in the OPERATOR-
TABLE.

Initialize the entries in the ALPHABET-
TABLE and in the HEAD-LINK-LIST

Scan for program-id to put in the
listing.

Scan the source program's Procedure
Division and collect all occurrences
of operators and operands.

Scan for any parentheses and remove .
them from the source word to be
examined.
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REGISTER-CPERATOR

REGISTER-OPERAND

COMPUTE-MEASURES

CALCULATE-PROGRAM-VOCABULARY
CALCULATE-PROGRAM-LENGTH
CALCULATE-ESTIMATE-OF-LENGTH

CALCULATE-~PROGRAM-VOLUME
COMPUTE-LOG-BASE-TWO

CALCULATE-IMPLEMENTATION-LEVEL

CALCULATE-POTENTIAL-VOLUME
CALCULATE-EFFORT-METRIC
CALCULATE-PROGRAMMING-TIME

CALCULATE-LANGUAGE-LEVEL
QUTPUT-RESULTS-ROUTINE

OUTPUT-MEASURED-RESULTS

Enter the operator currently being
scanned into the operator table by
incrementing the counter of the
entry associated with the passed
index.

Register the current operand being
scanned by placing it in the OPERAND-
FILE if it does not already have an
associated entry, or if it does, by
incrementing the counter of that en-
try. In order to expedite the search
for a given operand a linked list is
maintained for each letter of the
alphabet, plus a linked list of all
non-alphabetic characters.

Compute the metrics defined by
Halstead and his co-workers from the
information collected.

Compute the Program Yocabulary metric.
Compute the Program Length metric.

Compute the Estimate of Program Length
metric.

Compute the Program Yolume metric.

Calculate the base two logarithm of
the passed value.

Compute the Implementation Level
metric.

Compute the Potential Volume metric.
Compute the Effort metric.

Compute the Programming Time metric
in terms of seconds, minutes, and
hours, using Stroud's Number of 18
Elementary Mental Discriminations
per second.

Compute the Language Level metric.

Qutput the measured and computed
metrics to the PRINT-FILE.

Qutput the results of the measured
metrics to the PRINT-FILE.
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QUTPUT-COMPUTED-RESULTS Qutput the results of the computed
metrics to the PRINT-FILE.

QUTPUT-OPERATOR-FREQUENCIES Output the operaters found in the
source program in order of descen:i-
ing frequency.to the PRINT-FILE.

OUTPUT—OPERAND-FREQUENCIES Output the operands in the source

program in order of descending fre-
quency to the PRINT-FILE.
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5.0 Development and Maintenarce

5.1 Develonment Systems

-The primary development system used for Halstead's Metrics Evaluation
Tool was an_12270 with 1024K bytes of memory, 6560 and 6536 disk drives,
a 600-1pm band printer, and the IMOS V operating system. Both compila-

tion and execution may be performed on this system.

5.2 Maintenance Considerations

In order to facilitate maintainability, the COBOL source program
for Halstead's Metrics Evaluation Tool, when compiled using the Debug
option of the system execute statement, and executed, will display addi-
tional information to the CRT device, including the source line and the
1ine number of the source line being scanned.

Of assistance in maintenance is the I-Family COBOL interactive
Debug facility, which is activated when using the Debug option on the
system execute statement when executing the Halstead's Metrics Evalua-

tion tool.
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APPENDIX E

McCabe's Tool Source Code

The following listing is the COBOL source code for the tool to evaluate

McCabe's Cyclomatic Scftware Complexity Measure.
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APPENDIX F

Halstead's Tool Source Code

The following listing is the COBOL source code for the tool to evaluate

Halstead's Software Science Metrics.
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APPENDIX G
McCabe's Measure - Tables of Results

The following tables, in Figure G.1, Figure G.2, Figure G.3, Figure G.4,
Figure G.5, and Figure G.6, present tabulations of the frequencies of
modules associated with the given cyclomatic complexity values for the
first and second versions of the three measured programs. The frequency
of occurrence of the various complexity values is taken from thé output
listings that resulted from applying the tool to evaluate McCabe's cyclo-

matic complexity measure against the two versions of the programs.



Cyclomatic Complexity Number of Modules

1 84
2 67
3 50
4 35
5 16
6 16
7 5
8 14
9 5
10 4
11 3
12 0
13 3
14 0
15 1
16 0
17 1
18 1
19 0
20 0
21 0
22 0
23 0
24 0
25 0
26 0
27 0
28 0

Figure G.1 Table of Cyclomatic Complexity Values Found in the First

Version of Program A.
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Cyclomatic Complexity Number of Modules

1 56
2 111
3 64
4 33
5 20
6 29
7 11
8 11
9 7
10 5
11 4
12 3
13 2
14 0
15 1
16 1
17 1
18 1
19 0
20 0
21 0
22 0
23 0
24 0
25 0
26 0
27 0
28 0

Figure G.2 Table of Cyclomatic Complexity Values Found in the Second

Version of Program A.
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Cycliomatic Complexity Number of Modules
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Figure G.3 Table of Cyclomatic Complexity Values Found in the First
Version of Program B.
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Cyclomatic Complexity Number of Modules

1 96
2 75
3 49
4 36
5 18
6 9
7 4
8 5
9 6
10 2
11 1
12 2
13 0
14 2
15 0
16 1
17 0
18 0
19 0
20 0
21 0
22 0
23 0
24 0
25 0
26 0
27 0
28 0

Figure G.4 Table of Cyclomatic Complexity Values Found in the Second
Version of Program B.
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Cyclomatic Complexity Number of Modules

1 79
2 67
3 82
4 45
5 47
6 21
7 19
8 10
9 10
10 4
11 6
12 1
13 2
14 1
15 1
16 2
17 2
18 0
19 1
20 0
21 0
22 0
23 2
24 0
25 0
26 0
27 0
28 0

Figure G.5 Table of Cyclomatic Complexity Values Found in the First
Version of Program C.
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Cyclomatic Complexity Number of Moduies

1 79
2 66
3 82
4 45
5 45
6 21
7 19
8 10
9 10
10 4
11 7
12 0
13 2
14 1
15 1
16 2
17 2
18 0
19 1
20 0
21 0
22 0
23 2
24 0
25 0
26 0
27 2
28 0

Figure G.5 Table of Cyclomatic Complexity Values Found in the Second
‘Yersion of Program C.
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APPENDIX H
Halstead's Metrics - Program A - Version 1

The following output listing is the partial results of applying the
tool to evaluate Halstead's Software Science Metrics against the first
version of Program A. For brevity, the ordered listing by frequency

of operands is not shown here.
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APPENDIX I

Halstead's Metrics - Program A - Version 2

The following output listing is the partial results of applying the
tool to evaluate Halstead's Software Science Metrics against the second
version of Program A. For brevity, the ordered listing by frequency

of operands is not shown here.
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APPENDIX J

Halstead's Metrics - Program B - Version 1

The following output listing is the partial results of applying the
tool to evaluate Halstead's Software Science Metrics against the first
version of Program B. For brevity, the ordered listing by frequency

of operands is not shown here.



£966°Y
"SUH £022°621
"NIW TLSL90LL
*335 9965°60ZL9
1810° 0046088
7000° %66
000"
116701002
61°0%tL
(117
162
o9t
S68¢
117

FA

3INIVA

100 3IIV4 6Z2¥T1€0

A1}

01733 = 3
WA =33

[AIC1) = A
TLTZSILINIILIZNGZT *¥ddY = 1
(ZNOINIZIQ I ZA+ 14T = A
(ZNIZI0TLZNISTINIZIOTLING = 4N
Z4e74

INe TN

74

14

7N

i

NOILINISID

ou/10/092

T-NOISETA-B=NYHIQUd = FHYN-HYUIONL

34T IBYNINYTY

INIL OINIWHYNIO0Ud
FARSELENE LEEE]

- J-1 -

IWATOA TYTEINII0E

FIAIT NOTAVINININANWT

FUNTDA MYHI0Nd

M1ON3T MY¥I0Hd QILVHILET

HLIN3T WY¥o0¥d

A¥TINGYIOA WYHOOUL 25IUNSYIN 0ININDD
SONYYIH0 40 AININOIWL WIO0L

SHOLYYIJO 40 AININDIWL IVACL o

SANYYIJ0 INDINA 40 WINKAN

SWOiYu3Id0 INDIND J0 HIRWAN ESITLYILONL QTUNSY I

FUVYN

JUNSYIN ALIXINANND S.0vILETIVH



00 asve

LT452 31 44]

ot/10/00

T=NOTSHIA=H-NYHIO UL @ INVN-HVUDOHL

LLER ]
Isvyl
N1dO
GIvAN]
14uD¥4
14322¥
LI R
13%

(i1} ]
INTALD
ONTANYA
vnians
oay

<

A9
AVdSIC
co

L]
arann

i {n,}
AR E]

41

HHD 4¥3d
AnON
gi

IWICHD INLONIISIO NT SHOLYURAADQ =6 AININDINS

(3]
3]
51
(3]
i
81
T3
v2
vz
oe
zt
s
1Y
14
2%
1
29
ot
Y]
Y]
&R
167
i
Ly
147
294

agq

JWNSYIN ALINTTINODD SaO¥ILSIVH



€00 39v4

6TreTLEOD

ot/t1az09

T=NOTSYIA=@=HYHIDYd = FWYH-UYYIOLJ

141IHS 1
yox3
NVHI1

-  ef e

d01s

-

U3iv3us
inding
ATdILNN
¥314Y

m NN A

HiIm
EINR LER ]
31nduDI
301A10

>

~ M~ @ o ¥

INTHLS

PR EL i
031IMIT30 L
A3n - @
382N 1
dfn [ 3
INTYASHA €1

JUNSYIW ALIAITNINDD S,0VILSTIVH

- J=3 -~



APPENDIX K
Halstead's Metrics - Program B - Version 2

The following output listing is the partial results of applying the
tool to evaluate Halstead's Software Science Metrics against the second
version of Program B. For brevity, the ordered listing by frequency

of operands is not shown here.
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APPENDIX L

Halstead's Metrics - Program C - Version 1

The following output listing is the partial results of applying the
tool to evaluate Halstead's Software Science Metrics against the first
version of Program C. For brevity, the ordered listing by frequency

of operands is not shown here.
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APPENDIX M

Halstead's Metrics - Program C - Version 2

The following output listing is the partial results of applying the
tool to evaluate Halstead's Software Science Metrics against the second
version of Program C. For brevity, the ordered listing by frequency

of operands is not shown here.
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APPENDIX N

Halstead's Metrics - Rank Order Frequency of Cperators

The following graphs, in Figure N.1, Figure N.2, Figure N.3, Figure N.4,
Figure N.5, and Figure N.6, present plots of the logarithmic values of
the frequency of occurrence of operators in rank order. These plotted
values correspond to the values for the frequency of operators found in
the output listings in Appendix H through Appendix M, which are the
partial results of applying the tool to evaluate Halstead's Software
Science Metrics against the first and second versions of the three

measured programs.
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Figure N.1 Graph of Logarithmic Plot of Rank Order Frequency of Operators
for the First Version of Program A.
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Figure N.2 Graph of Logarithmic Plot of Rank Order Frequency of Operators
for the Second Version of Program A
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Figure N.3 Graph of Logarithmic Plot of Rank Order Frequency of Operators
for the First Version of Program B.
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Figure N.4 Graph of Logarithmic Plot of Rank Order Frequency of Operators
for the Second Version of Program B.
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Figure N.5 Graph of Logarithmic Plot of Rank Order Frequency of Operators
for the First Version of Program C.
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for the Second Version of Program C.
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Abstract

Much of the emphasis in adopting structured programming techniques
is due to the perceived need to provide guidelines through which to reduce
the complexity and increase the understandability of modules of software.
A major factor motivating this ehphasis is the high level of maintenance
costs often experienced during the 1ife-cycle of a piece of software.

The complexity of a software module is somehow intuitively related to the
difficulty experienced in developing, understanding, tesitng, modifying,
and consequently maintaining that piece of software. With maintenance
costs consuming the vast majority of the D. P. budgets of many organiza-
tions, there is a very real and pressing need to have some means by which
to gquantitatively measure software to determine if it conforms to program-
ming style guidelines which enforce and reinforce adherence to whatever
structured programming techniques an organization selects. Software com-
plexity measures are an attempt to fill this need.

Many authors have presented what they view as a suitable means of
mza3uring specific characteristics of software. Afier a survey of the
literature available describing the various proposed complexity measures,
those of M. Halstead's theory of Software Science and that of T. McCabe,
his cyclomatic measure, were selected. A major reason for their selection
was that they are relatively easy to automate, compared to many of the
others.

The report serves as documentation of a project that had as its goal
the selection of appropriate complexity measures, in this case those of
Halstead and McCabe, ana to automate and use the selected complexity mea-
sures to evaluate a set of large, comercial software. An important
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aspect of this exercise was to deternine if software which had a high
complexity in terms of a specific complexity measure provided to be
problematic in terms of error history.

The set or programs examined were not selected for any special rea-
son, other than they were available, were sufficiently large, and had an
associated error history. As is to be expected, the error history is not
a complete record of all past and future errors in the selected software,
but serves as a snapshot from which to detect tendencies and trends. The
measured software is a set of three utility programs, written in COBOL,
and have all been written by different programmers, in different circum-
stances, and have passed through the hands of several different individ-
uais during the development, maintenance, and enhancement phases.

Examination of the results of applying McCabe's measure showed that
the problem areas of code were not necessarily the paragraphs where the
cyclomatic complexity exceeded a value of ten, but rather the problem
areas were those where the average complexity was comparatively high,
This is probably an indicator of the amount of mental effort required to
understand the interaction between the affected paragraphs.

txaniination of the results of applying Halstead's metrics showed a
good relation between expected and actual error reports for two of the
programs. The third program had the least error reports, although the
hichest number of errors was predicted. This third program also had the
largest value for the Effort metric. The possible conclusion is that
the third program is currently correct but hard to understand, and thus
potentially will be hard to modify.

This project has demonstrated that it is reasonable and useful to
automate the selected complexity measures via coding in COBOL to apply
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against COBCL source programs. Althouch they certainiy do not serve as
complzte indicators of complexity, the measures appear to serve as useful
indicators of not only error-prone sections of code, by as warning flags
for otherwise innocent appearing pieces of software. The author is pro-
posing that in the future.tools for the two measures for each programming
language used be implemented and used as part of the standard development

and maintenance process.



