AD-AG%6 808  AIR FORCE INST OF TECH WRIGHT-PATTERSON AFB OHIO SCH--ETC F/G 9/2

_ A PRELIM LIBRATION OF THE RCA PRICE S SOFTWARE COS —ET
SEP 77 J SCHNEIDER T e

UNCLASSIFIED AFIT/GSM/SM/T75=15

| oF
B . . . .




Lo e e b s oo, < e S i A 53

s

A PRELIMINARY CALIBRATION OF THE RCA
PRICE S SOFTWARE COST ESTIMATION MODEL

Thesis :

John Schneider, IV
AFIT/GSM/SM/775-15 Captain USAF

DISTRIBUTION STATEMENT A |

Approved for public release;
Distribution Unlimited

s DR L B B



A PRELIMINARY CALIBRATION OF THE RCA PRICE S
SOFTMARE COST ESTIMATION MODEL

THESIS

Presented to the Faculty of the School of Engineering
of the Air Force Institute of Technology

_Mr University
in Partial Fulfillment of the
Requirements for the Degree of
‘ Master of Science

by

John Schneider, IV
Captain USAF

Graduate Systems Management
September 1977




1 = P 2 & b o o »- 28 s AN fx § 1 o S o st e A ¥ 2 P o LERELL,
e e S R R e e B B T R e 2 i il e e e s R
cicui. PSS i RSN b il il

PREFACE

During the nine years that I have been in the Air Force, I have been
associated with software development prolects in a number of capacities:
prospective user, programmer, systems analyst, and manager. This exper-
fence, supported by similar findings in the professional literature, has
convinced me that, given good people, it is the early decisions that most
often determine the success or failure of a software development project.
These decisions are often made in an environment where there is signifi-
cant pressure to make the project look attractive. TMs‘ pressure can
only be withstood by professional software managers who have a sound body
of empirical knowledge on which to base their project estimates. Today,
there are a large number of extremely competent software managers. The
empirical knowledge necessary for them to make good estimates, however,

‘ is still being developed through the continuing efforts of many competent
and dedicated researchers. This research was undertaken in an effort to
contribute to the development of that essential body of knowledge.

I would 1ike to take this opportunity to thank the many people who
contributed to this effort. Dr. Frank Freiman and Dr. Robert Park of
RCA PRICE Systems deserve special thanks, both for allowing me to use the
PRICE S model and for their many valuable insights into both PRICE S and
cost estimating in general. Many thanks also are due to Ms. Freda Kurtz
of the Air Force Avionics Laboratory. Ms. Kurtz helped formulate the
project and arranged for the computational resources necessary to complete
the research. In addition, I would 1ike to thank the many ASD personnel
who took time from their busy schedules to support this effort. Of course,
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Each year, the Department of Defense spends more than three billion

ABSTRACT

dollars on computer software, yet software managers are notoriously unable
to predict the cost of software development projects. This is especially
true of preliminary cost estimates made during the formative stages of a
project. Even when parametric relationships are used, such estimates
depend heavily on anology with previously developed systems. The purpose
of this research is to investigate ways of gathering and using descrip-
tiye data for the purpose of making preliminary software cost estimates.
A methodology for the collection of descriptive information on software
systems was developed and used to describe several avionics software
systems. The data thus gathered was then used to "calibrate" the PRICE S
software cost estimation model by relating particular values of several
"subjective" PRICE S input parameters to the observed software system
data. It was found that certain characteristics of software systems
could be objectively measured, and that the PRICE S model is not incom-
patible with avionics software systems developed for the Aeronautical
Systems Division of Air Force Systems Command.
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A PRELIMINARY CALIBRATION OF THE RCA PRICE S
SOFTWARE COST ESTIMATION MODEL

I. INTRODUCTION

The past few years have been a period of intensive change in the -
area of computer software develooment. This is true both within the
Department of Defense (DOD) in particular and within the software com-
munity as a whole. The concept of software engineering has gained wide
acceptance, and seems to be well on its way to becomming a mature disci-
pline. Concurrently, software professionals have developed a deeper
understanding of what so’ftwa.re systems are, and how they should be devel-
oped. Yet, even as the tools and techniques required to develop software
systems have evolved, the inability of software development managers to
estimate the cost of a given project has remained notoriously poor. This

failure to develop accurate cost estimating techniques has important

consequences for both software developers and for their potential customers.

The Cost of Software

In 1976, the Deputy Assistant Secretary of Defense (Material Acquisi-
tion) estimated that annual DOD expenditures for computer software exceeded
three billion dollars (Gansler, 1976:1). On the civilian side, Boehm
estimated that expenditures for software in the United States in 1976
would exceed 15 billion dollars (Boehm, 1975:4). While there may be some

overlap and inaccuracy in these two estimates, they unquestionably document

the overall size of the software industry in the United States. Even so,




such estimates only reflect the resources consumed in the development and

‘maintenance of software. They do not purport to measure the opportunity

costs of resources wasted because of schedule s1’,.ages, uneconomical
assignment of resources, and general inability to correctly guage the con-

sequences of possible future courses of action.

The Need for Software Cost Estimates

There are a number of reasons why accurate, timely estimates of

total cost are essential to the management of all large projects, inclu-
ding those that include computer software development. Some of the key
decisions which depend on cost estimates include: capital budgeting
decisions; source selectiqn decisions, prcject scheduling, system design
trade-off's, and performance evaluation. The impact of cost estimates on
each of these decisions is discussed briefly below.

Capital Budgetina Decisions. The decision to undertake a specific
project is uéuaIly made on the basis of some kind of comparison between
expected costs and benefits. Even if the considerations involved are
highly subjective in nature, some estimate of the project duration and
the manpower (or other critical resources) requirgd must normally be made
before the project is approved. Thus some form of cost estimate is
required prior to project approval.

Source Selection Decisions. Once a project has been approved, it is
necessary tO‘SGTGCt the organization that will actually develop the soft-
ware. This may be an "in-house" software development team, or it may be
an independent contractor. In either case, it is necessary to be able to
pccurata1y estimate the project costs for differing development options.

This is especially true since unrealistically low bids are not uncommon




in the software industry. Such bids may result from technical naivete on

the part of the bidder, or from an attempt to "buy in" on the contract.

~ In either case, it is necessary that unrealistically low bids be identified

as such. Otherwise a realistic source selection decision cannot be made.
Project Scheduling. The development of detailed project schedules
requires the ability to estimate resource requirements. In essence, each
work ypackage in the schedule becomes a project, the requirements for which
must be estimated independently. Thus, the quality of the project schedule
depends dir;ectly on the project manager's ability to accurately estimate 3
the requirements of each component of the project.
System Design Trade-Off's. Very few system acquisitions involve a

pure software development. Most often, the software system is "embedded"
in a lar§er system which is being developed as a whole. In such cases,

it is not unusual to find that certain system functions might be performed ;
equally well by either hardware or software. In such cases, the decision

to use hardware or software often hinges on the estimated costs of each

approach. In some cases, such decisions can radically alter the architec-

ture of the entire system.

Performance Evaluation. In many cases, the closest available approxi-
mation to an objective standard of project performance is the project :
schedule, and the associated resource requirement (cost) estimates, "Good
management” is normally associated with projects that achieve their ob-
Jectives ahead of schedule and "below cost." Yet, as stated above, the
schedule itself is directly dependent on the ability of the responsible
managers to accurately estimate resource requirements. Thus, realistic

performance evaluation is often directly 1inked to the quality of resource

estimates.




- j;wamm of w mouron rmind to coqmte a given projoct is neces-

muyh to meet ﬂnse needs. Thcrefore, there has been a continuing search

Fm ﬁl m ‘It is mht thlt tﬁe lbi'l'lty to obtain realistic

s ry fbr w amum inomnt mnuer to be effective. Unfortunately,
tbo sh%of-moart of sofhm-e cost estiuting has not yet advanced far

' V:ifor new and botter methods of ostialttng sofuare costs. The research
decmnd here is a s-m- part of that surch.
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11. BACKGROUND

The purpose of this chapter is to introduce the reader to the RCA
PRICE S software cost estimating model. Before this can be done, however,
it is‘necessary to place the model in perspective. To do this, it is
necessary to briefly discuss three subjects: the software system 1ife-
cycle, the software development process, and the current literature on the

subject of software cost estimation.

The Software System Life-Cycle
The term "system life-cycle" is used to describe the stages through

which any man-made system passes. The system is first conceived as an
idea. Then the idea is transformed into physical reality and used.
Finally, the system invariably outlives its usefullness and is discarded.
Air Force Regulation (AFR) 800-14, "Computer Resources Acquisition and
Support" refers to five discrete stages in the life-cycle of Air Force
systems. These are termed the conceptual, validation, full-scale develop-
ment, production, and deployment stages. Any system may be defined in
terms f these five stages including software systems (Department of the
Air © », 1974:2-1 through 2-6).

point which must be made clear is that a given software system
can through the entire life-cycle while the “supra-system" of which it
is a part remains in one single stage. For example, the software that
must be developed and used to test a prototype aircraft may be completely
replaced with new "operational" software during the full-scale development
phase of the aircraft's 1ife-cycle. The following discussion refers to the
stages of the 1ife-cycle of a software system. No reference is intended
to the stage of the supra-system.
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Although the "official”" stages of the system life-cycle may be used
as a basis for discuss’ing software systems, the software product has
several characteristics which make this frame of reference awkward.
These characteristics follow from the fact that a software system is not

tangible in any meaningful sense. Rather, it is a logical construct, as
is a book, that exists independent of the physical medium that is used
‘ to rﬁpresent it. 1In a recent Air Force Institute of Technology (AFIT)
class, Peterson used this fact to justify two modifications of the 1ife-

cycle concept for software systems: lack of a production phase, and the
existence of a maintenance phase as opposed to a deployment phase
(Peterson, 1976).

Production, in the sense of a system life-cycle stage, refers to

'.[ the consistent replication of a system in sufficient quantity to allow

the objectives of the system to be achieved. For complex, physical

o 4 systems, this stage is often one of the most costly and complicated in
the entire 1ife-cycle. This is simply not the case for software systems.
A11 that is required is that some physical representation of the system

be copied, verified, and distributed. Even for extremely complex soft-
ware systems, the cost of this process is usually insignificant when

compared to the cost of the other stages. Hence, for software systems
the production phase is, in general, not significant (Peterson, 1976).

. Discussing the deployment stage of a software system also creates
problems. The connotations of the term deployment are simply not compat-
A ible with what happens to a software system during this stage. Deploy-
1 ment connotes assets being “used up," supply lines providing replacement
parts, and maintenance facilities repairing "broken" systems. But

] O




- software can be neither “used up" nor “"broken." What actually happens to
3 software system during the last stage of its 1ife-cycle is that it is

modified on a more or less continuous basis to reflect: corrections for
errors, enhancements of capability, changes in the operating environment,
and changes in the users' perception of what the system should accomplish.
Almost invariably, these modifications are performed, or at least con-
trolled, by a single organization in order to keep all copfes of the
software system identical. Within the software community, this process
of controlled modification of software systems is universally referred to
as maintenance. Thus, within the context of software systems, it is more
meaningful to discuss a maintenance stage than a deployment stage.

Given the above, it is reasonable to discuss the 1ife-cycle of a
software system in terms of four stages: conceptuai, \.falidation. full-
scale development, and maintenance.

Conceptual Stage. Every system evolves from an idea. The identifi-
cation of "good" ideas and the expansion of these fdeas into a formal,
approved statement of user requirements characterizes .this phase. AFR
800-14 states that "the major definitive document resulting from this
phase is the initial system specification...” (Duplrtun-t of the Air
Force, 1974:2-2). It is during this phase that the major decisions con-
cerning what the system will do, where it will fit into the general
scheme of things, and how it will work are made and documented.

Validation Stage. During this stage, the sy;ten requirements are
developed in detail, and the ramifications of acquiring the system are
evaluated. In the Afr Force. the "authenticated system specification”
is developed, and the feasibility, cost, risk, and schedule of system

R e R e e I anm e y—
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development are examined in detail (Department of the Air Force, 1974:2-2).
When this phase is complete, the developing agency is authorized to pro-
ceed with full-scale development.

Full-Scale 1 t. This is the stage which encompasses the
actual creation of the complete software system. For most systems of

sigﬁiﬂcmt size, this phase involves much more than the production of
computer code. In order for the final product to be useful, most or all
of the fo!” : ing must be completed in an acceptable manner: computer pro-
grams. » “tation, user manuals, user training, programmer
MANUETS, & -« programmer training, test plans and procedures, and
tert results. In addition, for most operational software systems, a
number of nonoperational (support) computer programs must be developed
to facilitate the testing and maintenance of the operational software
system. The full-scale development stage is complete when the using
agency accepts the system for routine operational use (Department of the
Air Force, 1974:2-2 through 2-3). '
Maintenance Stige. The maintenance stage begins during the full-
scale development stage and extends throughout the remainder of the
system 1ife-cycle. Maintenance begins when a computer program has been
completely coded. From this time forward, it will undergo a series of
modifications that will end only when the program is discarded. At
first these modifications are controlled by the individual programmer
(debugging), later by the developing agency (system test and integration),
and finally by the operational user (routine operations). In any case
the intent of maintenance is the same: to modify the system so as to
make it operate more closely in accordance with current system objectives.
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In essence, the maintenance stage constitutes a continuing process of
refinement which permits the system to grow and adapt to a changing oper-

ational environment.

The Software Devel t Process

During both the full-scale development and the maintenance stages
of the software system 1ife-cycle, new software is developed. Depending
on the situation, it may be most convenient to view "the software being
developed" as encompassing: the entire system, a single program, or
possibly a single subroutine. In any case, the idea that the process by
which software is developed is independent of the particular problem has
strong intuitive appeal.

The mode! of the software development process which is described
below is the one on which the RCA PRICE S model is based. It must be
noted, however, that RCA PRICE S Systems, Inc. intentionally leaves a
wide degree of flexibility in the definitions of model terminology. This
approach is intended to allow individual model users a degree of latitude
in adapting the model to their own iccounting system. As a result, the
specific definitions and interpretations given below are the responsi-
bility of this author, while the overall concept is the creation of
Dr. Frank Freiman and his associates at PRICE Systems.

According to Freiman, the software development process can be de-
scribed in terms of three overlapping phases, during which five activities,
or tasks, are performed. The three phases are termed: ‘"design," "imple-
mentation,” and “test and integration." The five activities are "systems
engineering,” "programming," “configuration management," "documentation,"

and "program management.” All five of these activities are performed
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during all of the phases, although the amount of each activity varies
from phase to phase (Freiman, 1977).

The general pattern of resource expenditure for each of the phases
is shown in Figure I. The most significant characteristics of the phases
are that they have specific starting and ending points, that they overlap,
and that they interact. The interaction between phases is such that if
one phase begins or ends at the "wrong" time, the resources that need to
be expended in other phases is increased (Freiman, 1977). :

Design Phase. The design phase begins when the agency which is to
actually develop the software system is authorized to proceed with full-
‘scale development. During this phase, system architecture is determined,
requirements are allocated to system components (programs), and the
individual programs are designed in detail. Each program moves from the
design to the implementation phase separately, as it is "released to
code." Proposed changes to the current system baseline are also con- ‘
sidered to be in the design phase until they are approved. When changes
are approved, they either take on the status of the individual program(s)
involved, or they force the program(s) back to the design phase. Of
course changes can also create and delete entire programs or groups of
programs. Newly created programs enter the design phase.

The Iglmbgt'ion Phase. The implementation phase begins when the
first program is "released to code" and continues until the last program
is formally accepted for testing. During this phase, each programmer -
codes ard debugs his program, documents the "as built" design, and turns

~over responsibility for the program to the test and integration team.

The implementation phase is generally the smallest of the three phases in
terms of total resource expenditure.

10
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The Test and Integration Phase. This phase begins when the core of
the test and integration team is formed. Normally, this is at the point

where system design has progressed far enough for test planning to being,
but well before any formal testing is required. During this phase, two
different but inseparable functions are performed. First, the individual
programs are fitted into place as part of the overall system. Secondly,
the system and each component of the system are tested to insure that
each required function is performed, and that the system functions
properly as a whole. When a programmer certifies that his program is
ready for formal testing, that program enters the testing and integration
phase. This phase ends when the system is turned over to the user for
routine operations.

Throughout the software development process, five activities are
performed, all of which are essential to the success of the project. As
with the phases, the dividing 1ine between the activities is rather arbi-
trary, and different situations may wz-rant different boundary defini-
tions. Still, the main thrust of each activity is quite clear and they
may be easily discussed in turn.

Systems Engineering. This activity encompasses the technical tasks
which are concerned with the system as a whole. During the design phase,
this includes developing precise system specifications, dividing the
system into component programs and defining the associated interfaces, and
allocating requirements to the separate components. During the imple-
mentation phase, it includes the review of specific components to insure
that they meet system objectives and a continuing evaluation of the system
through analysis and simulation to minimize the risk of not meeting system

14
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requirements. Finally, during the test and integration phase the systems
engineering task encompasses system oriented testing and problem resolu-
tion. )

Programming. Programming is the central activity on any software
development project, in that it is the activity that directly creates

- working computer programs. It encompasses the work necessary to design,

code, and test individual programs. In the areas of designing and testing,
where the distinction between systems engine2ring and programming is
necessarily rathég* obscu,re', the distinguishing criteria is whether a
particular task is or;ented toward an individual program or toward the
system as a whole. During the design phase, the majority of the program-
ming work is individual program design. During the implementation phase,
the emphasis shifts to individual programmers coding and debugging their

_programs. Finally, during the test and integration phase, programming

activities include formal testing and maintenance programming.

Documentation. The primary tangible product of a software develop-

ment project is documentation. Indeed, it sometimes seems as if the
generation of printed material is the sole purpose of the project. If
all that was required for the documentation activity was drafting, it
could probably be included in the programming and systems vmanagement
activities. Unfortunately, this is not the case. Documentation must not
only be drafted, it must also be edited, printed, distributed, reviewed,
corrected, and updated. For projects of any size, this is a task of
significant magnitude.

Configuration Management. This activity involves the determination,

at all times, of precisely what is, and is not, an approved part of the

13
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system. To accomplish this, it is necessary to perform three tasks. The
first task involves incorporating specifications into the "system hase-
line." This may be viewed as formally declaring a particular document as
being "officially correct." Once a document has been incorporated into
thé baseline, changes may anly be made through the configuration control
task. This taks involves the evaluation of alleged deficiencies in and
proposed changes to the system baseline. Finally, it is necessary to
provide for the dissemination and control of approved baseline material.
The conflicting needs for both easy access to baseline information and
positive control of all changes to the base)ine often severely complicate
this task.

Program Management. As with any other organized human effort, soft-
ware development projects must be managed. This activity includes the
supervisory, financial, Tegal, and general administrative tasks necessary:
to plan, organize, direct and control the project. Ideally, program
management is the integrating activity that coordinates the other activi-
ties into a single, coherent effort.

Current Concepts in Software Cost Estimation
According to Clapp, "cost estimation can be defined as predicting

the cost of resources needed to carry out a process which delivers a speci-
fied set of products." (Clapp, 1976:5) In the case of computer software
systems, the resources consist largely of manpower and computer time costs.
Of course the relevant process is the software development process de-
scribed above. Finally, the product generally consists of "operational”
(i.e., tested and formally accepted) computer software and software docu-
mentation. It is customary to estimate separately such associated costs

14
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as supplies and travel as well as additional tasks such as user training.
(Clapp, 1976:6)

In most cases, a cost estimate should include all of the relevant
costs that would be incurred under the assumed conditions throughout the
entire life-cycle of the system. For all practical purposes this includes
the costs of full-scale development and maintenance. Most of the work in
the field of software cost estimation has focused on full-scale develop-
ment, while maintenance has been undeservedly neglected. Recently, how-
ever, some preliminary work has been done on maintenance cost estimation.
This work will be discussed briefly following a more complete survey of

the state-of-the-art in the full-scale development area.

Methods of Estimating Software Development Costs

Although there is little aQFeement in the literature on the specific
cost mode which should be used to estimate software development costs,
there does seem to be general agreement on the component methods which may
be used. In general, most software cost estimating models combine at
least some of the following methods: decomposition, historical analogy,
parametric equations, and unit of work. Other methods, such as the use
of resource constraints are not so much cost estimating methods as'upper
bounds for "design to cost" type situations.

Decomposition is simply a method of breaking the problem into pieces
so that each may be estimated separately. It is often used to estimate
the total number of instructions or modules in a proposed system. Alterna-
tively, decomposition may be used to break the system into individual
"work packages," which may be estimated separately. In any case, decompo-
sition almost always requires assumptions about the structure of the

proposed system. (Clapp, 1976:15)
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If there is a universally recognized method of estimating software
cost, it is historical analogy. In this method, the estimate is based on
the historical cost experience associated with one or more similar pro-
jects. If no similar experience exists, the proposed system is decomposed
to the point where analogies may be drawn for each component. The advan-
tages of this method are simplicity and potential accuracy when a good
aAnalogy can be found. On the other hand, there is a serious danger of
making invalid analogies, and the cost of maintaining and searching the
required historical records must be considered. (Nelson, 1966; Aron,
1969; Smith, 1975; Clapp, 1976)

Most of the recent work on software cost estimation has revolved
around the search for reliable parametric equations. Such equhtions
relate cost to other parameters which describe the sttem. and which are
“more easily" estimated. The most common type of parametric equation
used for software development is based on the number of instructions in
the proposed system. This method is extremely fast and simple to apply.
It is also only as accurate as the available equations and the estimates
of the input parameters. (Clapp, 1976:16-17)

The final basic method of estimating software cost is the unit of
work method. In this case, the task of building the system is decomposed
into discrete "work packages." Each work package must be small enough to
be accurately estimated. Aron mentions a 1imit of eight weeks work for
one programmer. (Aron, 1969:8) The system development cost is then the
sum of the costs for each work package. Both Aron and Smith maintain that
this method works well for small systems, but breaks down for large soft-
ware development projects with their complex interactions between both
programs and people. (Aron, 1969:8-9; Smith, 1975:2-18)
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The Measurement Problem. Before proceeding to a discussion of the
factors which affect software development costs, it is necessary to dis-

cuss the way in which software development cost is measured. Unfortunately

there is, at present, no concensus as to what should be included as a
relevant cost of software. This problem is especially acute when the
software devélopment project is an integral part of a larger effort. In
such cases, systéms oriented functions may be performed, in large part,
by central facilities whose costs are not directly allocable to software
development. Such situations, as well as normal differences in accounting
procedures between organizations introduce a wide variability into re-
corded software costs that is independent of actual resource consumption.
This problem seems to be more serious for government cost analysts
than for their counterparts in industry. This is because each company
may, if it chooses, standardize its own cost accounting procedures and
cost estimating techniques. The government, on the other hand, must
accept software cost data from a wide range of individual accounting sys-
tems if it is to establish a comprehensive cost data base. Likadse.
govermment cost analysts must be able to work with proposals based on
different accounting assumptions. Because of this problem, a number of
proposals have been made which would set uniform standards for software
costs reported to the government. The most recent of these is the excel-
lent report by Graver which contains a detailed treatment of the problems

and issues assocfated with attempts to standardize software cost reporting.

(Graver, 1977)

Factors Affecting Software Development Costs. Measurement prob]ems
aside, one of the major reasons why software development costs are so
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difficult to estimate is the large number of factors which have a signifi- '
U cant effect on them. Researchers in this area have consistently found :
that at least 40 diffmnt factors can significantly affect the cost of |
f software development. (Weinwurm, 1965; Heard, 1977) To illustrate the
extent of this problem, Table I 1ists the factors which were found to be

significant in a recent study by Herd.
Despite the large number of significant factors, recent work has

concentrated on only a few of them. Of these, the single most signifi-
cant factor is the size of the software system. Unfortunately, the
precise relationship between size and cost is still being debated in the
literature.

The first problem associated with attempts to relate system ﬁze to

development cost is measuring size. The most common solution is to use

the number of delivered object instructions as the basic measure of size.
This is usually justified as an attempt to minimize the effects of dif-
ferent programming languages on size. (Graver, 1977:6-8) To date, Herd's
group has pubHsHed the most extensive and conceptually valid 1nvestiga-
tion of the relationship between system size and development cost in the
public domain. The results of his regressions show nearly identical
values for R? and standard error when two different measures of size

were analyzed in conjunction with the same cost data. (Herd,1977) At

present, consistency in using a particular definition of size seems to be

more important than the particular definition chosen.

Once a measure of size has been chosen, a functional form must be

|4
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3

selected to relate it to cost. Historically, two functional forms have
been used, the 1inear and the exponential. The 1inear form is:

18
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C=as

where: C = a measure of cost (usually either dollars or man-months)
S = a measure of size (usually either number of object or

source instructions)

a = a constant (usually estimated using 1inear regression)

While the Exponential form may be written:

2]
=
b
o
3
&
b

L? ‘ - ¢ =asd

where: C, S, and a are as above,
b = a constant exponent (also usually the result of some

i form of regression)

Of course the linear form is a special case of the exponential form.

5 ks s

The prime arguments for the linear form seem to be simplicity and

o=
{ §
S
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compatibility with standardized, multivariate 1inear regression programs.

These arguments are not to be discounted, since they do allow other

R T e

factors to be considered along with size. As long as there is a strong
conceptual argument for the exponential form, ﬁmver. any results that
depend on the 1inear form must remain open to quistion.

The argument in favor of the exponential form can be traced back
at least as far as Farr and Nanus' work in 1964. (Farr, 1964:13) The
most prominent proponent of this viewpoint, however, has been Brooks,
who makes a strong, conceptual argument in favor of an exponential
relationship. In essence, Brooks argues that as the size of the system
development team grows, the overhead associated with intra-team coordina-
tion increases exponentially. For large systems, this communication

B T T D T v
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problem becomes, according to Brooks, the dominant influence on develop-
s ment cost. (Brooks, 1975)

s
7

Until very recently, the available data concerning the proper value

.

of the exponent was inconclusive. Recently, however, Herd has pub-

lished an empirical study of software cost estimation which sheds con-

siderable 1ight on this question. This study has two distinct advan-
tages over previous work. First, the data base used (129 cases after
deletions) is the largest that this author is familiar with. (Herd,

e N I e s e i o s S

1977:122) In addition, this is the only study that this author has

seen which used nonlinear regression techniques.

Most studies of the exponential relationship have used "1og-1inear"

e Ao

regression techniques. According to Draper and Smith, this approach

is only valid if the logarithm of the error term is normally distrib- E
uted. (Draper, 1966:132) In the case of software cost data, this g
does not appear to be a valid assumption. In addition, the magnitude 2
of the errors is large enough to significantly distort the “fit." §

(Herd, 1977:123)

B dic A s B ke -
d St kG AL

Herd divided his sample into four types of systems: command and
control, scientific, business, and utility. He then usgd nonlinear

regression techniques to solve for the constant parameters. Table II

summarizes the results of this amalysis. As the table indicates, the

exponents calculated vary considerably for different types of systems.
Herd's results are interesting, but still not coﬁclusive. For one

thing, the size of the data sample is still quite small considering

the dispersion of the data. Another problem is that the largest system

included in the sample apparently represented less than 60,000 source

3 -
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TABLE 11
Bl Exponential Relationships Between Development Effort and System Rate
3 Regression Model: MM = aIb i
Where: MM = Total man-months for system development
I = Total instructions in system
a,b = Constants calculated using nonlinear regression A
=
System Type of Standard 3
Jype Instructions @ _a b  R?  _Error i
Co?‘nd 0BJECT .57, 1.29 M. M
Control SOURCE 4.09 1.26 .80 41.1 :
, 0BJECT 4.50 1.07 .74 720 .
3 Scientific g
3 SOURCE 7.05 1.02 .78 721 {
Rl O 0BJECT 2.90 78 .48 12.4
G | Business
g SOURCE 4.50 .78 .61 10.7
j 0BJECT 12.04 g2 .3 §8.1
4 Utility
% SOURCE 10.08 81 .45 51.7
2
b OBJECT 4.7 .99 » 62.2
‘ SOURCE 5.26 1.08 « 50.7




lines, while most of the data represented much smaller systems. Thus,

Herd's results may not adequately reflect "large" software development
projects. ;

Even so, Herd's analysis does seem to be the most extensive and
conceptually correct available. Despite its limitations, it presents
strong evidence that diseconomies of scale (large systems cost more per
instruction) may exist for at least some classes of software system
developments. Such evidence should not be ignored, especially consider-
ing the large number of small systems represented in the sample.

Unfortunately, size alone is insufficient to explain even half of
the variance in software development cost. (Herd, 1977) Some of the
other factors which have received significant attention in the Hten-
ture include appiication mix, difficu'lty_. schedule constraints, and
source language. Each of these is discussed briefly below.

There is evidence that some types of applications are easier to
code than others. Herd's classification of systems into four types
(command and control, scientific, business and utility) represents one
method of modeling this effect. His results seem to support the
hypothesis that, however he discriminated between types, there were
significant differences between them. (ibrd. 1977) This, however, is
not the only method of modeling the effects of differences between
applications.

Wolverton achieves essentially the same effect by decomposing
each system into six categories of routines. His categorization
includes: control, pre or post algorithm Mssm. logical or math-
ematical algorithms, data management, and time critical processors.
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(Wolverton, 1972:9) This: approach is based on the assumption that dif-
ferent productivity rates are inherently associated with different
types of routines. Under this assumption, di fferent "kinds" of systems
would be typified by different "mixes" of these "application types.”
Thus, Herd's fihdings are not incompatible with this approach.

Wolverton's apj:roach has several distinct advantages over the
method used by Herd. First, it should be possible to define rather
simple decision rules for categorizing individual routines.  Given these
rules, any system can be described. On the other hand, it is not hard
to imagine the other approach leading to continuing classification
problems. The other major advantage of Wolverton's approach is that it
is essentially numerical in nature, and thus quite compatible with
quantitative analysis. The other approach is nre qualitative in
nature, and thus harder to analyze.

Even allowing for different application mixes, the fact remains
that some programming tasks are more difficult than others. Even though
measuring difficulty is inherently a subjective process, differences
in difficulty must be accounted for. Aron has proposed a method of
measuring difficulty which uses three discrete levels: easy, medium,
and hard. According to this categorization, “"easy" programs have very
Fow Mtenctions with other system elements. “Medium" programs, on the
other hand. not only have more interactions with other system elements,
they are also characterized by the ability to solve general classes of
problems, (e.g., language compilers). Finally, "hard" programs interact
with many system elements. They are typified by system monitors and
operating systems. (Aron, 1969:12-13)
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Wolverton has proposed that an additional factor be taken into
account when attempting to measure difficulty. In his opinion, "new"
(or unfamiliar) applications are harder than “old" (or familiar) appli-
cations. Thus, Wolverton advocates the use of six categories, com-
bining Aron's three classifications with the prefix “old" or "new."
(Wolverton, 1972:13-14)

Another fac_t:or which has a significant effect on software develop-
ment cost is schedule. Unquestionably, the most eloquent treatment of
the relationship between cost and schedule is Brooks' classic essay
"The Mythical Man-Month." His discussion is based on the premise that
manpower and schedule are directly interchangeable only insofar as the
tasks involved are independent of each other. If the ta'sk§ involved
are inherently sequential, however, adding manpower cannoi: reduce the
time required to complete them. In fact, Brooks argues convincingly
that the assignment of too many people to a development organi iation is
counterproductive, because of the increasing level of coordination
required of each individual. The result of this argument is Brooks'
Law: "Adding manpower to a late software project makes it later."
(Brooks, 1975) :

Unfortunately, 1ittle empirical work has been pubisihed on the rela-
tionship between cost and schedule. Putnam has developed a software
cost model which incorporates some of the reut'ldnships required by
Brooks' theory. This model is, however, derived from a theoretical,
rather than an empirical base. (Putnam, 1969) Herd's group addressed the
relationship between system size and development time, but could find
no quantitative data with which to measure the cost impact of deviation
from an optimum schedule. (Herd, 1977:43-45) Graver's group, on the
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other hand, attempted a truly unique analysis of the interrelationships
between phases of development. Unfortunately, lack of data severely
1imited the usefullness of their results. Still, their approach should
be of value to future investigators. (Graver, 1977)

The final factor affecting software development cost which will be
discussed here is programming language. Developments which use higher
order languages (HOL) such as FORTRAN are generally felt to be less
expensive than similar developments which use machine oriented languages
(MOL). First, each source statement in a HOL program is expanded into
several machine instructions, while MOL statements generally correspond
directly to individual machine instructions. In addition, it is often
argued that systems written in a HOL are easier to read and undérstand.
(Graver, 1977:6-10)

Graver's group has recently investigated the effects of language on
development cost. Using log-linear regression, they found that develop-
ments using MOL's tended to require about twice as many total man-months
as developments that used HOL's. The statistical confidence level cal-
culated for this relationship was not high enough (0;8). however, to
permit a definitive conclusion to be drawn. Graver does report, however,
that these results agree with the results of some controlled experiments
with computer languages. (Graver, 1977:6-9, 16)‘

The above discussion has briefly touched on some of the more signif-
fcant factors which affect the development cost of software systems.
Although full-scale development is usually the most costly phase of the
software system 1ife-cycle, the cost of maintenance is often significant.
Brooks, for example, states that, "The total cost of maintaining 2
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widely used program is typically 40 percent or more of the cost of
developing it." (Brooks, 1975:121)

The Cost of Maintenance. Graver points out that software mainten-

ance has two components. These will be referred to as "error correction”
and “system enhancement." It is Graver's position that only the error
correction component of maintenance costs should be included in 1ife~
cycle cost estimates. This position is based on the argument that
enhancement type modifications are concerned with product iﬁprovement
rather than success or failure in meeting original product requirements.
(Graver, 1977:6-33)

Putnam does not address this point explicitly. Some statements in
his article, however, seem to 1mp1y.that he intends to modéI only error
correction maintenance costs. The continuously decreasing form of his
resource utilization function reinforces this impression. (Putnam)

There is little question that the costs of error correction main-
tenance should be included in any life-cycle cost estimate. In addition,
some enhancement decisions are clearly independent of the original
system development. In other cases, however, the situation is not so
clear-cut.

In the opinion of this author, some system enhancement maintenance
activity is the direct result of management decisions made before or
during development. As such, the costs of these enhancements should be
included in system life-cycle cost estimates. Two examples of this
include "bare-bones" systems and systems which must exist in a dynamic

environment.

There are a number of reasons why management may decide tsfbrOCUre

a "bare-bones" system (one which has only minimal capability). In some
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cases, this may be done to insure early system availability. In others,
it may not be clear what the mature éonfiguration of a radically innova-
tive system should be. In either of these cases, if current management
decisions are based on the assumption that a bare-bones system will be
enhanced, the costs of that enhancement should be included in the 1ife-
cycle cost estimate.

Another case where enhancement costs are relevant to life-cycle

cost estimates involves systems which must meet changing user needs in

a dynamic environment. One example of such a system would be a scien-

tific system which, from its inception, is intended to continuously
reflect the state-of-the-art. Another example would be a military
command and control system. In many cases, fhe initial assessment of the
wartime environment in wﬁich such systems will operate is already obso-
lete when the system becomes operational. .In such cases, éontinuing
enhancements to the softuare'are necessary to ensure the continued
viability of the weapon system in a wartime environment. Thus, life-
cycle cost estimates should include the cost of such enhancements.

It is the opinion of this author that the maintenance portion of
software life-cycle cost estimates should contain two components. -The
first is the cost of error correction, as_recommended by Graver. The
second is the cost of those nondiscretionary enhancements that are
implicity in the assumptions inherent in the estimate. To date, empiri-
cal research on maintenance costs has concentrated almost exclusively cn
the cost of error correction, and even that has been minimal.

Graver's group investigated three questions concerning the cost of

software maintenance, using data from two large, ground based command
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and control systems.  In the first case, they definitively established
that the total number of problems reported for a system was related to
the number of ‘design changes and error corrections ‘that had previously
been incorporated into the system. (Graver, 1977:6-38)  In fact, their
results indicate that Brooks may have been optimistic when he estimated
that each error correction has a:2G to 50 percent probability of intro-
ducing another error. (Brooks, 1975:122)

Graver also- attempted to show that validation and verification
('V&V) efforts were effective in reducing system errors. Unfortunately,
this analysis was flawed, in that it was based on the number of errors
found through V&V, rather than on the number of errors which -escaped
detection by V&V groups. (Graver, 1977:6-38, 40) '

The last maintenance oriented quesﬁon addressed by Graver's group
dealt with the effect of programming language of the mnb,er of personnel
required to maintain a particular system. They present convincing evi;
dence that all other things being equal, it takes approximately four

times as many programmers to maintain a MOL program, than a similar pro-

gram written in a HOL. Thus, the claims that HOL's reduce overall main-

tenance costs seems to be justified. (Graver, 1977:6-40, 42)

An_Introduction to PRICE S

PRICE S is a sbftware devélopment cost/schedule estimation model
that is currently being developed by RCA PRICE Systems, Inc. Tt is
based on the same p#ramtric cost modeling methods that were used to
develop their highly successful PRICE model for hardware cost/schedule
estgmtion. A completé description of PRICE S is Beyond the scope of

thﬂi report. lhsfead. d brief description of the PRICE S fnputs.
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outputs, and operating environment must suffice. This discussion is
based on a two-day introductory course on PRICE S which was held at the
RCA facility at Moorestown, New Jersey on 8 and 9 May 1977.

PRICE S ‘inputs may be divided into three distinct categories:
“hard”" system parameters, "soft" system parameters, and "environmental"
parameters. A full 1ist of PRICE S input parameters is contained in
Appendix A. -

The environmental parameters describe the environment within which
the system will be developed. They address such factors as escalation
(price inflation) and rate of technological improvement. These param-
eters, permit users to vary the economic assumptions that they use in
comparing historical data to the present. ‘The present research does
not address these parameters, except to use RCA's pre-set values without
question. They will not be discussed further in this report.

The “"hard" input parameters represent things which can be physically
measured in the completed system. They include such items as total num-
ber of executable machine instructions and the proportion of the total
instructions that represent each of seven different "app'licaﬁon types."
While they may or may not be well defined at the time a .cost estimate
is made, historical data can be used to generate firm measures of these

quantities for any completed system.

The "soft" input parameters, on the other hand, are more subjective
n nature, and cannot be measured directly from historical data. PRICE
S usesphm “soft" parameters that are relevant to the present research.
Software Design Complexity (SDCPLX) is & measure of the "inherent diffi-
culty" of the system development task. Theoretically, it relates the
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difficulty of the task to m 'shop that is to accomplish the task.
‘Engineering Complexity (ENCPLX), on the other hand, is a measure of how
‘long ‘the project “should" take. It seems to be based on the assumption
that there is a “"natural” project length that is characteristic of any
system development project. Finally, Platform (PLTFM) is a measure of
the reliability that will be required of the system. It seems to be
related to the stringency of the system specifications.

The outputs of the PRICE S model (‘1n normal mode) include cost and

schedule estimates. The cost estimates are broken out in matrix form.
The columns of this matrix are the three phases of the software develop-
ment process: design, implementation, and test and integration. The
rows are the five productive ;ctivities described above: syétems :

engineering, programming, configuration management, documentation, and

program management. The schedule estimates that are output include begin

and end times (in months) for each of the three phases mentioned above.

In addition to the normal mode outputs, PRICE S may be run "backwards"

with historical cost and schedule information as input. In this mode,

the mode) may be used to estimate values for SDCPLX and ENCPLX.

One unique characteristic of the cost estimation models developed
by RCA PRICE Systems, Inc. is the concept of "boxing." Under this con-

cept, each component of a system may be described and estimated individ-

ually as a separate “"black box." The user may then estimate total 3
system cost by using the output from each separate component estimation i
as input to a combined "system" estimate. The model automatically :
accounts for the additional "systems-level" work that would be required "
to design and implement the separate components as part of a coherent

system instead of individually.




PRICE smm implemented in a commercial time-sharing environ-

ment. Users contract with RCA PRICE Systems, fnc. for the use of the
pi'dsm. 'ﬂiis contract entft‘lcs them to access the program by "phoning"
the time-sharing facility using a standard teletype terminal. 1In addi-
tion to the PRICE S model itself, the user also has access to a rela-
tively sophisticated utility program which allows him to build, edit,

- and manipulate PRICE S input and output files.
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ITI1. METHODOLOGY

The Research Problem
Statement of the Problem. The problem addressed by this research

is the need for a workable, accurate method of making preliminary soft-
ware cost estimates at Aeronautical Systems Division (ASD).

Conversations with ASD cost analysts during the formative stages
of the research have led this author to believe that preliminary budget
estimates of software costs require the analyst to draw heavily on his-
torical analogy. Even when parametric equations are used, analogy is
required to estimate the size and difficulty of the system. The abflity
to draw analogies depends directly on the availability of descriptive,
historical data.

Purpose. The purpose of the research is to investigate ways of
gathering and using descriptive data for the purpose of making prelimin-
ary software cost estimates.

The orientation of the research toward the PRICE S model occurred
primarily because several ASD cost analysts expressed an interest in the
model. Further investigation revealed that Air Force Avionics Laboratory
(AFAL) personnel were also interested in PRICE S. Through a fortumate
coincidence, it was found that RCA PRICE Systems, Inc. was about to
field test the program by aiiowing a group of prospective customers to
use 1t on a trial basis at no cost. On the understanding that such
participation in no way constituted an endorsement of PRICE S by the
govermment, this author was allowed to participate in the test program.
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Objectives. Two specific research objectives were chosen. The
Y first objective was to develop a methodology for gathering descriptive
data on software systems. The second was to use historical ASD soft-
ware acquisition dlu to "calibrate” the PRICE S model.

The term “calibrate” can be used in two ways within a cost esti-
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mating context. ASD cost anmalysts speak of a cost analyst "calfbrating
himself” to a particular cost model. By this, they mean that the
analyst has learned to choose input parameters for the model that result

in accurate cost estimates. Thus, a "calibrated” cost analyst is able

it e i o o SO i i

to correctly evaluate and adjust for subjective factors and model de-
ficiencies in order to arrive at an accurate estimate. Although it is
hoped that this research will contribute to the "calibration” of future
3 ASD analysts, the specific objective of the research is to calibrate
PRICE S in a different sense.

According to Webster's Seventh New Collegiate Dictionary, calibrate

means, “to determinc, rectify, or mark the gradations of " The

“soft" PRICE S input parameters described above all use a numerical

scale, but the individual values on these scales have no inherent meaning.
It 1s only by associating known characteristics of real systems to par-

ticular values of these parameters that these values take on meaning. .

: It 1s in this sense of “marking” individual values of the "soft" param-

: eters by association with observed fact that the term calibration is used.
Scope and Limitations. The research applies to operational flight

software systems procured by ASD System Program Offices (SPO's). Thus,

only software systems that were actively involved in the flight and/or

mission performance of aircraft in real-time were included. As a result,
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.First, it was used to screen prospective systems and eliminate those %

any application of tho results of this research to other types of soft-
ware or other organizations should be done with caution.

Assumptions. The research is based on the following assumptions:
Cost/Schedule information reported by contractors to SPO's is assumed to
be a “"reasonable estimate" of the true cost of the item involved. The
validity of the PRICE S model is assumed. Thus, it is assumed that the
mode] accurately reflects the effects of the various input parameters
on software development cost and schedule.

Data Collection *
The research objective of developing a methodology for gathering '
descriptive data on software was addressed through the data collection 3

effort itself. This effort was designed to accomplish three objectives.

that were unsuitable for further study. Next, the data collection |
effort had to provide sufficient information to permit PRICE S model 3
inputs to be generated. Finally, the effort was designed to acquire

sufficient additional information to put the system in perspective. As
it finally evolved, the data collection effort consisted of three parts:
an initial interview, cost/schedule data collection, and statistical
data collection.

The Initial Interview. A formal interview format, using both
ciosed and open-ended quesiions was deveioped. This proved to be an
effective screening device as well as a tool for gathering background
informatfon about individual systems. Because of the 1imited number of
prospective systems, it was not feasible to formally validate the inter-
view format. Instead, several knowiedgable individuals were consulted
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and their advice used in modifying the format. In addition, some ques-
tions were reworded when field experience showed them to be awkward or
misleading. Because of the informal and free-flowing nature of the
interviews, it 18 believed that these modifications did not affect the
information gathered in any way. The interview format is contained in
Appendix B. .

hcam only a small number of the prospective systems were able
to pass the screening criteria, it is important to report what these
criteria were. First, only operational flight software systems were
considered. Of these, only those written in an assembly language were
acceptable. This is because at present, PRICE S is not oriented toward
HOL's. Next, the cost of the system development had to be easily
derivable from the official reports provided to the SPO by the contrac-
tor. In general, this meant that software development was either a
separate, reportable "line item" on the contract, or that the entire
contract was for software system development. Finally, the system had
to be at a stage of development where software development costs were
known with a high degree of accuracy. The worst case that was accepted
involved a system that was well into formal qualification testing with
few apparent problems. Only two systems were able to meet these cri-

2 W"l.

Prospective systems were identified and the initial interviews were
arranged through the Information Engineering Branch of the Directorate
of Avionics Engineering at ASD (ASD/ENAI). This organization provides
software engineering support to all ASD SPO's wit_h ongoing avionics
software development projects. The initial interview was normally held
with the responsible software engineer in order to qualify the system
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Mm otbcr SN porsml were lwmchod. If the system looked
grqlising. tht mponsible project ofﬁcer was approached to collect
the appropriate cost/schedule information.

WW Cost and schedule data proved to
. be the most difﬂgu‘lt information to co'llect. Unfortunately, until
very recently computer software was not generally recognized as a
spearate components of uvibn‘lcs systﬁs. As a result, for most of the
systems investigated, software development costs were simply not avail-
able. These sysuns were dropped froﬁ fqrtﬁer consideration. in those
cases where software devglﬁﬁuent costs were reported separately, several
adjustments were made to_ll:tmt to make the reported costs more
“realistic.”

First, any separable nonsoftware costs were subtracted from the
initial total. Of course, my ‘identffiabu costs that were directly
allocable to software development were added to the total. In order to
maintain consistency, it was decided to include "burden" (factory over-
head) while qcludinj general and administrative (G8A) costs as well as
fee or profit. The rationale for this decision was that the cost of
work space and vital services is often a major component of burden,
while GBA costs depend on the upper echelons of the organization rather
than on the software development team itself. Pfofit. of course, is
not normally included in cost estimates.

The major exception to the above policy was the treatment of
"supporting contracts” such as Independent Verification and Validation
(IV&Y) contracts, ér small research contracts that related directly to
ﬂl}@f@lﬂ s,y;tn. The total costs of such contracts, 1nc1udjng
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profit, were added to the software development cost on the theory that
they were direct costs to the Air Force of acquiring the software. In
accordance with common Air Force practice, no SPO operating costs or
Air Force personnel costs were included.

Insofar as schedule was concerned, no attempt was made to separate
the developments into phases. Each devélopment was considered to have
started when work began on the contract. This appeared to be a reason-
able assumption, at least for the systems examined. The development

- end date was considered to be the date when either the Air Force form-

ally accepted the software, or it was formally incorporated into a
higher level system for the purpose of system testing at that higher
level.

Statistical Data Collection. This was by far the most time con-
suming part of the data collection effort. Its purpose was to collect
the data necessary to describe the software systems studied in terms of
the "hard" PRICE S input parameters. It involved a statistical sampling
of the individual modules of code that made up each system. Before the
sample could be taken, however, several preliminary tasks had to be
ecco;nished. .

Once the initial interview and the cost/schedule data had been col-
lected, the researcher normally spent several hours becoming familiar
with the system documentation. With the assistance of the software
engineer who was most familiar with the system being studied, the
researcher was always able to find the information required to collect
the data sample. This inlcuded: a complete list of ali the modules in
the system, a method of tracing the functional hierarchy of the modules,
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a system diagram that related the modules to "major" functional tasks,
and a complete copy of the system assembly language code. When the
researcher was satisfied with his ability to work with the available

documentation, he ‘could address the next step.
The last task oth\er\t\han the sampling itself was to establish a
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means of associating each module chosen with a single PRICE S “applica-
tions type." This was done with the help of the software engineer.

Using descriptive terms similar to those in Table III, each “applica-
tion type" was described in terms of the additional consfderations or
constraints which acted to make the programmer's job more difficult
than it would otherwise be. The concepts involved were discussed until
both parties agreed that a common understanding had been reached. Tﬁe

researcher then asked the engineer if it would be reasonable to assign

a single “application type" to each functional area on the system dia-

gram mentioned above. In no case did the researcher encounter any

problem or resistance to the allocation of “application types" to modules
on a simple, functional basis. Once this was accomplished, statistical
sampling could begin.

Originally, the researcher planned to ook at every module in every
system studied. This quickly proved to be impractical. As an alterna-

tive, a sequential sampling technique was developed which resulted in a

substantia) reduction in the time necessary to evaluate a particular

$ system.

% The sequential sampling technique was based on the "weighted instruc-
tion count" (weight) of each module. In equation form:

Wy = dynyy
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TABLE III.
G
_PRICE S Application Types
Application
H Type Weight Identifying Characteristics
e e e e e e e e S 7 I e ™
System 10.95 Heavy hardware interface.
i : Many interactions.
High reliability and strict timing
requirements.
Typified by operating systems.
Interactive 10.95 Interfaces with human operators.
Human engineering considerations
and error protection very
important.
Real Time Command 8.46 Real time communications under
and Control tight timing constraints.
Queueing not practicable.
Strict protocol requirements.
Heavy hardware interface.
On-Line 6.17 Real time communications with
Communications queueing allowed.
Timing restrictions not as
restrictive as with REAL TIME
COMMAND AND CONTROL .
Data Storage and 4.10 Secondary storage handling.
Retrieval Data blocking and deblocking.
"Hashing" techniques.
Hardware oriented.
String 2.31 Routine applications with no
Manipuiation overriding constraints.
Not oriented toward mathematics.
Typified by language compilers.
Mathematical 0.87 Routine mathematical applications
Applications with no overriding constraints.




where: w; = the "weight” of the 1M module.
dj = the "density," or weighting factor associated with
application type j.
nij = the number of 1nstru§tions in module i which happens
to be of application type j.

The weight of the entire system is then simply the sum of the weights
of the individual modules. System weight is the basis from which cost is
calculated in the PRICE S model (Freiman, 1977).

Appendix C contains a detailed derivation of the sequential sampling
equation used in the research. Briefly, an initial, random sample of 50
to 100 modules was chosen without replacement. The number of executable
machine instructions, application type, and hierarchical level were then
recorded for each module chosen. The number of modules required to ob-
tain a 95 percent confidence level that the mean module weight was
within plus or minus ten percent of the sample mean was then calculated

using:

N
= T+ (w7 38)(N-1) /5

where: n = the desired sample size.
N = the total number of modules in the system.
w = the mean weight of the latest sample.

si= the sample variance of w (module weight).

Sampling without replacement was then continued until the cumulative

sample size reached n. At this point, a new sample mean and variance

were calculated and the process was repeated until the new value of n



was less than or equal to the existing sample size. The weighting fac-
tors used for each application type were those being used by RCA PRICE
Systems, Inc. on 9 May, 1977. They are listed in Table III.

Methods of Analysis

A number of analytical methods were used to accomplish the research
objectives described above. Subjective evaluation was used to analyze
the data collection methodology. Statistical analysis techniques were
used tb‘Calculate PRICE S parameters and analyze possible improvements
to thé data collection methodology. In addition, experimental design and
sensitivity analysis techniques were usea to calibrate the PRICE S model.
Each of these methods is discussed briefly below.

Subjective Evaluation. The analysis of the data collection method-

fology-was, of necessity, primarily subjective in nature. It was oriented

toward two, related goals: analyzing data collection problems, and
evaluating the usefullness of the data actually collected.
Statistical Analysis. With the exception of the sequential sampling

technique described above, the statistical analysis methods used in the
research were neither extensive nor complicated. Point estimation tech-
niques were used to calculate PRICE S input parameters and othér &éscrip-
tive statistics. In addition, "t-tests" were used to test some hypotheses
concerning possible 1mprov§hehts to the statistical data collection
methodology. Freund's Mathematical Statistics contains an excellent
discussion of both of these techniques. (Freund, 1971)

Although it is not a formal statistical analysis technique, it should
be noted that frequency distribution plots were used to graphically
i1lustrate the probability distribution of "number of instructions per
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module" within the software systems studied. To generate this type of
plot, the possible values which a particular random variable may assume
are divided into an ordered set of equal sized intervals, called cells.
A random sample of that variable is then selected. The proportion of
times that the variable assumes a value within each cell is then plotted
against the ordered set of cells. The resulting plot approximates the
shape of the probability density function for the random variable in
question.

PRICE S Methodology. The data collected on each system was used to

calculate the initfal inputs for the PRICE S model. Since all systems
studied fell under the general category of "mi'litary avionics," the
“soft" input parameter PLTFM, which measures the stringency of the
development specifications, was set to 1.8. This 1§ the value recom-
mended by RCA PRICE Systems, Inc. for "MIL-Spec Avionics" systems. (RCA
PRICE Systems, 1977:27) Using these values, a preliminary PRICE S run
was made to calculate initial values for the "soft" parameters SDCPLX
and ENCPLX, which relate the difficulty of the development task to "the
shop doing the work," and "the normal time required for its accomplish-
ment," respectively. (RCA PRICE Systems, 1977:12, 20)

Once the initial run had been made, the researcher made a series of
runs to evaluate the results of "adjustments" to the initial input
parameters. Even with the ground rule that no parameter which had been
objectively measured could be altered, this was a very subjective process.
The intent of the adjustments was to find a set of input parameters which
both included the objectively measured "data and satisfied the researcher
than it adequately reflected his subjective evaluation of the development
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effort. The result of the adjustment runs was a set of "baseline" PRICE
S parameters, which the researcher believed best reflected the system
development being studied. '

: In order to provide for comparability between systems, the baseline
parameters were then input to a "baseline" PRICE S run. For this run,
the project cost and schedule were estimated in constant 1977 dollars,
with the project start date (ENDSS) adjusted to 1 February 1977. (The
February date is convenient for PRICE S users because of peculiarities
in the computer program.) This baseline run was the starting point for
a series of twenty PRICE S runs that were designed to provide data for a
sensitivity analysis of the model.

Six parameters were selected for a formal analysis of the sensi-
tivity of the PRICE S model to input parameter changes. Three of these ’5
parameters were believed to have a realtively simple, straightforward
effect on the cost and schedule estimates output by the model. These

parameters were: "the total number of instructions" (TNINST), "the

instruction density" (IDENS), and "fraction of available capacity utilized"

(UTIL). To analyze the effects of these variables upon estimated cost

and schedule duration, each of these parameters was varied separately,

in small increments about its baseline value while the other PRICE S

inputs were held constant. Since the baseline run acted as the center

point for each variable, four PRICE S runs were sufficient to establish

five data points for each of the three parameters examined in this way.
The other three parameters which were evaluated were the three "soft"

parameters described above: SDCPLX, ENCPLX, and PLTFM. Because the

effects of varfations in these parameters was not necessarily either
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simple or straightforward, it was decided to use a more sophisticated
experimental design for this part of the analysis. In order to provide
sufficient data for an analysis of the interactions between these param-
eters without unnecessarily increasing the number of PRICE S runs required,
it was decided to use a full factorial experimental design with two levels
for each of the three variables being analyzed. Thus, eight PRICE S runs
nefe required to reflect all pdssible combinations of these input vari-
ables. Since the PRICE S model is deterministic in nature, in that the
same inputs always produce the same outputs, it was not necessary to
either randomize or replicate these runs. |

Sensitivity Analysis Techniques. Two mathematical techniques were
used to analyze the results of the sensitivity analysis runs. These are
linear regression and analysis of variance (ANOVA). As used in this
study, linear regression is a widely accepted method of fitting linear
equations to numerical data, and ANOVA Is a method of analyzing the
degree of interaction between independent variables ﬁl their effect on
dependent variables. Since the data being ana'lyzed was not the result
¢f random (or pseudo-random) processes, these techniques were not used as
tools of statistical analysis. The interested reader is referred to
Draper and Smith for an excellent treatment of regression, as well as an
interesting approach to ANOVA. (Draper and Smith, 1966) Freund provides
a more traditional discussion of ANOVA. (Freund, 1971)

System Descriptions

The final phase of the research was the' development of a format for
recording historical data on software systems. This format is intended
to provide a medium for recording the essential facts necessary to
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.daeribc a Msﬂﬂcﬂ snfunn sysm 1n PRICE $ um This format was
dtvﬂoped \ﬂth 3 Mr of Mhum and restrictions in mind. First,
it was mmwmtﬂctmfwntwnom than one page in length.
At the snl time, it was desired that m fomt be as siwle and self
cxphmtory as possible. In add'lt‘lon. while the priae emphasis of the
format was to record factual data, sufficient information to communicate
the purpose and scope of the system should be provided. Finally, there
had to be a way of recording any "svw‘:ial case" information that would
be of interest to another cost analyst. The characteristics of the two

systems studied were recorded on the new format. This information is :
presented in Appendix D. e |
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IV. ANALYSIS AND RESULTS

‘Overview of the Systems Studied
A1l in all, ten software systems were considered for inclusion in
this study. These included software developed for the following weapons
systems managed by ASD: _ :
B-1 (two systems considered)
AMST
EFI
ALQ131
PAVE TAC
F-16
ALS
Wild Weasel
F-15
Although all the project personnel who were contacted were most
cooperative, only two of the ten system; passed the screening criteria
described above in Chapter III\ (The Initial Interview). These systems
will be referred to in this report as System A and System E. Each is
described briefly below. £
System A. This software system is part of a sophisticated electronic
janming system. The software analyzes and identifies radar signals and
allocates jamming resources in order to counter threats. Although the
software is resident on two separate computers, it was developed by a

single team under unified management. In general, the software on one
machine does the actual jamming tasks, while the software on the other
machine controls the interface with the human operator. The entirve system

ey
N
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is resident on a fighter type afrcraft. Under combat conditions, failure
of this software system could significantly degrade the effectiveness of
the jamming and thus endanger the aircrew.

- System A was developed concurrently with the rest of the jamming
systam. At the time that the dats on this system was collected, the soft-

ware development was not yet complete. The system was, however, well into

formal qualification testing with few apparent problems. For this reason,
budget estimates were accepted for the uncompleted portion of the develop-
ment effort. The cost account which contained most of the costs for this
system included the direct costs of the software development including
payroll costs for the manager of the programming effort. Some relevant
costs, however, were in other accounts and could not be recovered. These
included the cost of systems engineering, which was recorded in a separ-
ate account that included all systems engineering work for the jamming
system. In addition, a small protion of the relevant documentation costs
were recorded in a separate "data" account. The cost of a relatively
small IVAV effort was also considered to be relevant to the software
development effort.

So far as could be determined from discussions with the ASD project
manager and the software engineer, the development team was well-
qualified, but not exceptionally so. It was felt that the schedule was
nefther unusually accellerated nor extended. The software specification
requirements were described as "leaning toward the lax side.” There
seemed to be no serious problems with hardware capacity, especially .
since the system was designed to minimize the impact of hardware timing

problems.
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System E. This software system 1s unusual for an operational
flight system, since it does not leave the ground. It does exercise
control over an aircraft in flight, in real-time, however, so it must be
considered to be in the same class as other operational flight software

systems. Its purpose is to navigate and control a guided munition along
a given trajectory. The software is resident in a ground-based computer

which communicates with the munition and with its parent aircraft through

a real-time data link. It was developed as part of an advanced develop-
n‘nt effort to build a prototype weapon system. Failure of this system
could result in loss of contr;ol of high explosive munitions in flight,
this could -endanger human er..

System E Qas developed concurrently with the rest of the prototype
weapon system. The software developer was not responsible for most of
the hardware development, which was under a separate contract. Several
other tasks, not related to the software development, were included in
the software development contract. The costs of these tasks were re-
ported separately, however, and could be "backed out" of the total con-
tract costs. The ASD project manager who was responsible for monitoring

the software development effort reviewed the researcher's cost calcula-
tions. He indicated that although some nonrelevant costs were probably
still contained in the total, they were probably not large enough to be
considered significant.

The System E software development team was considered to be excep-
tionally well qualified for the task by the ASD software engineer who
was most familiar with the project. In addition, this individual
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indicated that there was considerable pressure to finish the development
u;n quickly than “normal.” The specifications were described as being
lar, but did not seem to be inordinately so. Computer memory capacity
was perceived as a problem, but hardware timing was not. As with System
A, this system was designed to minimize the impact of hardware timing

problems.

Evaluation of the Data Collection Methodology
The Intital Interview. The interview format contained in Appendix B

served several useful purposes. It provided the researcher with an over-
view of the software system. It also served as a filter, allowing the
researcher to determine within an hour or less whether or not the systn.
in question was a suitable subject for further study. In addition, it
served as a simple medium for collecting some of the descriptive informa-
tion, both objective and subjective, that-should be included in a his-
torical software data base. In particular, the questions concerning the
operating environment of the software system, the computer on which the
system would operate, and the functions performed by the system are
essential to the description of any software system. A few points con-
cerning the initial interview are worthy of special note.

The list of "major sub-functions performed” shows promise of becoming
an excellent tool for assessing how comparable two systems really are.
The intent of the question was to identify the component functions which
the system performed in achieving its ultimate purpose. The software
enginéérs contacted by this researcher were always able to provide com-
plete, concise answers to this question with very little effort. Given
this information, it should be possible to compare the 1ist of functions
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performed for two purportedly similar systems. Such a comparison should
quickly reveal whether or not the similarity is only superficial. It
should also reveal the major functional areas of difference between two
similar systems. Of course, other considerations such as the method of
implementation used and the accuracy required must be considered before
the similarity between the systems can be established in detail.

Not all the questions on the interview format worked as well as
anticipated, however. In retrospect, it is now apparent that the ques-
tion which asked for an estimate of the percentage of system capacity
actually utilized did not work as anticipated. Such a determination
should be based on objective test data, or measurements made by the re-
searcher. This question is useful for determining whether or not system
capacity problems affected the development effort. Given an indication
that such problems existed, however, the researcher should seek objec-
tive data concerning the extent of the problem. '

There are‘sevenl ways that the researcher may seek objective data
concerning the fraction of system capacity utilized. First, if the
project was of any size and the problem was serious, there should be some
correspondence, formal reports, or other documentation of the extent of
the problem. If not, the researcher may attempt to estimate the extent
of the problem himself. For simple memory capacity problems, where no
secondary storage is involved, it may be possible to determine the frac-
tion of system capacity utilized by analyzing a system “load map." Also,
a simple estimate of processing capacity utilized may often be calculated
from formal test reports. However, if system capacity usage cannot be
defined in a simple, straightforward manner, the researcher should not
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attempt to estimate the fraction of cipacity utilized without assist;nce
»fron knowledgeable systems engineers.

Cost/Scehdule Data Collection. The collection of accurate cost and
schedule dita for avionics software developwent projects poses some unique
problems even if the trend toward more detiﬂed reporting of system
development costs continues. Based on discussions with the ASD personnel
responsible for monitoring the development of ten separate avionics
software systems, it is apparent that such software is seldom procured
by itself. Rather, avionics software is normally developed as an integral
part of a langer system which is made up of both hardware and software
components. :

Under such conditions, two very basic problems arise for the re-
searcher who is interested in isolating software cost/schedule data.

First, it will normally be advantageous, perhaps even essential,
for the system developer to organize some functions that contribute to
software development at the overall prd,ject level. This is especially
true of systems engineering; to a lesser extent it applies to configura-
tion management, documentation, and program management as well. Normally,
only the direct cost of the programming function itself will be directly
allocable to software development. This problem is compounded for ASD
because each contractor must be allowed the latitude to organize his
development team as he sees fit. Thus, the existence of a separate,
project-wide systems engineering cost account will mean different things
for different projects. This, combined with the fact that systems
engineering work is, by its very nature directly allocable to a specific
system component such as software, makes the “true cost of software’
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development” quite difffcult to define, much Tess measure. In the opinion
of this researcher, this problem is endemic to the way that systems are
procired at ASD. ' As a result, any attempt to force all costs that are
relevant to software development into a discrete set of cost accounts
would be futile, if not actually counterproductive. Instead, it would be
better for future researchers to agree on a consistent convention for
allocating systems engineering costs to software development. Such an
allocation could, for example, be made on the basis of the "direct
engineering man-hours” associated with the design of the various system
components.

: --Aﬁother. related problem concerns the length of the software develop-
ment effort. ‘At some point in time, avionics software ceases to be a
separate entity and is incorporated into the system of which it is a -
part. Ordinarily, this occurs well before the system deveiopment itself
is complete, since the entire system must be tested. If the software
development team was disbanded at this point, and no more costs were
incurred for software, this would create no problems. This is seldom the
case, however. The software development team normally transitions
naturally from the development phase of the software system 1ife-cycle to
the maintenance phase while the overall project is still in development.
Thus, software related costs continue to be incurred even after the
software development is complete.

 The solution to this problem is not nearly as difficult as the cost
allocation problem. The formal certification that the software is ready
for testing at the next higher system level could easily be made a con-
gractural milestone. The date on which this milestone occurs should be
considered to be the end of the software development effort for historical

-— - - “
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data collection purposes. Any software related costs occuring after this
date should be aIIoéated to software maintenance. In the case of larger
systems, where it is advantageous to control software on the basis of a
unit smaller than the entire system, this transition could be considered
to occur on a unit-by-unit basis, rather than as a single, system-wide
transition.

Statistical Data Collection. The sequential sampling technique that

was used to measure the proportion of instructions that were of each
"application type" served its purpose of significantly Towering the num-
ber of modules that had to be examined. The distribution of "number of
instructions per module" that was gncpuntered. however, caused this tech-
nique to be less efficient than was originally anticipated. Figures 2
and 3 show the actual distribution of "instructions per module" that was
encountered for the two systems examined. These figures show clearly
;hat there was a heavy preponderance bf small modules. In both cases,
the most frequently occurring number of instructions per module was less
than twenty. Application of the "weighting factor" (due to PRICE S
application types) to the number of instructions per module did not
appreciably change the shape of these distributions, as is shown by
Figure; 4 and 5. : '

Table IV summarizes the calculation of the number of modules to be
sampled for the two systems examined. In both cases, the number of
modules required was significantly more tﬁan one half of the total number
of modules in the system.. It must ba moted that 1h the chse of System E,
two extremely large "real-time control® type modules, which together con-
tributed almost 14 percent of the total "weight® of the system were
eliminated from the calculations. This was done for two reasons.

-
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TABLE IV
Summary of Sample Size Calculations

Wﬁ

Variable Explanation System A System E*

O

N Total modules in system 307 295
w Mean "weight" per module 491.4 415.6

Sy Standard deviation of weight
per module 648.3 433.4

P Fraction of total modules
required for the sample 0.686 0.587

n Number of modules required
in sample 211 173

*two modules were deleted from the System E calculations.

m———

First, there was evidence that these two modules were unique, and that
they may have been incorporated into the system virtually unchanged from
previous work done by the developer. In addition, their combined effect
on the total number of modules required for the sample was significant.

Eliminating these two modules reduced the proportion of modules required
for the sample by 17 percent (from 75% to 58%), a change of about 50 3
modules. Of course the effects of this decision on the other calculations ;

regarding System E were evaluated. In no case was a significant change
to any of the calculated system parameters discovered.

This researcher has discussed the observed distribution of "number
of instructions per module" with several individuals who are familiar
with avionics software systems. As a result of these discussions, it
seems reasonable to assume that the distributions observed are typical of
this type of system. If so, and if the experience of this researcher may
O be considered to be typical, future researchers may expect to devote
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approximately two man-weeks to the measurement of a single avionics soft-
ware system containing approximately 300 individual modules. Approxi-
mately one half of this time will be spent examining individual modules
and physically counting instructions. The extension of this technique to
larger software systems would involve proportionally more work.

In an effort to reduce the effort that future researchers would have
to devote to statistical data collection efforts of this type, the re-
searcher investigated the possibility that the need to count individual
machine instructions could be avoided. The most obvious way to do this
would be to calculate the "mix" of, application types for a given system
using the number of modules of each type rather than the number of
instructions in these modules. The data from both Systems A and E were
used to perform these calculations. The results, shown in Table V,
indicate that the "mix" calculated using the two methods is quite dif-
ferent. Thus, a simple el 1m1natioﬁ of the requirement to count instruc-
tions did not seem to be warranted.

One further effort was made to eliminate the requirement for future
researchers to count individual instructions. It was re&soned that if
modules of each "application type" could be shown to contain the same
mn. number of instructions, independent of the software system involved,
then a simple adjustment to the weights for each application type could
be made. It was thus hypothesized that: the mean number of instructions
per module for each application is equal in Systems A and E. This
hypothesis was tested using the data on the "interactive" modules from
the two systems, and a two-tailed t-test for the equality of means. The
results of this test, shown in Table VI, indicate that the hypothesis
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TABLE V
___ Comparison of Alternative Methods of Computing "Mix"
SYSTEM A
: Fraction of Fraction of
Application Weighting - Modules Instructions
Type Factor Sampled Sampled
System 10.95 146 162
Interactive 10.95 .421 .321
Real Time 8.46 .151 .130
On Line 6.17 .140 .153
Data 4.10 027 .051
String | 2.31 114 .182
Math .87 .000 .000
IDENS CALCULATED USING
Module Instruction
Data Data
8.7 . 7.95
SYSTEM E :
Fraction of Fraction iof
Application Weighting Modules Instructions
Type Factor Sampled Sampled
System 10.95 135 12
Interactive 10.95 .435 .265
Real Time 8.46 .276 .456
On Line 6.17 .059 .034
Data 4.10 .000 .000
String 2.31 .006 0N
Math .87 .088 123
IDENS CALCULATED USING
Module Instruction
Data Data
9.06 8.36
| — e — — —
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| TABLE V1
0 Comparison of "Interactive” Modules From Two Systems '
DATA

Variable Explanation System A System E
i s ———— g i s
; n Number of modules in data ,
! sample 78 /i :
| x Mean number of instructions
'3 per module 46.923 34.946 .
4 s Sample variance (x) 3096.59 1710.98 ¢

Al ternate: % - X # 0. :

Equation: zZs= C(Sﬁ/ﬂg) 3 (SZE/"E)],; (Freund, 1971:319)

Therefore: z = 1.51 :
a = .131 (two-tailed test)

’ Conclusions: The hypothesis cannot be formally rejected. The
alternate hypothesis is more likely to be true than
the null hypothesis.

]
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should probably be rejected, although the confidence level is only 0.87. i
Thus, this researcher was not able to identify a method of obtaining
statistical data equivalent to that collected in this study without

A e o A S i A ity 0

counting instructions.

S

A atanst G

PRICE S. Results
The results of the PRICE S runs fall logically into two groups. First, f“
‘{D the initial runs, and the adjustments necessary to establish a set of

63




established with much less trouble than was required for System A. This

baseline PRICE S parameters will be discussed for each of the two systems.
Finally, the results of the sensitivity analysis will be addressed.
System A Adjustments. The initfal PRICE S run for System A yielded
a value of SDCPLX that was less than two. This is indicative of a system
which is extremely easy for the shop doing the work. This was not in
consonance with the information gathered in the initial interview. Esti-
mating the total cost for the system using the more “reasonable" value
of 3.5 for SDCPLX yielded a total cost that significantly exceeded the
measured cost of the software. To resolve this discrepancy, the cost of
the systems engineering function was deleted from the PRICE S estimate.
(The program provides a simple means of accomplishing this.) The deci-
sion to make this adjustment was based on the fact that systems engin-

eering costs were recorded in a separate, project-wide account and were

not included in the measured software development cost. Once this
adjustment had been made, the value of SDCPLX which the model produced
was rafsed to a value of 3.3. The researcher interprets this value as
indicating a competent, but not exceptional work group working on a
project which is well-defined and similar to previous work. AThe baseline
PRICE S par;ueters for System A are listed in Table VII.

System E Adjustments. The baseline parameters for System E were

does not indicate, however, that these parameters are more creditable
than those of System A. To the contrary, the ease with which the base-
1ine was established reflects the researcher's inability to establish
firm "acceptability 1imits" for the values of three key parameters:
SDCPLX, ENCPLX, and UTIL.

e
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SDCPLX
FUNCT
FCONST
LEVEL

"Mix" Parameters
MATH
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TABLE VI1
Baseline PRICE S Parameters

System A

| |

Desc riptive Parameters
TNINST 19,000 16,000

7.965
3.3
307
4.44
2.6

System E

8.365
3.3
297
2.848
4.0

12

: STRING .18 .0l
O SYSTEM .16 1N
DATA .05 .00 |
ON-LINE 16 .03 :
REAL-TIME A3 46
INTERACTIVE .32 .27
Other Parameters
ENCPLX 2.26 1.9*
PLTPM 1.8 1.8
uTIL 0.6 0.8*
“ﬁmmmmummu?ﬁmsmn
considerations as well as objective measurements.
)
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As stated above, the inftial interview revealed that the development
team was conlidend to be exceptionally wen qualified for their task.
In udition. there was considerable pressure on the team to shorten the
software dovg'lopnnt scheduled. Finally, hardware capacity limitations
m:_percoi\g.d to be 2 problem by the individuals familiar with the
project. No objective measure¢ was made of the actual fraction of the
system capacity tuilized. Since only two PRICE S model outputs (total
system cost and schedule duration) were considered in this study, uncer-

tainty in three input parameters meant that the model solution was

underdetermined. Thus, any number of "acceptable® combinations of
values of SOCPLX, ENCPLX, and UTIL could be used to generate the desired
values for the cost and schedule outputs. Thus,. the icml basel‘ine
‘values chosen (Table VII) must be considered to be only typical of an
infinite set of equally acceptable values.

ggithiﬂy Analysis. The purpose of,} the sensitivity analysis was
twofold. First, it was desired to detemfne the reaction of the PR'ICE S.

mode]l to small changes in the various input parameters in the neighbor-
hood of the system baseline parameters. Second, it was desired to see
if there was any significant interaction between the "soft" input
parameters in their effect on the model cost and schedule outputs. The

. data mccsury to achieve both of these purposes was generated from the
20 “sensitivity analysis" PRICE S runs described in Chapter III.

Since the PRICE S model is based on parametric equations, it was
expected that the surfaces describod by the sensitivity amlysis runs
would appear to be smooth and continuous. ‘Such was indeed the case.
Figures 6 through 17 suurize tbo mults of the nms chh allowed the
parameters TNINST, IDENS md UTII. to vary indepmdent]y. From these
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figures, it is apparent that the only relationship that is significantly
nonlinear is the effect of UTIL on software development cost. This is
especially true of System E, where the baseline value of UTIL was 0.8,

a rather high value. A severe cost penalty is associated with the
1ncm’se_d effort necessary to "force" the system to fit into the limited
capacity available. The exponential shape of this cost curve is not
unreasonable considering the increasing restrictions the development
team must overcome as the capacity limitations become more severe.

It is interesting to note that the PRICE S runs showed no effect
at all of UTIL on schedule duration. Intuitively, this does not seem to
be correct. The problems associated with capacity 1imitations are not
generally solved by hiring more people, or buying equipment. They are
usually solved through a process of continuing -refinement that simply
takes time. The failure of PRICE S to reflect this may indicate an
oversight or an error in the particular version of the PRICE S computer
program used.

The effects of variations of the "soft" PRICE S parameters on cost
and schedule were examined using multivariate 1inear regression and
three way ANOVA techniques. Table VIII summarizes both the regressions,
and the ANOVA results. It is obvious from these two tables that, in
the neighborhood of the baseline parameters, the “soft" parameters
effects are also quite linear. In addition, no cvid_ance of significant
interactions between the input variables were found. Thus, at least
within the neighborhood of a particular set of PRICE S parameters, these
parameters may be treated as an orthogonal set of independent parameters.

The results of the sensitivity analysis seem quite reasonable, with
one qualification. The lack of any dependency of schedule duration on
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gl TABLE VIII
() , ‘ Sensitivity Analysis Results :
Regression Models: ACOST = a, + a,ASDCPLX + a, AENCPLX + a, APLTFM
ASCHED = b, + b, ASDCPLX + b, AENCPLX + 2, APLTFM
SYSTEM A SYSTEM E
Eooay o, | T v
0 i 0 Bk
1 1001 1.98 1 98 .96
2 1251 19.13 2 1301 20.30
3 1801 0.0 3 1706 0.0
ANALYSIS OF VARIANCE
(ANOVA)
CoST
O ‘ SYSTEMA  SYSTEM E
4 Total Sum of Squares (SS) 34,181,443 31,691,305
| s: to grand mean 33.714.366 31,248,465
3 ue to all other effects : 137.697 %ﬂ » 840
{ Less: SS ASDCPLX 80,200 390
Less: S due to AENCPLX 125,280 135,460 135,460
1 e i s
: and all other cﬂccts 2,067 2,087
l SYSTEMA  SYSTEM E
j Total Sum of Squares (SS) H.gas 24 7.269 .54
1 7937 3%17
- St e
> eractions, errors ;
and a1l other effects 0.01 0.45
O) ‘
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: V. SUMMARY AND CONCLUSIONS
)

The stated purpose of this research was to investigate ways of

gathering and using descript'ivg data for the purpose of making prelimin-

ary software cost estimates. Such data is necessary, because the

analysts who make preliminary cost estimates for software at ASD re.ly ;
heavily on hisotrical analogy. Considering the state-of-the-art of g
softxare‘cost estimation, it appears that this will continue to be the 7

case for the forseable future. ?

The purpose of the research was achieved through the accomplish-
ment of two specific objectives. These were to develop a methodology 1
for gathering descriptive data on software systems, and to use histori-
cal ASD software acquisition data to calibrate the PRICE S model. These
objectives were related in that the data necessary to achieve the 3
second objective was collected using the methodology developed in }
achieving the first. This allowed the researcher to evaluate the effec-
tiveness of the methodology in terms of the usefulness of the data
collected.
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Conclusions

The specific conclusions which may be drawn from this research may
be grouped under two classifications. First, conclusions relating to
the data collection methodology and its potential usefulness are pre-
sented. Finally, the conclusions relating to the PRICE S model are
stated.

Conclusions Relating to the Methodology. It was found that the

methodology described above could be used to objectively measure some of

ST

o Ve i Wi SR

! O the distinctive characteristics of software systems.
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It was found mt the data colleciad using the mthodo!m could
be used for cost atinting ‘purposes.

It was found that both the statistical and subjective information
collected provided meaningful insights into specific software systems.
These insights may be used to draw analogies between systems for cost
estimating purposes.

It was found that the sequential sampling technique used to gather
statistical data about software systems did substantially lower the
amount of work required to calculate the desired descriptive parameters.

No way could be found to eliminate the need to count fndividual
machine instructions within the modules wnp!ed.-‘

It was found that an attempt should have been made to determine
objective values for “"fraction of total system capacity utilized."

This data might have been collected from existing correspondence or
formal reports. In some cases, researchers may attempt to estimate this
parameter independently by analyzing system “load maps” or test reports.
Future researchers should modify their data collection efforts to include
the additional effort.

In general, it was found that while the data collection methodology
worked, it was cumbersome. Two man-weeks or more are required to gather
data on a single avionics software system of about 300 modules using
the methodology described above. While this may be feasible for systems
in this size range, the researcher cannot recommend that this methodology
be applied to large systems containing thousands of modules.

Conclusions Relating to PRICE S. The following conclusions may be
stated with respect to the RCA PRICE S software cost estimation model:

77
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It was found that historical ASD software cost data 1is not incom-
\) patible with the PRICE S model.

It was found that most of the PRICE S nput parameters are amenable
to objective measurement. The exceptions to this finding are “system
design complexity” (SDCPLX) and “engineering complexity" (ENCPLX), which {
must be related to cbjective reality through empirical studies (cali- :
bration). :

Finally, it was found that, in practice, the PRICE S mode) is quite
flexible. This is both a strength and a weakness. The model seems to
have the flexibility to be useful in a wide range of situations. This
same flexibility, however, makes it doubtful thet the model should be
used independently of other cost estimating techniques. The assumptions
reflected in the input parameters must be continually questioned and
compared to objective reality 1f the estimates derived from the model
are to be relied upon.
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" APPENDIX A
; A Glossary of PRICE S Terminology
| ]
ENCPLX (Engineering complexity) Relates difficulty of task to time §
“ schedule for completion.
z FCONST Empirical factor describing the extent of echeloning (skew- ’

ness) of the hierarchical, functional structure. A %
FUNCT Total number of functional iodules.
I1DENS (Instruction density) Describes the mixture of instruction
types. The weighting factor used to classify application

FERIREE R TR £ R S 7 S S ARSI E S

1
&

types.
INSPF Average number of machine level instructions per functional |
module. (

LEVEL Mean hierarchical level. Average tree structure level at
which functional modules are defined. '

MIX (Application mix) Describes software profile in terms of |
total code in each of seven application types: mathematical

applications, string manipulation, system operation, data ';

storage and retrieval, on-line communications, real-time :

| command and control, and interactive. |
SOCPLX  (System design complexity) Relates scope of work to the

engineering group doing the work. q

y TNINST  Total number of machine-level instructions. |

UTIL Fraction of total system capacity utilized.

(RCA PRICE SYSTEMS, Inc., 1977)







INITIAL INTERVIEW WORKSHEET (Page 1 of 4)

System Identifier: Date:

System Name:
Individuals to contact:
OFFICE OFFICE
NAME RANK SYMBOL PHONE

QUALIFICATION QUESTIONS

VEHICLE TYPE: SINGLE COMPUTER: YES NO
ASSEMBLY LANGUAGE: YES NO INHERENTLY MODULAR: YES NO
SOFTWARE DEVELOPMENT COMPLETE TO AIR FORCE ACCEPTANCE: YES NO
TYPE OF DOCUMENTATION AVAILABLE: PART I OR EQUIVALENT

PART II OR EQUIVALENT

CODE

CPR'S OR EQUIVALENT

REQUIRED SAFEGUARDS/RESTRICTIONS ON DATA USAGE:

A A R e S A R 2 3 g S A S s 5 R i

i INTERVIEWER COMMENTS:
E
1
84
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System Identifier: Date:s

QUALITATIVE QUESTIONS
Is this a stand-alone system, or part of a distributed processing

-

software system?

If part of a distributed system, does it perform a single (or
homogeneous group of) function(s)?

Does this system share the host computer with another system?

Describe the pertinent characteristics of the host computer.
Core Size: Word Size: KOPS:
Other (SPECIFY):

Was the development schedule either unnsually long or short?

Was the group which developed the software system exceptionally
well qualified or inexperienced with this type of software system?

X o B
Wik L e i e sk gl e e i st SRR S A




~AD=-AO46 808 AIR FORCE INST OF TECH WRIGHT=-PATTERSON AFB OHIO SCH==-ETC F/6 9/2
: A PRELIMINARY CALIBRATION OF THE RCA PRICE S SOFTWARE COST ESTI-ETCIU)
SEP 77 J SCHNEIDER

UNCLASSIFIED AFIT/GSM/SM/775=15
A 04680
EEErs END
27y 4

DoC

[ 4

.




oA s O i Ve il Bt S M oL A M RS o R S B b S A

INTERVIEW MORKSHEET  (Page 3 of 4)

QUALITATIVE QUESTIONS (CONT)
Did, the developer use any of the new software development method-
 ologles? If g0, which ones? Did he have previous experience

3

Were the system specification requirements either unusually
stringent or lax? If o, in what way?

AR St otz e AN e

R R B R s i SRl )

ol A W R W

7
il

O/ Did the developnent either approach or extend the state-of—the- 1
art .’m anyny? It so. how? s

R AR e A R AN R T
2

Was s significant portion of the design completed before work
officially began on the contract? If so, describe the situation.

R R




L T

|
o
4
2
=

 System Identifiers __ Datet

m'zm. mmvmr WORESHEET  (Page & of 4)

; | SYSTEM LEVEL DATA
Prim'y pumso/rmfscﬁon porrom'od}

Ma jor sub-functions performed:

Percent of processor capacity utiliged: MNMemory
Processing Time I/0 Channels
Others above 50% (Specify):

Total number of devices, by type, that interact with/are control-
led by the software system (Identify unique devices).

What COST/SCHEDULE/MANPOWER LOADING information is available?
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)
1 fon of ( 1al 1ing Equation
Objective

.Deurﬂm the sample size n required to assure that the bounds
of a 95 percent confidence interval for mean module weight W lie

within ten percent of W.
Mathematically, this may be stated:

P( W -ug] < 0.7W) 2 0.95
where: w = The sample mean of the random variable "module

weight."
ug = The true mean module weight of the population.

-E
3
E
g
;

P = The probability function.

Given: (1) A finite population, the software system, containing

G S R

N elements (modules), each of which is equally likely to be chosen in

% the sampling process.

;§ : (2) Each module has a unique value of a random variable

‘ called weight, w associated with it. Weight is calculated by multi-

2 plying the number of instructions in the module by a weighting factor
which is determined by the application type of the module.

Assumptions :
The sample size n is large enough for the Central Limit Theo
to be invoked. This assumption is discussed below, following the

derivation ftself.
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up = E(Y) =y, , (b)

o3 = VAR(Y,) = VAR(;E,w;) = n? var(w) - {e) -

Where:  w; = Weight of the 1" module
n = Sample size
W = The sample mean of weight
up * The popuhtion mean of Y,
uw = The population mean of the wj

oh = The variance of Y,

Then, by the Central Limit Theorem, the distribution of the random
variable
Yp = ¥n -
z= o y (d)
approaches the standard normal distribution as n appmchs infinity.
(Conover, 1971:53-54)
Substituting equatfons (a), (b), and (c) into equation (d) yields:

mw w-
zc;ﬁ'; .!....—'.'! (e)

%

Where: oy * (VARGR))®
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Yo, according o Frewnd, 1f & v suph is dram, without
"_’recﬂwt. from 2 fmu pepuhtinn. then tue varicnce of the saqm
mean is ginn by.

(Frgun&. 19715:204) @ (f)

If n fs sufficiently large for the Central Limit Theorem to be
1nvoked, then the upper bound of a 95 percent confidence interval is
defined by the condition:

2, = 1.9

]
g
4
i
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Wnere: 2, = The upper bound of the confidence interval.

Since the normal distribution is symetric about the i\ean, it is suf-
ficient to examine the upper 1imit only. Analogous results follow for
(‘) the Tower bound. :
Finally, the requirement that the bounds of the confidence interval
Jie within ten percent of the sample mean implies that at the upper

boundary, the condition:

% Wl 0W (h) }
must hold. Again, because of symmetry, it is not necessary to consider
the Tower bound separately.
,, Applying the boundary conditions of equations (g) and (h) to
equation (e), and then substituting equation (f) into equation (e)
yields:

9
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(1)

‘This equation defines the conditions necessary for the upper bound of a

95 percent confidence interval to 1ie precisely ( .1 W) fm w. 'By ‘
squaring both sides of equation (1), solving for n, and replacing
with the unbiased estimeu'r o, 1t follows that:

N (3)

This is the equation to be used in determining the sample size
-
required for the statistical data collection described in Chapter 11l
above.

Use of tral Limit Theorem
Conover states that th- Central Limit Theorem may be invoked when
drawing without replacement from a finite population provided that the

population sfze N is a least twice the sample size n. (Conover, 1971:

54) There is no discussion of whether the theorem may be applied for
larger sampie sizes than (N/2). Since both systems studied required
sample sizes that exceeded this restriction (based on equation (j)) the
applicability of the Certral Limit Theorem m§t be addressed.

There is a very definite relationship between the sum of n random

variables drawn without replacement from a finite population, and the
sum of the (N-n) variables which were not drawn. (Failure to be
selected may be considered a form of selection.)
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 Where: . Hp.n = the rth moment about the mean of the sum of the

~n varfsbles drawn, and

: ﬁ,,,.(u.n) = the r?" moment about the mean of the (N-n)
, ~ variables not drawn. - -
i : : e » . From tﬁe” dbove, it may be inferred by symmetry that the distribu-
‘ tion of the sum of a sample of size (N-n) approximates the normal dis-
tribution precisely as well as that of a sample of size n. Thus, it

et S S S AR S O

would seem that the operative constraint on the invocation of the

' Central Limit Theorem is that both (N-n) and n must be "large." This
condition is less restrictive than the "50 percent rule" cited above.
For both of the systems sampled, both (N-n) and n exceeded 100,
therefore the Central Limit Theorem was properly invoked.
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SYSTEM NAME: SYSTEM A DATE: 11 SEPT 1977

GROUND (FIXED OR MOBILE) NUMBER MODEL WORD MEMORY PER CENT
AVIONICS (CIVIL OR MILITARY) e |
ETERE CRENIED Ok ViR 1 4Pl 32 16k __ _50-60 ?

] LC-4516_16 8K __ _50-60

S0 000000000000 0000 000 0000 00D OLROOPOCR 0000 CB 000 OOROERRBOIDOEBEOES

ML_
!Qgﬂﬁ %c
19,000  ASSEMBLY 307 2.6

INSTRUCTION MIX .,
: 00 18 N S .13 .32
HARDWARE § NO. MODELS _ 0 2 ey 1 3

%m"“’“@‘s‘“ TOTAL wH e 7 L

DEVELOPMENT INFORMATION
TOTAL COST: 1,054,000 ACCOUNTING ASSUMPTIONS/PROBLEMS: Single
software development uaccount, plus small IV&V contract. Systems

engineering costs not included. Burden in, GSA out.
START DATE: ___ JAN 75 END DATE: _MAR 78 (EST)
ESTIMATED NORMAL TIME FOR DEVELOPMENT: _ 38 Months ]
QUALIFICATIONS OF WORK GROUP: HIGH 7 6 54 3 2 1 LOW
PAY SCALE OF WORK GROUP: HIGH 7 6 54 3 2 1 LOW

..Q.O.C...............'...l.'......0.......l..‘....l....0...

ABMONS/LIIITATIONS/GO“ENTS: E!ELMNT NOT COMPLETED WHEN
ATA_TAKEN R IN_TESTING ELL _UNDERWAY WITH NO

i
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. 0 DEVELOPMENT DATA
SYSTEM NAME: SYSTEM E DATE: 11 SEPT 1977

PRIMARY FUNCTION: NAVIGATE AND CONTROL A GUIDED MUNITION
MAJOR SUB-FUNCTIONS: _DETERMINE WEAPON LOCATION, CALC GUIDANCE ERROR,

GUIDE. CMDS., PITCHOVER CALCS. CALC LAUNCH WINDOWS, INITIATE WEAPON RELEASE.

..'..........O....O....ﬂ.......'...‘...................l.'l.

SYSTEM ENVIRONMENTAL DATA

PLATFORM GET COMPU S
GROUND (FIXED OR MOBILE) NUMBER MODEL WORD MEMORY PER CENT
AVIONICS (CIVIL OR MILITARY) il
SPACE (MANNED OR UNMANNED) 1 32 16K HIGH
.....’................Im..._..éééé.....éﬁ........'............
TRUCTIONS  LANGUAGE  NUMEER MEAN
SOURCE QBJECT %! ERARCHIC :
: MODULES :
_UNK 16,000  ASSEMBLY 297 4.0
INSTRUCTION MIX
MATH SIRING SYSTEM DATA ON-LINE REAL-TIME INTERACTIVE
48 0 1 .00 U .27
HARDWARE | No. MODELS _ 0 4 S s
INTERFACE
Q;M"%O...???ﬁ........?.....‘.sﬁ.. OOQOVARIES.. L ] ]
DEVELOPMENT INFORMATION

TOTAL COST: 1,800,000 ACCOUNTING ASSUMPTIONS/PROBLEMS: _PRIME
TASK ON SINGLE CONTRACT. COST OF OTHER TASKS BACKED OUT. BURDEN INCLUDED,
G&A EXCLUDED

START DATE: APRIL 1974 END DATE: DEC 1976
ESTIMATED NORMAL TIME FOR DEVELOPMENT: 30 MONTHS
QUALIFICATIONS OF WORK GROUP: HIGH 7 6 54 3 2 1 LOW
PAY SCALE OF WORK GROUP: HIGH 7 6 54 3 2 1 LOW

....‘..Q.'l'...t........'.....'...l........l..’..l...l'l.‘..

ASSUMPTIONS/LIMITATIONS/COMMENTS; _ UTILIZATION OF CAPACITY NOT
MEASURED. THERE WAS PRESSURE TO SHORTEN DEVELOPMENT SCHEDULE.
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Captain John Schneider IV'was born on October 31, 1945 in Greensboro,
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Schneider was reassigned to the Colorado Springs area in late 1972.
For the next few years, he worked as a computer programmer on several,
astrodynamic computer programs for the NORAD Space Defense Center (SDC)
and acted as a technical consultant on the software system for the Space
Computational Center (the follow-on facility for the SDC). During the
year ending in June, 1976, Captain Schneider organized and managed a
group of military and civilian computer programmers who were responsible
for developing a sub-system of astordynamic command and control pro-
grams for the Space Computation Center.
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Air Force Institute of Technology, where he is pursuing a Master of
Science degree in Systems Management.

Captain Schneider is married to the former Miss Susan Lake cof East
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ach year, the Department of Defense spends more than three billion dollars on
computer software, yet software managers are nctoriously unable to predict the
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ways of gathering and using descriptive data for the purpose of making pre-
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