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PREFACE

S
airing the nine years that I have been in the Air Force, I have been

associated with sof~ sre development pro.~ects in a nun~er of capaci ti es :
prss sctlvs user, progr~~~r, systems analys t, and manager. This exper-
lence, support ed by simi lar findings in the professiona l literature, has
convinced me that, given good people, it Is the early decisions that most
of ten determine the success or fill ire of a sof tw are development project.
These decisions are often de in an environment where there is signifi-
cant pressure to k the project look attractive . This pressure can
only be withs tood by professIonal software managers who have a sound body
0f piricsl knowledge on which to base their project estima tes . Today ,

there are a large nt~~sr of extremely competent software managers . The
e plrical knowledge necesury for them to make good estima tes, however,

S is still being developed through the continuing effor ts 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 like to take this opportunity to thank the many people who
contributed to this effort . Dr. Frank Frelman and Dr. Robert Park of
RCA PRICE Systems deserve special th inks , both for allowing as to use the
PRICE S model and for their many valuable Ins ights into both PRICE S and
cost estimati ng in general. Many thanks also are due to Ms. Freda kurtz
of the Air Force Av ionics Laboratory. Ms. Kurtz helped formulate the
project and arranged for the comput ational resou rces necessary to complete
the research. In addition, I would like to thank the many ASD personnel
who took time from their busy schedu les to support this effort. Of course,
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ABSTRACT

C,
Each year, the Department of Defense spends more than three bil l ion

dollars on computer software, yet software managers are notoriously unable

to predict the cost of software development proj ects . This is especiall y

true of prelimi nary cost estima tes made durin g the formati ve stages of a
project. Even when parametric relationships are used, such estimates
depend heavily on ano logy with previ ously developed sys tems . The purpose

of this research is to investiga te ways of gathering and using descri p—

tive data for the purpose of maki ng prel iminary software cost estimates .
A methodology for the collection of descripti ve information on software

sys tems was develop ed 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 relati ng particular values of several

“ subj ecti ve ” PRICE S input parameters to the observed software system

data . It was found that certain characteristi cs of software systems

could be objecti vely measured , and that the PRICE S model is not incom-
patibl e with avionics software systems developed for the Aeronauti cal

Systems Division of Air Force Systems Command.
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C
A PRELIMINARY CALIBRATION OF THE RCA PRICE S 

. SOFNARE COST ESTIMATION MO DEL

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 corn-
munity as a whole. The concept of software engineering has gained wi de

acceptance , and seems to be well on its way to beconining a mature disci-

pline . Concurrently, software professionals have developed a deeper

understanding of what sc~ftware systems are, and P~ow they shoul d be deve l-

oped. Yet, even as the tools and techniques requirec4 to develop software4,
systems have evol ved, the inability of software development managers to

estimate the cost of a given project has remained notoriously poor. This

failure to devel op accurate cost estimating techniques has important

consequences for both software developers and for their potential customers .

The Cos t of Software

In 1976, the Deputy Assis tant Secretary of Defense (Material Acquisi-
tion) estimated that annua l DOD expenditures for computer software exceeded
three billion dollars (Gansler, 1976:1). On the civilian side , Boehm

estimated tha t expendi tures for software in the Uni ted Sta tes in 1976

would exceed 15 billion dollars (Boehrn, 1975:4 ). While there may be some
ove rlap and inaccura cy in these two estima tes , they unquestionably doc ,.m~ent

the overall size of the sof~~are industry in the United States . Even so , 
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such estimates only reflect the resources consumed In the development and

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

costs of resources wasted because of schedule si’ ,r.ages , uneconomical

assigrmient 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 ma sagement of all ‘large projects, incl u-

ding those that Include computer software development. Some of the key

decisions which depend on cost estimates include: capital budgeting

• decisions, source selection 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.

C) 
Capital Budgetir~çi Decisions. The decision to undertake a specific

project Is usually 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) required must normally be made

before the projec t Is approved. Thus sane form of cost estimate is

required prior to project approval.

Source Selection Decisions. Once a project has been approved, it is

necessary to select the organization that will actually develop the soft-

ware. This may be an 9n-house” software development team, or It may be

an independent contractor. In either case, it is necessary to be able to

accurately estimate the project costs for differing deve1o~uent options.

This is especially true since unrealistically low bids are not unconinon

2
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In the software industry. Such bids may result from technical naivete on
C) the part of the bidder, or from an attempt to °buy In” on the contract.

In either case, it Is necessary that unrealistica lly low bids be Identifi ed

as sách. 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 package In the schedule becomes a project, the requirements for which

must be estimated Independently. Thus, the quality of the project schedule

depends directly on the project manager’s ability to accurately estimate

the requirements of each component of the project.

Sistan Design Trade-Off’s. Very few system acquisitions invol ve a

pure software development. Most often, the software system is “embedded”

in a larger sys tem which is being develop ed as a whole. In such cases,

it Is not unusual to find that certain system functions might be performed
0 equally wel l by either hardwa re 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 radical ly alter the arch itec - H
ture of the entire system.

Performance Evaluation. In many cases, the closest avai lable approxi-

mation to an objective standard of project performance Is the proj ect

schedule, and the associated resource requirement (cost) estimates, “~~ d

management” is normally associated with projects that achieve their ob-

jectives ahead of schedule and “below cost .” Yet , as sta ted 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 linked to the quality of resource

C estimates.

3
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From the above, it is apparent that the ability to obtain realistic
C) estimates of the resources required to complete a given project is neces-

sary for any software development manager to be effective. Unfortunately,
the state—of-the-art of software cost estimating has not yet advanced far
enough to meet these needs. Therefore., there has been a continuing search

for new and better methods of estimating software costs. The research
documented here is a small part of that search.
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II. 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 m necessary to place the model In perspective. To do this, it is

necessary to briefly discuss three subjects : the software system life-

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 outlive s its useful lness 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 conceptua l , validation , ful l -scale develop-

ment, production, and deplo~inent stages. Any system may be defined in

terms ~f these five stages includin g software systems (Departeent of the

Air r ‘,, 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 ex ple, 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 life-cycle. The followi ng discussion refers to the

stages of the life-cycle of a software system. No reference is intended

C) to the stage of the supra-system.

5
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Although the “official ” stages of the system life-cycle may be used

as a basis for discussing software systems , the software produc t 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 represent it. In a recent Air Force Institute of Technology (AFIT)

class, Peterson used this fact to j ustify two modifications of the life-

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

systems, this stage is often one of the most costly and complicated in

the entire life—cycle. This is simply not the case for software systems.

All 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 si gnifi cant (Peterson , 1976). -•

H Discussing the deployment stage of a software system also creates

problems. The connotations of the term depl oyment are simply not compat.

ibl e with what happens to a software system during this stage. Deploy-

mont connotes assets being “ used up, ” su pply lines providi ng replacement

parts, and maintenance facilities repairing “broken” systems. But

i 0
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software can be neither “used up” nor “broken .” What actua lly happens to
-

, 

(._) a software system during the last stage of its life-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 envi roement,
and changes in the users ’ perception of what the system shoul d accomplish .
Almost invariab ly, these modifi cations are performed, or at least con-
tro lled, by a si ngle organization in order to keep all copies of the

software system identical . Within the software comaunity , this process
of controlled modification of sof tware systems is universall y referred to
as maintena nce. Thus, within the context of software sys tems , it is more
meaningful to discu ss a maintenance stage than a deployment stage.

Given the above, it is reasonable to dis cuss the life- cycle of a
sof~~re sys tem in terms of four sta ges: conceptua l, validation , full-
scale development~ and mainte nance . -

Conceptual Stage. Every system evo lves from an idea. The identifi-
cation of - “good” Ideas and the expa nsion of these ideas into a forma l,
approved sta tement of user requirements characterizes this phase. AFR
800-14 states that “the major definitive document resulting from this
phase is the initia l system specifi cation... ” (Department 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 fi t into the general
scheme of things, and how it will woi4 are made and documented.

Validation Stage. During this stage, the system requirements are
developed In detail , and the ramifications of acquiri ng the system are

evaluated. In the Air Force . the “ authentica ted system specification”
Is developed, and the feasibility, cost, risk, and schedule of system

0
7
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devulopment are examined In detail (Department of the Air Force , 1974:2-2).
-

- - - S

I - When this phase Is complete, the develo ping agency is authorized to pro-

ceed with ful l-scale development.

Full-Scale Develo~~ent. This is the stage wh ich enc~~ sss es the

actua l creati on of the complete sof tw are sys tem. For most systems of

signIficant size , this phase invol ves much more than the production of

computer code. In order for the final product to be usefu l , most or all

of th~ fn~ ~ing• must be completed in an acceptable manner: computer pro-

grams . n itation, user manuals , user trainin g, progra er
~~ ‘~~ * 

_ _msnuals~,. ~~~~, • .
~ progrs sr training , test plans and procedures, and

tst t results.4 In addition , for most operational software systems, a

number of nono peratlona l (support ) computer progr~~ must be develo ped

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). 4
Maintenance Stage. The maintenance stage begins during the full-

scale develo pment stage and extends throughout the remainder of the

system life-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 Individua l programmer

(d bugging), later by the developing ag.ncy -(systam 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.

0 
_
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In essence , the maintenance stage constitutes a continui ng process of

refinement which permits the system to grow and adapt to a changing oper-

ationa l environment.

The Software Develoiaent Process
During both the full-scale developmen t and the maintenance stag es

of the software system life-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 develo ped is inde pendent of the particular problem has 
- 

-

strong Intuitive appeal .
The model 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 . intentionall y leaves a

wide degree of flexibility in the definitions of model terminology. This

approach is intended to allow individ ual model users a degree of latitude

in adapti ng the model to thei r own accountin g system . As a resul t , the

speclfi .c definitions and interpretations given below are the responsl-

bilit y of this author , while the overal l concep t is the creation of

Dr. Frank Freiman and his associates at PRICE Systems.

According to Freiman , the softwa re develo pment process can be de-

j scribed in terms of three overl apping phases , during which five acti vi ti es ,

or tasks, are performed. The three phases are termed: “design,” 9mple-

mentation,’ and “test and integration.” The five acti vi ti es are “systems

engineering,’ “programvsing,” “confi guration management,” “documentation,”
and “program management.” All five of these activities are performed

C
9
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during all of the phases, although the amount of each activi ty varies
- 
U. f,~~ phase to phase (Freluman, 1977) .

The general pattern of resource expendi ture for each of the phases
Is shown In FIgure 1. The most si gnificant chara cteristics of the phases

are that they have specifi c starting and ending points , that they overlap ,

and that they interact. The inte raction 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 desi gn phase begins when the agency which is to
• actuall y develop the software system Is authori zed to proceed with full-

scale develo pment. During this phase , system architecture is determined,

requirements are allocated to system components (programs), and the
individua l programs are designed in detail. Each program moves from the

design to the Implementation phase separately, as it is “ released to
(3 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 enti re programs or groups of

programs. Newly created programs enter the design phase. —

The Impl .ntation Phase. The implementation phase begIns when the

first program is “ released to code” and continu~ until the last program

is formally accepted for testing. During this phase, each progr~~iir

cOdes and debugs his program, documents the “as built” design, and turns

over responsibilit y for the program to the test ahd integration team.

The implementation phase is generally the smallest of the three phases in

terms of total resourc e 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 plannin g to being,

but wel l before any formal testing is required. During this phase , two

different but inseparabl e functions are performed. First, the individual

programs are fitted into place as part of the overall system. Secondl y, 
5

the system and each component of the system are tested to insure that

each required function is performed , and that the system functions - 

S

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. 
5

Throughout the software devel opment process, fi ve activi ties are

performed, all of which are essential to the success of the proj ect. As

with the phases , the di vidin g line betwee n the activiti es is rather arbi-

trary , and different situat ions may w~’rant different boundary defini-

tlons. Still , the main thrust of each activity is quite clear and they

may be easily discussed in turn.

Systems Engineering . This activi ty encompasses the technica l tasks

which are concerned wi th the system as a whole. During the design phase ,

this includes developing precise system specifi cati ons , di vidin g the

system into component programs and defini ng the associated interfaces , and

allocatin g requirements to the separate components. Duri ng the Imple-

.sntatIon phase, it incl udes the review of specific components to insure

that they meet system obj ectives and a continuin g evaluati on of the sy stem

through analysis and simulation to m1nia1~e the risk of not meeting system

1) 
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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 activit y that direc tl y creates

working computer programs . It encompasses the work neces sary to design,

code, and test ind ivi dual programs. In the areas of designing and testing,

where the disti nction between systems engine aring and programming is

necessari ly rather - obsc ure , the disti nguishin g cri teria is whether a F
particular task is oriented toward an individual program or toward the
system as a whole. During the design phase, the majority of the program-

mi ng 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

(I) activities include formal testing and maintenance programming

Documentation The primary tangibl e product of a software develop-

F - mont 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 management

activities . Unfortunatel y, this Is not the case. Documentation must not

only be drafted , it must al so be edited, printed, distributed, reviewed,

corrected, and upda ted. For projects of any size , this is a task of
significant magni tude .

Configuration Management. This activi ty invol ves the determination ,

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

0 13
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system. To accomplish this, it is necessary to perform three tasks. The

first task inv ol ves incorporating specifications into the “system base-
line.” This may be viewe d as formally declari ng a parti cular document as
being “ officially cor rect. ” Once a document has been incorporate d into
the baseline , changes may only 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 basefl ne 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, legal, and general aóninlstratlve 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 sped-
fled 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 softwa re development process de-
scribed above. Finally, the product generally consists of “ operational ”
(i.e., tested and formally accepted) compute r softwa re and softwa re docu-
mentation . It is customary to est imate separately such associated cos ts

14
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as suppl ies 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 condi tions throu ghout the

entire life—cycle of the system . For all practical purposes this includes

S 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 4lscussed briefly following a more complete survey of

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

Methods of Estimating Software Development Costs

Al though there is little agreement 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 contine 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 to ta l number of instructions or modules in a proposed system. Al terna-.

tive ly, decomposition may be used to break the system into individual

“work packages,” which may be estimated separa tely. In any case, decompo-
sitlon almost always requires assumptions about the structure of the

0 proposed sys tem. (Clapp, 1976:15)

15  
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If there is a universally recognized method of estimating software

(3 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-

9 tages of thi s method are sim plicity and potential accura cy when a good

analo gy can be found. On the other hand , there is a serious danger of
S making invalid analogies, and the cost of maintaining and searching the

required historical records must be considered. (Nelson, 1966; Av on,
- - 1- 1969; Smith, 1975; Clapp, 1976)

Most of the recent work on software cost estimation has revolved

f around the search for reliable parametri c equations. Such equations
relate cost to other parameters which describe the system, and which are

~
more easil y ” estima ted. The most common type of parametric equation

U 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 estimatin g softwa re 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 limit 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

~(3 factors which affec t software develo pment costs , it is necessar y to d ls-
cuss the way in which software develo pment cost is measured. Unfortunately
there is , at present , no concensus as to what shoul d be incl uded as a

relevant cost of software . This problem is especiall y acute when the
software develo pment proj ect is an integral part of a large r effort. In
suc h cases , systems 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 accountin g

procedures between organizations introduce a wide variabilit y into re-

corded software costs that is independen t of actual resource consum ption . 
-

This problem seems to be more serious for govertmie nt cos t analysts -

than for their counterparts in industry. This is because each company

may, if it chooses, standardize Its own cost accounting procedures and
cost estimatin g techni ques . The gover vment, on the other hand, must

- 

- 

accep t ioftware cost data from a wide range of individua l accountin g sys-
tems if it is to establish a comprehens ive cost data base . Lik ew ise ,
gover mnent cost analysts must be abl e to work with proposals based on

different accounti ng assumptions . Because of this probl em, a number of
proposal s have been made which would set uniform standards for software

costs reported to the gover n ment. The most recent of these is the excel-
lent report by Graver which contains a detailed trea twent of the problems

and issues associated with attempts to standardize software cos t reportin g .
(Graver , ‘1911) 5

Factors Affec t ing Software Development Costs. Measurement problems
aside , one of the major reasons why software d velopment costs are so

0 
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difficult to estimate is the large number of factors wh ich have a signifi—

U cant effect on them. Researchers in this area have consistently found

that at least 40 different factors can significantly affect the cost of

software development. (Weinwurm, 1965; Heard, ‘3977) To I l lus trate the

extent of this problem, Table I lists 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 on ly a few of them. Of these, the single most signifi-

cant factor is the size of the software system. Unfortunate ly, the

precise relationship between size and cost is still being debated In the

literature.
The first problem associated with attempts to relate sys tem size 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.
C) 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 published the most extensive and conceptually valid investiga-

tion of the relationship between system size and develo pment cost In the

public domain. The results of his regressiOns show nearly identical

values for R2 and standard error when two different measures of size

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

present, consistency in usi ng a particular definition Of size seems to be

more important than the particular defini tion chosen .

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

selected to relate it to cost. Historicall y , two functional forms have

been used, the linear and the exponentia l . The linea r form Is:
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where: C ~ a measure of cost (usuall y either dollars or man-months)

S • a measure of size (usuall y either number of object or
source Instructions)

a • a constant (usuall y estimated usin g linear regression )

While the Exponential form may be written:

c . as b

where: C, 5, and a are as above ,

b — a constant exponent (also usuall y the result of some

form of regression) -

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

r) - - The prime arguments for the linear form seem to be simplicity and
compatibility with standardized, multivariate linear regression programs.
These arguments are not to be discounted, since they do allow other

factors to be considered along with size . As iong as there is a strong

conceptual argument for the exponential form, however, any results that

depend on the linear form must remain open to question. -

The argument in favor of the exponential form can be traced back

at least as far as Fart and Nanus ’ work in 1964. (Farv’ , 1964:13) The
most promi nent proponent of this view point , however , has b~ n Brooks ,

who makes a s trong , conceptual argument in favor of an exponential

relationship. In essence , Brooks argues that as the size of the system

devel opment team grows, the overhead associated with intra -team coordina-
tion increases exponentially. For large systems, this communication

0
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problem becomes, accordin g to Brooks, the dominant influence on develop-
ment cost. (Brooks, 1975)

Unti l very recent ly, the available data concern ing the proper value
of the exponent was inconcl usive . Recently, however , Herd has pub-
FIshed an empirica l s tudy of software cost estima tion whi ch sheds con-
siderable light on thi s question . This stu dy has two disti nct advan-
tages over previous work. First, the data base used (129 cases after
deletions) is the largest that this author is familiar wi th . (Herd,

‘3977:122) In addition , this is the only study that this author has

seen whl-éh used nonl inear regression techniques.

Pbst studies of the exponential relationshi p have used Nlog_linear N

regression techniques . Accordi ng to Draper and Smith, this approach
is onl y valid if the logarithm of the error term is normally distrlb-

u-ted. (Draper , 1966:132 ) In the case of software cost data , thi s

does not appear to be a valid assumpti on . In addition , the magnit ude

of the errors is large enough to s ignifi cantl y distort the TMfit.’1

(Herd, 1977:123)

Herd di vi ded his sampl e Into four types of systems: command and

-
~~ control , scientific, business , and utility. He then used nonlinear

regression techniques to solve for the constant parameters. Table II

sumuarizes the results of this analysis. As the table indi cates, the
-

~ exponents calculated vary considerably for different types of systems.

Herd s results are Interesting, but still not conc lusive. For one

thing, the size of the data sample Is still qui te small considering

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

incl uded in the sample apparently represented less than 60,000 source

• - 22
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L) 
- Exponential Relationships Between Development Effort and System Rat

- 
- - Regression Model: vi.

Where: P64 - Total sn-months for system development
I — Total Instructions In system

a b  a Constants calculated using nonlinear regression

System Type of Standard
Inst~.ct1g~s a b Error

Couusnd OBJECT 4.57 1.29 .78 - ,~~~~~ 41.1
and S - -

Control SOURCE 4.09 1.26 .80 41.1

OBJECT 4.50 1.07 .74 72.1
Scientifi c

SOURCE 7.05 1.02 .78 72.1

-~ 
C) OBJECT 2.90 .78 .48 12.4

Business S

SOURCE 4.50 - .78 .61 10.7

OBJECT 12.04 .72 .30 58.1
Utility

SOURCE 10.08 .81 .45 51.7

OBJECT 4.79 .99 * 62.2
All

— 

SOURCE 5.26 1.05 * 50.7
*Not reported

- 1_ —
-5-

(Nerd, 1977:124-164)
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lines , while most of the data represented imich smaller systems . Thus,
(_) Herd’s results may not adequately reflect ularge software development

projects.

Even so, Herd ’s analysis aoes seem to be the most extensive and
conceptual ly correct available. Despite its limi tations, it presents
stron g evidence that diseconom ies of scale (large systems cost more per
instruction) may exist for at least some classes of sof~~ re system
develo pments . Such evidence should not be ignored, especiall y consider-
Ing the large number of small sys tems 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 litera-
ture incl ude application mix, difficulty, schedule constraints, and

source language. Each of these is discussed briefly below.
• U There is evi dence that some types of applicati ons are easier to

code than others . Herd ’ s classifi cation of systems into four types
(command and contro l scienti fic, bus iness and utili ty) represents one
method 0f modeling this effect. His resul ts slam to support the
hypo thesis that , h~~ ver h discriminated between types, there were
signif icant differences between them. (Herd, 1977) This , however, is

not the only method of modelin g the effects of di fferences between
applications.

Wol verton achiev es essentiall y the s effec t by decomposing
each syStem into six categories of routin es . His cat gorization
includes: control, pro or post algori thm processors , log ical or math-
emati cal algori thms , data n.gement, and time critical processors .

0
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(Wolverton, 1972:9) ThIs - approach is based on the assum ption that di f-
t 

_

\

_

- fersnt productivi ty rates are Inherentl y associate d w ith di fferent

types of routines. Under this ass umption , di fferent “kinds” of systems

would be typif ied by different “ mi xes” of these “ applica tion types.”

Thus, Herd’s findi ngs are not incompatible with th ts approach.

Wolverton ‘s approach has several distinct advantages over the
- 

1 method used by Herd. First, it should be possible to define rather

si mple decision rules for categorizing indivi dual routines . Given these

rules, any system can be described. On the othe r 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 essentiall y numerical In nature, and thus qui te com patible w ith

quantitat ive analysis. The other approach is more qualitative in

nature, and thus harder to analyze.
0 Even allow ing for different application mixes, the fact remains

that some programming tasks are more diffi cult than others. Even though

measuring difficulty is inherently a sub3ective process, differences

In difficulty must be accounted for . Aron has proposed a method of

measurin g difficul ty whi ch uses three di screte levels: easy, medium,

and hard. According to this categorint lon. “easy” programs have very

few Is~.ract1ons with other system elements . “Medium” programs, on the

other hand, not only have more Interactions with other system .lements,

they are also characterized by the abili ty to solve general classes of

problems. (e.g., language cci~ ilers). Final ly , “hard” programs interact

with many system elements. They are typified by system monitors and

operating systems. (Avon, 1969:12-13)

0
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- Wolverton has proposed that an addi ti onal factor be taken into
- 

- 

- 

U 
- 

account when attempting to measure di ffi cult y . In his opinion , “ new”

S 
- -  S 

(or unfamiliar ) appl ications are harder than “old” (or familiar) appli -
-- 

- 
- - 

cations. Thus, Wolverton advocates the use of six categories , corn- 
-

binin g Avon ’s three classifications with the prefix “old” or “new.”
(Wolv.rton, 1972:13—14)

Mother factor which has a si gnificant effect on softwa re develop-

ment cost is schedule. Unquestionably, the moit eloquent trsatesnt of
the relationship between cost and schedule is Brooks’ classic essay
The Mythical Man—Month. ” His discussion is based on the premise that

npower and schedule are directly Interchangeable only Insofar as the
tasks invol ved are independent of each other. If the tlsks involved

are inherently sequential, however, adding manpower cannot reduce the 
S

S 
time required to complete them. In - 

fact, Brooks argues convincingly

that the assignment of too many people to a develo pment organi zation is

counterproductive, because of the increasing l evel of coordi nation 
S

- 
required of each indi vidual . The resul t of this argument is Brooks ’
Law: “Adding manpower to a late software project makes it later .”
(Brooks, 1975) 

-

— I Unfortunately, little empirical work has been publsihed on the rela-

ti onshi p between cost and schedule. Putnam has develop ed a software
cost model which incorporates some of the relationships required by

Brooks ’ theory. This model is, however, derived from a theoretical ,

rather thin an empirical base. (Putnam, 1969) Herd ’s group addressed the
4 relationshi p between system size and development time, but could find

no quantitative data with which to measure the cost impact of devia tion

I’
) 

from an optimum schedule. (Herd, 1977:43-45) Graver ’ s group, on the
-5-- ~~~~~s-~
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other hand, attempted a truly unique analysis of the inte rrelationships S

between phases of development. Unfortunately, lack of data severely
limi ted the usefullness of their results . Still , their approach should
be of value to future investi gators . (Graver , 1977)

The final factor affecting software development cost which will be
discussed here is programming language. F~velopments which use higher

order languages (HOL) such as FORTRAN are generally felt to be less

expensive than similar developments which use machine oriented languages

• (MDL). First, each source sta tement in a HOL program is expanded into

several machine InstructIons, while MDL statements generally correspond
directly to individual machine instructions. In addition, it is often

argued that systems -wri tten in a HOL are easier to read and understand.
(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— 
-

-

tuents us ing MOL ’ s tended to require about twice as many total man-months
as developments that used HOL ’s. The statistical confidence leve l cal-
culated for this relationship was not high enough (0.8), however, to

perei t a definiti ve conclusion to be drawn. Graver does report, however ,
5- 

that these results agree with the resul ts of some controlled experiments
with computer languages. (Graver, 1977:6—9, 16)

S The above discussion has bri efly touched on some of the more signif-
icant factors which affect the development cost of software systems.
Al though full-scale development is usually the most costl y phase of the
sof tw are system life -cycle , the cost of maintenance Is often signifi cant.
Brooks, for example , states that , “The total cost of maintainin g a

0
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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

S correction component of maintenance costs should be included in life .

cycle cost estimates. This position is based on the argument that

enhancement type modifications are concerned wi th product improvement

rather than success or failure in meeting original product requirements.

(Gra ver, 1977:6—33 )
Putnam does not address this point expl icitly. Some statements In

his article , however, seem to imply that he intends to model only error

correction maintenance costs. The continuously decreasing form of his

resource utilizati on function rein-Porces this impression . (Putnam) -

There is little question that the costs of error correction main- -

tenance should be included in any life-cycle cost estima te. In addition ,

sane 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

activi ty is the di rect resul t of management decisions made before or

during develop ment. As such , the costs of these enhancements shoul d be

Incl uded in system life- cycle cost estim ates . Two examples of this

include “bare—bones” systems and sys tems which must exist in a dynamic

environment. - 
— — 

- 
- •

There are a number of reaso ns why management may decide to proc ure

a “bare—bones” system (one which has only mini mal capabilit y) . In some

28 
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cases, this may be done to insure early system availability. In others,
- U it may not be -clear what the mature configuration of a radically I nnova-

t ive sys tem sho uld 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 enhanc ement should be inc luded In the lIfe -

cycle cost estimate. -

Another case where enhancement costs are relevant to life-cycl e

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

ref lect the state-of-the-art. Another example would be a milItary - S

command and control sys tem. In many cases, the initial assessment of the

wartime environment in which such systems will operate is already obso-

lete when the system becomes operational . In such cases , conti nui ng 
- 

-

enhancements to the softw are are necessar y to ensure the conti nued -
,

viabi l ity 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
S software life—cycle cost estimates should contain two components. ~The

first is the cos t of error correction , as recommended by Graver. The

second is the cost of those nondlscretiona ry enhancements that are

implici ty in the ass um pt ions inherent in the estima te . To date , empiri-

cal research on maintenance costs has concentrated almost exclusively on •

the cost of error correction, and even that has been tiiinimal.

Graver ’ s group investigated three questions concernin g the cost of

software mainte nance , usin g data from two large , ground based command
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and control systems. - ---In the -fi rst case, they definitively established

U that the tOtal number of problems r~eported -for a syste. was related to

the number of --deSign changes and erro r corrections —that had previously

- 
- been Incor porated into the system . (Graver , 1971:6-38) In fact, their

resul ts indIcate that Broo ks may have been optim istic when he estimated

that each error correction has a 20 to 50 percent probabilit y of intro-

ducing another error. (Brooks , 1975:122)

Graver also-attempted to show that validat ion and veri fication

(V&V ) efforts were effect ive in reducing system errors. Unfortunately,

this analys is was flawed, in that it was based on the number -of errors

found through V&V , - rather than on the rnmther of errors which escaped

detection by V&V groups . (Grave r, 1977:6—38 , 40)

The last maintenance oriented question addressed by-Grave r’s group

dealt wi th the effect of prograimiing language of the ninther of personnel
• 0 required to maintain a particular system. They present convincing evi-

dence that all- other thin gs being equal, it takes appr oximatel y four

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

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

tenance costs seems to be j usti fi ed . (Graver , 1977:6—40 , 42) -

An Introducti on to PRICE S —

PRICE S is a software develo pment cost/schedule estimat ion model

that is currently being developed by RCA PRICE Systems, Inc . It is

• based on the same parametric cost modeling methods that were used to

develo p their highly successful PRICE model for hardware cost/schedule —

estimation. A comp lete descri ption of PRICE S is beyond the sco pe of

this report. Instead , a brief descri ption of the PRICE S inputs,
- 

C)
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outputs, and operating environment imjs-t suffice . This di scuss ion is - 
- -  

—

-u based ona 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 $ inputs may be divided into three distinct categories: -
~

•

~~~~~~~~~~~~~~ system parameters, “soft ” system parameters, and “environmental” /- ,
• 

- ‘
~~~? -

parameters. A fu ll lis t of -PRiCE S input parameters Is contained In ~~~~~~~~~~~~~ 
- 

-

Appendix A. 
-

The environmental parameters describe the environment with in which
— the -system will be developed. They address such facto rs as escalation

(price inflation) and rate of tech nolo gical Improvement. These param-

eters, permit users to vary the economi c assumptions that they use In

comparing historica l 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 discuss ed furthe r in this report . -

C) The “hard” input —parameters represent things whic h can be physicall y

— measured in the com pleted system . They include such items as tota l nue- 
S

ber of executabl e machi-ne Ins tructions and the proportion of the total

Instruct ions that represent each of seve n differen t “ appl icatio n types .” S

While they may or may not be well defi ned at the time a - cost estimate

is made , histor ical data can be used to generate fi rm measures of these

quantities for any completed system.

The “soft” input parameters, on the other hand, are more subjective

in nature, and cannot be measured directly from historica l data. PRICE

S uses three “ soft” parameters that are relevant to the present research.

Sof~~re Design Complexity (SQCPLX) is a measure of the “ inherent di ffi-

culty” of the system develo pment task. Theoretic al ly, it rel ates the
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difficulty of --the task to the shop-that is to accomplish the task.
C) - 

~tnM~ fl~ Complexity (EtICPLX), on the other hand, Is a measure of how

long -the project ‘shoul d” 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 strin gency -of the system -Speci fi cations.

- 
- 

The out puts of the PRICE S model (in normal mode ) incl ude cost and

schedul e estima tes. The cost est imates are broken out in matri x form.

The colimin s of this matrix are the -three phases of the sof tw are devel op-

ment process design , implementation , and test and Integration The

rows are the fi ve producti ve acti v ities described above: systems -

engineering, progr aaning, configuration management , documentation , and

program management. The schedule estima tes that are output- incl ude begin

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

In add ition to the normal mode outputs, PRICE S may be run “ backwards ”
with historical cost and schedule info rmation as input. In this mode ,

the model 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 conce pt of “boxing.” Under this con-

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

ually as a separate “ black box. ” The user may then estimate total

L 

system cost by usi ng the out put from each separate component estimation

as input to a combined “system” estimate. The model automatically

accounts for the addi tional “ systems-level” work that would be requi red

to design and implement the separate components as part of a coherent

system Instead of individuall y.
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PRICE S has been implemented in a coemercial time-sharing environ-

L.) - ment. Users contract w ith RCA PRICE Systems, Inc. for the use of the

program. This contrac t enti tl es them to access the program by “phoning”

the time-sharing facilit y usi ng a standard teletype termInal. In addi-

tion to the PRICE S model Itself, the user also has access to a rela-

ti vely sophisticated ut ilit y program which allows him to build , edit ,

and manipulate PRICE S input and output files .
‘ - I
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C) 
III. METl~CX) .O6Y

- . Th. Research Probl m
c Statement of the Problem. The problem addressed by this research

- - Is the need for a workable, accurate method of makin g preliminary soft-

- 
ware cost esti mates at Aeronautical Syst Divisi on (ASO) .

Conversations with ASD cos t analysts during the formative stages

of the research have led this author to believe that preliminary budget
-

- est imates of sof tw are costs require the analyst to draw heavi ly on his-

tori cal analogy . Even when parametric equatI ons are used, analogy is

requi red to estimate the size and difficul ty of the system. Th. abilit y

to draw analogies depends directl y on the availabili ty of descri pti ve , —

- historical data .

- 

- 

(I) ~~~~~~ 
The purp ose of the research is to investi ga te ways of

-
- c . . - gatherin g and usi ng descripti ve data for the purpose of making prelimin—

- - 

- 

- 

ary softwa re cost esti mates .

The orientation of the research toward the PRICE S model occurred
primaril y because severa l ASD cost analysts expressed an interest in the

-

~ model . Further Investi gati on revealed that Air Force Avionics Laboratory

- (AFAL) personnel were also interested in PRICE S. Through a fortunate
— coincidence, it was found that RCA PRICE Systems, Inc. was about to

ii == field test the program by allowing a grou p of prospective customers ~

ii use it on a trial basis at no cost. On the understanding that such

[1 participation in no way constituted an endorsement of PRICE S by the

I I government, this author was allowed to participate In the test program.

fl
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~~~ - ObjectIves. Two specific research objectives were chosen . The S

- 

U- first objective was to develo p a methodology for gathering descriptive
- 

data on softwa re systems . The second was to use histo rica l ASD soft-

ware acquisition data to “calibrate” the PRICE S model .

The term “calibrate” can be used in two ways with in a cos t esti-

mati ng context. ASD cost analysts speak of a cost analyst “ calibrati ng

himself ” to a particular cost model . By this , they mean that the

analyst has learned to choose input parameters for the model that resul t

-
~ In accurate cost estimates. Thus , a “ calibra ted” cost analys t is able

to correctl y evaluate and adjust for subjective factors and model de’

fic lencles In order to arrive at an accurate estimate . Al though it Is

hoped that th is research will contri bute to the “ calibrat ion” of future

ASD analysts, the specific objecti ve of the research is to calibrate

- - — 
PRICE S in a different sense.

(3 According to Webster ’ s S venth Nsw Collegiate Dict ionary , calibrate

means, “to dst rminc, recti fy, 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 is only by associat ing kn~~ charac terist ics of rea l systems to par-

ti cular values of these paramete rs that these values take on meaning. -

It is In this sense of “marking” indi vi dual values of the “soft ” param-

eters by association with observed fact that the tare calibration Is used .
1 1  — —

Sç~~ andjI.i tat1o~s. The research appli es to operati onal flight

software systems procured by ASD System Program Offi ces (SPO’s ). Thus,

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

mission perfo rmance of aircraft in real-time were Included. As a result ,

0
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any application of the resul ts of this research to other types of soft-

~J. ware or other organizati ons should be done with caution.

5~ j gfl s. The research is based on the following assumptions :
Cost/Schedule info rmati on 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
model accurately refl ects the effects of the various input parameters
on softwa re development cost and schedule.

S Data Collection
The research objectiv e of developi ng a methodology for gathering

descri ptive data on software was addressed through the data colle cti on
effort itself. This effort was designed to accomplish three objectives. —

- First, it was used to screen prospective systems and eliminate those

that were unsuitable for further s tudy. Next, the data collection
effort had to provide sufficient information to permit PRICE S model
inputs to b generated. Finally , the effort was designed to acquire
sufficient additiona l informatio n to put the system in perspective. As

- 

S 

it finally evolved, the data collection effort consisted of three parts:
an Initial inte rview , cost /schedul e data collection , and statistical
data collection.

The Init ial Interview. A form al interview forma t, using both
closSd and upsn ’..nd,d questions mis diveiup.d. This proved to be an

effective screening dsvlte as well as a tool for gathering background

info rmation about individual systems. Because of the limi ted number of
prospective systems, it was not feasible to form ally validate the inter-
view format. Instead , severa l kncwledgable Individuals were consulted

0 
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and their advice used in modifying the format. In addi tion , some ques- 
- 

-

(3 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 is believed that these modifi cations did not affect the

information gathered In any way. The interview fo rmat is contained In

AppendIx B.
Because only a small ni~~er of the prospective systems were able

to pass the screening criteria, it is important to report what these

criteria were. First , only operationa l fli ght software systems were

considered. Of these , only those writte n in an asseebly language were

acceptable. Th is is because at present , PRICE S Is not oriented toward

HOL’s. Next, the cost of the system development had to be easi ly -

derivable from the official reports provided to the SPO by the contrac-

tor. In general , this meant that software develo pment was ei ther a
(.) separate, reportable “line item” on the contract , or that the entire

-

- 

contract was for software system developamnt . Finall y, the system had

• to be at a stage of development where software development costs were

known with a high degree of accurac y . The worst case that was accepted

invol ved a system that was well into forma l qualif icatio n testi ng with j -

~~~~~~~~~~~~~~~~

. few apparent problems. Only two systems were able to meet these cri-
- teria.

- 
Prospective systems were identified and the Ini tial interviews were

arranged through the Info rmation Engineering Branch of the Directorate

of Avionics Engineerin g at ASD (ASD/ENAI). This organization provides

software engineering Support to all ASD SPO’s with ongoing avionics

software development projects. The Initial Interview was normally held

with the responsible softwa re engineer In order to qualif y the system
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before other SPO personnel were approached. If the system looked
C) promising, the responsible project officer was approached to collect

the appropria . co~ / schedul e information.

- Cost/Scl~dijie Dat~ Collection . Cost and schedule data prov ed to
- 
be th. most diff içu~t info rmation to cot lect. Unfortunatel y, until
very recently computer software was not generally recognIzed as a
spearate componen ts of avion ics systems. As a result, for most of the
syst ms investiga ted, software development costs were simply not avai l-
able. These systems were dropped from further consideration. In those
cases where softwa re development costs were reported separately, several
adjusteents were made to 

- 
attempt to make the reported costs more

“realistic.” -

First, any separable nonsof tware costs were subtr acted from the
Init ial total. Of cours e, a~

y identifiable costs that were directlyC) - allocable to software development were added to the total . In order to
maintain consistency, it was decided to include “burden ” (factory over-

- 
: - ‘ 1.~ head) while excluding general and adain istrative (GM) 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 GM costs depend on the upper echelons of the organization rather
than on the sof~~re development tea. itself. Profi t, of course, Is - 

-

ii not normal ly included , in cost estima tes. 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

— 

~~~~~~~~~~~~~~~~~~~~~~The major exception to the above policy was the treateent of
“supporting contracts” such as Independent VerIfi cation and Validation
(IflV) contracts, or small research contracts that related directly to

the software system. The total costs of such contracts, Including

0 
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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 acqui ri ng the software. In

accordance with c~~ on 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 development was considered to have

startid 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 modutis of coda that mad. up each system. Before the

sample could be taken, however, several prel iminary tasks had to be

acco~~l1shed.
Once the initial interview and the cost/schedule data had been col-

lec ted, the researcher normally spent several hours becoming fes~ilIar

— - with tns 5y5 téñi dixi~~iitation. With th~ assIstance of the software

Ii engineer who was most familiar with the system being studied, the

L 

researcher was always able to find the info rmation required to collect

the data sample. This inlciad.d: a complete list of all the modules in

the system, a method of tracing-the functional hiera rchy of the modules ,

C1
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a system diagr am that related the modules to ~major” functional task s ,
and a complete copy of the system assembly language code. When the
researcher was sat1sfled with his ability to work with the available
documentation, he could addr ess the next step .

The last task other—t~han the sampling itself was to establish a
-

- means of associati ng each module chosen wi th a si ngle PRICE S “app lica-
tions type.” This was done with the help of the softwa re engineer.

- 
Using descriptive terms similar to those in. Table III, each Happlica_
tion type” was described in terms of the additional considerati ons or
constraints which acted to make the prograuuner ’ s j ob more difficult
than it would otherwise be. The conce pts invo lved were discussed unti l
both parties agreed that a comon unders tanding had been reached . The —

researcher then asked the engineer if it would be reasonabl e to assign
a si ngle “ appl ication type ” to each functional area on the system die-
gram mentioned above . In no case did the researcher encount er any
problem or resistance to the allocati on of Happ lication types” to modules
on a simple, functiona l basis. Once this was accomp l ished , statistical
sampling could begin.

Originally, the researcher planned to look at every module in every
system studied. This quickly proved to be Impractical . As an alterna-
tive , a sequential sampling technique was developed which resul ted In a
substantIal reductIo.~ iv’ the t1v~e necessary to evaluate a partIcular
system.

The sequential sampling technique was based on the “wei ghted instruc-
tion count” (weight) of each module. In equation form:

— dj flj j
0
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TABLE III~
-

- - 

- 

- PRICE S Appl ication Types

Ap plication -

Type Weight Identifying Characteristics —

System 10.95 Heavy hardware interface.
Many Interactions .
High reliability and strict timing

requirements.
Typifi ed by operati ng sys tems .

Interactive 10.95 Interfaces wi th human operators .
Human engineering considerations

and error protection very
important. -

Real Time Conmand 8.46 Real time comuni cations under
and Control tight timin g constra ints .

Queüeing not practicable.
- Strict protocol requirements. - -

Heavy hardware interface .

On—Line 6.17 Real tinie comn unications with
Conununications queueing allowed.

Timi ng restrictions not as
restrictive as with REAL TINE —

COPI4AND AND CONTROL.

Data Storage and 4. 10 Secondary storage handling .
Retrieva l Data blocki ng- and deblocking.

“Hashing” techniques. —

Hardware oriented.

StrIng 2.31 Routine appl ication s with no
Manipulation overrid Ing constraInts.

• Not oriented toward mathematics .
Typified by language compilers-.

Mathematical 0.87 Routine mathematical applications
Applications wi th no overri di ng cons traints .
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where : w1 — the “wei ght” of the j th module.

— the “ densit y ,” or weighti ng factor associated wi th

appl ication type j .

nij — the number of instructions In modu le I which happens

to be of appli cation type 3. - 
-
‘

The weight of the enti re system is then si mply the sian of the weights
of the individual modules. System wei ght -Is the basis from which cost is
calculated In the PRICE S model (Freiman, 1977).

Appendix C contains a detailed deri vation of the sequential sampling

equation usea In the research. Briefly, an in i t ia l ,  random sample of 50

to 100 modules was chosen without replacement. The mater Of executable
machine instructions, application type, and hierarchical level were then

recorded for each module chosen. The number of modules required to ob-
~~~~~ tam a 95 percent confi dence level that the mean module weight was

within plus or mi nus ten percent of the sample mean was then calculated
- - - 

: usi ng:

N
— 

(1 + (W~ 384)(N-l)/s~

where: n — the desired sample size.
N — the totol number of modules in the system.

— ~ 
• the mean wei ght of the latest sample.

— —

-

• s~ the sample variance of w (module weight).

Sampling wi thout replacemen t was then continued unti l the cianulative
sample size reached n~. At this point, a new sample mean and variance
were calculated and the process was repeated unti l the new val ue of n
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was less than or equal to the existing sample size. The Weighting fac—

~~- 
) to rs 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 analytica l methods were used to accom pl ish the research

objectives described above . Subjecti ve eva luation was used to analyze

the data collection methodology . Statistical analysis techniques we re

used to calcu late PRICE S parameters and analyze possible improvements
to the data collection methodology. In addition, experimental design and

sensitivity analysis techniques were used to calibrate the PRICE S model.

Each of these methods is discussed briefly below.

Subjecti ve Eval uation. The analysis of the data collection method-

ology -was, of necessity , primaril y s ubjecti ve In nature . It was oriented

( ,  toward ~ o, relate d goals: analyzi ng data col lection problems , and

evaluating the usefullness of the dat~a actually collected.

Statistical Analysis. With the exception of the sequential sampling

technique described above , the statisti cal analysis methods used In the

research were neither extensive nor complicated. Point estimation tech-
niques were used to calculate PRICE S -input parameters and other déscrip- —

tive statistics . In addi tion , “t-tests” were used to test some hypo theses
concerning possible improvements to the statisti cal data collection

methodol ogy . Freund ’ s Mathematical Statistics contains an excellent

discussion of both of these techniques. (Freund, 1971)

Al though It is not a fo rma l statistical analysis technique , i t  should

be noted that frequency distribution plots we re used to graphically

illustrate the probability distribution of “mater of instructions per

0
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module ” within the software systems studied . To generate this type of
t~J pl ot, the possible va lues which a particular random variable may assiaim

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 wi thin each cel l is then plotted

against the ordered set of cells. The resul tin g plot approximates the

shape of the probability density function for the random variable In

question.
PRICE S Methodo1o.~~ The data collected on each system was used to

calculate the irbitial inputs for the PRICE S model. Since all systems

studied fel l under the general category of “militar y avionics ,” the
“soft” input parameter PLTFM, which measures the stringency of the

development specifications, was set to 1.8. This is the value recoin-

mended by RCA PRICE Systems, Inc. for “M IL-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 di fficulty of the development task to “ the

shop doi ng the work ,” and “the normal time requi red for its accomplish-

sent, ” respecti vel y. (RCA PRICE Sys tems , 1977:12 , 20)

Once the ini tial run had been made, the researcher made a series of

runs to eva luate the resul ts of “adjustments” to the ini tial input

parameters. Even with the ground rule that no parameter which had been

obj ectivel y measured could be altered , this was a very subjective process.

The Intent of the adjus tments was to find a set of input parameters which

both Incl uded the obj ectivel y measured data and satisfi ed the researcher

than it adequately reflected his subj ective evaluation of the development

0
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effon. The result of the adj ustment runs was a set of “ baseline ” PRICE

S parameters, which the researcher believed best reflected the system

development being s tudied.
In order to provide for comparabili ty between systems, the baselin e

parameters were then input to a “base line ” 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 peculiari ti es

- - 
in the computer program.) This baseline run was the starti ng point for

a series of twent y PRICE S runs that were designed to provide data for a

sensiti vi ty analysis of the model . 
-

Six parameters were selected for a formal analysis -of the sensi -

tivit y of the PRICE S model to input parameter changes. Three of these

parameters were believed to have a realti vely simple , straightfonvard

effect on the cost and schedule est imates out put by the model . These

parameters were: “ the total number of Instructi ons ’ (TNINST) , “the

instruction densit y ” (IDENS), and “ fraction of available capacity utilized”

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

and schedule duration , each of these parameters was varied separa te ly,

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 rims 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 PLTFN. Because the

effects of variations in these parameters was not necessari ly either

45
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simple or straightforward, it was decided to use a more sophisticated
U experimental design for this part of the analysis. In order to provide

sufficient data for an analysis of the Inte ractions between these param-
eters wi thout unnecessarily increasing the number of PRICE S runs required,
it was decided to use a ful l factorial experimental design with two levels
for each of the three variables being analyzed. Thus, eight PRICE S runs
were required to reflect all possible combination s 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 randomi ze or replicate these runs .

Sensitivity Analysis Techni Ques.- Two mathematical techniques were

used to analyze the results of the sensitivi ty analys is runs . These are

linear regression and analysis of variance (ANOVA) . As used in this

O - — 
stud y, linear regression is a widel y accepted method of fi tting linear

- - equations to numerical data, and ANOVA Is a method of analyzi ng the
degree of interaction between independent variables in their effect on
dependent variables. Since the data being analyzed was not the result
cf random (or pseudo-random) processes, these techniques were not used as

tools of stati stical 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 L~scr Ipt1ons
The final phase of the research was the development of a format for

recording hi s torical data on sof tware systems This form at is intended
to provide a medium for recordi ng the essential facts necessary to
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- describe a historical software system In PRI~ $ terms. This format was -~~

developed with a waher of guidelines and restrictions In mind. First, -

- 
- It was decided to restrict the format to no more than one page In length.

At the s~~ time, It was desired that the format be as simple and self
- 

— explanatory as possible. In addition, while the prime emphasis of the 
-

format was to record factual data, sufficient information to comsunicate
- 

- the purpose and scope of the system should be provided. Finally, there

had to be a way of recordin g any “special case” information that would

be of interest to another cost analyst. The characteristi cs of the two -
~

systems studied were recorded - on the new format. This info rmation is

presented in Appendix D. 
-

0 -

47

. _ t _ ,~~~-_fl,,s, .~- 
- - - 

~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ a-.- Saa-J€ -~~~~~ .S3-~_~~~~ -, — ~- -



- 

-

~~~~~~~ 

— a- a-a-

~~ 
_____ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

_ _ _ _ _ _ _ _ _

IV. ANALYSIS AND RESULTS
U

- 
Oyervts~ of the Systems Studied 

-

- 

-

- 
- 

- 

All In al l, ten software systems were considered for inclusion In
-

- - 
this study. These included software develo ped for the followi ng weapons

- 
- 

- systems managed by A$D:
B-l (two sys tems considered ) 

-

ANSI

EFlll

- 
ALQ131

-
- 

- PAVE TAC
— 

-

- 

a- 
- F—l 6

/ Wild Weasel

F—l5

Al though all the project personne l, who were contacted were most
cooperative, only two of the ten systems passed the screening criteria
described above in Chapter III (The Ini tial Interview). These systems

will be referred to In this report a-s System A and System E. Each is

described briefly below. . . -
~~~~~~~~ ;:

5YSteI A. This softwa re system is part of a sophisticated electron ic
,fveing system. The software analyzes and identi fi es radar signals and

alloca tes ja ing resources in order to counter threats . Al thou gh the
sof~~re Is resident on two separate computers , It was developed by a

si ngle team under unified management. In g neral , the softwa re on one

machine does the actual jameing tasks , while the software on the other

() machine controls the interface with the human operator. The entire system
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is resident em a fighter type aircrsft. (Mdsr combat conditions, failure

U of this software system could significantly degrade the effectiveness of

the J iag and thus endanger the aircrew.

System A was developed concurrently ~iith the rest of the ja lng

system,. At th.tfms that th.dat on this systen was collected, the soft-

wars development was not yet complete. The system was, however, well intO 
-

formal qualification test$ng with few apparent problems. For this reason,
— budget estimates wani accepted for the uncompleted portion of the develop-

asnt effort. Th. cost account which contained most of the costs for this

system Included the direct costs of the softwa re development Including

payrol l costs for the nagsr~ of the progra lng effo rt . some relevant

costs , however, wars in other accounts and could not be recovered. Theme

included the cost of systems engIneering., which was recorded In a separ-

G
ate account that Included all systems engIneering work for the j ing

system. In addition, a small protion of the rel evant documentation costs

were recorded In a separate “data ” account. The cost of a relativel y

smell IV&V effor t vm s also considered to be relevant to the software

develo pment effort.

- 

- So far as could be determined from discussions w ith the ASD project

rmger and the software engineer, the development team was well.

qualified, but not exceptionally so. It was fel t that the schedu le was

neither unusually accell erated nor extended. The software speci fi cation
-

~~ - 

requirements were described as “leaning toward the lax side. ” There

seemed to be no serious problems with harduar. cipacity, especial ly •

since the system was designed to min imizi the Impact of harduare timi ng

problems.

0 49
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- - ~xz~~J~• This sof~~re sys tem is unusual for an operational
flight system, since It does not leave the ground. It does exercise
control over an aircraft In fli ght , in real-time, however , so it must be
considered to be In the same class as other operationa l flight software
systems. Its purpose is to navigate and con trol a gui ded muniti on along
a given trajectory. The software is resident In a ground-based computer
which co unicates with the munItion and with Its parent aircraf t through

a real-time data link . It was developed as part of an advanced develop-
ment effort to build a prototype weapon system. Failure of this system
could result In loss of control of hi gh explosive munitions in flight,
this coul d endanger human life . -

System E was developed concurrently wi th the rest of the protot ype
weapon system. The software developer was not responsible for most of

Q 
the harduare development, which was under a separate contract. Several

— 

other tasks , not related to the softwa re development, were incl uded in
the software developmen t contract. The costs of these tasks were re-
ported separately, however, and coul d be “backed out” of the total con-
tract costs. The ASD projeàt manager who was responsible for monitoring
the software development effort reviewed the resea rcher ’s cost calculi . I I
t ions . lie Indica ted that althou gh some nonrelevant cos ts were probably
still contained In the total, they were probably not large enough to be
considered significant.

me System £ software development team was cons idered to be excep-
tionall y well qual ifi ed for the task by the ASD software engi neer who
was most familiar wi th the project. In addition , thi s indi vi dual

50
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-
- indica ted that there was considerable pressure to finish the developm ent

0 more quickly than “normal.” The specification s were described as being

hi, but did not s.em to be inordinately so. Computer memory capacit y

- 

- —
~~ was perceived as a problem , but hardware timi ng was not . As with System

- -
~~ - - A , this system was designed to minimi ze the impact of hardware timing

problems.

Evaluation of the Data Collection Methodoloqy

The Intital Interview. The interview fonnat contained in Appendix B
- - - - - 

- 
served several useful purposes . It provided the researcher with an over-
view of the softwa re system. It also served as a fi ltw r, allowing the
researcher to determine within an hour or less whether or not the system
in question was a sui table subj ect for further study. In addition , it
served as a sim ple medium for collectin g some of the descri pti ve info rsa-

C) tion , both objective and subjecti ve , that should be included In a his-

torical software data base. In parti cular , the questions concerning the
operating enviro neent of the softwa re system, the computer on which the -

system would ~,perate, and the functions performed by the system are

essenti al to the descri ption of any software system. A few points con-
cernin g the initial interview are worthy of special note .

The list of “major sub-function s performed” shows promise of becomi ng

an excellent too ) for assessi ng how comparable ~~ systems really are.
The Intent of the quest ion was to Identify the component functions which

- 

the system performed In achievi ng Its ul timate purpose . Th. sof tware
.nglnóörs contacted by this researcher were always able to provi de corn-
plate, concise answers to this question with very little effort . Given
this Information, It should be possible to compare the list of functions

C
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performed for two purportedly similar systems . Such a couparis~n should
quickly reveal whether or not the similari ty i-s only superficial . It
shou ld also reveal the major functiona l areas of difference between two
similar sys tems. Of course, other considerations such as the method of - 

-

implementatIon used and the accuracy required must be considered before
the similari ty between the systems can be established in detail.

Not all the questions on the interview format worked as well as
anticipa ted, however. In retros pect , it is now apparent that the ques-
tion which asked for an estimate of the percentage of system capacity
actual ly utili zed did not work as ant icipated . Such a determi nation
should be based on objec tive test data , or measurements made by the re-

-J searcher. This question is usefu l for determini ng whether or not system
- - capacity problems affected the deve lopment effort. Given an indication

-Ô 
that such problems existed , however, the researcher should seek objec-
ti ve data concerning the extent of the problem.

There are severa l ways that the researcher may seek objecti ve data
concerning the fraction of system capac ity utilized. First, if the
project was of any size and the problem was serious , there shoul d be some

correspondence, forma l reports, or othe r documentation of the extent of
the problem. If not , the researcher may attempt to estimate the extent
of the problem himse lf. 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.” Al so,
a simple estimate of processing capacity utilized may often be calculated
from form al test reports . However , if sys tem capacity usage cannot be
defined In a simple, st raightforward manner, the researcher should not
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- att~~ t ~ estimate the fraction of capacit y utilized without assis tance
- 

- from knowl edgeable systems engineers.
Cos~~Scehdu1e Data Collection. The collec tion of accura te cos t and

schedule data for avionics software -devel opment projects poses some unique
problems even if the trend toward more detailed reporting of system
development costs continues . Based on discussions with the ASD personnel
responsible for moni torin g the develo pment of ten separate avionics
software systems , It is apparent that such software is seldom procured
by itself. Rather, avionics software is normall y develop ed as an integral
part of a lav ger sys tem 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 organ ize some functions that contribute to
software development at the overal l project 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 progra ving 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 f it. Thus , the existence of a separate,
project-wide sys tems engineering cost account will mean diff erent things
for differen t projects . This , co~~ined 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 softwar e

- 
— 
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Q 
ove~opieflt” quite difficul t to define , much less measure . In the opinion

of this researcher , this problem is endemic to the way that systems are
procured 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, ~1f not actually counterproductive. Instead, it would be

better for future researchers to agree on a consistent convention for
allocati ng 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.

Another, related problem concerns the length- of the softwa re 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

o 
part. Ordinarily , this occurs well before the system development itself
is complete, since the entire syste m 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 life-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
cens1diri~ to be the end of the softwa re develop ment effort for historical
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data collection purposes. Any software related costs occuring after this
U date should be allocated to software mainten ance . In the case of larger

Systems, where it is advanta geous 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, syst em—wide
transition.

Statistical Data Coll.c t lon. The sequential sampling technique tha t

was used to measure the proportion of instructions that were of each
“ appl ication type ” served its purpose of significantly lowering the nun-
bar of modules that had to be examined. The distribution of “ntarther of
Instructions per module ’ that was encountered, however, caused this tech-
nique to be less effici ent 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 clearl y 

-~~~~

that there was a heavy preponderance of small modules. In both cases ,
the most frequently occurring number of instructio ns per module was less
than twenty. Appl ication of the “weighting factor” (due to PRICE S
application types) to the number of instructions per module did not
appreciabl y change the shape of these distributi ’ons , as is shown by
Figures 4 and 5. -. 

- 
-~

Table IV suiemarizes the calculation of the nmimt er of modules . to be
sampled for the two systems examined. In both cases , the nmfter of
modules required was significantly more than one hal f of the total number -

of modules In the system. . It must be noted that in the case of sys tem E,
two extremely large “real-tIme control” type modu les , which together con-
tributed almost 14 percent of the total “weight~ of the system were
el imina ted froM the calculations . This was done for two reasons.
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TABLE IV

- ~ Sunmary of Sample Size Calculations

I 

- -

~~~~~~~

-

-

~~~

- - 
a-

Values
Variabl e Explanation System A System E*

- - N Total modules in system 307 295

~ an “wei ght” per module 491 .4 415.6

Standard deviation of wei ght -:

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

5two modules were deleted from the System E calculations.

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 tota l number of modules required for the sample was si gnificant.

El iminatin g these two modules reduced the proportion of modules requi red

for the sample by 17 percent (from 75% to 58%), a change of about 50

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 calcu lated system parameters discovered.
This researcher has discussed the observed distribution of “mater

of instructions per module” with severa l individuals who are familiar

with avionics software systems . As a result of these discussions , it

- ‘1 seems reasonable to assume that the distrIbutions observed are typ ical of
this type of sys tem. If so , and if the experience of this researcher may

() be considered to be typ ical , future researchers may expect to devote

60
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approx imately two man-weeks to the measurement of a s ingle avionics soft-

ware system containing approximately 300 IndIvidual modules. Approxi-

mately one half of thi s time will be spent examini ng individua l modules

and physically counting instructions . The -extension of this technique to

larger software systems would invol ve proport ionall y more work.

In an effort to reduce the effort that future researche rs would have

to devote to stati st ica l data collection efforts of thi s type, the re-

searcher investigated the possibility that the need to count individu al

machine instructions could be avoided . The most obv ious way to do this

would be to calculate the “mix ” of. appli cation types for a giv en system

using the number of modul es of each type rather than the number of
1 

- Instructions In these modules. The data from both Systems A and E were

used to perform these calculations . The resul ts , shown in Table V,

O 
indicate that the “ mix ” calculated usin g the two methods is quite dif—

ferent. Thus , a sim ple ci lin inat lon of the requirement to count instruc-
a- - tions did not seem to be warranted .

One further effor t was made to eliminate the requirement for future

researchers to count individual instructions. It was reasoned that if

modules of each “appl ication type” could be shown to contain the same

mean number of Instructio ns , Independent of the software system involved,

then a simple adjusaent to the wei ghts for each appl ication type could

be made. It was thus hypo thes ized that: the mean ntmt,er of instruct ion s —

per module for each appl icati on is equal in Systems A and E. This

hypothesis was tested usi ng the data on the “ Interactiv e” modules from

the two systems , and a two-tai led t-test for the equality of means . The

results of this test , shown In Table VI, indicate that the hypoth esis

C)
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TABLE V

0 ComparIson of Alternative Methods of Computing “ Mix ”
SYSTEM A

Fraction of Fracti on 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

Meth .87 .000 .000
IDENS CALCULATED USING
Module Instruction

Data Data
8.71 - 7.95

SYSTEM E -

Fraction of Fraction of
Appl ication Weigh ting Modules Instructions
~~jype - Factor .~i!i_...
System 10.95 .135 .112
Interacti ve 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 .011
Meth .87 .088 .123

IDENS CALCULATED USING
Module Instruction

Data Data
9.06 8.36

0
62

- a - a -~~~. a- ~~~~~ a ~~ a-~~~~~_ _a-. a-~~ a-~a - a - a -  a- ~~~~~~~~~~~~~~ ~~~a- a- ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - a-~~ a--



a - a - - a -  a - a -  
- - -

O 

- TABLE VI

Comparison of “ InteractIve ” Modules From Two Systems
- 

~ITA
Variable Explanation System A System E

n Niater of modules in data
sample 78 74

Mean mater of instructions
per module 46.923 34.946

s Sample variance (x) 3096.59 1710.98

Hypothesis: - XE

Alternate:

-
- 

Equation : 

- 

~~~~~ 1971 :319)

Therefore : z • 1.51 
- 

a-

- & • .131 (two —taIled test) -

Concl usions : The hypothesis cannot be formally rejected. The

alternate hypothesis is more likely to be true than

the null hypothesis.

should probably be rejected, although the confidence level is only 0.87.

Thus, this researcher was not able to identify a method of obtainin g

statistical data equi valent to that collected in th is stud y wi thout

countin g Instructions .

~~Iç~E S. $esujt~
The results of the PRICE S runs fail logically Into two groups. First,

the initia l runs, and the adjustments necessary to establish a set of

63 a- 
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baseline PRICE S parameters will be discussed for each of the two systems.
U Finally, the results of the sensiti vi ty analysis will be addressed.

System A Adjustments. The initial PRICE S run for System A yielded

a value of SDCPLX that was less than two. This is Indicati ve of a system

which Is extrem ely 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” val ue

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 systses engineering function was deleted from the PRICE S estimate .
(The program provides a simple means of acco mplishin g 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

- -a- ; not included in the measured software development cost. Once this
U adjustment had been made, the value of SDCPLX which the model produced

was raised to a va lue of 3.3. The researcher interprets this value as

Indicating a competent, but not exceptional wo rk group working on a

project which Is well-defined and s imilar to previous work. The baseline

PRICE S parameters for System A are listed In Table VII.
System E Adjustments. The baseline parameters for System E were

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

does not Indicate, however, that these parameters are more creditable

than those of System A. To the contrary, the ease with which the base-
line was established reflects the researche r ’s inabili ty to establish

fi rm “ acceptabilit y limi ts ” for the values of three key parameters:

SOCPLX, ENCPLX, and UTIL.

0
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Baseline PRICE S Parameters

System A System E

Descri pti ve Parameters

TNINST 19,000 16,000

IDEIS 7.965 8.365

SDCPLX - 3.3 3.3

FUNCI 307 297

FCONST 4.44 2.848

LEVEL 2.6 4.0

“Mix” Parameters
MATH .00 .12

STRING .18 .01
0 SYSTEM .16 .11

DATA .05 .00

ON—LINE - 
a- - 

.16 .03

REAL—TINE .13 .46

- 
- 

INTERACTIVE .32 .27

Other Parameters
£NCPLX 2.26 1.9*

PLTVM 1.8 18

(nIL 0.6 0.8

*~~~e parameters were chosen by the researcher to reflect subjective
cons4deratlons U well as obj ictivs usuvrements.

a - )
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As stated above , the initial interview revealed that the development

- 
team was considered to be exceptIonally well qualified for their task.
In additi on, there was consIderable pressure on the team to shorten the
software development scheduled . Finally , hardware capacity limi tations
were perceived to be a problem by the individuals familiar with the
project. No obj ecti ve measure was made of the actua l fraction of the
system capaci ty tu ll ized. Since onl y two PRICE S model outputs (total
system cost and schedule duration ) were considered in this s tudy, uncer-
taint y in three input parameters meant that the model soluti on was
underdetermined. Thus , any niunber of “ accep table ” coubinat ions of
values of SDCPLX, -ENCPLX,- and (JilL could be- used - to- generate the desire .
values for the cost and schedule outputs-. Thus , - the actua l baseline
values chosen (Table VII) must be conSidered to be only - typi cal of an

0 infinite set of equally acceptabl e values .
Sensiti vit y Anal ysis. The purpose of the sens itivit y analysis was - 

-

tw ofold .~ First , it was desired to determi ne the reaction of the PRICE S
model to small changes In the vari ous input parameters In the -neighbor-
hood of the system basel ine parameters. Second, it was desired to see
If there was any signi ficant interaction between the “ soft” input
parameters In thei r effect on the model - cost and schedule outputs . The
data necessary to achie ve 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 parametri c equations, it was

expected that the surfaces described by the sensitivity analylis runs

would appear to be smooth and continuous. Such was tfldeed the case. 
a-

FIgures 6 through 17 s~~earize the results of the runs which allowed the
parameters TNINST, IDENS and (JIlL to vary Independently;- From these

66
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figures , it is apparent that the only relationshi p that is signifi cantl y

U ‘~ui~linear is the effec t of (JIlL on software development cost. Thi s is

especially true of System E, where the baseline value of (JIlL was 0.8,

a rather high value. A severe cost penalty is associated wi th the

increased effort necessary to TMforceM the system to fit into the limited

capacity available. The exponential shape of this cost curve is not

unreasonable considering the increasing restrictions the develo pment

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. Intui tively , this does not seem to

be correct . The problems associated with capacity limi tat ions are not

generally solved by hi ring more people , or buying equipment. They are

usually solved through a process of continuing a-refin~~~~nt that si~~ly

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 co~~uter

program used. a-

The effects of variati ons of the Nsoft N PRICE S parameters on cost

and schedule were exami ned usi ng mult ivar late linear regression and

three way AISOVA techni ques. Table VIII si sri zes both the regressions ,

and the ANOVA resul ts . It Is obvio us from these two tables that, In

the neighborhood of the baseline parameters, the a soft N parameters

effects are also qui te linear. In addition, no evidence of signifi cant
a- interactions between the input variables were found . Thus , at least

wi thin the neighborhood of a particula r set of PR ICE S parameters, these

parame ters may be treated as an orthogonal set of independent parameters.

The resul ts of the sens itiv i ty analys is seem quite reasonable , wi th

() 
one qualificati on . The lack of any dependenc y of schedule durat ion on

73
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TABLE VIII
La--a-) Sensitivity Analysis Results -

Regression Models: £COST • a0 + a~ SDCPLX + a~a-8ENCPLX + a~APLTFN

~SCHED b, + b1ASDCPLX + b2 AENCPLX + ~~PLTFM

SYSTEM A SYSTEM E

I ai b.1 i ai b1
0 6 .01 0 6 .26
1 1001 1.98 1 951 — .95
2 1251 19.13 2 1301 20.30

3 1801 0.0 3 1706 0.0 4

ANALYSIS OF VARIANCE
(ANOVA)

COST
SYSTEM A SYSTEM E

Total Sue of Squares (5$) 34,181,443 31,691,305
Less: 5$ due to grand mean 33,7l4j66 31,248.465
Ss due to all other effects 467,Ofl 442,840
Less: SS duø to A$DCPLX 80,200 72,390

386,877 370,450
Less: 5$ due to AENCPLX l25,~5O 135~46O261,627 234,~~Lest: SS due to 6P~TFM 259.560 232.903
ss due to interactions, en ors,
and all other effects 2,067 2,087

- SCHEDULE
SYSTEM A SYSTEM E

Total Sia of Squares (55) 11 ,586.14 7,269.54
Less: 5$ due to grand mean 11,556.56 7.2~~.O5
55 due to all other effects 29.58 33.49
Less: 5$ due to ~SDCPLX 0.31 2.07

29.27
k,ss: 5$ du to AENCPLX 29.26 32.97
55 óue to ~PLTFM, 

1ffl teract ions, errors
and all other effects 0.01 0.45

0 a -- - -
- -~ - 
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PLTFM lacks intu Iti ve appeal . Increases in specification requirements
~~~~~ ( ~ 

- 
L

\a-~ a-1 imply -more detailed test plans and procedures. more extensive “ debug—

ging” efforts , and more testing. It would be expected that all of

these factors would tend to lengthen the development schedule. -

I 

a

-
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V. SUMMARY AND CONCLUSIONS
C)

The stated purpose of this research was to Investi gate ways of
gatherin g and usin g descripti ve data for the purpose of maki ng prelim in—

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

analysts who make preliminar y cos t estimates for software at ASD rely
heavily on hisotrical analogy. Considering the state—of-the—art of

softwa re cost estima ti on , it appears that this will continue to be the

case for the forse able future .
The purpose of the research was achieved through the accomplish- a-

ment of two specific objectives. These were to develop a methodology

for gathering descriptive data on software systems, and to use histori-

cal ASD software acquisiti on data to calibra te the PRICE $ model . These

O 

objectives were related In that the data necessary to achieve the

second objective was collected using the methodology developed in 4

achieving the first. This allowed the researcher to evaluate the effec-

tiveness of the methodology In terms of the usefulness of the data

collected. —

Ths ipecific conclusions which may be drawn from this research ~
y

be grouped under two classIfications. First, conclusions relating to

the data collection methodology and Its potential usefulness are pre-

sented . Finally , the conclusions relati ng to the PRICE S model are

stated. a-

Conclusions Relating to the Methodo logy . It was found that the

methodology described above could be used to objectively measure some of

C) the distinctive characteristi cs of software systems.
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a- It was found- that the data coll c~~d using the methodology could

- - ~~ 
used for cost estImating -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.

- a- - 
-

- 
- :  

~~~~~~~ 
It was found that the sequential sampling technique used to gather

a- 
-

- statistical data about software systems did subs tantiall y lower the
- amount of work required to calculate the desired descriptive parameters.

No way could be found to elIminate the need to count Individual

- ma~~1ne instructions withi n the modules sampled.
It was found that an attem pt should - have been aide to determine

-
~~ objective va lues for “ fraction of total system capacity utilized.”

This data sight have been collected from exist in corres pondence or
formal reports . In some cases, researchers may attempt to estimate this
parameter inds -

~.~t1y by analyzi ng system “load maps” or test reports.

Future researchers should modify thei r data collecti on efforts to include

th. additional effort.
In general , ft was found that while the data collection methodo logy

worked, ft was ciabersoms. iwo man-weeks or more are requl red to gather

data on a si ngle avionics software system of about 300 modules using

- j the methodology described above . While this may be feasible for syst
in this size range, the researcher cannot ,sco snd that this methodology
be applied to larg. systems containing thousands of modules.

Conclusions Relat l ne to PRICE S. The following conclusions may be

stated with respect to the RCA PRICE S software cos t estimation model :

- 
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a--
. It was found that historical ASD software cost data Is not inoom-

a- 

patible with the PRICE S model.

It was found that most of the PRICE S Input parameters are enable

to objective measurement. The exceptions to this finding are “system

design complexity” (SDCPLX) and “engineering c~~ lexity (ENCPU), which

must be related to objective reality throu empirical studies (cali-

brati on).
Finall y , it was f imd that, in practi ce , the PRICE S medal Is quits

flax$ble. This Is both a strength and a wssknsss. The model enema to

have the flexibility to be useful in a wide range of situations. This

s e  flexibility, ~~~~er. makes it dsubtful t h t  the ~~~l should be

used independently of other cost estimating techniques. Ths ass~~tIaNs

reflected in the input psrsmsters must be continually questioned and

compared to objective reality If the estimates derived from the medal

are to be relied upon.

— 
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APPENDIX A

A Glossary of PRICE S Terminology

ENCPLX (Engineering complexity) Relates difficul ty of task to time
schedule for completion .

FCONST Empirical factor describing the extent of echelonlng (skew-
ness) of the hi erarchi cal , functional structure.

FIJICT Total nuaber 0f functio nal modules .
IDENS (Instruction density) Describes the mixture of Instruction

types. The weightIng factor used to classify application
types.

IMSPF Average niaber of machine level instructions per functional
module. -

LEVEL Mean hiera rchical level . Average tree structure level at
which functional modules are defined. 

- 
a-

NIX (Application mix) Describes software profile In terms of
total code in each of seven appli cation types : mathematical
appl icati ons , string manip ulation , syste. operation, data
storage and retri eval • on-line co~~inIcat ions , real-time
cm snd and control , and interactiv e.

SXPLX (Syatem design complexi ty) Relates scope of work to the
engineering group doing the work.

ThZNST Total maber of machine-level instructions.
UTIL Fraction of total system capacity utilized .

(RCA PRICE SYSTEMS, Inc., 1977)
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INITIAL INTERVIEW WORXSHEET (Page 1 of J~)

U
System Identifier , 

____  
Date s ________________________

System Name s -

Individuals to conta cts 
a-

OPFI(~ OFFICE
NAME RANK SYMBOL PHONE

QU ALIFICATION QUESTIONS

VEHICLE TYPEs 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _  

SINGLE CO?euTER~ YES NO

- ASSEMBLY LANGUAGES YES NO INNERENTLY MODULAR , YES NO

- 
- -~ SOFTWARE DEVELOPMENT COMPLETE TO AIR FORCE ACCEPTANCE S YES NO
- - 

~.) TYPE OF DOCUMENTATION AVAILABLE $ PART I OR EQUIVALENT 
- 

-

- 

PART II OR EQUIVALENT
- CODE

CPR ’S OR EQUIVALENT

REQUIRE SAFEGUARDS/RESTRICTIONS ON DATA USAGE, 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _

INTERVIEWER COMM!NTS $ 
_______________________________________

I Q

-
a - I 84 
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- INITIAL INTERVIEW WORKSHEET (Page 2 of L~)

~

-

~~~0
- 

- 
~- - System Identifier s ____  

Date s _______________________

- 

QUALITATIVE QUESTIONS

a- - Is thi s a stand -al one system , or part of a distributed proces sing

- 

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 Sizes _ _ _ _ _ _ _ _  
Word Sizes 

_ _ _ _ _ _ _ _ _ _ _ _ _  
KOPS s 

_ _ _ _ _ _ _ _ _ _

• Other (SPECIPY) s a-

Was the deve]a-opaent schedul e either unusually long or short?

FT

Was the group which developed the software system exceptionally

well qualified or inexperienced with this type of software system?

85 
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1IITIAL !1~~ERYT~~ WO~~S~~!T (Psi. 3 of 4)

$yst.ui Id*ntifi.r s .. . . 
-

QUAI~tPATT~~ QU~8TIOI~ (CO)~T)

Did the deveiOp r : US. 51)7 of the new software develo~~ ent aethod-

ologies? If so, which ones? Did he have previous experience

with th~~*? -~~

Were the eyst~~ specifica tion requi reaenta either unusually

etringent or lax? If so , in what way? ______________________

I
Did the development either approach or extend the state-of-the-

art in any way? If so, how? 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Was a significant portion of the~ deei r coaplete d before work

officially began on the contract ? If so, describe the situation .

0
$6
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• • . INITIAL IM.’ER VIEW WORKSI!EET (Page ~f of ii)
(
~
y .

Systes Identifiers _ _ _ _  
Dates _______________________

SYSTEM LEV~~. DATA

Primary purpose/function performed s ____________________

~1

Ma3or sub-functions performed. 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Parcent of processor capacity utilised $ Memor y _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

Processing Time _ _ _ _ _ _ _  I/O Channels _ _ _ _ _ _ _

Others above 50% (Specify) s 
________________________________

Total ni~ ber of devices , by type, that interact with/axe control-
led by the software system (Identify unique devices). 

_ _ _ _ _ _ _ _

What COST/SCI~~~LE,4WIPOIIEM LOADING information is available?

~I) 
,‘~
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APPENDIX C

Derfvati on of the Sequential S.~~l i ng Equation
U
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Derivation of the Sequential Sa~~lina Equation

Objective
Determine the sample size n required to assure that the bounds

of a 95 percent confidence interval for mean module weight W lie -
•

• within tin percent of ~~~~.

Mathematically, this may be stated:

PC I~ -i~i ~ 0.1W) ~ 0.95

where: ~ • The sample mean of the random variable “module
weight.”
The true mean module weight of the population.

P • The probability function.

- Given: (1) A finite population, the sof~ are system, containing

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

the siapling process.
(2) Each -module has a unique value of a random variable

called weight, w associated with It. Weight Is calculated by multi-

plying the number of Instructions In the module by a weighting factor

which is determined by the application type of the module.

M~~~t1ons
•

The sample size n is large enough for the Central Limit Theorem

to be Invoked. This assimption is discussed below, following the

derivat ion ireif. 

• 

~•



Derivation-
L) Assume thata-5e$le- of n~ modules Is drawn , without replacement,.

frOm a software system containIng a total of N modules. Let:

(a)

u , .~ E(Y~) • -$~~i,, - (b)

n
• VAR(Y~) • YAR ( 1~1w1) n 2 var(W) - C c)

Where : w1 • Weight of the 1th module

n • S p l e slze

• The sa.ple maan of weight

~~ a The population mean of ~

~w The POPU1atiofl~~~f l0 f  the WI
- ~~~~~~~~ • The variance of Y~

Then, -by the Central Limi t Theorem, the dist ribution of the random

variab le •

(d)

—I 
-

approaches the standard normal distribution as n approaches Infinity .

(Conover, 1971:53-54)

Substituting equations (a) , (b), and (c) Into equation (d) yields:

n
~

- n_
~Z R

fl vM(
~
fI (e) •

*srs: ~~~ (VAR( ))~’

‘ C . -

- 

- - 

~~~~

- --



4 — , 
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- - • - - - • • -

~~
- - ‘-

~

••- 

~~~~~~~~~~~~~~~~~~~~~~~~ 

-—-

~

-

~~

- • • • • -- •  
~~~~~~~~~~~~~~~~~~~~~~~_ _ _ _ _ _ _  --

Now, according tO Fretmd, if -a random sample Is drawn, without

Teplacli t , -from a fi ni te population , then the variance of the sample

mean Is given by:

VAR( ) (Freund, 1971:204 ) (f)

If n Is sufficientl y large for the Central Limi t Theorem to be

Invoked, then the upper bound of a 95.. percent confIdence interva l Is

defined by the condition:

Where: z~ — The upper bound of the confidence Interv al.

Since the normal dist ribution is symetrIc about the mean , It is suf-

O 
fic lent to examine the upper limit only. Analogous results follow for

the lower bound. -

Finally , the requirement that the bounds of the confidence inter va l

lie with in ten percent of the sample mean Implies that at the upper

boundary, the condi tion : -

(h)

must hold. Again, because of syametry, it is not necessary to consider

the lower bound separately.

App lying the boundary conditions of equatIons (g) and (h) to

equation (e) , and then substituting equation (f) Into equation (e)

yields :

0
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0 1  _ .  1.96 (1)

C) °w fl(N-1 1

This equation defines th. conditions necessary for the upper bound of a

95 percent confidence interval to lie precisely ( .1 ~) from . By

squari ng both sides of equation Ci ), solvin g for n, and replacing 
~

with the u,~iased estIat~r dv It follows that: 
-

n ” I  
~~~(~~1) 

(3)

This is tbs~,equat1on to be used In determining the ’ sample size

— 
required for the statistical data co llecti on described In Chapter III

above.

- 
- - - - - Use of the Central Limi t Theorem -U_ -

- -

Conover states that th~ Centra l Limi t Theorem may be 4nvoked when

drawing without replacement from a finite population provided that the

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

54) There is no discussion 0f whether the theorem may be applied for

larger sample sizes than (14/2). Since both systems s tudied required

sample sizes that exceeded th is restriction (based on equation (3)) the

applicabi lIty of the Central Limit Theorem must be addressed .

There is a very defini te relationship between the sum of n random

variables drawn without replacement from a finite population , end the

sum of the (N-n) variables which were not drawn . (Failure to be -
‘

sel.ctsd may be consIdered a form of selection. )

0 -
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in fact , it may be shown that: -

ur n  (_ l) r Ur,(N..n)

Where: ur n  the rth momant about the mean of the sum of the

n variables diawn, and

~r ,(N-n ) • the rth moment about the mean of the (N-n)

variables not drawn.

— 

- From the above, it may be Inferred by syimietry that the distribu-

-tion of the sum of a sample of size (N—n) approximates thit normal dls- .1
tribut lon precisel y as wel l as that of a sample of size n. Thus, it

would seem that the operati ve constraint on the invocation of the

Central Limi t Theorem is that both (N-n ) and n must be “ large .” This

condi t ion Is less rest ricti ve than the H50 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 .
- 

j

0
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- SOFTWARE DE~EL0PENT DATA
(3 - 

SYSTEM NAMEs SYSTEM A DATEs Ii SEPT 1977
PRIMARY FUNCTIONs 

- 
RAMP JA~~ING

MAJOR SOB’-FUNCTIONSs P~ 1CESS RAMP P1LSE.~ IflENTIFY ThREATS~
ALLOCATE JA?9IERS DISPLAY STATUS. OPERATOR INTERFACE TEST
I • • I S S S S S I I • I .i  I II S I S S S I-S I S • I • S •  • • S S I S Il lS  I I I S S I I II l I•  I • S • I I

SYSTEM ENVIRONMENTAL DATA
- 

-‘ PL&TPOI~~ ~~~GET CONPuszR(S)
GROUND (FJ.~~~ith OR MOBILE) NUMEER MODEL WORD EMORY P~R CENT
AVIONICS (CIVIL OR MILITARY) SIZE SIZE CAPACITY

SPACE (MANNED OR W~~~NE1)) 1 4-PI 32 I6~ 50-60
1 LC—45 16 16 8K 5040

• S S S I SS S SS I SS SI IS SI S SS I S• I I S I SS I S II . l i• S . I• I I . . .. . 1 S. . . . . .. .

SYSTEM DESCRIPTION
TOTAI~ INSTRUCTIONS LANGUAGE NUI~ ER
SOURCE OBJECT 

~~~~~~~~~~~~~~~~~~ 

HIER~~~~~CAX1

— 
IJ4K 19,000 ASSEPBLY 307 2.6

- Q - 
INS~~U0TI0N MIX

- - -
- 

MATH STRING SYSTEM DATA O~i-MNE REAL-TIE INTERACTIVE
- 

.00 .18 .16 .05 .16 .13 .32
- HARDWARE:. NO. MODELS p 2 1 1 —

INTERPACE
DEVICES
• I I • S S S S S I S I S I S S S I I I • S S S I I I I I I I I I S 4 I I I • I S S S • I S I • • I S I •.• I S S I I S

-

. 

- 

- 

DEVElOPMENT INFORMATION
- 

-
, TOTAL COSTs 1.054.000 ACCOUNTING ASSUJIPTIONS/PROBL~ I5s Sinole

software develoi ent liccount, plus small IY&V contract. Systems
enoineerino costs not included. Burden In, GM out.

START DATEs ~AII~~5~ END DATEs WiR 78 (EST)
ESTIMATED NORMAL TIE FOR DEVELOPMENTs 38 Months -
QUALIFICATIONS OF WORK GROUPs HIGH ? 6 5 1i~ 3 2 1 LOW
PA!SCALE OP WORK GROUP, H 1 G H 7 6 5 4 3 2 1 L 0 W
• •. . . . I .•  S I  I S S I S S • I S S • I . SS S S I I  I I5 I I .S s i I 5 I 5s S 5~~~~I s . s s ~~~~s~~ • I S S S

AsSU*PTIONS/LI*ITATIQNS/CoJfl,ENTS, OEVEI.OPNENT NOT COMPLETED WHEN

~ TA ~ThM1N
, RME4.. Q JFIç~r~ lJ ~I~G W~

$
~ Ji ~~~~~~~~~~ NO

APPARENT P~~ LD~ . LACK OF SYS ENG COSTS.o
95
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$QT~1IARE DEVELOPMENT DATA
- 

tJ SYSTEM !l AMEs SYSTEM E 
- - DATES Il SEPT 1977

PRIMARY FUNCTIONs MVIGATE AND CONTROL A GUIDED MUNITION
MAJOR SUB—P’UNCTIONSs DETERMINE WEAPON LOCATION, CALC GUIDANCE ERRORS
GUIDE. CIcs., PrTCupvER CALCI, CALC LAUNCH WINDOWS, INITIATE WEAPON RELEASE.
I I I I I SS I S I IS S  5 1 1 1 11 1 5  I S I S  S I l l S  S I l l  I S I SS I SS I S S  I S S I S S S S  5 5 1 1 1 1 .

SYSTEM ENVIRONMENTAL DATA
PLATFORM TARGET COMPUTER(S1

GROUND (ii.~i.U OR MOBILE) NUMBER MODEL WORD MEMORY PER CENT
AVIONICS (CIVIL OR MILITARY) SIZE SIZE CAPACITY
SPACE (MANNED OR UNMANNED) 1 

_ _ _ _  

32 
— 

16K HIGH

S S S S S S I S I I I I S S S I S S S S S S 5 5 5 I S 5 5 5 5 5 5 5 5 5 5 5 5 5 I 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 5 I 5

SYSTEM DESCRIPTION
TOTAL INSTRUCTIONS LANGUAGE NUMBER
SOURCE QBJEC~ HIERA~CHI CAL -

MDD~LES LE~ L -

LINK 16.OQj ASSEMBLY 297 4.0
INSTRUCTION MIX

• MATH STRING SYSTEM DATA ON-LINE REAL-TIME INTERACTIVE
.12 .01 .11 .00 03 .46 .27

— HARDW A RE:.No.I40DELS 0 4 4 - 1 :
TOTAL 0 5 VARIES 1

• I S Ø I I S I S S I S S I S S I I I I I IS I I I I S I I SI II II IS I I . . I .. . I. . I . . I .I . . . . .

DEVELOPMENT INPORMATIO~
TOTAL COSTs 1,800,000 ACCOUNTING ASSUMPTIONS/~I’ROBLENS~ PRIME
TASK ON SINGLE CONTRACT. COST OF OTHER TASKS BACKED OUT. BURDEN INCLUDED, —

GM EXCLUDED -

START DATEs APRIL 1974 END DATEs DEC 1976 ‘~~

ESTIMATED NORMAL TIME FOR DEVELOPMENTs 30 MONThS

QUALIFICATIONS OF WORK GROUPs HIGH 7 6 5 ~f 3 2 1 LOW
PAY SCALE OF WORK GROUp, H 1 G H 7 6 5 4 3 2 1 L O w
I S I S I IS S II I  S S 5 I I  S S S S S l S S ~~~~S S  5 5 5  • I S I S SI I S S S S S S I l~~~~S 5 5 I 5 I 5 S I S IS 5

A$SUMPTIONS/tIMITATIONS/CO*ENTS5 
- 

UTILI ZATION OF CAPACITY NOT —
PEASURED. ThERE WAS PRESSURE TO SHORTEN DEVELOPMENT SCHEDULE.

0 - ~~
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Captain John Schneider IV’ was born on October 31, 1945 in Greensboro,

North Carolina, but was raised in Cambridge, Maryland. He attended the

thilversity of Maryland and received a Bachelor of Science degree in

Physics from that Insti tution In 1968. Having participated In the

Reserve Officer Training Corps pro~ am as an undergraduate, he entered the

Air Force as a second lieutenant upon graduation

From 1968 through 1971, Captain Schneider was assigned to the 
—

1 Aerospace Control Squadron (AX) In ..olorado Springs , Colorado , where

he was responsible for developing and 1mp1ett~nting techniques for

tracking and predicting the position of hi~n1y eccentri c and geo-
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