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PREFACE

The purpose of this report is to' document work commissioned
by the Air Focme Standard Systems Center (SSC) in identifying
realistic product factors for use in their recently adopted
software cost estimating mosdel. The mission of the SSC is to
develop and maintain Air Force standard computer systems. Like
many Air Force organizations, SSC workloads exceed their
available resources. Their dilemma is compounded by software
cost estimating techniques that are characterized by the Software
Engineering Institute (SEI) as generally immature, contributing
to an ineffective resource commitment process. The SSC, working
with the SEI, is addressing this and other dcocumented prcoblems.
Within this larger context, this research project defines two
prcoduct factors that could significantly affect software
development costs at the SSC. The twco factors are product
complexity and customer relations.

Due to the lack of meaningful historical data, the job of
customizing the model became a theoretical selection process to
identify, define, and initialize a set of relevant product
factors. Once factors were selected, this project suggested a
methcod for incorporating them into cost estimates, and developed

-~ an algorithm for adjusting them based on their use in the SSC
environment. Throughout the prcocess, this project recognized
factor usage based primarily on theory isn't the preferred way tco
obtain software cost estimates. But, cconsidering the lack of
histcory, it is an acceptable first step.

This research project represents the accomplishments of a
grcoup of people. Without their assistance and dedication, the
final thoughts and wording of this report would have been much

0 less significant. First, I need to thank Lt. Col. Price, whco
suggested the problem and kept me on track towards a useful
product. In addition, Capt. Mark Dettlp Mr. Dick Stowers, and Mr
Bob Tomlin helped me get started with their discussion of the
problem and identification of potential sources of information.
Their ccomments on my numercous drafts enhance the utility of this
prcoject. Capt. Dettl worked especially hard in critiquing the
drafts and cocordinating comments for quick turnaround. Thanks is
also due TSgt. Pat Brock. His expert advice and timely data base
retrievals were critical in assessing the SSC environment.
Finally, Capt. Ron Ford thought-provoking questions were always
on target and provided an independent level of technical



expertise to the final product. All those mentioned are trule
prosfessionals.

The list of helpers wouldn't be complete withcout mention of
* the contributions of my wife. Wanda's understanding and support

were critical tci the quality of this project. The number of
times she reviewed the drafts for administration and
ccmprehension should qualify her for college credits in software
engineering. As a new bride, her discipline in locking~ me in the
study on nights and weekends far exc:eeded what anyone ccould
reasoinably expect, cor what I cared to endure. Guilf Coast beaches

V here we come!
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EXECUTIVE SUMMARY A
Part of our College mission is distribution of the
students' problem solving products to DoD
sponsors and other interested agencies to
enhance insight into contemporary, defense

z. related issues. While the College has accepted this
product as meeting academic requirements for
graduation, the views and opinions expressed or
implied are solely those of the author and should
not be construed as carrying official sanction.

"insights into tomorrow"

REPORT NUMBER 68-1605

AUTHOR(S) MAJOR ROBERT E. MEISNER, USAF

STTLE SOFTWARE PRODUCT FACTORS FOR DEVELOPMENT COST

ESTIMATING AT THE STANDARD SYSTEMS CENTER

I. Purpose: To identify realistic product factors for use in
Standard Systems Center's (SSC) recently adopted software cost
estimating model.

II. Problem: The mission of the SSC is to develop and maintain
Air Force standard computer systems. Like many Air Force

organizations, SSC workloads exceed their available resources.
Their dilemma is compounded by software cost estimating
techniques that were characterized by the February 1967, Software

Engineering Institute (SEI) Review of the SSC as generally
immature, contributing to an ineffective resource commitment
process. The SSC, working with the SEI, is addressing this and
other documented problems. Within this larger context, the

problem tackled by this research was to identify, define,
initialize, and integrate a set of realistic product factors into
the newly adopted SSC model.

III. Discussion: Authorities describe over a hundred factors
that influence software costs. They generally categorize these
factors by four aspects that characterize a software development
environment - people, process, cc~mputer, and product. This

ix
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research deals only with those factors that portray the pro, blem
being automated, that is, the product factors.

Due to a lack of meaningful historical data, the job of
customizing the factors for use in the model became a theoretical
selection process to identify, define, and initialize a set of
relevant product factors. Throughout the process, this project
recognized that factor usage based primarily on tAhecry wasn't the
preferred way to obtain software cost estimates. But,
considering the lack of history, it was an acceptat'le first step.

.. Once the need for product factors was established, five

V . criteria were developed to guide the factor custcm.zing process.
The criteria were scope, significance, measurability, ease cf
use, and factor independence. The customizing process began by

selecting two significant product factors out of the universe of
' potential factors. A recent study by Capers Jones and the more

widely analyzed studies of IBM-FSD, ITT, COCOMO, and the Software
Engineering Laboratory of the University of Maryland were used to
identify product complexity and custcmer relations as the top two

*° significant factors. Following their selection, the two factors
were substantively defined. The product complexity definition
was essentially copied from Barry Boehm's COCOMO. The customer

-. .relations definition was original, although suggestions of its
various aspects were found scattered throughout the literature.
Finally the two factors were initialized. Initial values
resulted from analyzing the five studies listed above. This
analysis chose the middle values from the studies, as a hedge
against outrageous estimates until the factors can be
historically calibrated to the SSC environment. Product
complexity settled on the values of COCOMO, while customer

- relations used those of the ITT study.

Integration of the two factors into the SSC model involved
A?.. describing how they could be used and calibrated. Factor values

are efffort multipliers c:f source lines of code (SLOC) baseline
estimates. The baseline estimates reflect the actual number of

' SLOC required to automate a task. The multipliers scale this
number to reflect variance in the levels of effort indicated by
the factors. Product factors don't change the actual number of
SLOC in a delivered pr c:duc t, but do account for pr oduct
complexity and custcmer relations in productivity and cost
estimates. After the factors have been used, and a history
built, they will likely require calibration to increase the
accuracy SSC cost estimates. The method of Ideal Effort
Multipliers (IEM) developed by Barry Boehm was adapted for
calibrating the SSC model. This research describes how to use
the IEM to adjust not only the product factors, but also other
factors used in the model.

x
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IV. Reco':mmendations: This research report makes two
recommendations. One is that the customer relations factomr be

- refined before being put into use. The second is that the two'
product facto'rs be incorporated into the current SSC software
cost estimating mo'del. While prcoduct complexity is explicitly
defined and used in COCOMO, cu~stomer relations is discussed only
generically in the literature. As a result, the definitions cof

C~ustcomer relatioins listed in this research are original and
haven't been validated in an operational environment. Hence, the
first recommendat ion fol lows. The second reco:mmendat ion results
from authoritativye Studies which co~nsi stently show that product
complexity and customer relations impact software costs.

'p.i
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Chapter One

INTRODUCT ION

The mission of the Standard Systems Center (SSC) is to
develop and maintain Air Force standard computer systems. Like
many Air Force organizations, SSC workloads exceed their
available resources. Their dilemma is compounded by software
cost estimating techniques that are characterized by the Software
Engineering Institute (SEI) as generally immature, contributing
to an ineffective resource commitment process [18:4J. The SSC,
working with the SEI, is addressing this and other dcumented
problems. Within this larger context, this research project will
define how pro-duct factors affect software development costs at
the SSC.

BACKGROUND

In February 1987 the SEI conducted a management review of the
SSC's software engineering practices. The review was conducted
under the rules outlined in the Assessment Agreement signed on 12
February 1987. The agreement was well-planned and resulted in 10
major recommendaticons for improved operations. These
recommendations were published in the SEI's "Final Report and
Recommendations, Software Engineering Institute Review, Standard
Systems Center, Gunter Air Force Station, 17-19 Feb 87" [18].

Following the publication of the final report, the SSC
devel o-°ped an action plan, "Response to Software Engineering
Institute Findings and Recommendations." In their action plan
the SSC acknowledged the SEI recommendations and set out to
implement them [20]. They acted on the first recommendation,
Project Management, by adopting the SEI framework for software
project planning, which included a model for cost estimating.
The SEX model recognized that many factors contribute to software
costs, but left quantification of them to the SSC. Using the SEI
model as a basis, the SSC is defining a model for their specific
use. As part of the definition process, the SSC commissioned
this research project to identify and quantify product factors
that could affect software costs at the SSC.

I~I



PROBLEM STATEMENT

The purpose of this proaject is tco develop a system for
incorporating realistic product factomrs into cost estimates at
the SSC. Attaining this purpose requires the achievement of four
objectives. The first is to define the need fcor product factcors
in software ccs~t estimates. The second is to identify and
quantify a set cit realistic factors that influlence develo'pment
ccosts at the SSC. The third is to develoip a methcod fcor
incorporating these factors into cost estimates. The last
objective is toi develo:p a method fo:r adjusting the factors based
on SSC experience gained thro:ugh their use.

ASSUMPTIONS AND SCOPE

The fcour cobjectives listed above are limited in sco:pe by
three assumptions. The first assumption is that product factcors
identified by this research pro:jec:t will be used in the SSC
scoftware cost estimating mcodel. The second is that productivity

* factors, other than those derived from product attributes, will
be defined and validated by another process. The last is that
factor values are initial, educated estimates which will prcobably
require adjustments.

Note that this report refers to prcoductivity and product
factors almost interchangeably. They aren't interchangeable.
Pro'duct factors are tho'se that describe the prcoblem being
tackled, and are a subset cit the more general class of attributes
kno:wn as promdctivity factcors. People, process, and computer
attributes are other factcors which affect productivity. The
literature dcoesn't restrict itself tco analysis cof only prcoduct
factors, but studies prcoductivity factors in general. Sc',
literature reviews generally cite productivity factors, while
specific applicaticons specify pro'duct factors. Further details
of their relaticonship can be found in Chapter 2, The SSC Mo:del.

£These three assumptions and the fact that the SSC cost model
*was already in preliminary use dictated the following scopes for

the four objectives listed in Problem Statement. The first
objective was satisfied through a review of current literature
and analysis of the SSC software cost model. The second was
attained through reviews cit current literature and SSC histcorical
documents. The last two objectives were accomplished by

0. incorporating the results cof the seco:nd cobjective into the ccost
estimating system used by the SSC.

2
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SEQUENCE OF PRESENTATION

The general flow of this report follows the objectives listed
under Problem Statement. First, the need for product factors in
estimating SSC software costs is defined in Chapter 2. Chapter 3
identifies a realistic set of factors and establishes initial
values for their use. Then, Chapter 4 describes how the factors
from Chapter 3 are used and calibrated with the SSC model.
Finally, Chapter 5 analyzes how well the chosen factors satisfy
the criteria listed in Chapter 2, and makes recommendations for
use of the factors develcoped by this project.

3
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Chapter Two

THE NEED FOR SOFTWARE PRODUCT FACTORS

False scheduling to match the patron's desired date is
much more common in our discipline than elsewhere in
engineering. It is very difficult to make a vigorous,
plausible, and job-risking defense of an estimate that
is derived by no quantitative method, supported by
little data, and certified chiefly by the hunches of
the managers.

While this quotation appeared in 1975 in The Mythical Man-Month,
it accurately summarizes the project management finding in the
SEI final report. Frederick Brooks' proposed solution in 1975,
like the SEI recommendation in 1987, called for developing
estimation rules and productivity factors [6:21; 18:4,73. Since
the SEI review, the SSC has inaugurated a cost estimation model.
However, the product factors, a subset of productivity factors,
used in the model haven't been established E19:5-63. This
chapter will define the need for these product factors by
reviewing the state of the art of software cost estimating. In
addition, this chapter will describe an approach for defining
product factors by explaining the SSC model and specifying
criteria for applying factors at the SSC.

THE STATE OF SOFTWARE COST ESTIMATING

The credibility of software development organizations rests
on the immature science of software engineering economics.
Without reliable software cost estimates, projects have no firm
basis for defending unusually optimistic budgets and tradeoff
analyses, and often compromise on performance to meet schedule
overruns E4:303. Unfortunately, software cost estimating isn't
yet a robust science, due primarily to the lack of suitable
measurements for programming attributes [9:47,51; 11:393; 14:23.
This dependable, cost estimating dilemma isn't surprising given
the recent, meteoric ascendancy of the software industry.

Electronic computing is an infant technology, born only as
recently as 1930. From its birth it took 16 years until the
first general-purpose electronic computer, the ENIAC (Electronic
Numerical Integrator and Calculator), commenced operation.

4



Still, it wasn't Luntil 1951 that the first commercial iCmputer
was delivered, the UNIVAC I (Universal Auto'matic: Computer). The
co'mputer revolution had dawned [12:18,22).

In the early days of the revolution software contributed
little to the costs of a fully functiconing computer. Greater

'athan 80 percent of the ccosts were attributable to hardware.
Hcowever, as the revo'lutio'n gained mcomentum, so:ftware began to
do'minate ccomputer system ccosts. Boehm predic:ted that the
relative costs flip-flo'pped aro'und 1965 [3:326). It has only
been since then that the need for software c:ost estimating has
beccome a significant problem.

Yet, it wasn't until a silent cou~p in the mid-1970s that the
software gurus became the new leaders cf the rev~olutio'n. It was
at this time that the classic essays cif Bro'oks and Bcoehm were
published. In 1975 Broo'cks called foir better software cost and
productivity estimating techniques [6:21]. In 1976 Bo'ehm
suggested that hardware engineering was a Much more advanced

V scientific discipline when ccompared tos software engineering.
* Further, he stated that "the mcost pressing software develcopment

pro:blems are in ... requirements analysis design, test, and
maintenance o:f applicaticons software by technicians in an
eccincmics-driven context" [3:3523.

Over 10 years later software cost estimating is still an
immature discipline. While the problems associated with
estimating are better defined, solutions aren't yet fully
develcoped. Several aut hor s suggest this i mmatUr it y is a
consequence of poor prcogrammi ng measurement tec:hni ques [9:47, 51;
11:393; 14:2). Jones goes one step further to identify five
under develocped areas where pro'gress is being made. Especially
enc:our aging is his prcogno'sis forr ncotable results in econo'mic:
productivity metrics by 1990 [15:43,833.

Even tho:ugh software ccost estimating is a maturing science,
the utility of ccost mc'dels is well-established. A literature
review identified a plethora c'f cost models, both pro'prietary and

*ncon-proprietary, each with inherent strengths and weaknesses.
Strengths are particularly pronounced in the envirconments Lunder
which the models were developed and provide less accurate
estimates in other environments. This characteristic o'f tight
coupling restricts the pcortability cof mc'dels tco new envirconments.
All models recoganize this trait and ccompensate for it by
Supplying utilities to customize eac:h tc' a new envirconment.
Still, no: model acc'urately c:aptures the proeduct and environmental
attributes whic:h affect reso:urce expenditures [1:107; 7:.,27; 13:8;
6:4273.

Hc'wever, so:ftware ccost estimatio'n mcodels are benefic:ial for
pro'duc:ing product plans. The SSC re'cogni zed this fact and

5



accepted the SEI recommended model outlined in the extract from
Humphrey's book [13) (this model is referred to as the SSC model
throughout this research report). The SEI model is based on
source lines of code (SLOC) with adjustments for goodness of
estimate and productivity factors, including product factors.
Like any other model, these adjustments must be customized and
calibrated to the SSC [19:5-4 - 5-6]. The purpose of this
research project is to customize those factors related to product
variations.

THE SSC MODEL

Before the customization process can proceed, the nature of
the SSC model must be identified. This identification allows
product factors from other studies to be applied in proper
context. In the vernacular of Basili, the SSC model is an
"adjusted baseline, static, multivariable" model. That is, the
fact that the model combines system size with contingency and
productivity factors to determine a single effort value makes the
model multivariable and static. Further, since the contingency
and productivity factors are used to scale the estimate of system
size, the model is referred to as adjusted baseline [2:4-5].

Exploring the mechanics of the SSC model will help justify
these classifications. The model's baseline is established by
estimating the SLOC needed to satisfy user requirements. Then,
the baseline is adjusted by multiplying it by contingency and
product factors. The resulting product is divided by the base
average programmer productivity to yield an effort value. While
this value is sufficient for the purposes of this research, the

final step in obtaining a cost estimate is to apply budget data
to the effort value (19:5-1 - 5-9).

In practice, the estimation process outlined above is
accomplished through the use of a work breakdown structure (WBS).
That is, baseline SLOC estimates and scaling factors are appliedto components of a WBS, not the composite system. The final

effort value is the sum of the component estimates. Also, the
order of adjustments to the baseline is different, in practice,
than outlined above. But, the result is effectively the same.

With a basic understanding of the SSC model, the scope of the
productivity and product factors can be put into context.

9i, Studies have shown cost attributes that impact software
productivity fall into four categories as outlined below E4:115-
116; 7:238). For the purposes of this research project the
aggregation of attributes is referred to as productivity factors.

People factors relate to the capabilities of
programmers working on the project. Examples include

6



individual expertise, team organization, morale, and
quality of management.

Process factors describe the production environment.
Examples include programming language, structured
programming techniques, software tools, and data base
avail ability.

Computer factors deal with development computer
attributes. Examples include response time, system
volatility, and turnaround times.

Product factors portray the problem being tackled.
Examples include product size, state of problem
definition, level of documentation, solution
complexity, reliability, and security restrictions.

As stated in Chapter 1, Assumptions and Scope, this research
* project will deal only with applicable product factors and will

assume the other factors have been suitably incorporated into the
model. This assumption is realistic. In effect factors which
remain relatively constant from project to project appear as
integral parts of the. baseline and average programmer
productivity estimates. By implication these include such
attributes as individual expertise, organizational management,
programming language, software tools, system response time, and
system turnaround times. Minor fluctuations in these attributes
are compensated for at the lowest organizational level where the
estimating is done, the software is developed, and where the
attributes are relatively static. Consequently, this research
examines only the effects which the problem to be solved
contributes to the cost estimating process, that is, product
factors.

CRITERIA FOR PRODUCT FACTORS

For this project, the phrase "customizing the product
factors" involves identifying and initializing those factors that
apply to the general SSC software development environment. As
alluded to earlier, software cost estimating and productivity
measurement is an immature science. Consequently, there is no
definitive set of factors from which to choose a subset that
applies to any particular environment. Three widely analyzed
models illustrate this point. The first popular study was
completed by .the System Development Corporation (SDC) in 1966 and
identifies 104 significant productivity factors. Another classic
study, completed by Walston and Felix at IBM-FSD in 1977, lists
29 cost attributes. One of the most popular models, Boehm's
Constructive Cost Model (COCOMO), incorporates 15 productivity
factors [4:114,512,5173. A fourth source of factors is the

7
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A£ study by Jones which outlines 20 major and 25 potential factors
' 15:85]. While some factors overlap between the studies, no
definitive set of factors emerges. Such a wide variety
complicates the customizing task. Therefore, the following five
subsections describe the criteria that will be used in selecting
the product factors applicable to the SSC.

Sc ope

Boehm defines sco:pe as the class of software projects whose
costs need to be estimated [4:520]. The implication of such a
definition on this research is that the class of projects chosen
determines how well product factors influence cost estimates.
The wide variety of factors discussed in technical fora leads to
the hypothesis that some factors will have more applicability to
the SSC than others. Identifying the scope at the SSC helps
focus the search for relevant factors.

The first recommendation from the SEI Review was that the SSC
develop a project management process that includes estimating

O product size, costs, and schedules. The SEI Review found that
the SSC didn't have an effective commitment process for
development efforts. This ineffectiveness was manifest in the
SSC's frequent acceptance of customer delivery demands without
first sketching a development plan. Consequently, the impact of
new requirements couldn't be assessed, and the SSC had no basis
for scheduling work C18:4,73. Institutional use of the SSC cost
estimating model is designed to address the size and cost aspects
of the project management process, and contributes to realistic
scheduling. Within this context, the scope includes production
and modification developments, and excludes maintenance.

Many aspects of software development, such as design and
testing, contribute to costs without increasing the number of
SLOC developed. These relationships are captured in the factors
used to adjust the baseline SLOC estimates as described in The
SSC Model. The SSC chooses to include the software definition,
design, development, and testing phases in their cost estimates.

6Therefore, product factors must account for these aspects.

Boehm, Conte, and Jones all express caution in using SLOC as
a unit of measurement. Yet, all concede that while other units
may prove to be more accurate in the future, SLOC is sufficient
for current estimates. However, a clear definition of what is
included in counts of SLOC is paramount when comparing data from
different organizations [4:58-59,477-482; 7:236-237; 15:81-
82,90). The SSC includes all lines, except comment and blank
lines, which are input into a compiler and are required to
complete applicable tasks [8:--]. This research will do
likewise.

8
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In summary, product fact ors and their initial values must
accommodate the following aspects of the software pro:jects being
estimated. First, factcors Must conly acccount for prcoduction and
modification tasks. Also, they must describe the definition,
design, develop, and test phases of the development cycle.
Finally, SLOC comparisons must include all code required to
ccomplete applicable tasks, excluding comments and blank lines.

Significance

As Aristotle wrote, "It is the mark of an instrutcted mind tco
rest satisfied with the degree of precision which the nature of
the subject admits and ncot to seek exactness when oinly an
approximation of the truth is possible." This thcought is a
basic tenet for the selection of factors to be applied at the
SSC. Further, it implies that a minimum set of significant
factors might be sufficient for estimating costs. This
implicaticon has been Supported by several authorities. One of
Bcoehm' s ten criteria fcor evaluiating a software ccost model is
par si mony. That is, does the mc'del avoid factcors that don' t
ccntribute appreciably tco the results [4:5203? Bailey and
Basili's search for a meta-model at the Software Engineering
Laboratory (SEL) at the University o:f Maryland concluded that too:
few productivity attributes mean that a model will miss
potentially significant variations, while too many make the
analysis meaningless. But, they go on to suggest that missing
some variations don't "weaken the accuracy of the mo'del beyond
useful prcoporticons" 11: 1153.

Further, Humphrey believes that pro'ductivity factors are
important in impr'oving the estimates within partic:ular
organizaticons. However, he cauticons against becoming mcore
scophisticated than the available data warrants. He hypothesizes
that SLO:: estimates, the basis fcor the SS0 model, are usually

* wrong by 100 perc:ent. Further, even ideal prcoductivity factors
are rcough estimates. Consequently, only one or two significant
factcors are warranted during the initial use of a mcodel.
Sophisticaticon in the fcorm of additional factcors can be added

* only after a large database of information has been accumulated
and analyzed 113:4-53.

Conte goes further by suggesting that only factcors accounting
for a significant percentage of variance should be included in a
mcodel. As an aid to determining significant factors, Co'nte used

4 the concept of productivity range (PR). Each product factcor has
a variable ef-fect c'n the cost estimate according to th 'e level of
severity which the factor imposes. For example, problems with
stringent timing requirements may increase SLOC estimates by 2.5
times, whereas simple mathematical problems might decrease
estimates tco .9 times. These hypothetical multipliers indicate
lo'wer prcoductivity and higher costs for timing over mathematical
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problems. The PR is the ratio cof the largest to the smallest
Avalue for a factor. In the example above, the PR indicates

productivity on mathematical problems is 278 percent (2.5 / .9)
greater than on timing problems. The PR is useful in identifying
factors with the most extensive effects on ccost estimates
r (7: 239, 246)3.

Cconsidering the infant state of the SSC model, this researc:h
pro:ject adopts Hulmphrey'Is suggestion and will identify two
signi fic ant prcoduct factors. Additional factors can be added

A fcollcowing osperatio~nal use of the model. Also, tco be classed as
significant, produict factcors must have at least a PR of 200
percent.

Measur abi I i t Y

The utility of a mcodel results from the consistency of! its

4estimates. Ideally, when a single project is independently
estimated by two people uising the same model within the same
organizaticon, the results are identical and equal actual costs.
While attaining the ideal is unlikely, it is approachable only by
minimizing the Subjectivity of the estimators. Consequently, the
applicaticon of individual product factors must be objective and
quantifiable [4:520-522; 7:2393.

Ease of Use

N In general, the utility of any system is ultimately judged on
the ratio of input effcort to output results. Similarly, a cost
estimating model, which is newly introduced to an organization,
will initially be juldged on the ease with which it can be
understood and with which data c:an be input. Later, outputs fro:m
the system will contribute tco percepticons of its utility. So,

-. product factors must be well-defined, signi ficant and easy tco
obtain r4:520,523).

Fac:tor Independence

The reason for including a critericon for independence is
primarily mathematical. But, ease of use is an important
benefit. Mathematically, a single, composite product factor is
the product of multiple, independent factors. Such factors tend
to be easily understood and used since there is no complex
relationship between factcors.

Boehm and Conte go further to suggest that highly correlated
factors should be combined into cone [4:523; 7:2393. Fcor example,
an organization might employ structured programming, chief

N prcogrammer team techniques, and ccide inspections in their
scoftware development. While each Co'uld affect cost estimates, it
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isn't clear they are independent. For practical purposes they
* cculd be combined into one factor called structured pro~grammning.

In summary, product factors must be independent. This
criterion simplifies the mathematics used in the cost estimating
model. Also, it makes the model easier to understand and use.



Chapter 3

SELECTING THE PRODUCT FACTORS

Numerous studies have defined a myriad of productivity
factors in attempts to capture the effort required in software
development. Boehm discusses nine in his book 14:510-5203, Conte
reviews several more [7:234-2723, and Jones provides some recent
new additions [15:85-245]. While these studies showed a good

- correlation between the factors chosen and the sample programs
used to build and validate the models, portability of factors to
other environments is poor. Authorities caution against using
productivity factors without calibration to the environment where
they will be used [1:107; 4:140; 7:27; 13:53.

In some situations, such as those at the SSC, history is
inadequate to customize factors. In these cases a theoretical

*model can be useful. All of the models referenced in this study
(see Table 2) were born of theory, and calibrated and proven in
specific environments. The SSC chose not to develop a totally
new model, but built on the lessons learned from past studies.
The SSC approach of adopting a model, assigning feasible,
theoretical initial values to adjustment factors, and calibrating
them based on empirical evidence is valid (7:114; 19:5-9]. This
research supports the SSC's initiation of a customized estimating
model by selecting, defining, and initializing product factors.

THE SSC ENVIRONMENT

Before applicable factors can be effectively employed, a
basic understanding of the target environment is necessary. The
SSC Center Automated Manpower and Project Update System (CAMPUS)
provides the historical data used to characterize the SSC
software development environment. It was chosen for the task
because it is the only consolidated repository of management
information maintained for all production projects at the SSC.
The data summarized by CAMPUS isn't analyzed in this section. It
is merely displayed along with a discussion of its constraints.
Data interpretation is deferred to the factor selection,
definition, and initialization sections of this report.

12



The following definiticons from 55CR 700-7, Vcol I, Center
Automated Manpower and Project Update System, clarify the
terminology used by the CAMPUS data base (21:5-5,AB-2].

Production - time expended developing new applications,
including requirements analysis, design, programming,
documentation, testing, and release of systems.

Mcodification - time expended altering an existing
system tco Support constantly evcolving requirements.

Maintenance - time expended eliminating faults to
ensure that applications are working properly.

Complexity factor - project attributes used for
maintaining the manpower standards established for
directorates. CAMPUS uses the attributes to calculate
a complexity point total for each prcojec~t.

The CAMPUS data summary shown in Table 1, 560 Complexity
Factor Breakout, gives an indicaticon of the relative usage of the

* listed attribultes during the time periods shcown. The attribute
* summaries include only production and modification projects. The

data base ccontained 2687 entries for the 1978 to 1987 time frame
*and 1581 for 1986 and 1987 (5:--). The two time periods are

listed to identify any recent trend changes. Attributes
comprising five percent,, or less, of the listed factor are summed
under the title "Other". The attributes listed Lunder
"Interfaces" are all for functional software. In practice mcore
than one attribute may apply to a single factcor. Hcowever, CAMPUS
restricts inputs to only one per factor. Further, the default
attribute for each factor is "No't Applicable" [21:5-5).

CAMPUS has copious other data in its data base. Some data
fields that wcould appear applicable tco this research aren't Lused.
While a SLOC field is available, it hasn't been used cover the
years. On the other hand, man-hcour estimates are input, but are
allowed tc' change as projects progress. Consequently, the
utility of these two essential factors are ineffective fcor
selecting and calibrating factors.

Experts reccommend the use of historical data to calibrate an
estimating model Cl1:107; 4:524; 7:27). By itself, the data in

* CAMPUS is inadequate for selecting and initializing product
factors. Hcowever, it dcoes highlight the environment where the
SSC model must perfcorm. Consequently, its primary utility lies
in customizing definitio'ns after the factors are selected and
before they are initialized. For example, suppose program
ccomplexity was selected as a factor for use in the SSC model.

N CAMPUS could be used to determine whether classified data should
be included in the definition of prcogram complexity.

13
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Factor % of Projects
Factor Attribute 78-87 6-87

Inter- Not Applicable 33.3 33.7
faces w/i ADPS-w/i Division 13.1 11.5

w/i ADPS-across Directorate 15.6 20.9
Between ADPS - Outside SSC 20. 1 19.1
Other (7 categories) 17.9 14.7

Hardware Not Applicable 86.5 87.5
On Contract 9.2 9.8
Other (2 categories) 4.3 2.6

Privacy/ Not Applicable 77.5 83.2
Security Privacy Act 18.3 15.2

Other (2 categories) 4.2 1.6

Program Not Applicable 27.7 32.4
Language COBOL/Fortran/Other 67.4 66.3

* Other (3 categories) 4.9 1.3

Customer Not Applicable 27.5 32.2.. Range Sinqle Air Staff OPR (Base Level) 35.0 41.2
Multi Air Staff OPR (Base Level) 23.7 16.8
Other (3 categories) 13.8 9.8

Input Not Applicable 27.8 32.4
Met hod Tape/Di sk/Tel et ype/RCR 41.5 41.3

TC 521/CRT/Key to Di sk 8.9 9.7
Frames/Cassettes 16.5 15.1
Other (2 categories) 5.4 1.5

V Output Not Applicable 27.8 32.4
Met hod Paper/Cards 7.2 3.3

Tape/Disk/Tel etype/Termi nal Point 46.0 48.5
CRT/RLP/TC 521 7.9 6.8
Fr ames/Cassettes 10.6 8.5
Other (1 category) .6 .6

V Type Not Applicable 27.2 32.2
System Batch 22.6 12.4

On-line 21.2 19.1
* Interactive 29.0 36.3

Data Not Applicable 32.5 32.9
Base Simple 11.6 8.6

Complex 10.7 7.0
Very Complex 45.3 51.5

Table 1. SSC Complexity Factor Breakout.
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FACTOR SELECTION

A recent study by Jounes and the more widely analyzed studies
of IBM-FSD, SELF ITT, and COCOMO are used to identify the top two
product factors as suggested by the significance criterion from
Chapter 2. Table 2, Potential Prcoduct Factors, summarizes the
product factors listed in each of the studies which falls within
the sccope of this research project. With cone exception, all
applicable factors frcom the studies are listed. The IBM-FSD list
shosws only the top nine factors, culled by FR. While each study
prcoduced favorable results in their respective environments, each
cauticoned that the resutltant model Would requlire calibraticon for
use in new organizations. The factor selection process discounts
the specific values assigned in the studies. Instead, it

concentrates on relative magnitudes in order to identify the
largest consistent contributors to software costs.

A factcor contributing tc' Subjectiveness in the selecticon
prcocess is that the studies didn't use a common data recording
technique. The following study synopses illustrate some caf the

* differences.

The IB4M-FSD Study assigned a mean pro:ductivity con a two'
or three point scale in units of delivered SLOC per
man-month. For example, customer interface complexity
is assigned one of three values based on an assessment
of less, equal, or greater than normal complexity. The
29 factors listed in the study were analyzed
independently 123:63-653. Actually, the factosrs aren't
independent and interact in complex ways [4:517;
7:246).

The SEL Study Subjectively identified significant
prcoduct factcors, but didn't assign any particular
values. Fcor simplicity each factor was assigned the
same range of values. In practice, these factors would
be scaled by coefficients obtained empirically fro~m the

4' environment where the mcodel is Lused. Fuirther, the
* ~Study didn't attempt to compensate for the correlation

between factors [1:111-1153.

The ITT study narrowed 10o productivity factors down to
nine significant factcors, which were "substantially
associated with productivity rand) distinguishable from
other perfcormance factors." With the excepticon cf
prcoduct size, which wasn't rated, factcors are measured
on a three point scale in units of percentage of
variation frcom a mean productivity value. These values
aren't explicitly listed, but are published graphically
(22: 144-1503.

15



Factor PR

IBM-FSD (Walston-Felix)
Customer interface complexity 4.03
User participation in requirements definition 2.40
Customer originated program design changes 2.94
Customer experience with application area 2.84
Percentage of programmers doing development

who took part in functional specifications 2.56
Complexity of application processing 2.08
Program design constraints on main storage 2.04
Percent of code delivery 2.06
Pages of delivered documentation

per 1000 delivered lines of code 2.56

SEL (Bailey-Basili)
Customer interface complexity
Customer initiated design changes
Application process complexity
Program flow complexity
Data base complexity

ITT
Resource constraints 1.6
Program complexity 1.6
Client interface 2.7
Size of programming product n/a

COCOMO (Boehm)

Required software reliability 2.00
Data base size 1.33
Product complexity 2.36
Required development schedule 1.09

Jones
Program size 1.98
Complexity of program and data 2.90
Program type 1.38
Enhancing existing programs 1.62
Doc ument ati on 1.33

Table 2. Potential Prcduct Factors.
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The COCOMO model chose cost driver factors for their
significance to general situations and their
independence from product size. Factors are measured
on a four, five, or six point scale in units of
percentage of variation from a nominal productivity
value. The model appears continuous through its
suggestion to interpolate values between points on the
scale [4:115-118,132-133. While factors may be
independent of product size, some appear highly
correlated with each other [7:3053.

The Jones' factors were identified and initialized in

isolation from each other. Factor values were
determined from case studies which presumably represent
the class of problems they portray. Factors are
measured on a three or four point scale, generally in
units of SLOC per month. Factors aren't independent
[15:85-863.

Regardless of the study differences, the data in Table 2 is
sufficient to select the largest contributors to software costs.
Four of the five studies have adequate data upon which to
calculate FRs. In the IBM-FSD and Jones studies, the PRs are
computed by dividing the larger value for SLOC by the smaller.
The ITT and COCOMO factors are published as percentages from a
mean number of SLOC. Their PRs are the ratio of high percentage
to low. Mathematically, these PR values are equivalent and yield
valid comparisons.

Each of the studies with a calculated PR has one factor that
stands out. In the IBM-FSD and ITT studies, the predominant
factor by almost a power of two is customer interface complexity.
The COCOMO and Jones studies indicate that product complexity is
the dominant factor. Additional analyses support the selection
of these two factors.

Product complexity imposes a productivity range of greater
than two on the four models with PR values. Also, three of the
five factors identified as "significant" by the SEL study are
directly related to product complexity. Further, the various
aspects of product complexity are some of the most widely
analyzed topics in the software industry. Articles abound by
authorities other than those cited in this research [15:68-733.

Customer interface complexity is also considered significant
by all of the listed studies. While the SEL study didn't assign
PR values, two of its five factors apply to customer relations.
Similarly, the three largest PRs in the IBM-FSD study involve
,-ustomers. Even though the COCOMO and Jones studies considered
C-ustomer relations to have a significant effect on software
costs, they didn't include such a factor fcr different reasons.
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While Bcoehm found that cutsto'mer inter face quality Could do'uble
* costs, he attributed this to poocr management and considered

incorporation of such a factor as a disincentive to efficiency.
He speculated that a low productivity estimate based on poo:r
management factors would be a self-fulfilling prophecy [4:487-
486). Jo'nes, on the other hand, included user participation in

* his list of 25 "known to be significant" factors that lack
* ~Sufficient data for valid qulantitative assessments 115:86).

Sel1ec tion of the C ustomer interface fac:tor is Sound, but
requires some analysis ':f the inconsistent findings o:f the IBM-
FSD and ITT studies. The ITT Study indicates that, individually,
increased user participation in requirements definitioin and
increased customer experience both lead to increased productivity
[22:146). The IBM-FSD study shows that inverse relationships
hcold true [23:64). Either relationship could be true, depending
on the definition of the factor and the environment where it was
measured. An intuitive example illustrates the point. A
competent user with close participation in requirements
definition Wc'uld certainly increase productivity. On the cother

* hand, a less competent user with high participation ccould
interfere with productivity. The metric Lused to measure these
factors isn't explained in either study. Therefore, the co':ntext
of the results is unclear. What is clear from both Stu~dies is
that Custcomer relations co'ntribute signific:antly tc' software
productivity, and that a clear definitiomn cof its metric is
essential.

FACTOR DEFINITION

Mcodels that lack ex4plicit definitio'n cif their constituent
parts are o:f questiomnable value. A similar tone expressed in
quo':tatio:ns fro'm three autho:rities reveals the impcortance cof clear
definitions. First, the rigorous po'licy c'f the ITT study was
that "Definiticons were pro:vided fc'r eac:h requested item o:f
information to' ensure cc'nsistent units of measure. ... The
co'mpleted questionnaire required signature ... to guarantee that

* the data co'mplied with the definitions" [22:1443. Second, Jones
describes the state of scoftware pro:ductivity estimating by saying
that "lac:k of any standard definiticons of those [cc'mmc'n) metrics
has intro'duced potential errcors in excess of twco orders cof
magnitude" 115:39). Lastly, Cc'nte believes that "A researcher
sho:uld remember the definitiomn of all metrics needed for a study"

* and that deviations frcom definiticons should be fully explained
"tc, maintain credibility of the research and the integrity c'f the

- results" [7:116]. The gcoal o:f establishing clear definitions for
*pro:duc t ccomplexity and C ustomer relations f ac t 'rs is model

credibility thrcough cconsistency in estimating.
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Product Cocmplexity

Due primarily to its subjective nature, complexity is one cif
the most difficult factors to define. As a result, complexity
metrics are a fertile field for research, and subjective
ccmplexity estimates are a fact of life in today's software
industry 14:394-3953. This research doesn't attempt to eliminate

-~~ subjective ccomplexity estimates, but tries tco increase their
Objectivity by defining specific attributes that characterize
levels of ccomplexity.

The COCOMO model has the best breako~ut of attributes
N contributing to ccomplexity of any ':f the studies reviewed during

this research. Its definition describes ccontrcol, computational,
device-dependent, and data management operaticons C4:3911. The
other studies ignore the specific ccompconents and assign names to
levels of complexity with unclear definitions. Although
definitions lack rigor, all follow the same trend. That is,
pro:grams comprised primarily Of simple mathematical computations
have higher productiVities than thcose requiring real-time
techniques. Because CDCOMO has the most comprehensive
descripticons, it is the basis fcor defining the ccomplexity factor
fcor the SSC model. In fac:t, it appears to ccover the Multitude of
complexity factors listed in the other Studies 11:113; 4:118;
15:109; 22:146; 23:653.

Table 3, Product Complexity Ratings, defines the complexity
factor by shcowing hcow the ccmpconents of complexity ccontribute to
a factcor rating. The icmpconents of the table are sufficient tco
cover the Input Methcod, Output Method, Type System, and Data Base
factcors listed in Table 1, SSC Cocmplexity Factcor Breakout. The
Privacy/Security facto~r dcoesn't appear significant and was
omitted fro~m the definiticons. Such an attribute, as well as any
O:ther deemed meaningful in the future, can be easily added.

CuLstcomer Relations

The nature of Custcomer relations is also very subjective.
* While authcorities seem to agree that it has a significant impact

on produictivity, no one has attempted to define and Study its
impact. Since the task of the SSC is to write software systems
tco support USAF missions, their work is predcominantly defined by
organizations external to the SSC. Consequently, a workable
definiticon is impcortant in captulring the impact Of Custcomer
relations con SSC pr':dutCtivity.

There are three aspects tco customer relatioins that appear
universally in the literature. One is hcsw well the user
understands bcoth the specifics of the problem tco be scolved, and
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Control Computational Device-dependent Data Management
Rating Operations Operations Operations operations

Very Straihtline code Evaluation of Simple read, Simple arrays in
Low v/ a fev non-nested simple write statements main memory.

-- SP operators: DOs, expressions: v/ simple formats.
CASEs, IFTHENELSEs. e.g., A:B+CI(D-E).

" Simple predicates.

Low Straightforward Evaluation of No cognizance needed Single file subset-
*-'." nesting of SP moderate-level of particular pro- ting v/ no data

operators. Mostly expressions, e.g., cessor or 1/O device structure changes,
simple predicates. D-SQRT(B Id2-4*A*C). characteristics. 1/0 no edits, no

done at 6ET/PUT intermediate files.
level No cognizance
of overlap.

Nominal Mostly simple math Use of standard I/0 processing Multifile INP +
nesting. Some math + statistics includes device single file OUT.
interodule routines. Basic selection, status Simple structure
control. Decision matrix + vector check + error changes simple
tables. operations. process. edits hple

data bases.

High Highly nested SP Basic numerical Operations at Special purpose
operators v/ many analysis; multi- physical I/0 level subroutines activ-
compound predic- variate interpola- (physical storage ated by data stream
atec. oueue + tion, ordinary address transla- contents. Complex
stack control. differential eq. tions; seeks, reads, data restructuring
Considerable inter- Basic truncation, etc). optimized I/ at record level.
module control. roundoff concerns, overlap. Complex data bases.

Very Reentrant + Difficult but Routines for Generalized, para-
High recursive coding. structured numeri- interrupt diagnosis, meter-driven, file

Fixed-priority cal analysis: near servicing, masking. structuring routine.
interrupt handling, singular matrix Communication line File building,

equations, partial handling, command processing,
differential search optimization.
equations.

Extra Multiple resource Difficult + unstr- Device tiein- Highly coupled,
High schedulin v/ uctured numerical dependent coding, dynamic relational

dynamicali .chang- analysis: highly microprogramed structures. Natural
ing priori ies. accurate analysis opera ions. language data
Microcode level of noi management. Very" ontolst oc hash aa
control. s ic data. complex data bases.

## S9 Structured Programming

Table 3. Pr,'dLct Complexity Ratings 14:391].
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Problem Requirements Lines of
Ratina UnderstandinQ Definition Communications

Low General under- Little clarifi- Infrequent. Low
standing of cation beyond level of inter-
problem. Little function est in develop-

functional exp- description. ment cycle
erience. Little Initial require- reviews. Con-
appreciation of ments document tacts limited to
automation not nailed levels below
capabilities, down before those authorized

design begins, to commit
* resources.

Nominal Functional exp- User assists in Lines of commun-
erience in all developing func- ication between
aspects of prob- tion description, responsible
lem. Understands FD sufficient to authorities
general scope of preclude most open.
problem. Some likely system Responsible
appreciation for modifications. representation
automation. at reviews.

High Functional User full time Proactive.
experience participation in Responsible
in all aspects developing authorities
of problem. comprehensive facilitate
Good understand function successful
ing of auto- description, reviews. Timely,
mation limits. responsive

correspondence.

Table 4. Custo~mer Relations Ratings.

4 the contributioan that automation can make in solving the problem.
Another is how early in the life cycle that software requirements
can be firmly defined. Third is how effective the lines of
communications are between the customer and the software

A develo.per [4:488; 10:278-280; 22:146-147; 23:643. Table 4,
Customer Relations Ratings, categorizes these aspects into levels
of productivity impact.
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Unlike the complexity factor described above, a customer
relations factor hasn't been adequately defined in the
literature. Therefore, a brief discussion of its three aspects
is illustrative. First, a customer's experience with the problem

Aand understanding of the problem to be automated appear critical
. to deployment of a useful system. Software developers rely on

functional experts to ensure that proposed software solutions
satisfy USAF operational needs. Without competent functional
expertise at critical points in the life cycle, late system
changes are probable. This bears some relation to the second
aspect of customer relations. That is, the better the customer
understands their problem, the more likely it is that
requirements can be frozen early, where they have less negative
impact on productivity. Failure to nail down requirements leads
to continual changes in areas such as requirements, personnel,
facilities, and resources, even as the development cycle
progresses. The third aspect, open communications, isn't only
highly correlated with the first two, but is critical throughcut
the development cycle. Open communications tend to reduce

* misunderstandings that lead to frequent project redirections. In
summary, the ideal customer relationship is one where
functionally competent users nail down their requirements early

A-'. and stay involved thrcoughout the development cycle.

FACTOR INITIALIZATION

To reiterate the initialization problem, there is no history
upon which to base initial factor values. Under this reality,
theory becomes the basis for establishing factor values. While
these thecretical values will ultimately require calibration,
they are the first step towards reliable software cost estimates
at the SSC. This section justifies and assigns initial values to
the prcduct complexity and customer relations factors.

Product Complexity

Three studies and two product evaluations provide support for
assigning the COCOMO values, unchanged, to the six levels of
product complexity outlined above. The studies by IBM-FSD, ITT,
and COCOMO are outlined under Factor Selection above. The
evaluations, performed in predominantly COBOL environments,
listed the following cautious conclusions related to complexity.

0 ,' One found "no evidence that the COCOMO effort multipliers
[including product complexity] are invalid" [17:298]. The other
indicated that "it is possible that COCOMO is accurately
reflecting the project conditions, but is calibrated too high"
.16:422].
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Without a history to the contrary, the COCOMO values
intuitively appear to be good initial values, especially when
compared to the IBM-FSD and ITT studies. Table 5 shows
multiplier values for categories obtained from the IBM-FSD study
as related by Humphrey (Note: These values weren't published in
the original Walson-Felix study, but were obtained by Humphrey
via an interview with a person presumably familiar with the
study) [12:5,223. The ITT and COCOMO values listed in the table
are derived by applying their respective complexity values to the
IBM-FSD categories. On a gross level, each set of values was
derived from a fair sized set of projects and a wide variety of
applications [4:83; 22:144; 23:573. Notice that the COCOMO
values fall between the others. This fact motivates selection of
the COCOMO values to initialize the product complexity factor.
Selecting a viable middle ground is a hedge against outrageous
estimates until data can be gathered to calibrate them.

Category IBM-FSD COCOMO ITT

Concurrent Processes 2.5 1.7 1.3
Interface Software 1.7 1.3
Complex Logic 1.3 1.2
Math Function 1.0 .9 .5

'p

Table 5. Comparison of Complexity Multipliers

The hypothesis that they are viable is supported by two:
- COCOMO model evaluations. Both Miyazaki and Kemerer found that

the COCOMO model tended to overestimate effort. However, both
laid primary blame on the baseline equation and gave limited
support to the validity of the effort multipliers.
Interestingly, Miyazaki stated there was no evidence of
invalidity of the multipliers, and was using 12 of the 15,
including complexity, unchanged. Kemerer found that, contrary to
their intent, COCOMO baseline estimates were better than those of
the adjusted baseline. A c-ontributing factor could be Kemerer's
decision not to weight COBOL nonprocedural statements by one
third as suggested by COCOMO. Without this reduction applied to
the baseline, multipliers greater than one will aggravate the
overestimate. Still, Kemerer suggests that the COCOMO
multipliers may be valid. Regardless, bcth evaluaticns suggest
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*that the reliable use of COCOMO values in other environments
* requires their calibration [16:421-423; 17:295-299].

As a result of this analysis, the following values are taken
directly from COCOMO and assigned to the rating categories in
Table 3, Product Complexity Ratings: Very Low - .7, Low - .85,
Nominal - 1.0, High - 1.15, Very High - 1.3, and Extra High-
1.65 14: 118].

Customer Relations

The values assigned to customer relations are essentially
those identified in the ITT study, with minor modifications. The
values are: low - 1.6, nominal - 1.0, and high - .6. These
values are the product of the means of the client participation
and experience attributes as interpreted from the graphs in the
study. While these factors aren't independent, their correlation
isn't factored into the values because supporting data wasn't
available in the published article [22:146-147]. Still, the ITT
values are within the range of the potential cost doubling
predicted by Boehm (4:488], and are the initial values suggested
by this research. As with product complexity, they require
calibration at the earliest possible time.

N
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Chapter 4

APPLY ING THE PRODUC:T FACTORS

In the previcous chapter, two product facto~rs were sho~wn to
have potentially significant effects on so~ftware productivity at
the SSC. Prcoduct complexity and customer relations factcors were
selected, defined, and initialized based on their contributions
to produictivity as analyzed by authoritative stuldies. This
chapter briefly describes hcow to integrate these factcors into: the
SSC mcodel, using a top-down apprcoach. That is, first, the method
fcor using the fac:to:rs to adjulst the baseline estimate is
presented, followed by a description cof how to. determine the
factcor values, themselves. Scomewhat independently of the top-
down explanation, the last section of this chapter discusses
futuire calibraticon of the factors.

The reason for a top-down explanation is that prcoduct
complexity and customer relations factors adjust the baseline
differently. Understaniding how they apply facilitates discussion
of hcow each is determined. Product complexity is applied to
individual modules of the WBS. So, the categories cof prcoduct
complexity apply to manageable sublevels of the problem. On the
other hand, the categories that describe customer relaticons
generally apply tco the system as a whole, affecting each element
of the WBS equally. So, the first task of this chapter is tco take
a macro view of the relaticonship between the factcors and the SSC
mcodel by describing how the prcoduct factors adjust the baseline
estimates.

* ADJUSTING THE BASELINE

Factor values are used as effort multipliers of baseline
estimates and have an inverse relationship to productivity. That

N is, values greater than one increase the equivalent number of
BLOC required tco co~mplete a job, thereby effectively decreasing
productivity. Cconversely, values less than one decrease
equivalent SLOE: and increase productivity estimates. While
actual prcoduct BLOC dcoesn't change as a fuincticon of product
factors, prcoductivity dcoes. Thus product factors increase and
decrease equivalent BLOC, but don't affect actual BLOC.
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N Product Complexity

Product complexity, as defined in Chapter 3, isn't constant
across the entire system and may not even be constant within a
module of the WBS. That is, half of the modules of the system
could be simple math procedures, while the other half could be

-. difficult numerical analysis routines. Applying only one or the
other factor to the entire system wouild grossly skew the
resulting productivity estimate. But, applying the proper
factcors to system components and summing the results gives a more
accurate estimate.

Product complexity applies to the lowest levels of the WBS.
It is at these levels that module definition is explicit enough
to reliably estimate the SLOC and to characterize the structures,
required to implement the function. After product co~mplexity
factors are determined (see following section), they are

-. multiplied by the estimated SLOC count f or the appropriate WBS
element tos yield an equivalent SLOC estimate. Then the

* equivalent SLOC estimates are summed to obtain an equivalent
estimate for the total system.

* For example, suppose that a problem to be automated requires
a system of three modules. The first module is estimated to need

*2300 SLOC and has a complexity rating of .83. The second and
* - third require 4000 and 1800 SLOC, and have ratings of 1.65 and

1.15, respectively. The modules require the following equivalent
SLOC: first - 1840, second - 6600, and third - 2070. The total
system will actually cconsist of 8100 SLOC, but will require the
effort cof 10,510 to implement.

Note that the term - reliable - as used in "reliably estimate
the SLOC" in the second paragraph of this subsection, connotes
relative significance. The degree of reliability attainable
depends on the level of understanding of the problem to be
automated and the phase of development where the estimate is
made. The relative nature of reliable estimates is accounted fo'r
by a contingency factcor in the SSC model, not by product factors.

Customer Relations

Unlike product complexity, the customer relations factor
applies to groups of modules within the WBS. In the simplest
case a single value applies to the system as a whole. In
general, the three aspects of customer relations - problem
understanding,, requirements definition, and lines of
communications - individually, apply at the same rating level
across all modules within the system. That is, if lines cof
communications are open between the customer and the SSC, then
they will be open fcor all elements of the WBS. Therefore, the
custcomer relations factcor is applied at thr system level,
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immediately following application of the product ccomplexity
factor.

Continuing with the example above, assume that relations with
the customer are excellent and result in a value of .6. This
value is used to scale the equivalent SLOC estimate of 10,510 tco
yield 6300. Again, the system will actually consist of 8100
SLOC, but now the effort has been scaled to 6300 to account for
Cu~stoimer relations.

The scenario outlined above is a simple case. In practice,
customer relations may vary with elements of the WBS. Consider
an example where a system consists of two major subsystems, and

A the customer is very familiar with one subsystem and vaguely
familiar with the other. Intuitively, development cof the
famil1i ar subsystem wil11 be more procductivye than development cof
the other. To accurately reflect this situation, different
values must be applied tco each of the Subsystems.

In summary, culstcomer complexity values apply to groups of
mcodules within the WBS. In the simplest case one value is
sufficient tco accurately scale the entire system. In more
complex cases more than cane may be required. ConSteqUently, it is
inc:umbent upon the software estimator to determine the scope of
effect for each value and apply it accordingly.

DETERMINING THE FACTOR VALUES

The section abcove described hcow to apply product facto~rs tco
the baseline estimate. This section takes a micrcoscopic view of
how each of these prcduct factor values is determined.

Pro:dUs~t Complexity

To obtain a product complexity value for a module, it must
first be characterized according tco the levels defined in Table
3, Product Complexity Ratings. This is done by identifying the
predominant characteristic of a module and assigning the
corresponding rating to the mcodule. Note that a module won't
exhibit characteristics from each cif the four types of
operations. When determining a rating, thcose types which don't
apply tco the predominant module characteristic shcould be ignored.

ai4 Onc:e a rating is determined, it is translated into a complexity
value according to the following scale: very low - .7, low-
.85, nominal. 1.0, high - 1.15, very high - 1.3, and extra high

'V- 1.65. Fcor example, a module characterized by highly nested
structured programming operators with many compound predicates,
and considerable intermcudule control, receives a complexity value
of 1.15.
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Ideally, a module will exhibit singularly well-defined
characteristics. Such cases follow the procedures outlined
above. Unfortunately, some modules can't be categorized so
simply. Their characteristics may be significantly split between
types and levels of operators, so as to invalidate a value based
on a single characteristic. Consider a module characterized by
very low and extra high data management operations and nominal
computational operations. Further, suppose that the percentage
of SLOC fcr each type is 20, 40, and 40, respectively. Then a
value for the module can be calculated by the sum o:f the values

,*. contributed by each level. That is, the product c-omplexity value
for this example is (.2 * .7) + (.4 * 1.65) + (.4 * 1.0) 1.2.

Customer Relatio ns

Customer relations values are obtained similarly to product
complexity in that ratings derived from a table are translated
into factor values. But, the method is very different. Every
system under develo, pment exhibits traits fro, m all three aspects
o f customer relations, namely: problem understanding,
requirements definition, and lines cf communications. Any value

,rV assigned must account for all three. This is acco, mplished by
obtaining an average value tc describe customer relations. That
is, the system is rated cn each of the three aspects and is
assigned an associated value from: low - 1.6, nominal - 1.0, or
high - .6. The three values are then added together and divided
by three to obtain the customer relations multiplier.

CALIBRATING THE FACTORS [4:377-379]

As stated previously, theoretical values used in a model must
be calibrated to the environment where they will be used.
Calibration in the case of the SSC model includes the baseline
and all of its associated factcrs. The method for adjusting the
prcduc t factors presented in this sect i on assumes that the
baseline equation is calibrated. Withcut a reasonably stable
baseline, adjustment factors can't be reliably calibrated. This

* is a consequence of the fact that the baseline defines the
magnitude cf the development effort, while adjustments scale the
effort based on process and product variables. The implication
follows that uncalibrated baseline estimates potentially
contribute more to estimating error than individual adjustment
factcrs, effectively cbscuring the factors.

Boehm pro:vides a method fcr analyzing facto:r behavior called
ideal effort multiplier (IEM). In the SSC case for product
factor analysis, the IEM is a function of the project (P) and the

%... product factor (PF) being analyzed, and is denoted IEM(P,PF).
More specifically, IEM(P,PF) is equal tc the number of man-months
required to actually produce the system divided by the estimated
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man-months for the same project, excluding the PF being analyzed.
V This ratio yields the percentage of error that can't be explained

by all of the other factors used in the estimate. By implicatic,n
the unexplained error is due to the PF being analyzed. Further,
IEM(P,PF) is the multiplier that causes an individual project
estimate to equal actual project effort.

Mathematically, the relationship between IEM(P,PF., estimated
effort, and actual effort is easy to see. Let MM(F,act) equal
the actual number c:f man-months needed to complete pr.:.ect F, and

V MM(P,FF) equal the estimated man-mcnths to complete the same
project, excluding the PF of interest. By definition, IEM(F,FF
= MM(P,act) / MM(P,PF). So, MM(P,act) = IEM(P,PF) * MM(.F,F'F),
sho:wing the relationship identified in the previcous paragraph.

Overall, the goal in IEM analysis is to identify a factor
value that best describes the variance contributed by that factor
via comparing actual project data with estimates involving the
factor. This is accomplished with the following algorithm:

S1. Fa ctor the PF of interest cut of the project

estimates. For prc duct complexity this probably
requires recalculating estimates with out includingcomplexity factors. In the ,-ase of customer relations,

this can be done effectively by dividing each project
estimate by its associated factor value.

2. Calculate IEM(P,PF) for each project using the
values from step 1 in the denominator. This yields a
series of multipliers that make individual estimates
equal actual values.

3. Plot the IEM(P,PF) against the SSC multiplier for
all projects. Graphically, this illustrates hc, w well
each SSC value matches the ideal values of IEM(P,PF).

4. Perform a regression analysis of the resulting data
tc identify more accurate values for the product factor
being analyzed.

The IEM algorithm analyzes a single factor at a time by
correlating variance from actual values to a particular factor.

.~This technique implies that factors other than the one being
analyzed accurately reflect their related variances, and any
remaining variance is totally attributed to the factor in
question. Considering the level of maturity cf the SSC model,
neither implication is accurate. To compensate for this
weakness, the IEM algorithm must be executed for each of the
product fa:tors. Then the entire process is reiterated, using
the values obtained in the previous iteration, until factor
values converge on an acceptable solution.
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Chapter 5

CONCLUSIONS AND RECOMMENDATIONS

-The need for a reliable software cost estimating model at the
SSC is well-established. The phenomenal growth in the importance

* of software engineering economics dictates a non-trivial
solution. No cost models, either proprietary or non-proprietary,
exist for general use in a particular environment. All models
require some level of customizing. The SSC chose to implement a
non-proprietary model based on the theories of Humphrey. This
research project was commissioned to custcmize the model to

-~ account for product induced adjustments, which applied in the SSI:
environment.

FACTOR EVALUATION BASED ON SELECTION CRITERIA

Due to a lack of significant historical data, the job of
customizing the model became a theoretical selection process to
identify, define, and initialize a set of relevant product
factors. But first, criteria to guide the selection of product
factors were established. The five criteria - significance,
scope, ease of use, measurability, and factor independence - were
introduced at the end of Chapter 2, just prior to initiating the
selection process. Fittingly, the last task in the process is
evaluating the chosen factors against the selection criteria.
The following evaluations carry the caveat that this research was
predominantly theoretical. Only history can prove the goodness
of the criteria and whether the chosen factors meet them.

Significance

The significance criterion established the need for two
product factors with PRs greater than 200 percent. Two factors
overshadowed all others in the study and were selected for
application at the SSC. Both product complexity and custcmer
relations had PRs greater than 2.0 in the studies where they were
assigned values. Further, the initial values assigned by this
research produces PRs of 2.4 for product complexity and 2.7 for
customer relations.
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Sc ope

There are three aspects cof the scope caf this research
project. First, somlutiosns apply conly to software production and
modification. Second, factors account fcor the definiticon,
design, development, and test phases of the life cycle. Finally,
SLOC counting includes only delivered SLOC that are input tom a

4ccmpiler, excluding comment and blank lines. The studies used in
this research each have different definitions for each cf these

* aspects. But, the COCOMO and ITT Studies were the primary
Sources fcsr defining and initializing the prcoduct complexity and
Customer relations factors.

Software maintenance is sufficiently different from new
development and modificaticon that it requires a unique cost
estimating pro:cedure. The COCOMO states directly that it is
valid only fcmr proiductio:n and mcodificatioin functicons, while the
ITT Study appears to imply the same. Use cof the two. studies
satisfy the criterioin for factor use in production and
modification environments 14:59; 22:143-1451.

Both Studies indicate that co:st estimates include life cycle
S activities from development through testing. It isn't clear from

the ITT definitio:n of scospe whether the so~ftware definition phase
is included or not. The COCOMO study explicitly omits the
definition phase. Of the two factors, customer relations is the
one most affected by activities in the definition phase.
Considering the inexplicit scope oif the ITT Study, the custo~mer
relations factor bears clo~se scrutiny for early calibration.
Also, omissicon of the definiticon phase has little impac:t on the
product complexity facto:r as defined in this research. Sc, the
life cycle critericon is adequately co'vered by the Studies to
allow initializaticon oif pro~duct factcors 14:59; 22:1451.

While the criterion and the two studies all Count BLOC
similarly, there are minor differences owing primarily tos the
robustness of the definitions in the Studies. Fcr ex~ample,

V ~COCOMO includes .jcb contrcol language in its Ccount, and ITT 'cunts
the statements generated by a macro call. The scope criterion
isn't so explicit. Again, the definitions are sufficiently close
to allow the studies tco be a basis fcor initial facto~r valuies
r4:58-59; 22:1453.

Ease o:f Use

Ease o~f use is exemplified by a factomr that is significant,
well-defined, and easy to obtain. The sicgnificance cof the
product factors is disc:ussed two: subsections abcove. The factors
are well-defined in that category definitions ccover a brcoad,

0 comprehensive, and clearly defined spectrum caf factor attributes.
Finally, so'ftware characteristics used to quantify the factors
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are easy to obtain from the perspective c:f the estimating model
in that they are a byproduct of a normal design activities.

Measurabi l i ty

Measurability encompasses the concepts of objectivity and
quantitativeness. The table lookup procedures for assigning
factor values suggested by this research meet the need for
quanti fi able factors. On the other hand, they don't provide for
total :bjectivity. Estimating future project attributes and the
intents of people will perpetually involve some level cf
subjective judgement. But, subjectivity is minimized by
classifying WBS modules according to well-defined categories ,f
software attributes.

Factor Independence

The category definitions for the pr cduc t fac tors are
intuitively independent. Pr:,duct complexity involves software
characteristics, while customer relations involves interpersonal
relationships. It may be possible to devise a scenario where
software :haracteristics and interpersonal relationships can't be
effectively separated. However, the factors don't generally
appear to be correlated.

RECOMMENDATIONS

This report con,-ludes with two recommendations. One is that
the customer relations factor be refined before being put into

use. The second is that the twc, product factors be inco, rporated
into the current SSC: software cost estimating model.

Of the two factors chosen by this research, customer
relatio, ns is the most immature. While product ,complexity is
explicitly defined and used in COCOMO, customer relations is
discussed only generically in the literature. As a result, the
definitions of customer relations listed in this research are

* original and haven't been validated in an operational
environment. This leads to the recommendation that the custcmer
relations factor be refined by functional experts prior to its
use at the SSC. This can best be accomplished through the
Wideband Delphi technique espoused by Boehm [4:333-335] and
taught at the SSC by the SEI [19:4-1 - 4-6].

The second recommendation is to integrate the product
ccmplexity and customer relations factors into the SSC: model.

" Authoritative studies have consistently demonstrated that
productivity factors influence software costs. Further, the
recommended method for customizing factors to a specific
environment is by applying history. But, available history is
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insufficient for the task at the SSC. So, theoretical factors
must suffice until empirical evidence indicates better
alternatives. The two factors identified by this research are
reasonable starting points.6

Integration of the product complexity and customer relations
factors implies more than merely directing managers to use the
factors. It also requires a disciplined history recording
program. The perception that cost estimates based on theoretical
factors are less credible than those with a historical
foundation, heightens the need fc-r empirical calibration. But,

-; data must be carefully regulated and documented to be Lseful.
In,-onsistent data collection leads to inconclusive analysis, or
worse, erroneous conclusions. A mature, credible software cost
estimating model can only evolve through the application of
consistent data.

In conclusi on, the cl ed t o Lac-tzu is

apropo-s, "A journey cuf a thousand miles must begin with a single
step. Factor usage based primarily on theory isn't the

- preferred way to obtain software cost estimates. But, it is an
acceptable first step in a long journey towards reliable cost
estimates.

.13
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