
Measuring productivity associated with software pro­
ducts and theirdevelopment historically hasbeen
difficult. Reliable operational measurements areneeded
to analyze a software product and itsdevelopment pro­
cess. Toimprove both the quality ofthe software product
and the productivity ofitsdevelopment process, the
input to and output from the development process must
be measured accurately and appropriate productivity fac­
torsmust be identified and understood. Tomeasure pro­
ductivity accurately, the software development process
must be well understood and the measurements should
be closely linked to the development process and the
development environment. This paper describes the soft­
ware productivity measurement metrics, the important
productivity factors, and some applications ofthe soft­
ware productivity data for the 5ESS® switch developed
for the United States market. Themeasurement ofpro­
duction rateand the study ofproductivity factors have
established a solid foundation for the pursuit ofproduc­
tivity and quality improvement within the 5ESS switch
development community.
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productivity and quality, effective ways to reducesoft­
warecosts,andmore reasonable controls on software
development schedules. However, few goodresultshave
been achieved. Improving software productivity is a
difficult process. The ways to effectively improve soft­
ware productivity canbe varied in different development
environments. It is riskyto pursueproductivity improve­
mentwithout understanding wherea project stands.
Changes to the development process, or to the environ­
ment,that are neededto improve productivity should be
selected on the basisofexpected impact and cost to
implement.

Basically, there are three major stages in the
processofsoftware productivity improvement: measur­
ing,analyzing, and improving software productivity. The
first stage,software productivity measurement, is the
basis for the other two stages. With a set ofreliable soft­
wareproductivity metrics, the software productand its
development environment canbe analyzed to identify
those productivity factors having great impact on soft­
wareproductivity and quality. Furthermore, the appropri­
ate modifications to the development processand the
environment canthen be chosenon the basisofthe
metricsand the identified productivity factors.

This paperdescribes the specific steps that have
been takento establish and improve the measurement of
software productivity in the U.S. 5ESS switch project and
summarizes someofthe results.

Software Development Environment and Methodology
The 5ESS switch project is one ofthe most

extensive software projects at AT&T Bell Laboratories.
The totalsizeofthe delivered sourcecodeand internal
supportcodeis several million linesofcode. The soft­
waredevelopment workfor a typical releaseusually
amounts to about75to 80percentofthe totaleffort; the
hardware development workaccounts for only 20to 25
percent.

The 5ESS switch has a modem distributed archi­
tecture in both software andhardware to better utilize

the systemresourcesin a real-time execution environ­
ment.The software architecture implements a numberof
proven software engineering techniques, suchas distri­
butedcomputing, layered architecture, a relational data­
base,and high-level design andprogramming languages.
The 5ESS switch software is produced in the C program­
minglanguage environment, augmented bysomehigh­
level design languages [e.g., Specification andDescrip­
tionLanguage (SDL)] and special-purpose implementa­
tionlanguages.

Multiple 5ESS switch software releases are
underdevelopment simultaneously. Eachreleaseis an
incremental functional addition to a verylargeexisting
base.Because ofthe complexity ofdesign and testing, a
software feature usually requires fairly extensive effort to
verify that it covers the requirements. Typically, several
hundredengineers are involved ina release ofswitching
software.

A"waterfall" phasedmethodology is used to
plan, design, code, and test eachrelease of5ESS switch
software. The waterfall model, described by Royce in
1970,2 views software development as proceeding
throughsuccessive phases. It is still the bestknown and
mostwidely usedframework for the software develop­
mentprocess. The methodology breaks down the plan­
ninganddevelopment process into the following phases:
1. Featureplanning
2. Architecture planning anddesign
3. Featurerequirements
4. Featuredesign
5. Design-unit design
6. Coding
7. Unittesting
8. Featuretesting
9. System verification

10. Site/acceptance testing.
The workaccomplished in eachphaseis vali­

datedbyformal peer reviews, codeinspections, or exten­
sive structured tests.The exitcriteria at eachphasemust
be satisfied before the nextphase is entered.
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Figure 1. Key concepts relating to the size of a 5ESSswitch
software release. Total delivered code for a new release
comprises new code; previously developed code, whether
carried over from the previous release, modified from it, or
imported from another project; and code developed to fix
bugs in new and old code.

software development environment. Infact, mostcorpo­
rations in the software industry still use linesofcode as
the primary measure in productivity measurement work.
Furthermore, becausemostofthe sourceprograms ofthe
5ESS switch software are written in'C language, the para­
doxcausedby mixed high-level andlow-level program­
ming languages doesnot apply in mostcases.

Software sizemeasurement canbe viewed at
both project and program levels.

Software Size Viewed at Project Level. When a soft­
warereleaseisviewed at the project level, there are two
types ofcode: Production code is the software codedevel­
opedfora releaseand delivered to customers as part ofa
release. Support code is the software codedeveloped for

1
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Software Productivity Measurements
Making improvements in the quality ofa soft­

ware product-and in the productivity ofthe processthat
is used to develop it-requires the ability to measureaccu­
rately software productattributes and the productivity fac­
tors that affect the software development process.

To measuresoftware productivity, two funda­
mental measuresmustbe established:
- The measureofthe outputfrom a software develop­

mentprocess
- The measureofthe inputto the software development

process.
Conceptually, software productivity canbe

expressedas a ratio factor, derived from the outputmeas­
ure divided by the inputmeasure.' To makethe software
productivity measuremeaningful, clearandobjective
definitions andmeasurement methodsfor inputandout­
put measuresare necessary.

In the following sections, the definitions and
measurement methodsused for the major inputand out­
put measuresin the U.S. 5ESS switch project will be dis­
cussed.The major outputmeasureis software program
size, and the major inputmeasureis development effort.

Software Program Size Measurement. Software pro­
ductivity measurements requirean accurate andcon­
sistentrepresentation ofsoftware program size. Alackof
standard software sizing methodsfor sourceprograms
written for a project could causeconfusion andmisunder­
standing aboutthe project size.

To establish a common groundfor software pro­
ductivity andquality studies, it is necessary to:
1. Select an appropriate line-counting method for source

programs
2. Decide which typesofsourceprograms should be

counted to determine the sizeofa software product
3. Standardize the counting method and typeswithin a

software development organization.
Although, in somecases,usinglinesofcodeas a

measureis inherently paradoxical,' it is a measurethat
canbe well-defined and implemented in the 5ESS switch
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Panel 1. Definitions of Terms In Figure 1

Base code is the codedeveloped in previous releases
and remaining in the current release.
Modified code is the codeoriginally developed for
previous releasesbut modified in the current release
forfunctional enhancement.
New code is the code in newfiles written in the
current releasefor newfunctions. Wedistinguish
between newcodeand modified code in a large
embedded software base because it is inherently
more difficult to modify the existing codeand test it
than to create newcode in newsourcefiles that
interactwith existing code in more structuredways.
Bugfix code is the codewritten to fix bugs in the
base,modified, and newcodesfor the current
release. Wedistinguish bug fix codefrom newcode
so that change activity in the software source during
development canbe trackedaccurately. The ability
to distinguish bug fix codeallows the development
ofobjective quality metrics within the modules ofa
release.
Ported code is codedeveloped in other projects or
organizations and used or reused in the current
release. Wedistinguish portedcodefrom other
typesofcode to allow for the fact that someofthe
existing code maybe reused or delivered from
organizations outsidethe effort trackingsystem.
Portedcode is incorporated intoa systemwith far
less effort, ingeneral, than newcodeand modified
code.
Total delivered code is the codeactually delivered to
customers in a release. The totaldelivered code
includes base code,modified code,newcode,bug fix
code,and portedcode.
Netdeveloped code ofa newrelease includes modified
code,newcode,and bug fix code.Mostof the effort
in developing a newsoftware releaseis covered in
this definition. The sizedefinition is used in the
studyofsoftware productivity and quality.
Netgrowth code ofa newrelease is the difference
between the sizeofthe newreleaseand the old
release. Netgrowthcodeofa newrelease is useful
for memory sizingpurposes.

a releasebut not delivered to customers as a part ofthe
release. Mostsupportcodeis used for testingandgen­
eratingproduction code.Support codedevelopment is an
essential part ofthe development process. The sizeof
supportcodecanbe 15to 25percentofthe sizeofthe
totalcodedeveloped for a release.

Wedistinguish between production andsupport
codebecausefor estimating the totaleffort required to
produce software, both production codeand support
codeare important, but for estimating the memory size
fora 5ESS release, only production codeis important.

Whenthe software codeis viewed fromthe
standpoint ofsourcecodestructure, it canbe further
divided intofive typesofcode (Figure 1):
- Basecode.
- Modified code
- Newcode
- Bugfixcode
- Portedcode.
These subdivisions supportthe conceptofsoftware pro­
duction codecoupled to the effort that produces the
code. These terms and others in the figure are defined in
Panell.

Definition of 5ESS Switch Software Size. For a meas­
ure ofsoftware sizeto be useful for software productivity
and quality studiesandin the software costestimation
process, it would haveto correlate well with the measure
ofsoftware development effort. The netdeveloped code
wasfound to havea strongrelationship to the
corresponding software development effort, andso its
sizewaschosenas "software size."

The sizeofnetdeveloped production code has
been used as a standardsoftware sizein the 5ESS switch
development community forcomputing productivity and
quality metricssuch as releaseandfeature sizes, soft­
wareproduction rates, andfault densities.

Software Size Viewed at Program Level. The method of
counting linesofcodein a software program has a
numberofvariations throughoutthe software industry.
Before linesofcodein a software programcanbe
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counted, the meaning oflinesofcodemust be defined.
Without a proper definition oflinesofcode,the number
oflinesofcodeofa software programis ambiguous.

Software programsizeis measuredin thousands
ofnoncommentary sourcelines (KNCSL). Eachphysical
line (asourcelineendedwitha carriagecontrol charac­
ter) that is not a comment or blanklineis countedas one
noncommentary source line (NCSL).

In general, an NCSL mayhaveone or more logi­
calstatements, or just a portion ofa logical statement. It
mayor maynot haveembeddedcomments. In recogni­
tionofthe factthat individual programming stylecan
affect the size and maintainability ofcode,a set of5ESS
switch coding standardshas been adopted for the project.

The sourcecodefor the 5ESS switch is managed
byusingthe changemanagement system (CMS) to
recognize insertedand deletedcodein newand modified
sourcefiles, the initial modification request (IMR) system
to record newcodeand problems andfault reports,and
the sourcecodecontrol system (sccs) to countnumbers
ofphysical linesinsertedand deleted.

Usingthese systems, it is possible to recognize
the difference between newcodeand codethat subse­
quently modifies existing code (bugfixes) and to identify
deleted code. Code-counting toolshavebeen developed
to consistently producemetricsfor software size. The
source-code-counting algorithm gives"production
credit" for newor modified software but does notgive
creditfor rework.

Development Effort Measurements. The measureof
inputto the development process is development effort. In
general, the development effort can include various kinds
ofactivities (e.g., software development, projectmanage­
ment, productivity and quality study, training), personnel
(e.g., technical staff, administrative staff), and resources
(e.g., computing equipment, communication facilities,
office spaceand supplies). Information aboutthe effort
canbe complicated in a large development organization.
It can be further complicated by the cost accounting and
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reporting schemesused in the organization.
To measurethe development effort, it is neces­

sary to considerthe availability as well as the correctness
ofthe development effort datain the organization. In the
5ESS switch project, the effort classifications are based
on the organization accounting andreporting structure.
The major development effort categories are mapped to a
listofeffort chargingnumbers, which are used by staffto
log their workhours.The basicmeasurement unitof
effort expenditure is called the average technical head
count year (ATHCIY). Overtime effort is not explicitly
accounted in the project.

Definitions. The following definitions apply to the
5ESS switch development effort:
- Direct hardware development effort representsalleffort

expended directly on hardware development, includ­
ing circuitdesign, physical design, diagnostic soft­
ware, and residentsoftware (firmware) development.

- Direct software development effort representsalleffort
expended directly on software development fromfunc­
tional feature requirement development throughdevel­
oper testing, pluspostdevelopment feature support.

- Support effort includes alleffort indirect to the hard­
wareand software development effort, such as that
expended on architecture, integration, load building,
tools, systemverification, field testing, training, field
documentation, resourceimprovement, systemlabs,
management, andprojectcoordination.

The totaleffort ofdevelopment includes direct
hardware and software development effort andsupport
effort. The supporteffort mayinfactexceedthe direct
software or hardware development effort in a release.

The directsoftware development effort is the pri­
marymeasurement used to keep trackofthe actual effort
expended on the software development workfora feature,
which is a marketable unitofa 5ESS switch release.

The effort expended on the tasks in the category
ofsupporteffort can be addedto the directsoftware
development effort through loading. This effort charg-
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Figure 2. Effort charg­
Ing and loading
scheme for 5ESS
switch software
development. Support
effort (shaded areas)
Is added to the direct
software development
effort. The support
effort often exceeds
the direct effort.
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ing schemealsoapplies to the directhardware develop­
ment effort.

The diagram in Figure2 illustrates the effort
chargingandloading scheme.

5ESSSwitch Software Production Rates
Onemetricused to measurethe development

processis called the software production rate, which can
be expressedas

Software production rate =

software program size
direct software development effort

The software production rate for a 5ESS switch release is
defined as the net developed sizeofproduction code (not
including the codefordiagnostic, diagnostic control, and
resident software, whichis included in the hardware pro­
ductivity calculations) divided by the releasedirectsoft­
waredevelopment effort. The net developed code includes
onlynewcode,modified code,and bug code (basecode
and portedcodeare excluded). Software programsizeis

measuredin KNCSL. Directsoftware development effort is
measuredinATHCIY.

The software production rate is onlya smallpart
ofthe overall productivity ofthe R&D development
organization. The overall productivity canbe expressed
as

. . functionality
Overall productivity = t tal R&D t f d 1 to cos 0 eve opmen

The numeratorrepresentsfunctionality delivered bythe
R&D development organization to customers andincludes
5ESS switch releasesoftware, sourceinformation for
generation ofcustomerdocuments, database specifica­
tionsforgeneration ofoffice data, sourceinformation for
external training, etc.Since this productis an aggregate
ofseveral different products, there is no single measure­
mentunit that can be used for measuring the functional­
ity. The denominator, totalR&D cost ofdevelopment,
includes hardware and software development staff effort,
supportstaffeffort, computing cost,and testing labora­
torysupportresources. A5ESS switch costmodel has
been developed for R&D managers to baseline the costs
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Figure 3. Software
production rates for
SESS switch software
releases. The rate Is
fairly stable, espe­
cially for Releases 3
to 6, despite Increas­
ing software complex­
ity, largely because of
improvements in the
development environ­
ment. The production
rate Is measured In
terms of NCSL and
ATHCTY. 1 2 3 4

Release number
5 6

116 associated withthe development ofsoftware and hard­
wareofa 5ESS switch release. Agoodunderstanding of
the costs is necessaryto monitor, control, and reduce
them.Currently, more and more cost information is
beingcollected fromthe project to facilitate continuing
cost and productivity studies.

Acomparison of5ESS switch release software
production rates is shownin Figure3.The releasesspan
a period of8years.

The software production rate for the U.S. 5ESS
switch has been stableoverthe past sixreleases. The
development environment overthis periodoftimehas
undergone continuous improvement; however, the basic
effort ofthe software developer is stillinvolved with
understanding the existing structure and designing and
testingsoftware at the C source level ofcomplexity.

The fact that the software base for the U.S. 5ESS
switch is several million NCSL makesthe job ofdesigning
andtestingnewsoftware ever more difficult. The
improvements in the development environment are evi­
dently offset by this increasing complexity.

Afeaturewithin a 5ESS switch releaserepre-
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sents a major functional capability such as operatorser­
vices. Acomparison ofproduction rates for individual
software featuresfor the 5ESS switch in a recent release
is shown in Figure4.

Featuresoftware production rates havemore
variation than the production rates forentire releases.
The software production rates forfeatures are affected
by productivity factors such as staffexperience and
feature interaction complexity.

SESS Switch Software Productivity Factors
Alistofpotential 5ESS switch software produc­

tivity factors has been identified by a groupofexperi­
encedproject planners, systemengineers, architectural
engineers, and software engineers. In 1987, a software
productivity studywasconducted among five 5ESS
switch development laboratories. The studywasbased
on well defined productivity metrics: size, effort, software
production rate, and the listofpotential productivity fac­
tors.The leadsoftware development engineers and
managers wereaskedto provide information regarding
the impact ofproductivity factors on the features that
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Figure 4. Unlikesoft­
ware releases, soft­
ware features for the
SESS switch vary
widely In production
rates. This Is because
features are strongly
affected bythe level
of staff experience,
bythe complexity of
Interaction with other
features, and by other
factors.
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had shown high andlow software production rates. The
engineers andmanagers used methods similar to those
employed byJones," butwhich wereadapted to the
unique environment ofthe 5ESS switch.

The studyfound that the software production
ratewas significantly influenced byrequirement com­
pleteness, staff experience, software interface complex­
ity, andtestingenvironment stability.

TableI shows the productivity factors andthe
level ofimpact on software productivity as identified in
the 1987 study. The productivity factors andimpact on
productivity listedin the tablemaybe unique to the 5ESS
switch development environment. Moreover, eachpro­
jectand development environment may have its own set
ofproductivity factors withdifferent levels ofimpact on
software productivity.

Software Productivity FactorImpact. Productivity
factor impacts weremeasured eitherbyquantitative
methods or byqualitative multiple choices. Quantitative
measurements weredefined andapplied to objective fac­
tors. Qualitative measurements wereused to assess sub­
jective factors.

Quantitative measurements assessedimpact on
the 5ESS switch static database, forexample, byeliciting
answers to questions suchas these:
- How many newstatic relations arecreated forthe

feature?
- How many existing static relations have population

rulechanges?
- How many existing relations have modified dataattri­

butes?
- How many existing relations have datatuple/element

changes?
Qualitative measurements soughtinformation

on staff experience with feature-development projects,
forexample, by asking subjects to choose a response
from listssuchas the following:
- Mostdevelopment staff are experienced inthis type of

feature
- Half ofdevelopment staff are experienced inthis type

offeature
- Mostdevelopment staffare inexperienced inthis type

offeature
The sensitivities oftwo high-impact productivity
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Table I. SESS Switch Software Productivity Factors

Software productivityfactors
Feature requirement completeness andstability
Feature interaction complexity
Staff experience
Feature development environment (tools, etc.)
Feature hardware application novelty andchange
Software architecture impact
Feature novelty andsynergy with otherfeatures
Feature program complexity
Static anddynamic dataimpact
Feature performance constraints
Work environment

Levelof impact
High
High
High
High

Medium
Medium

Low
Low
Low
Low
Low

118

factors are illustrated in Figures 5 and6.Thesefactors
wereidentified byasking experienced managers to rate
allthe factors inTableI fora largenumberoffeatures
whose software production rateswereknown. The corre­
lation between software production rates andproduc­
tivity factors wasthen compiled for the project.

Figure 5 shows the impact ofstaffexperience.
The difference in production rate between "mostdevel­
opment staffare experienced" and"mostdevelopment
staff are newto 5ESS" is about100 percent. Figure 6
shows the impact offeature interaction complexity. The
difference between "minor interactions with otherfea­
tures"and"significant interactions with otherfeatures"
is about40percent.

Applications of Software Productivity Measurements
The resultsofsoftware productivity measure­

ments have been applied to estimation, baseline, andpro­
cessimprovement.

Estimation. The productivity measurements and
the identified software productivity factors havebeen
usedto develop a 5ESS switch estimation model, 5ESS
Switch Sizer." Historical datafor the 5ESS switch; based
onthe productivity measurements, have beenusedin the
estimation model as a reference. The estimation model
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has beenapplied in the 5ESS switch planning estimation
processto helpproject managers andfeature estimators
to plan andstaff the projects consistently.

Hasellnlng. Software sizemeasurement has been
used extensively as an important normalizing factor in
baselining the major characteristics ofthe 5ESS switch
releases anddevelopment process, suchas a variety of
codesizes, fault density profiles, software production
rates,andtest densities. The consistent sizing measure­
mentallows workers onthe project to develop andimple­
mentguidelines andentry/exitcriteria with respectto
inspection andreview preparation effort, numberoftests,
testingtimein labhours, andnumberoferrors found per
phase. In addition, the sizemeasurement has beenused
to derive other important quality metrics suchas chum
rate (frequency ofcodechanges) andbad-fix rate (fre­
quency offixes caused byotherfixes). Project manage­
menthas used the effort measurement to keeptrackof
directsoftware/hardware development byfeature andby
major development phases.

Process Improvement. The identification ofhigh­
impact productivity factors has helped the project staff
focus theirprocess improvement efforts. The following
are examples ofimprovements madein the high-impact
areas shown ofTableI:
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ductivity for features Is
highly sensitive to
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experienced staff It Is
twice that for Inexperi­
enced staff.
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Figure 6. Productivity
for software features
Is alsohighly sensi­
tive to the extent to
which a software
feature Interacts with
other features. The
rate with significant
Interaction Is roughly
three-fifths that with
minor Interaction.Significant

interaction
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- Feature requirement completeness andstability. A
requirementtraceability methodology has been intro­
duced to the 5ESS switch development community to
emphasize requirementspecification and requirement
verification. It helps engineersto identify requirement
faults and omissions duringthe earlierdevelopment
stage and to facilitate further featuredesignand test­
ingwork.

- Feature interaction complexity. For somelarge and
complex features, a feature interaction matrixis con­
structed to showallinteractions withother features.
This improves the effectiveness offeaturedesignand
testing.

- Staffexperience. Critical expertiseand shared resources
werereorganized intofunctional units to better utilize

subjectexperts. Management is currently considering
a proposal that would give additional incentives to
engineerswhoare willing to stayon the samejob
function fora specific period oftime.

- Feature development environment. Anumber of
development toolshavebeen introduced to improve
the development environment. An example isDOC, a
software toolthat allows many engineersto develop a
document simultaneously.

Conclusion
Establishing a reliable and operational software

productivity measurement procedure is a critical step in
the processofpursuingsoftware productivity improve­
ment. Productivity measurements actually are the roots
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ofthe tree ofproductivity improvement.
While the measurement ofsoftware program

sizeper unitofdevelopment effort has someknown
problems as a productivity metric, it is nevertheless a
useful metric for studying the software development pro­
cess in development organizations that use a common
s.o~rce programming language. Studies ofthoseproduc­
tivity factors that affect the software production rate
metric identified productivity andquality improvements
that could be madein the 5ESS switch development pro­
cess.Similar studiesofotherdevelopment processes
would be expected to identify otherfactors that mayor
may notresemble those identified for5ESS.
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