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Abstract
Theprocess of E-type software developnatevolution
has provemmost difficult to improve, possiblgue to the
fact that the process israulti-input, multi-outpusystem
involving feedback atmany levels. Thi®bservation, first
recordedin the early 70s during an extendedtudy of
0S/360 evolution, wasecentlycaptured in aFEAST
hypothesis; a hypothesis beistudied in on-going two-
yearproject,FEAST/1.Preliminary conclusionbased on
a study of a financiatansactiorsystem, FWareoutlined
and compareavith thosereachediuringthe earlierOS/360
study. The newanalysis supports, or better does not
contradict,the laws of softwarevolution, suggestintat
the 1970sapproach to metric analysis of software
evolution is stillrelevanttoday. It is hoped thBEAST/1
will provide a foundatiorfor masteringthe feedback
aspects of the softwaeeolution process, opening up new
paths for process modelling and improvement.

Keywords: Software:- processyolution, process metrics,
dynamics and improvement; Lehman's laws

1 Introduction

A 1968 study of the IBMsoftwareprogramming
process [leh69,85] ledjnter alia, to metric basestudies
of 0S/3606 [bel72,leh74,85]and other systems
[leh80b,kit82]. Analysis of data relating ultimately to
some 26 of OS/36@eleases and sub-releasdsntified
andordered bytheir releassequencaumberrsn [cox66],
yieldedinsights into variousspects ofits evolutionary

! Unless otherwise stated, adiferences inhispaper toprocessefer
to both ab initio development and to subsequent system maintenance,
that is, to the process of all aspects of system evolution [leh85].

2 References ithispaper to théBM OS/360 systentefer toboth that
system and its successor OS/370.
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trends. An example of the study output psovided by
figure 1.
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Fig. 1 OS/360 growth trend by rsn

Up to releasersp the OS/360 growttrend illustrated
by figure 1 may be interpreted as asmall ripple
superimposed on otherwisenooth growth. Thigattern
is reminiscent of tracegenerated by self-regulating and
self-stabilising systemwith both positiveand negative
feedbackbel72, 1eh78]. The behaviotiereaftemay be
interpreted as &ign of instabilityinduced byexcessive
positive feedbackrapid functional evolution which led to
a fission process; the transition from OS/360 to VS1 and
VS2. Alternatively it may beinterpreted aschaos-like
behaviour. Eitherinterpretationsuggests thafurther
prediction based on earlier behaviour is uncertain.

It was theseobservationghat first suggestedhat
software evolution processes are amdst betreated as
beingfeedbacldriven and constrainezystems [leh74,78].
Subsequently, preliminary examination of datasemeral



non-IBM systemsrepeatedmany of the earlier
observations [len77,bel78].

The feedbackheme was alsapplied byAbdel-Hamid
and Madnick [abd91] intheir work on the use afystem
dynamics in modelling software projectanagement
issues. Thisapproach and related modellitgchniques
originated in the seminal work ofForrester and his
colleagues aM.I.T [for61,70]. Morerecently it haseen
applied to the study of aspects of softwarprocess
improvement, eg. [abd91,mcg93,wae94,mad96].

The 1970s studyexemplified by figure 1,revealed
regularity unexpectedor variables the indirect
consequences ofiuman decisionbut not directly or
intentionally controlled. It could an@vas, therefore,
captured in &eries of statements abstracting tibserved
behaviour. Such abstraction involves a domain latger
the realm of software technologg normallyunderstood
In fact, it includes software technology aswb domain.
From the point of view ofsoftware engineeringuch
statementsnust, therefore, be accepted as axternal
regulating and constraining force. To overcothem
requires  expertise in  organisational
management, sociology etc., nost software technology.
Thus they weresubsequently referred to alsws of
software evolution [leh74,78,80,85The laws, as
proposedthen [leh74] and subsequentlyamended
[leh78,80], are summarised itable 1 with column 1
indicatingthe year wheneach was firstpublished.

The laws could, however, only lag@pliedwith any degree
of confidence tothe domains to which thdatarelated.

Generalisatiomlepended ombtaining confirmingevidence
from other systems and organisationsa¢hievedsuch

generalisation would provide a theoretical gméctical

base and framework fahe evolution ofe-type programs,
that is, softwaresolving a problem omddressing an
application in the real world [leh80b].

2 Process improvement

In recent yearsnany businesses, and ttseftware
industry in particular, havdeveloped astrong interest in
and commitment todisciplined processmprovement.
More and more business processes are, howdapandent
on software generaténformation. They are driven and
controlled by computers and software, probab&yuding
E-typelegacysystemghat may have been operational for
many years. Now specification and design of such systems
requiresassumptions about thietendedapplication and its
operational domain. These, tarn, will bereflected in the

dynamicssoftware. Subsequently, installation and operation of the

system togethewith exogenous changeill invalidate
some of theembeddedssumptions [leh89]. Theystem
must, therefore, be continuallypdated tomaintaintheir
validity and adapt t@hangedtircumstances. Business and
software process improvement are strongly linked and
interdependent [leh97].
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No. Brief Name Law

| |Continuing Change E-type systems must be continualgaptectise they become progressively
1974 satisfactory.

Il |Increasing Complexity As anE-type system evolveds complexity increasesnless work is done
1974 maintain or reduce it.
Il |Self Regulation E-type system evolution process is self regulating with distributiqerazfuc
1974 and process measures close to normal.
IV |Conservation of OrganisationiThe average effectivglobal activity rate in an evolving-type system i
1980|Stability (invariant work rate) |invariant over product lifetime.
V |Conservation of Familiarity |As anE-type system evolves adlssociateavith it, developers, salggersonne
1980 users, for example, must maintain masteritsotontentand behaviouteh80a
to achieve satisfactory evolution. Excessive growth diminighasmastery.
Hence the average incremental growth remains invariant as the system ey
VI |Continuing Growth The functional content oE-type systems must beontinuallyincreased t
1980 maintain user satisfaction over their lifetime.
VIl |Declining Quality The quality of E-type systems willappear to be declining unlessey ar¢
1996 rigorously maintained and adapted to operational environment changes.
VIl |Feedback System E-type evolutionprocesses constitute multi-level, multi-loomulti-agen
1996|(first stated 1974, feedbacksystemsandmust betreated asuch to achieve significamhprovemen
formalised as law 1996) over any reasonable base.

—

Table 1 Laws of software evolution



The present paper focuses on softwgmecess
improvement. The fact is that trsoftware industry has
been seeking improvement of teeftwaredevelopment
and maintenance procef® many yeargwil51,leh96].
Academicand industrial efforthas yieldedincremental
improvement, through the introduction of nkamguages,
formalisation, improved methodspechanisedsupport
(CASE), new programming paradigmand so on.
Nevertheless, the industrial tradcordraises thejuestion
why, despite somany advancesthe global software
development procedsom conception touse is still so
often marredwhy satisfactory functionalityperformance
and quality isonly achievedver a lengthyevolutionary
process, whysoftware maintenance never ceaset| a
system isscrappedyhy software isstill generallyregarded
as the weakedink in the development oEomputer-based
systems [leh94,96].

Explanationsfor individual failurescan always be
found. This paper summarises a more geneqgroach
arising from recognising thatevelopment and evolution
processe$or E-type systems are intrinsicalfgedback
systems [leh94]. Theemainder of the paperreports
preliminary results from an investigation of this
hypothesis.

3 FEAST (Feedback, Evolution And
Software Technology) and FEAST/1

Someyears ago, theealisationthat feedback in the
software process could explain the difficulteexountered
in achievingits global improvement,led to the
formulation of a FEAST hypothesis [fea94,leh94]:

As complexfeedbaclsystems, E-typeoftwareprocesses
evolve strongystemdynamics anavith it the global

stability characteristics obther suchsystemsConsequent
stabilisation effects ardikely to constrain efforts at
process improvement

More recentlythe hypothesis wasrestated in the
following terms [leh96c]:

As for other complefeedbaclsystems, thdynamics of
the real world software development arglolution
processesvill posses alegree ofautonomyandglobal
stability.

Both versions of the hypothesisclude a number of

The EPSRC proposal that resulted from these
discussions was entitled FEAST/1 [leh96c], the "/1" in the
title indicating thathis two year, 3 persoproject was to
be seen as a first step in a longer and nvadespread
investigation. The proposal wapproved in March 1996
and the resultant projecommenceébrmal investigations
in Octoberl996 in collaborationwith ICL plc, Logica
plc, Matra-BAeDynamics plc andwo groups within the
UK Ministry of DefenceThe stated objectiveieh96c]
were to:

« provide objective evidendbdat feedbackphenomena
and theconsequergystemdynamics have substantial
impact in the software process

« demonstratehat thephenomena can be exploited in
both managing and improving industrial processes

¢ produce justificatiorfor a wider and morsubstantial
study based on the feedback perspective.

The twoyear investigatiomwill seek to identify and
characteristhefeedbacknechanisms active in thmocess,
their impact on processharacteristicand methods for
applying the understandinggained to improve the
respective processes. It expects temonstrate (or
otherwise) thdeedbackbehaviour of some widebjifferent
systems. Three approaches are being employed:

< ablack boxapproachis studing quantitative dfsitem
a number of industrial software processesdentify
patterns in the evolution of thespective systems.
Thedatawill be analysed in a seardbr footprints of
dynamical behaviour and feedback control

« a white box approachaims at theconstruction and
enactment of systemdynamics models oindividual
processes. Thesgill reflect feedbacknechanisms,
their properties and their impact on the global process

« a third approacmot included inthe originalproposal
andnot formally part of FEAST/1, is exploring the
use of multi-agent systems [mca95] to model the
selected processeand to evaluate proposed
improvements.

Full investigation of the hypothesis and, if upheld, of
means forits exploitation, isnot straightforward. As
previously discussed [leh96b], difficultiegise from
several factors. The processes being investigated are likely
to includetens, if nothundreds, of forwarghaths and
feedbackoops. A simulatiorapproach such abe system
dynamics techniqueeferredto insection 1is, therefore
more appropriatetool for the investigationthan the
analytical tools of control theory. Moreover, the

assertions [leh96a] but these are not further discussed hereprocessing and control mechanisassociateavith these

The hypothesis arits implicationswere examinedver
a period oftime by a FEASTcore group, a subgroup of
the present authors. Iteliberations [leh96b] led tthree
workshops held at Imperial College duriri®94/5
[fea94,95]. The objectives were to exposeitteas to a
widergroup of peoplénterested irthe software process, to

loops involve peoplejndividually and in groups as
managers or implementor&ll observe,interpret,
communicatedecideand act or refrain from acting on the
basis of their overall perception, their instructiamsl,
consciously or otherwise, their inclinatiorexperience
and biases. Much of thfeedbaclcontrol is unplanned or

seek the objective criticism of experts and, in general, toeven unconsciousSome, at least, of théeedback

explore the hypothesis and its implications.

® The term feedback may be interpreted in several different Wajs.
theme has been discussed in [leh96b].

mechanismsare, therefore, stochastiand non-

* (UK) Engineering and Physical Sciences Research Council.



deterministic. Furthermoréhe system beingnodelled
includes elementghat contain implicit models of
themselves. This is of courseathematicallyntractable
posing a fundamentalultimate obstacle to the
investigation [gd6d31, leh85]. Note also thanvincing
support for the hypothesisquireghat the analysiand its
associated predictivenodels, must necessarily be
guantitative. The number afatapoints available foreach
of the classes adatais, however, likely to beelatively
small. Statistical analysis anthe determination of
significancas, thereforenot straighforward.Work in the
application of control theory to econommgodelling
[bec94] and, more recently, ithe application obystem
dynamics to aspects ofthe software process
[abd91,wae94,mad96liggest, howevethat progress is

possible. Note also thabftware engineers and others in

the organisations in which amdth which they work do
not, in general, have thenderstanding, knowledgskills
or experience requirddr this analysis as part atheir
backgroundThe long term studyequires, therefore, a

collaborative, extended, multidisciplinary approach to

achieve exploitable results.

The remainder ofthis paper focuses orthe initial
results of the first FEAST/1 black box study. Mustiil
remains to be done and theost significant contribution
of the present projectmay well be toarousewider
international interestand so triggerthe necessary
collaborative investigations.

4 A first case study: the Logica FW
system

4.1 FW data

After extensive discussionith the collaborators and
others, selection criteria amdndidatesystems havbeen
identified. The preferencewas for medium tolarge
systems, hoveverdefined. Itwas alsaconsidered desirable

to concentrate orsystems that were being used in a

number of locations so that tlefect of usersfeedback

which, it is believed, is likely to have significant impact,

could be identified and assess@&ther criteriancluded the

availability of historical data on system evolution to

permit initial black box analysis tdetectthe presence or
absence offeedback-likebehaviour. Prior experience

suggests thatata onsome terreleases is necessary for the

identification of behaviour patternBor the white box

should be available shortly.

The first system evolutiodata to be made available to
the FEAST/1 project was on the Logica grastwire
(FW) financial transactiorsystem. This 8years old
system is now installed on some dnendredsites. The
dataset receivedccovers themost recent 5 years of its
evolution. Since then there have bessveralmain
releases angnany moresub-releasesThe dataset as
receivedrom Logicarelated tosome 100releases (as
defined by them) with each entry including thredata
items;releasdD, size in modulesind number ofnodules
changed. Release dates wals available fomost of the
datapoints. Many of theseeleases were, however, of the
same size as thepredecessoClarificationrevealed that
these werdix releaseghat were veryfrequently only
transmitted to those (limited) number of customers
adversehaffected by dault in an earlier release. A subset
of thedatawastherefore selected. Anore familiarity with
the system history has beaitainedthe criteria, and
thereforethe subseselected, have had to lwhanged to
yield the set shown in table 2. The analysis pluds
presentedelow may,therefore, differ somewhatom
thoseincluded inearlier publications [tur96], [leh96a,97].
The trends and patterns they display have, however, not
changed significantlyDetails of the selection and
refinement criteria applied tothe data have been
documented in an internal report.

RSN Size in Release|| RSN Size in Release
Modules ID Modules ID

1 977 1.0 12 2087 5.0A
2 1344 2.0A 13 2091 5.0B
3 1390 2.0B 14 2095 5.0C
4 1492 2.0C 15 2101 5.0D
5 1581 2.0D 16 2151 5.0E
6 1595 2.0E 17 2167 5.0F
7 1800 3.0A 18 2312 6.0A
8 1832 3.0B 19 2315 6.0B
9 1897 4.0A 20 2696 7.0A
10 1897 4.0B 21 2699 7.0B
11 1902 4.0C

Table 2 The FW data set

To protect their identity, the IDs of tmeleases listed in

studies seeking to model internal process structure and tdgable 2 have beerplaced by a sequenceidéntifiers that

identify activefeedbaclcontrols and their impact, ongoing
projects wereconsideredessential. Projects having, in
addition, a sufficientlyong history toprovide meaningful

black box data would be particularly useful since this

would provide opportunitiegor linking characteristics
inferredfrom the black and whitbox studies. At the time
of writing collaborator products and processassfying
these criteria have been identified, informationpracess
structure and content is beimggthered andnetric data

replacehose assigned by Logica. In addition, and as was
done in the OS/360 study [leh80bhnsecutivantegers
have beenassigned tothe releases comprising the
evolution sequence to be analysékhese provide a
pseudo-time measuredesignatedhe rsn, a sequence
numberin the sense of Coand Lewis [cox66]. Basing the
analysis on thisneasure is appropriate becaasby at the
instant of release of arE-type softwaresystem are its
properties, asletermined bythe thenestablishedoftware



text, uniquely defined. By definition, afE-type system

An additional releastgpe has beeidentified in the FW

operates in a domain always liable to change at a rate thaprocessThis type,termedad-hoc, is initially aimed at the

is accelerated bglevelopment, installation and operation of
the system. Thus theoftwargoo, that is thecodeand/or
its documentationmust berepeatedly updatexhdadapted

to remain a faithful model of thapplication in its
operational domain. At the time ofleasdhe text is, by
edict, fully defined. Atall other times it is likely to be in
a state of flux [leh85].

The releaseimcluded inthe analysis whose results are
presented below may be categorised into three classes:

e Major mainstream releases. Theseiatended to be
adopted bythe majority of user organisationghey
are ofterrequired toachieve standardisation far legal
reasons.

e Minor mainstream releases. These providi&or
improvements or enhancemen&uch releases are
included in the analysigpresentedyelow onlywhere,
in addition to other criteria, at leashe module has
beenadded ordeletedvith respect tats evolutionary
predecessor.

» Error correction releases. These neither add nor
enhance functionality. Thesdso have beeincluded
in the analysis if they involve system growth by, at
least, one module.

One consequence of ordering releasesrsy in the
presence ofhe various types atleasesighat a situation
may arise in which therdering adopted diffefsom the
date orderingFor example, work on a nemainstream
version 3.0A may have beeroceeding concurrentlyith
minor enhancement or bug-fixing of an oldetease.
Releas8&.0A may beshipped to mainstream clieriisfore
2.0E is readyfor delivery. As illustrated in figure 2,
release?.0D precedeselease8.0A in real timeandmight,
therefore, appear to biés unique parent. Release 3.0A
will, however, have alsmherited functionality andode
first developedor andintegratednto 2.0E.Therefore, in
the evolutionary sense relea0E is (at least) also a
predecessor of 3.0A and is given the lower rsn.

Release Size

3.0A

©)

20D 2.0E

Release
> Date

Fig. 2 Example of release ordering by date

(not to scale)

® As per the first law of software evolution as reproduced in table 1.

satisfaction of thaeeds of a specificlient. Suchreleases
are excludedrom the resultpresentedbelow. However,
unless providingsome temporary facility later to be
removed the enhancements included such releases are
sooner or later integratédto the main stream tmaintain
smooth, uniform evolution over aihstalled systems and
simplify overall FW configuration management.
Moreover, these releases absorb projesburcesand,
thereforejmpact otherconcurrent activitiesThus they
need, ultimately, to be included in the analysis.

4.2 System growth

With the cost of storage declining @t levels, system
sizeis, in itself, not of majoconcern. Itmay, therefore,
be seen as mdependerend compositenonitor of system
evolution which, withinlimits, is neither planned nor
managed. It igletermined byther factors. Some dhese
will be managed, othef§ust happen". Sizeleterminants
includesystem desigmrogrammeistyle andexperience,
development timetables and constraiimggnsity of the
desire to achieve compactness darity’. The great
majority of reported softwareetrics work hagended to
uselocs (lines of code) aghe measure of system size. As
in the case of the original OS/360 study [leh80b,85] the
FW analysigeportechere has used module count for that
purpose. In thabsence of a better measure, module count
also serves as an initial estimator of sysfenctionality
and power. The 1970s study did, in famdtmpare the
results of loc and moduleasedstudies. It was shown that
these were essentially similaut with the locsmeasure
providing aless consistent picture of thevolutionary
behaviour of the system thalid the module count_ocs
are, therefore, considereihferior as a measure. The
superiority of modulecount wasexplained by the
observation thathowever modules adefinedthey have,
within a given domain, sondegree ofunctional integrity
whereadocs have none [leh85]. The numbernebdules
in a specific system is algwt, in generaldependent on
individual programmer practice. Module numbenay,
therefore, be expected to provide more consistent
measure ofsystem size and hence a bettérough
admittedly coarse, indicator of system functionality.

The function point (FP) [alb79] measuremay be
considered aalternative measure for systdomctionality
or power. Their use does, however, raise squestions.
For example, hovarbitrary arethe interpretation of the
definitions or the factor ratingsachievedand, as a
consequencéow consistent are the resutibtained by
different raters? Moreoverthe establishment of the
measure requires judgment based on subjeatieasures
and the overall determination islabour intensive and
difficult to automate [kem93]. There is alktle, if any,

® Or even, whergroductivity ismeasured in locs and the concern is
with productivityimprovement.



experience irapplication of the measure to larggstems. The two plotsdisplay remarkablysimilar cyclic
Finally, it must beobservedhat, unlikemodule count, characteristichough, as one should expect, thuffer in
FP data isnot widely available from data archives of detail. They also resemble statistical process cociants
softwaresystems across the industry. They eeeainly [dav84]. It was, in part, theobservation ofthis cyclic
not available from the systems beionferedfor study by pattern andts symmetryaroundthe averagavith respect
the FEAST/1collaborators. Module couns, therefore, to OS/360 that originally led to formulation of tkierd
being used as a size measure and, by implication, as and fifth laws. The long terntrend of thenoving average
system power estimator, in the FEAST investigation. To of the incremental growth ofE-type systems ashey
date, and as illustrated by the respltssentedbelow, this evolvewill, in general, be difficult to determine because of

decision appears to be justified. the small number oflatapoints generally available. It
The growth in modules of FW oveeleases rsnto might be thecase thathis average declines because of
rsn,, that isrelease4.0 to 7.0B is shown iffigure 3. increasing complexity. Alternatively, inight grow as a

The overall growth pattern should bemparedvith that consequence dfmproving process technology. It maiso

of OS/360 oveits first 20 or soreleases as illustrated in  be that theséand other?) contrary pressu@snpensate

figure 1. for each other ovetime so that the original assertion of
The abscissa of figure 3 representsitiuividualrelease invariance remains valid. Is, in fact, notcertain that all

sequenceumbers as explained abovihe figureclearly systems or domains behave in the same way. The fifth law

shows theupward trend okystem growth. Thérend is, as stated in table will have to bere-examined. The
therefore, consisterwith the firstand sixth laws of analysis outlined below wilbrovide additionaihsight for
software evolutiorbut doesnot distinguistbetweerthem. FW andwill identify the growthtrend model which, for

Moreover, it also shows a rippleeffect strongly that system at least, is to be preferred.
reminiscent of that of OS/360 as in figure 1. It was, of

course,this ripple phenomenon that firsguggested that Modules

the software process was stabiliseddndbackcontrol, as 1550% | OS/::GIO Growth o
captured irthe third and eightaws. Thus this initiatesult 1350 neremental ro 4
of the present study is certainly compatiblgth the 1150 4 n
conclusions and, inparticular,the laws of software ] o
evolution, firstreached inthe study of OS/360 motkan 950 E O
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five releases for which data is available are omifteh

the plot since theyeflectthe transition (in growtirend Fig. 5 Incremental growth per release of
terms) from OS/370 to VS1 and VS2. FW over rsn, to rsn,,;



As pointedout previously [leh74,78], theyclic effect
reflected by the peaks and troughs in the incremental
growth plots may béndicating thepresence ofeedback
driven and controlledrowth. Thus,influences tending to
increasesystem functionality, that is growtbwards the
peaks, may have their source in positfeedback. The
declinesmay reflect size stabilisation and otheegative
feedbacleffects. An example ofuchfeedback is the
evolutionary pressurdhat arises when clients amders
express a need for enhancementsiisting capability or
system extension. But as implementation of stiEnges
proceedsthe size and complexity of theystemincreases
leading to declining comprehendability, increasermpr
rates, increasing resistance to changeha impact of
budgetargonstraints. Thedead to adecrease of resources
available for, for example, growth as ttesourcedemand
for fault fixing andcomplexityreductionincreases [leh85].
If sufficiently mature [hum95], the processl be directed
in its evolutionand growth patterns byata reflectinguch
needs. Thats, thedata orits derivativeswill be used to
adjust process objectives (immediate antbing term) and
process parameterswill be used to drive, constrain, and
in general, manage the process. Positbeslbaclkdrives

E=(5-50s4% {i=2,..n} (2
E=(5-s)(5-11(s)2) {i=2...n} (3
- Size in Modul
2800 ize in Mo ueSLogica W .
2400§ Least Squares Linear lilE (‘L.§L.)-
1 cee
2000—; Je o ._0_ oe®
1600 - O
1 e.®"
12007 -°
] e
800 -
400 -
0 . T T T T T T T T T T T 1
RSN
0 5 10 15 20
Fig. 6 Least squares linear fit to FW over

rsn, to rsn,,

Algorithm (2) uses only the twaonost recentdata

growth while negative influences force a period of points in computing E With (3) all data to rsp are
consolidation (correction and restructuring). An example of considered. Irither case thaverage ofhe resultant set of

the consequences of excesspasitive feedbacknay be
provided bythe final 7 releases, rgjto rsn, of OS/360
(figure 1). A hypothesis that explainthe system's
apparently unstable behaviour over these releagbaist
was aconsequence of excessigeowth, in response to
market demand, in going from kgmo rsn,,.

This brief analysis suggests that the EMtasupports,
in part at least, the third and fifth laws ebftware
evolution as originallyinferred from OS/360 study.
Analysis of the long term growthend of FW in thenext

subsection suggests, however, that the wording of laws Il 1600%

and V as in table 1, must be modified.

4.4 The Inverse Square model (IS)

This section presents two models of FW growth. The
first of these, illustrated in figure 6, is obtained from the

dataset of table 2 using a leasfjuares lineafLSL) fit.
The models focus on thgeneral trend and largeignore
the ripple.Detailed analysis ofhe latter isbeyond the
scope of this paper.

After investigating other possibilities Turs#éveloped
an alternative, inverse square, model ({{&)resented by
the nonlineadiscrete-time dynamical recursigt) [tur96].
In this model s is the actual value of rgn’s is its fitted
or predictedsize, "n" is the total number ofleases in the
data set and & a model parameter.

'S =8 , (1a)
'S ="s, + E("s,)2 {i=2,...,n} (1b)

The parameter_Eis the average of individual E
calculated from either (2) or (3).

E; gives an estimated value for & third approach (LSIS)
computes Hrom the entirety ofdatausing a leassquares
criterion and is illustrated in figure 7.
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Fig. 7 Least squares inverse square fit to

FW over rsn ; to rsn,,;

The conceptual implications guidindhe selection of
one of the three alternative algorithms for computiragee
subtle and arenot discussed furthehnere. Theyyield
slightly differentvalues for_Ebut, in thecontext of this
study, they donot produce significantlydifferent
behavioural patterns. Nor do they chatigeconclusions
to be drawnFinally, the observant readewvill notice
apparent outliers rgpand rsp,. No comment can bmade
at this time about thaignificance ofthese ortheir
possible implication.



For thetrend models estimated frothe full set of 21
datapoints, statisticaineasures ofhe closeness dit of
the LSL and IS models daot differ significantly.
Comparative assessmeésittherefore, difficult onbasis of
currently available datahis may bedue to the facthat
the damping in the ISrend is not strong.Moreover,
neither modeladdressethe ripple. Thedeviationsfrom
smooth growth that the lattezpresents could, afourse
simply be noise, theompoundedmpact of many,
continuing, localised, ofteshort termmanagement and
implementation decisions in which case it wouodd affect
the assessment. The FEAST hypothssiggestethat, in
part at least, the ripple is amdicator ofthe presence of
feedback-controllethechanismghat regulatethe long
term growth trend. The ongoing whiteox modelling

activity in FEAST/1represents a first step in the attempts

to resolvethis issue, to permitefinement ofthe models
and a more precise assessment ofitiggee tovhich they,
their derivatives or different models refleitte reality of
the processestudied; anthe degree towhich they may be
generalised.

Including the ripple will assist in comparative
assessment of the model. It has, however, Ipeéried
out already [tur96]that the phenomenology of the
situation suggests several reasons goeferringthe 1S
model:

e The IS inversesquare property can beterpreted as

reflecting the complexity growth of a software system

over asequence of releaseSuch growth is due, in
part, toincreases ithe complexity of the application,
for example, as featuremt included in the original
system definition, and often orthogonal tg are
addedMoreover, the process of evoluti@dds change
upon changeupon changewith, in general, little
attention paid to theesultant complexitygrowth
[leh85]. It is thisphenomenon that isaptured by the
second law (table 1).

* As a oneparameter model IS iglso compatible with
the fourth law of software evolution,with the

parameter Eeflecting the constant effort that the law

identifies [leh78].
« IS also satisfies the Principle of Parsimony [cox66].
« No system can grow forever. The linear growibdel
is thus incompatiblewith reason andcommon
experience.

4.5 Further consideration of the Inverse Square
model

The list of reasons forfavouring IS overthe LSL
includes the observation that the singégameter E©f the
former may beénterpreted as eonstant efforparameter as
predicted bythe fourth law. Estimation of Hrom the
available data strengthetisat argument. Such estimation
produces &alue that, as shown below, remaiakatively
constant as FW evolves. That the singleparameter of
the model may bimterpreted athe constant effort owork

outputidentified inthe fourth law as beingequired to take
the system from oneelease tothe next. Theprincipal
guestions raised byhis interpretation, questions not
satisfactorilyanswered, relate tihe interpretation of land
the units in which it ismeasured. Does Eelate to the
input effort required toachieve release by release system
evolution or to the outpuachievedrom the process
measured bysome measure dhcrease insystemquality
and power? To answéhne first questiorrequiresfurther
investigation andhdditional data. As tounits, $ is a
dimensionlessount. Hence_Eis dimensionless. But
despite these unsolved questions itc@cludedhat, on
the basis ofcurrently available datéahe aboveremarks,
together providsome justification fopreferringthe 1S
model. It appears to reflect reality more closely.

The full implications of onédurther indicator of the
superiority of IS over LSL must now lzensideredWhen
modelling large dataets, the first part is oftemsed to
estimate modgbarameters antthe second tahen evaluate
its "predictive" capability [ger93With the small size of
the datasetavailable fromFW, this might notappear to
be a fruitful path to follow. Turski [tur96] didhowever,
investigatethis question, asking: "Howmany points
beginning with rsphave to beconsideredirorder to get
an appropriateNow error offit, an acceptableredictive
capability?" In terms of the FEASThypothesisthis
qguestion is equivalent tasking: How fast is the FW

dynamics established? An answer for FW is suggested by

the plot of figure 8.

Figure 8 plots a set of mean absolemer of fit values
(mae {j = 2, ..., 21}, where jindicatesthe number of
points from rsp used to compute ,Esee Appendix). The
values ofmaeg, andmae, are relatively large. As | is
increasednae converges rapidly and reachesedatively
steady value by j equal(@arameter Ecomputed from the
first six releasesnly). Thereaftemae{j =6, ...,21} has a
mean of 74.6 with standardleviation 0f2.8. Themag
value is only 4.7% of the system size at;r$h2% of its
size at rspand2.8% of its size at rsp This behaviour is
counter-intuitive in several wayBossibleinterpretations
and implications are summarised below. Overaltags,
however, appear to indicatbe strength of thesystem
dynamics.This phenomenon supportde observation
made byone of the authors many years ago wédards to
0S/360 evolutionthat "Rather than the managers
managing the(evolving software)system, thesystem
manages the managers.tst, ofcourse, bainderstood
that thereferencdiere is to long term evolutionpt to the
specifics of individual decisions, often localisedtime,
system space and implementation space.

» Figure 8based orthe IS model suggests that the FW
growth trend isestablishedver some six of the
releases included ithe study. Inaccordanceith the
FEAST hypothesis, it imssumedhat thedynamics
arises from thecharacteristics othe software, the
organisations developing, marketing amsing the
software, the communicatiohetweenthem and the



controls that areexercised. Inany event figure 8
supports thehypothesis thatthe E-type systems
evolution process develops strong dynamics.

e The mae for IS of 74.6 moduleswith standard
deviation of2.8 over the stableange is very close to
the calculated average incrementabwth of about
86.1 modules over atlatapoints (fig. 5). Thigaises
the question whether there isome relationship
betweenthe variance of the ripple (which is a
significant source of error fathe trend fit) and the
mean incremental growth. Establishingearrelation
would lead to a concept ¢fafe growthrate limits.
Establishing either would providsdrong conceptual
support for theincrementabr evolutionaryrelease
strategy [gil88]. The entire question remains to be

investigated.
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Fig. 9 Mean absolute error of fit to FW over
all releases as function of number of
points used to estimate LSL model
(squares) superimposed on that of
IS model (circles)

« Note that themaeof LSL over the stableanges, at
86 modules, even closer to th&eragencremental
growth of 86.1 modules than ighat of IS. The
implications of thisfor example on the evaluation of
the relative value ofthe two models requiremore
investigation.

e The IS plot in Figs. 8and 9 stabilises muciore
rapidly than doeshe LSL plot.Moreover, if IS and
LSL are estimated byising only rsg and rsp, the
former outperformsthe latter by an order of
maghnitude.Thus while there arsstill unanswered
guestions, figures 8 and 9 appeastpport thesarlier
conclusion that IS is to bareferrecbver LSL. That
they provide further supportfor the FEAST
hypothesis and the laws aoftware evolutiordoes
not require further emphasis

The results presentedabove arebased on the

examination of the FW system, investigation of OS/360
not having yet beereopenedContinued investigation of
these and other systems is clearly required.

4.6 Impact of the study on the laws ofoftware
evolution

More work is clearlyequiredor firm conclusions to be
reachedin regardstthe many issuesaised above. It is
neverthelessonsideredppropriate to indicate in table 3
the extent to which the investigators feetouragedto see
the present results as being compatibligh, or even
supporting, the laws cfoftwareevolution. The weight of
evidencesuggests thatdespitethe 20 year gap and the
significantdifferencebetween IBM and Logicaystems and
their development and operational environments, there are
strong similarities inthe phenomenology oftheir
evolutionary growth. It idelievedthat the results of the
studies to dateill, with somemodification, extend tde-
type systems in general. The FEAST/1 proyetlt it is
hoped, receive sufficient daftamm the evolutionprocesses
of a variety of systems to establisbnfidence in aset of
conclusions that are valid in sonséated domairor, of
course, to demonstrate that they cannot be generalised.

5 Final remarks

The resultachieved sdar by applyingthis method in
the FEAST/1 projedre encouraging. Additional dataon a
wide spectrum of softwargystems to beeceivedrom
various industrialcollaboratorsshould, if consistent,
permit generalisation dfoth the conclusiongached and
the measurement and analysshniquebeingemployed.
The present papeatescribeshe black boxapproach that
hasrevealedaspects of FW evolution and it evolution
dynamics, haprovided materialor interpretation and for
the formulation ofexplanatory hypotheses. A white box
modelling approach is simultaneously seekingriodel
the structure of other industrisbftware processes and to
simulate their behaviour including thégedback control



loops. Thesénvestigations are being furthbacked up

detect, measure and contfeédbaclphenomena anitheir

through thedevelopment of a multi-agent model. It is impactisbelievedto béey to majoradvances in software

hopedthat this work will confirm, perhapamodified
versions of, the laws cfoftware evolutior{leh96d] that
now includethe FEAST hypothesis angyut them on

process management and execution.
In view of the fact thathis papemwill be presented at
the Metrics '97 symposium it i@ppropriate to comment

firmer foundations. If successful over a range of systems,on its focus on the FEASThypothesis,the related

the investigation wilprovide a base for a plausititeeory
of software processand software evolution. The
alternative,that the results of the investigation
demonstrat¢hat the laws and the hypothesis ao¢ of
general relevandbough satisfied for particulainstances

FEAST/1 project and thabsence of references tither
relevant metricswork [fen96,ieee94 kit82,96,vot95].
FEAST/1 isbelieved to exemplify an originahetrics
based approach tthe study of thesoftware process and
software evolutionThis approacthas beertonsistently

of E-type systemand their evolution processes cannot, at followed fromthe first primitive study of OS/360 in the

this stage, be dismissed.

The FEAST/1 study haalready madegisible progress
in illustrating howmeasurement concepts candpplied
to the study ofsoftware evolution. Ithas successfully
extendedhe 1970stechniques by applyinghore rigour

late sixties andseventies [leh69,85] tothe current
investigation.The study wastriggered by ageneral
observation;the universal and persistentproblems
accompanying software development and maintenance, ie.
softwareevolution. Following recognition of theroblem

[law82] to mastery ofthe observed phenomena. The as appropriatéor research investigation [leh69,85] and

specific resultdlerivedare ofconsiderablinterest, both in
themselves and from a wider perspective. Tdrgg term
significance othis papeiis, however, more likely to be in
the approach and techniques it presents. Beaibig to

receipt of appropriate data, first from OS/360 amate
recently from Logica FW [leh96d], patterns and
regularities in their evolution werevealecandmodelled.
Interpretation of the models led, farn, to thegeneration

No. Brief Name Support Indicator

| |Continuing Change v Fig. 3 clearly indicates continuingrowth. Logica's confirmatiothat
this is partly due to adaptationand change supporte law.
Quantification will be of interest.

Il |Increasing Complexity v The inversesquardaw of growth (eq. 1) anis predictive powe(fig. 7)
supports complexity as a constraining factor.

Il |Self Regulation ? The ripple (fig. 3) of the, otherwise, smooth groWglg. 1) suggests
regulation around amooth trendldentification of the underlying
mechanisms is required to support the law as it stands.

IV |Conservation of v The ability to obtain a close fdand very good predictive poweiith a
Organisational Stability single and constapiarameter Heq. 1) providesupport. Measures of the
(invariant work rate) work rate are required.

V |Conservation of Familiarity 7 Fig. 5 still suggests that thaverage incrementgrowth has alefinite
trend.lIts invariance as irthe original formulation isnow, however
guestioned. Determination tfie trend and theonsequences of raleasg
whose incremental growixceedshe average significantlynust await
the further behaviour of the system in its evolution.

VI |Continuing Growth v Fig. 3 clearly indicates continuingrowth. Logica's confirmatiothat
this is partlydue to functional growth supports the la@uantificatior
will be of interest.

VIl |Declining Quality ? No data that provides evidence for or against is available.

VIII |[Feedback System v Regulation as in figs. 3, 5, 7, &d inverse squataw, (eq. 1) are
supportive Feedbaclkcontrol mechanismaust beidentified to obtain
further support.

Table 3 The laws of software evolution in the light of the preliminary FW analysis !

"It is hoped to obtain more data that will provide evidence, one way or the other.



of hypotheses (eg. the laws and FEAST) to intetpean.

[bec94 ]

These successive steps led to an iterative investigation that

is now yielding furthedata (historical and/or obtained by
experimentation and measurement)dopport, refute or
modify and then toextend and generalithe emerging
theoreticalbase andramework.Such resultanust, of

course, be continuallalidated or adjusted by observation

[bel72]

of and experimentation in actual industrial processes. Thus

the moregeneral relevance ahe paper to thenetrics
community is in itsapproach whichmay becompared
with those more widely adopted.

Apart from any theoreticaldvancehat this study will
provide, it should, if successful, lead tive development
of methods andools for process managememglease
planning and process improvemeifhis will shape the
direction of software metrics, software processdelling

and process improvement in the years to come. If the

extent to whichfeedbaclphenomena irkE-type evolution
processes shapes and constrahes softwareprocess
significantly, mastery and command tfat phenomena
will open up important new prospectdloreover, the

[bel78]*

[box70]

[cox66]
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BeckeRS, Hall B, and Rustem Robust Optimal
Control of Stochastic NonlinearEconomic
SystemgslJ. of Economic Dynamics ar@ontrol, n.
18, 1994, pp. 125 - 148

Belady LA and Lehman MMAnN Introduction to
Growth Dynamics Proc. Conf. on Statistical
Comp. Perf. Evaluation, BrownUniv. 1971,
AcademidPress, 1972, Wreiberger (ed.), pp. 503 -
511

id., Characteristics of Larg&ystemsProc. Conf.
Research Directions in Softwafeechnology, (P.
Wegner ed.), Sponsored by Tri-Servic@smmittee
of the DOD, Brown U.Providence, RI, Octl878,
MIT Press, 1979, pp. 106 - 142

Box GP andlenkins GM, Time SeriesAnalysis,
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Davis Oland Goldsmith PLStatistical Methods in
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software process is a special case of business processes, in

general [leh97]. The approach applied trelconclusions
reacheashould find muchwider application. It isbelieved
that FEAST/1 is a study which, iSuccessful, will
eventually lead to a theory and to a technolagpnch

together can trigger maj@dvances irthe software and
other business processes and their improvement.

6 Acknowledgements

We are grateful to Logica plc for providing accessto the

FW data and in particular tdoe Halberstadtfor his
collaboration. Sincere appreciationasso due toProfs.
BercRustemand Vic Stenning, co-Principllvestigators

on the FEAST/1 project, for their many contributions to

the investigation and tBr. Emma McCoy of the ICSTM
Mathematics Departmerior her help with statistical

aspects otfthis investigation. We als@cknowledge the
constructive contributions of participants in the thopen

FEAST workshops in 1994/5. Ladiut not least our
thanks to the anonymousfereedor their carefulreading

and constructive comments. Since Octat@96 thework

reportedhere has beesupported undeEPSRC grants

numbers GR/K86008 and GR/L07437.

7 References

[abd91] Abdel-Hamid T andMadnick SE,Software Project
Dynamics - An Integratedpproach Prentice-Hall,
Englewood Cliffs, 1991, 264 pps.

Albrecht AJ,MeasuringApplication Development
Productivity, Proc. Guide/Share: IBMApplication

Development Symposium, Monterey, CA979,

pp. 83 - 92

[alb79]

® papers identified by a * in theeferencelisting are reprinted in
[len85].

[fen96]

[for61]

[for70]

[ger93]

[gil88]

[96d31]

[hum95]

[ieee94]

[kem93]

[kit82]

[Kit96]

MM (ed.), Dept. of Comp., ICSTM, 1994/5
Fenton NEand Pfleeger SLSoftware Metrics - A
Rigorous andPractical Approach 2nd ed., PWS
Publ. Co., London, 1997, 638 pps.

ForresterJW, Industrial Dynamics Productivity
Press, Cambridge, MA, 1961

Forrester JWUnderstandingthe Counterintuitive
Behaviour of Social Systemsin Systems
Behaviour ed. by Open Systems Group, 3rd. Ed.,
pp. 270-287,Paul ChapmarPublishing Co. and
The Open University. London, 1972

Gershenfeld NA and Weigend AShe Future o
Time Series: Learningnd Understandingin Time
Series Prediction: Forecastingthe Future and
Understandingthe Past Gershenfeld NA and
Weigend AS (eds.), SFI Studies in the Sciences of
Complexity, Proc. Vol. XV, Addison-Wesley,
1993, pp. 1-70

Gilb T, Principles of SoftwareEngineering
ManagementAddison Wesley, 1988

Godel K, Uber formal unentscheibare Satze der
Principia Mathematica undrerwandterSystemel,
Monatsheftefir MathematikundPhysik 38,1931,
pp. 173-1198. English translatiorOn Formally
UndecidablePropositionsGddel K, BasicBooks,
New York, 1962

Humphrey WS, A Discipline for Software
Engineering SEI Series in SoftwarEngineering,
Addison-Wesley, Reading, MA, 1995, 789 pps.
Measurement Based Procdssprovementsp. iss.
IEEE Softw., IEEEComp. Soc. v. 11, n. 4, July
1994

Kemerer CF, Reliability of Function Point
Measurement: A Fiel&ExperimentCACMv. 3, n.
2, Feb. 1993, pp. 85 - 97

Kitchenham B, System EvolutionDynamics &
VME/B, ICL Tech. J., May 1982, pp. 42 - 57

id., Software Metrics: Measurement f@oftware
ProcessmprovementNCCBIlackwell, 1996, 241

pps.



[law82] LawrenceMJ, An Examination of Evolution
Dynamics Proc. 6th. Int. Conf. OBoftw. Eng.,

Tokyo, Japan, 13 -16 Seft982, IEEEComp.Soc.

Ord.N. 422, |IEEE Cat n. 81CH1795-4, pp.188-196.

[len69]* Lehman MM, The Programming Proces$BM Res.
Rep. RC 2722,IBM Res. Centre,Yorktown
Heights, NY 10594, Sept. 1969
id., Programs,Cities, Students, Limits t@rowth?,
Inaugural Lecture, Mayt974, Publ. in Imp. Col of
Sc. Tech. Inaug. Lect. Ser., vol 970, 1974, pp.
211 - 229. Also inProgrammingMethodology,
(Gries D, ed.), Springer, Verlag, 1978, pp. 42 - 62
Lehman MM and Patterson Rreliminary CCSS
System Analysis Usin@echniques ofEvolution
Dynamics Working Papers, FirsSoftwarelife
Cycle Management Workshop, AirligA, 1977,
publ. by ISRAD/AIRMICS, Comp. Sys. Com., US
Army, Fort Belvoir, VA, Dec. 1997, pp. 324 - 332
id., Laws of Prograntvolution - RulesandTools
for ProgrammingManagementProc. InfoteclState
of the ArtConf., Why Software ProjectFail, - Apr.
1978, pp. 11/1 11/25
[leh80a]*id., On UnderstandingLaws, Evolution and
Conservation in théarge Prograntife Cycle J. of
Sys. and Software, v. 1, n. 3, 1980, pp. 213 - 221
[leh80b]*id., Programs, LifeCyclesand Laws of Software
Evolution Proc.IEEE Spec. Iss. on Softw. Eng., v.
68, n. 9, Sept. 1980, pp. 1060 - 1076
Lehman MM and Belady LAProgramEvolution -
Processes of Software ChangécademicPress,
London, 1985, 538 pps.
Lehman MM,Uncertainty in Computefpplication
and its Control Throughthe Engineering of
Software J. of Softwarédaintenance: Research and
Practice, v. 1, n. 1, Sept. 1989, pp. 3 - 27
id., Feedback inthe SoftwareEvolution Process
Keynote Addr., CSREleventh AnnuaWorkshop on
Softw. Evolution: Modelsand Metrics. Dublin, 7-
9th Sept. 1994, in Informatioand Softw.Tech.,
sp. Iss. on Softw. Maintenance, v. 38, n. 1296,
Elsevier, 1996, pp. 681 - 686
id., Process Improvement The Way Forward,
Invited Keynote AddressProc. Brazilian Softw.
Eng. Conf., SBES'96Universidade Federal de Sao
Carlos, Brazil, 1996, pp. 23 - 35
Lehman MM, Perry DE and Turski WMVhy is it
so Hard to Find FeedbackControl in Software
Processes? Inv. Pres., Proc. 19thAustralasian
Comp. Sc. Conf., Melbourne, Austr., Jan. Feb.
2, 1996
Lehman MM andStenning V,FEAST/1: Case for
Support ICSTM - DoC EPSR®roposal, March
1996
Lehman MM, Laws of SoftwareEvolution
Revisited Position Paper, EWSPT96, OcL.996,
LNCS 1149, Springer Verlag, 1997, pp. 108 - 124
id., ProcessModelling -WhereNext? ICSE 9Most
Influential PaperAward, Proc. ICSE 19,Boston,
MA, 20 - 22 May 1997, pp. 549 - 552
MadachyRJ, SystemDynamics Modelling of an
Inspection Process 18th Int. Conf. OnSoftw.
Eng., Berlin, 25-29March 1996, IEEE Comp.Soc.
Ord. N. PR07246, pp. 376-386

[leh74]*

[leh77]

[leh78]*

[leh85]*

[leh89]

[leh94]

[leh96a]

[leh96b]

[leh96c]

[leh96d]

[leh97]

[mad96]

[mat92] MATLAB High-performanc&umericComputation
andVisualisation Software - ReferenGride The
MathWorks, Inc., Natick, MA, 1992

McCabe FG and Clark KBrogramming inApril:
An Agent Process InteractionLanguage in
Intelligent Agents, Springer Verlag, 1995.
McGowan CL andBBohner SA,Model Based Process
Assessment®roc. 15th Int. Conf. on Softing.,
Baltimore, MD, 17 - 21 Mayl993, IEEE Comp.
Soc. ord. n. 3700-02, pp. 202-211

Meadows DH et al,.imits to Growth Signet, 1972
Turski W, Reference Model f@mooth Growth of
SoftwareSystems JEEETrans. on Softw. Engyol.
22, n. 8, 1996

Votta LG and Zajac ML,A Design Process
Improvement Case Study UsiRyocess Waiver
Data, Proc.ESEC'95, Sitges, Barcelona, Spain, 25
- 28 Sept. 1995

Waeselynck H and Pfahl DSystem Dynamics
Applied to the Modelling oSoftware Projectsin
Software -Concepts andools, v. 15, Springer-
Verlag, Berlin, 1994, pp. 162 - 174

Wilkes MV, Wheeler D J andGill S, The
Preparation of Programs for an ElectroniBigital
Computer Addison Wesley Preskic., 1951, 167
pps.

[mca95]

[mcg93]

[mea72]
[tur96]

[vot95]

[wae94]

[wil51]

Appendix

This appendix indicatefiow the values of thenean
average error dit (mag, as in section 4.5gures 8 and 9,
have been computed. It alsecordshe equations used to
compute the leastiquares lineafLSL) and inversequare
(IS) models.

As explained irsectiord.5, for each of the models LSL
andlS, a set ofnae values {j=2,...,21} was computed to
determinghe effect onthe error offit of the number of
pointsused in the estimation. Theverage error over the
entire dataset for each such number pbints wasthen
taken as a measure tfe goodness ofit for that model.
Each set onag was calculated from the expression:

mae = @)z s —"sk’j| (A1)

wherethroughout the appendix:

n (=21 for the FW set) is the number ddita points

used in calculatinghae

j {j = 2,...,21} representshe number ofdata points

being used to estimatidne LSL and IS models,

respectively;

s, is the actual system size for trdeasavith sequence

number rsp (table 2);

’sj representshe fitted system size for rgn with

sub-index j indicatinghat the correspondingnodel

(eitherLSL or IS) has beenomputedusing the first j

points of the data set only.

Similarly, s is used below torepresenthe fitted
system sizéased orLSL whoseparameters haveot, or
IS whose parametdras not,necessarily beeadjusted to
minimise the error of fit in some sense.



Computation of /s, ;

Least Squares LinearModel. In this case /\g is
expressed as follows:

5 =3k + 1 k=1,...n} (A2

The parameters aand b are computed for each value of

j using a leassquares linear regression, povided by
most statistical packages argpreadsheets, to minimise

2=t (& -"8) 2

Inverse Square Model. For this modelgach value of
s j is computed recursively fromy fur9g]:

% =, (A.3a)
S =St E0S1)?  k=2...n} (A3b)

where

E = (U(-1)%.J E i=2..

N} (A4)

E in expressionA.4 will have beercomputeceither
from expression 2 or 3 (section 4.4), mBay also be
computedusing the leassquares criterion and then the
value of Ewhich minimises therror offit, d, over the
first j points, expressed as:

min(d) = ming(Z, i (S -"S,) 2) (A.5)
wheremin(.) indicateghe minimum value of-Y over the
entire range of thparameter EExpression 1 (section 4.4)
shows how ‘smay be computed.

For the FWdata choosingone or other ofthese
approachebas only minimallyeffect onthe results. The
choice has no significant impact on thgerpretation of
these results or on the conclusions reached.

Figures 7, 8 and 9 (IBlot) in section 4.5 arbased on
expressionA.5. This has been implementedunder
MATLAB [mat92] and is available onthe Web at
http://www-dse.doc.ic.ac.uk/~mml/feastl/.
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