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Abstract

Modelling and analysis of the evolution of several industrial software systems, on the basis of
empirical data obtained as part of the recently completed FEAST/1 research project, confirm
conclusions from an early seventies study of IBM OS/360-370. In particular, they are largely
consistent with the laws of software evolution developed from the results of the earlier study.
FEAST/1 results also support the view that global development and evolution processes of red
world software (E-type) are multi-agent, multi-loop, multi-level feedback systems and reinforce the
assertion that the feedback nature of the software process has to be taken into account in mastering
that process and in achieving its sustainable improvement. This paper concentrates on growth data
and provides examples of theoretical and empirical evidence of feedback based on a subset of the
results obtained, indicating also issues requiring further elucidation.

1 I ntroduction

The software development and maintenance process, more appropriately described jointly as the
software evolution process [|eh84], constitutes a feedback system. This observation was first made
in a 1972 paper [bel72] discussing some results of a study of the IBM programming process
[len69]. It observed that the ripple in the plot of OS/360-370 growth shown in figure 1, "... is
typical of a self stabilising process with positive and negative feedback loops. ... the rate of system
growth is self-regulatory, despite the fact that many different causes control the selection of work
implemented in each release, with varying budgets, increasing numbers of users reporting faults or
desiring new capability, varying management attitudes towards system enhancement, changing
release intervals and improving methods ...".
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Subsequently it was suggested [leh78] that one must “... regard the organisation developing and
maintaining a large program as a system in the system theoretic sense. ... Observation has shown
that the system behaves as a self stabilising feedback system. The process leads to an organisation
and a process dominated by feedback ... with long range trends ... and invariances ...". It was these
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observations and the analysis and interpretation that followed that led to a deeper understanding of
the nature and phenomenology of software evolution as reflected in three, then five and, ultimately,
eight Laws of Software Evolution [1eh74,80,96a] and a Principle of Uncertainty [Ieh89]. And until
1994 that was how the matter was | eft.

More recently one of the authors, while considering the total software processt asked "Why is it so
difficult to achieve major tangible progress in process improvement?' Once asked, a possible
answer immediatly came to mind. Since its beginnings, improvement of the software process has
concentrated primarily on the forward path of the feedback system constituted by the process. This
is exemplified by the introduction of new steps (eg. requirements definition), methods (formal or
otherwise) and support tools, for example, into the process. All these are process local and have
produced local improvement. Their impact on the wider process is less apparent, may be counter
intuitive and is indeed often questioned, eg. [abd91, you98].

In term of the feedback hypothesis the explanation is self-evident. Being contained within a number
of feedback loops, some of them negative, the impact of forward path improvements at the global
level will generally be constrained. Note, in this context, that the global software process includes
the activities of technica development, but also those of local and corporate management,
marketing, sales, user support, users and many others [Ieh96d]. To change the behaviour of a
feedback system as viewed from the outside requires it to be treated as such. In the absence of
changes to the feedback mechanisms the impact of forward path changes on total system behaviour
islikely to be attenuated. The nature and degree of attenuation cannot be predicted without detailed
knowledge of, for example, the topology of the feedback network and the information modification,
gain and delays in the various loops. The realisation that the process constitutes a multi level, multi
loop, multi agent feedback system implies that it is essential to take the role of feedback into
account to obtain a degree of intellectual control of the software process, to master it and to achieve
its sustained improvement. Most recently it has been realised that given such a structure, constraints
arising from mechanisms in the outer loops are likely to be dominant. This assertion and evidence
to support it is briefly discussed in section 5.

Note that all referencesin this paper to software systems are limited to those of type E, that is, those
which are to be used in the real-world [Ieh85]. Similarly, references in this paper to the software
process refer to the global software process, as described in the preceding paragraph. In the
remainder of this paper evidence and phenomenology in support of the assertion that E-type
software processes are feedback systemsis presented. The conclusions are based both on theoretical
reasoning and on results obtained from the recently completed FEAST/1 project.

2 Feedback in the Global Softwar e Process

As stated above, software processes are intrinsically feedback systems. Feedback mechanisms and
influences appear at many levels and in a variety of forms. Previous studies eg. [abd91,mad96]
have concentrated mainly on developing system dynamics models capturing the behaviour of
specific activities within some specified context. The discussion of this section will concentrate on
characteristics which are believed to be common to E-type software processes, in general. The
discussion applies both to ab initio development of a software system and to the evolution of such a
system to achieve a new version, enhanced in some way.

E-type software operates in an unbounded countably infinite real world domain [leh89]. Its
development2 is initiated by explicit or implicit formulation of an application concept or a change
to an existing concept. The formulation includes the setting of bounds both to the concept and to its
operational domain. Such bounds are inevitable because the software implementing an application
is necessarily bounded and finite. Thus the software system as a model of the application in its

1 The total processisthe sum total of all activity required to transform an initial computer application concept or a
change to an existing concept or its implementation to installation and operation in the intended operational domain.
2 The term development is used hereinafter to include both ab initio development and change to an existing system.
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operational domain is essentialy incomplete. The resultant gap between the finite operational
software and the infinite real world domain is bridged by assumptions reflected, for example, in
specifications, design details, algorithms, implementations, parameter values and test conditions.

Application bounding involves many stake holders, clients, users, managers, marketeers,
development staff and so on. Their different views must be elicited, reconciled, merged and limited
to provide a system definition, whose implementation is technically feasible, within time, resource,
budget and other constraints. A process of successive blending and reconciliation of the many
viewpoints provides a starting point for the development and subsequent evolution of the software
system. This essentially iterative processis illustrated in figure 2. The process moves the bounds of
both the application and its domain until they converge to a view that is acceptable to the decision
makers. The latter base their judgement on their understanding of the expectations of the various
stake holders. This involves assessment of the degree to which satisfaction of the individual
expectations supports the purpose of the devel opment, however defined.

The bounding process has the structure of a classical feedback loop in which the output of a process
is applied to and modifies its input. Once the decision to go ahead has been made further
development steps can be pursued to produce a validated system ready for installation. Figure 3
exemplifies the sequence of actions required, identifying basic steps required to develop a
satisfactory operational system. The actual set of steps and overall process followed will vary from
organisation to organisation and the figure is not intended to establish a definitive process model.
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The end product of this or an equivalent process is the validated program. It is instaled in the
application domain as shown in figure 3. Such installation changes the operational domain. In
addition. installation and use of the software system changes the perceptions, understanding and
goals of both users and developers. As the system is operated new opportunities are recognised,
activities and roles within the application domain change, new ones emerge, experience is gained
and technology advances [|eh85]. Moreover, the installed software becomes a de facto part of the
operational domain. Conceptually at least, the software includes an (implicit) model of itself
[1eh89]. This too implies the essential imprecision of the software system as a model of the
application concept in its operational domain. More practicaly, it implies continual pressure for
system adaptation and extension. In summary, the application and its operational domain that
provided the initial input to the development process is changed by the output of that process. At
thelevel illustrated in figure 3 too the software devel opment constitutes a feedback system.
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As already mentioned, the gap between the finite software and the unbounded domains it models is
bridged by assumptions. Moreover, the real world operational domain is always changing at a rate
that, in most of the cases, is accelerated by the installation of the operational software. Thisimplies
that individual members of the assumption set progressively become invalid. This results in an
unending stream of corrective or adaptive changes. This constitutes a source of positive feedback in
that it produces pressure for change, growth in the queue of change requests. The resultant pressure
for system growth is management moderated, by checks and balances for example. A part, at least,
of these controls represent negative feedback mechanisms.

This brief phenomenological analysis rationalises the universal experience since the beginning of
the computer age for continual software maintenance, unending software evolution. In passing it
may be noted that the introduction of formal specifications cannot overcome the behaviour outlined
above. Clearly, they can capture the expressed bounded properties of an application and its intended
operational domain at a given moment in time. They may even express recognised or expected
directions of change. They cannot address the actual, the unforseen and often unforseable changes
as they occur in the future. Thus their effectiveness in managing evolution is limited.

The process of invalidation of real world assumptions inherent in all E-type development has one
further implication. However often a system has run and produced satisfactory results, its next run
may fail, for example, as a consequence of an assumption that has become invalid or of
encountering, for the first time, a condition that violates an embedded assumption. As expressed in
a Principle of Software Uncertainty [1eh89], the outcome of any E-type software execution and its
effect in the operational domain is not absolutely predictable. It isintrinsically uncertain.

Figures 2 and 3 provide examples of feedback at the technical step and the release cycle level of the
software evolution process. Figure 4 depicts a still higher level of feedback, one that illustrates
sources of various driving forces, management checks and balances, controls and other influences
on and in the process. They are exercised, consciously or unconsciously, by local and executive
management, by marketeers, support personnel, users and many other people and processes in the
operational and development domains. All involve feedback loops, in one way or another.
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The inner cloud is intended to symbolise the bound of the operational domain at some moment in
time. But as indicated above, and as implied by the first and sixth laws of software evolution (Table
1), a fundamental property of E-type applications is that this boundary changes as the system is
adapted to remove functional and performance limitations and to support a changing environment.
The dotted arrow and shadowy clouds are intended to convey this fundamental property of E-type
systems, that E-type systems constitute expanding universes.
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Finally, the three levels represented by figures 2, 3 and 4 are merged in figure 5 to provide a till
wider and more picturesque view of the global process. The figure seeks to convey the learning,
communication and iteration that is an integral part of each of the steps and between the steps.
Figure 5 is an attempt to portray the global software process as a complex multi-agent, multi-loop,
multi-level feedback system. It does not, however reflect the unceasing evolution which could, for
example, be portrayed by a sequence of such pictures one behind the other enveloped in clouds of

ever increasing size.
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Figure5 Feedback in the Global Software Process

3 Feedback and the L aws of Software Evolution
An earlier version of the growth trend shown in figure 1 led to the observation that software
evolution processes are feedback systems. It was first identified in a study of the IBM programming
process [len69]. That study initiated a prolonged investigation of the growth of OS360-370 and
other systems, leading over a period of time to a series of eight laws of software evolution.

These statements were termed laws since they encapsulate behaviour and phenomena which, from
the perspective of developers, are external to the technical development process. It should be noted
that identification and refinement of these laws has followed the accepted scientific paradigm. A
phenomenon is recognised. Metric data to describe it is obtained. Simple models of that data are
created. The observed phenomenology is interpreted in terms of the models and vice versa and
expressed in a formal statement or descriptive text. Understanding of the observed behaviour, the
models and the formal statement or descriptive text are refined and/or extended in an iterative

process of successive refinement.

The laws were numbered in the order of their formulation and have been modified over the years as
understanding of the phenomena encapsulated in them has advanced. The eighth law provides a
forma statement of the feedback system nature of software development and maintenance
processes. It is now apparent that the other seven encapsulate various aspects of interplaying
feedback influences. Formulation of the eighth as alaw was based on the reasoning outlined in the
previous section, results from empirical studies and many years of observations of the programming
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process. By treating the law as a research hypothesis, the recently completed FEAST/1 project, has,
through its results, increased confidence in itsinclusion as alaw.

No.

Brief Name

Law

Continuing Change

E-type systems must be continually adapted else they become progressively less
sati sfactory.

Il |Increasing As an E-type system is evolved its complexity increases unless work is done to
Complexity maintain or reduce it.

[l |Self Regulation Global E-type system evolution processes are self regulating.

IV |Conservation of The average effective global activity rate in an evolving E-type system tendsto
Organisational remain constant over the product lifetime.
Stability

V |Conservation of On average, incremental growth tends to remain constant or to decline.
Familiarity

VI |Continuing Growth [The functional content of E-type systems must be continually increased to

maintain user satisfaction over ther lifetime.

VI [Declining Quality The quality of E-type systemswill appear to be declining unlessthey are
rigorously maintained and adapted to operational environment changes.

VIl [Feedback System E-type evolution processes congtitute multi-level, multi-loop, multi-agent
feedback systems and must, in genera, be treated as such to achieve significant
process improvement for other than the most primitive processes.

Tablel1l Lawsof Software Evolution
4 FEAST/1

The eighth law was discussed as a hypothesis in a series of three international FEAST (Feedback,
Evolution And Software Technology) workshops [Ieh94,95], leading in 1996 to the FEAST/1
project. The proposal for that project [Ieh96c] recognised that practical exploitation of the eighth
law, as expressed in the hypothesis, and its implications required more than the evidence from
0S/360-370 and other systems studied during the seventies. The adopted project goals were,
therefore, to search for further empirical evidence in severa industrial software evolution projects,
to identify specific feedback loops and mechanisms and to model and measure their impact on the
short and long term evolutionary trends of the respective systems. The industrial organisations
involved and the systems/projects they offered for study included British Aeropace and areal time
defence system, ICL and the Kernél of the VME operating system, Logica and the FW banking
transaction system, Lucent and two variants of avery large real time system and the UK MoD.

The study was conducted by retrieving historical data on the evolution of each of the systems,
constructing, analysing and interpreting black box models of each, and reconciliation of the
observations with the observed phenomenology and with earlier results such as the other seven laws
of software evolution.

A further activity involved the development, calibration and validation of white box system
dynamics models [ven95] of two of the processes/systems studied (BAe and ICL). These models
made possible the ssmulation of high level evolutionary trends of these systems [1eh98a, wer98]. In
each case, the parent organisations consider the resultant models as providing valid, and to them
partially new, perspectives on their processes, providing indications of how their processes might
be improved.

In brief, the set of results from the black and white box studies have revealed, for seven of the eight
laws, behaviour that is, after minor adjustments of their formulation, consistent with the influence
and impact to be expected from feedback mechanisms. The seventh law is neither supported nor
negated. Results are contained in a number of publications [leh97a,b,98b,d,e f,fead98]. The next
section summarises one set of results illustrating them with data from some of the systems studied.
These may be taken as generally typical of the results obtained from the other analyses.
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5  An Exampleof the Black Box Results

There are many indicators and potentially useful metrics of software evolution. From the point of
view of the users, for example, measures of functionality, system capability and system power are
relevant. Other attributes which one would like to quantify include complexity, reliability, ease of
use, quality and cost. From the point of view of developers, complexity and changeability (ease of
evolution) are of particular interest. Each of the metrics can provide insight into the evolution
process. Taken together they provide supportive and complementary views. Useful metricsinvolve,
however, many trade offs and are not easy to define or measure [Ieh98d]. In any event, for studies
based on archives, such as those associated with configuration control systems, one has to make do
with whatever data is available. Moreover, one must recognise that definitions of data collected
under a common label may well have changed over the years. Despite such difficulties, and as
illustrated by the results that follow, meaningful results may be obtained.

One measure universaly available in historic records is the size of successive versions of the
system as recorded at release. This may have been counted as numbers of modules, files, classes,
function points, holons and so on. At another (though in practice less useful) level the size of the
system may be expressed in lines of code (locs). The definition of these terms will vary from
organisation and from time to time. Where only one such metric is available for a given system the
analyst has no option but to use it. Where severa are available the same analysis can be performed
on each and the results compared. Such comparisons as have been undertaken suggest that, at least
at thelevel of detail reported here, similar system behaviour is generally observed. In the report that
follows all size measurement will relate to numbers of modules (however defined in each
organisation), a measure that has produced consistent results over the years.

Figure 6 shows the growth of the FW banking transaction system and of one of two variants of a
Lucent Technology large real-time system. The growth is expressed relative to the size of the first
data point, 977 modules for the former and 44,471 modules for the latter. The FW data corresponds
to over 5 years of system evolution, the Lucent data to over 15. The growth is displayed over
software releases, each identified by an integer termed rel ease sequence number (RSN). In between
releases, the system is generaly in state of flux, undergoing continuous change. Moreover, real
world software evolution often involves parallel development lines. The decision as to what isto be
included in a release may only be taken shortly before release time and work under way at any
moment will be producing modules for several releases. In general only at release time is a system
fully and uniquely defined. Thus following Cox and Lewis [cox66] the evolution studies
undertaken by the present authors have centered on plots of evolutionary trends as a function of
RSN. This also overcomes the problem that arises from the industrial practice to insert releases with
decimal or other identifiers between full releases.
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Figure6 Growth trendsof Logica FW and a L ucent system showing theinverse square
growth fit

A further problem arises from the presence of minor releases. Where a release provides correction
of avery minor fault, for example, itsinclusion in the release sequence is not meaninful. A degree
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of informed judgement must therefore be applied to select an analysable set of data from the full
set. The criteria applied in practice involves many factors and must vary from system to system and
even from analysis to analysis. They cannot be further discussed here [Ieh973].

Real time behaviour has also been examined. But other than revealing changes in release interval
policy those examinations have not changed the basic conclusions reached. Further investigation of
the evolutionary behaviour in real timeis, however, needed.

Comparison of the two plotsin figure 6 reveals a strong similarity in long term growth and in short
term ripples. More importantly, each of these trends could be fitted with an inverse square model
that relates the sizes of the successive releases identified by the RSN sequence. The model was
initially proposed by Turski [tur96]. It takes the form:

Si=y;, S=S.1+BES.. (=2 ...,n) [1]

where y; is the observed size of release RSN 1 and S is the predicted size at release RSN i. nisthe
total number of releases and the value of the parameter E is the mean of the individual E; calculated
from, for example:

Ei=(yi-y)h=12 "1 (W) (=2 ...]) [2]

yiis the actual size of release RSN i and | is the number of releases used to estimate the model.
Other ways of estimating E have been discussed elsewhere [1eh974].

The inverse sgquare model provided the best fit of various alternatives attempted for the systems
modelled (one in two segments) with the exception of IBM OS/360-370 where a linear fit proved
more appropriate. The reasons behind this discrepancy are not fully understood. It is believed,
however, that the prolonged linear growth and the increasing growth rate in moving from RSN 19
to RSN 20 may relate to the subsequent instability observed in figure 1.

The goodness of fit has been assessed by the mean absolute percentage error (% MAE) and the
standard deviation (o) of the percentage errors (residuals). The figures that follow are for % MAE
and o computed from data on all available releases. For the two systems, repectively, the % MAE is
of order 3.6 and 6.0 and the 0 is 4.8 and 7.2. Fits of similar quality have been aso obtained for the
systems modelled [1eh98b].

The general trend shown in figure 6 and the goodness of fit of the inverse square model suggests
that there is an important deterministic component in the long term growth of both these systems.
The same observation may be made for the other systems analysed and also, despite the difference
indicated above, for OS/360-370. This is strinking when one acknowledges that demand for change
tends to increase with time, that management generally seeks increased productivity and constant or
increasing growth rates, that advances in technology would facilitate such increased rates and that
changes in budgets, personnel, policies and organisation structure, etc could be expected to affect
the growth in irregular fashion. It seems reasonable to infer that while the specific growth
increment at each release is largely influenced by management decision (the selection of release
content), long term trend emerges as an intrinsic property.

Without going into further detail here, interpretation of these results and those obtained from the
other systems studied, suggests that the % MAE for the precision of the inverse square growth
model ranges varies from 3.6% to 8% [leh98b] and, as indicated below, is essentialy independent
of both the number of points considered in estimating the model and the starting point of the
estimation process. The software process is generally regarded as being driven, controlled and
directed by humans [you98]. The remarkably close fits to a deterministic model that have been
demonstrated appear to provide strong support for the FEAST hypothesis that the dynamics of
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software evolution is determined by organisation, system and/or process characteristics3. Which
system and which process will be considered below.

After fitting an inverse square model to the Logica FW data based on the full data set and observing
the strikingly good fit, Turski asked, “over how many releases is data required to obtain an
acceptable fit that yields a satisfactory predictor for future growth?” [tur96]. His result isillustrated
by the lefthand plot of figure 7. The plot suggested that a surprisingly small number of points were
required to to obtain a good fit. No significant additional precision is gained by computing the
model beyond the knee of the plot. The lead in to the knee was interpreted as the number of releases
required to establish the dynamics of the process, for the dynamicsto "take over"”.

% MAE over
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Figure7 Mean Absolute Percentage Error of fit asafunction of the number of pointsused to
estimate the inver se square model

Until recently, this interpretation was accepted. The first doubts arose on learning that data relating
to the FW system did not include early releases of that system. Thus some process and organisation
properties were already established at what is here termed RSN 1. It was, however, acknowledged
they may have been significantly modified by process changes known to have been adopted at that
time. This led to the redlisation that the knee on the left of the plot should not be primarily
interpreted as the settling of the dynamics. It was far more likely to represent the convergence of
the model parameter and, therefore the model, to a steady value.

To explore this question, similar plots, as shown in figure 7, were determined for the other systems
under investigation. The similarity of the other plots to that for FW and, in particular, that they also
appeared to converge to the effectively constant % MAE supported the tentative conclusion that it
was the model (that is parameter) settling interval rather than the dynamics establishing time that
was being observed. The fact that, except for changes required to estimate a linear model for
0S/360-370, al the models settled to the final value in almost the same number of rel eases [|eh98b]
provided further support for the conclusion that, at the very least, model build up is an important
element of the “knee phenomenon™.

It was then redlised that few projects begin from scratch. Factors such as management and
implementation procedures and controls, for example, al play arole in the process. Many will have
been inherited from past projects and practice. For any other than a totally new organisation,
general corporate practice will have been long established, formally or informally. Equally
organisations adopt a generic corporate software process, that serves as a prototype for specific
processes. Finally, any organisations will be subject to strong external forces, client needs, market
forces and so on. All represent global forces that will directly impact a new process at even before
its inception. Thereafter their impact will continue to influence events through feedback controls,
checks, balances and pressure points of various forms for various purposes. That such forces are
present cannot be denied.

3 Alternative interpretations cannot be discussed and eval uated here.
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We thus conclude that a major, possibly dominant, component of the project dynamics in any
established organisation with a prior activity in software, or more general, system development,
will have been inherited. To examine this hypothesis a further investigation was conducted as
described below and one outcome is shown in figure 8. The results, in conjunction with our other
results and our understanding of the phenomenology, lead convincingly to the following
hypothesis: "Long term system evolutionary growth trends are largely determined by feedback
related dynamic components, many of which will have been inherited or influenced from outside
the immediate technical process'. The influences that determine short term behavioural patterns are
till under investigation.
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Figure8Initial Casefor Inherited Dynamics

Plots, similar to those of figure 7, were generated again by computing E, and hence the % MAE for
models of the same systems based on varying number of points but shifting the starting point m of
the sequence of data points used to both estimate and assess the model. Figure 8 provides examples
of the resultant plots for the FW system. The first instance shows the values of the statistic % MAE
for starting pointsm = 1 to m = 5, the second for m =1, 5, 9, 13, 17. Asisto be expected the start
up behaviour of the phenomenon reflected by the plots is sensitive to initial points that show a
relatively large variation from the typical values in the sequence. Deviations from the relatively
smooth knee previously observed reflect such variations and do not interfere with the conclusion
that the plots of figure 8 are supportive of the interpretation of the previous paragraph. Similar
results were obtained for the other systems and for various variations on the experiment as
described [1eh98f].

It is concluded that the lead in to the knee of the plots in figure 7 reflects the process of model
estimation, the convergence of its parameter to a settled value. What is more significant from the
practical point of view, the observed behaviour beyond the knee is interpreted as a consequence of
process and organisational dynamics, with global and inherited factors such as those identified
above playing a large, probably dominant role. Further investigation is, however, required to
confirm or negate this tentative conclusion.

Investigation of the inherited dynamics issue and its implications will have to await a successor
project and has been included in the FEAST/2 proposal [Ieh98c]. One approach proposed to permit
separation of the various dynamic components will be to analyse and compare amongst themselves
black box growth models obtained from different sub systems in a single system, those obtained
from different systems in the same development organisation and models obtained across
organisations. It is also likely that an extension of the systems dynamics investigation underway in
FEAST/1 [1eh98a, wer98] will be able to make a significant contribution to resolution of this issue
by actualy identifying and modelling the mechanisms that influence behaviour dynamics from
outside the immediate devel opment project.
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6 Final Remark

This paper has discussed various aspects of the role of feedback in the software process and has
focused on a small subset of the recently completely FEAST/1 project results. Phenomenological
reasoning, together with the observations made from software systems studied from the seventies to
date, support the assertion that global software processes are and behave as feedback systems. It
follows that achievement of a better intellectual control over the software process, software
evolution management (and its support) and process improvement requires more than just local,
technological advance. They require further progress in understanding and mastering various
aspects of feedback in the global software process. Many multi-disciplinary investigations are
needed, and FEAST/1 is considered just an initial, if ground breaking, attempt. The recently
proposed FEAST/2 project to continue and extend these investigations awaits funding decision.
Meanwhile we urge others to pick up on the explorations of these issues, of the study of the
software process as a feedback system.
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