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Abstract Capturing and managing requirements are cru-
cial to the success of product design and development. This
paper presents and analyzes the causes of requirements
change during the design process of a complex aerospace
system developed by Rolls-Royce during the course of
6 years. The study was part of a series of efforts ongoing at
this original equipment manufacturer to improve require-
ments engineering practices and involved a group of engi-
neers in the assessment of the root causes of change. A large
data set was examined, containing 700 system requirements
and more than 1,000 changes released during the project
studied. The results showed that more than 80 % of the
changes had internal root causes and change driven by the
customer accounted for about 15 % of the total. The
structured approach that was implemented to understand the
causes of change allowed the group of engineers to identify
and dissect various management guidelines aiming to fur-
ther improve requirements engineering in practice. This
paper thus also reports the guidelines captured at this
aerospace manufacturer and intends to support practitioners
across the industrial community.
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Abbreviations

BRD  Business requirements document
CDR  Critical design review

CR Concept review

CRD  Component requirements document
FP First parts

FT First test

MoU  Memorandum of understanding
PDR  Preliminary design review

PR Production readiness

PRD  Product requirements document
SSRD  Sub-system requirements document

1 Introduction

Becoming truly effective at requirements engineering and
management is challenging for organizations designing and
developing complex systems. The process is inherently
difficult for several reasons. A very large number of
requirements typically need to be captured and managed at
different levels of the product’s physical and functional
hierarchy (Weber and Weisbrod 2003). Multiple external
and internal stakeholders are continuously involved in
negotiation (Pohl 2010). And the engineers performing the
process must act and take decisions in an environment
containing technical uncertainty, semantic ambiguity
(Tseng and Jiao 1998) and imperfect communication.
Correctly and completely capturing external needs into
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internal requirements for design and development activi-
ties, or deriving and flowing down new requirements from
existing ones at higher levels of the product hierarchy, is
highly dependent on skills, experience and organizational
capabilities.

1.1 Research motivation

Our aim in this paper is to bring forward an empirical case
study about the causes of requirements change during the
product development process of complex technical sys-
tems. The study was performed at Rolls-Royce Plc, a
world-leading provider of power systems and services for
use on land, at sea and in the air which has established a
strong position in different markets—civil aerospace,
defense aerospace, marine and energy and nuclear (Rolls-
Royce 2013). The 2011 financial results showed that this
company has reached a revenue of £11.3 billion, employs
over 40,000 people and has more than 59,000 gas turbines
in service around the world (Rolls-Royce 2013).

A gas turbine is a complex technical system, containing
many sub-systems, hundreds of sub-assemblies and thou-
sands of components that need to be perfectly designed and
integrated to deliver numerous functionalities. The design
process of gas turbines is also inherently complex: It
requires a large team of engineers, with a wide range of
technical expertise, performing concurrent engineering
typically during more than 5 years.

The authors engaged with Rolls-Royce in research about
the causes of change since the company is continuously
investing in improvements to requirements engineering
and, generally speaking, to all of its systems engineering
practices and processes. The study focused on the
requirements evolution during the development process of
a previous aerospace gas turbine project that took place
during the course of 6 years. We were allowed to collect
and analyze the project’s requirements database, which
contained more than 700 system requirements. These had
evolved through more than 1,000 changes released during
the development process.

Our investigation quantified the causes of changes in
system requirements at different phases of the product
development process. The assessment of the causes was
performed by the engineers actually involved in the pro-
ject. Using archival and qualitative research methods, we
reconstituted the requirements engineering process
dynamics and related it with the quantitative results about
the causes of change. The quantitative and qualitative
results allowed Rolls-Royce engineers to identify and dis-
sect a number of management guidelines that aim to further
improve requirements engineering in practice. These find-
ings are reported in this paper. We specifically intend to
shed light in this paper to three main research questions:
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— How do requirements evolve in organizations develop-
ing complex technical systems?

— How much change is externally and internally driven?

— How do the causes of change vary during the different
phases of the product development process?

1.2 Research contributions

Empirical studies around the topic of requirements engi-
neering and management are rare in design literature.
Chakrabarti et al. (2004) have researched the process and
methods used by designers to identify, generate and apply
requirements during design activities. A major empirical
study containing a comprehensive overview of require-
ments management and of issues arising in practice in the
automotive industry has been previously reported by Al-
mefelt et al. (2006). A survey of requirements engineering
capabilities in small-to-medium companies is also part of
prior knowledge (Michael et al. 2007). And Sudin and
Ahmed (2009) examined a data set of 271 specification
change reports of an aero-engine and found most occurred
during the manufacturing and testing phase due to the
implementation of product improvements and correction of
design errors.

Subsequent empirical studies addressed requirements
management support for embedded systems development
in the automotive industry using mainly qualitative
research methods (Bergsjo et al. 2010; Cati¢ and Malmg-
vist 2010). Decision-making and organizational factors
influencing the requirements change management process
in practice have also been explored qualitatively by Sudin
and Ahmed-Kristensen (2011) through a case study at a
product development consultancy company, which showed
change emerges as a result of internal activities and
external factors arising from technology or market changes.

Related research contributions appear also in engineer-
ing change literature. Engineering change has been defined
as an “alteration made to parts, drawings or software”
released during product development (Jarratt et al. 2011),
and various authors have investigated its causes. Pikosz
and Malmqvist (1998) identified specification changes,
design problems found during prototype development or
production and product quality issues as key reasons.
Fricke et al. (2000) reported changing or incorrect
requirements, product innovation, error correction and
change propagation as major causes of engineering change.
Eckert et al. (2004) categorized the sources of change
either as emergent (arising from the product) or initiated
(arising from an outside source) and discussed case-study
results showing that changes in customer and certification
requirements, product innovations and design error cor-
rection identified during development, testing, fabrication
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or service are important causes of engineering changes. A
recent empirical research examining a large quantity of
engineering change reports across two products showed
that most change requests occurred during the manufac-
turing phase and confirmed that requirements change was
one of the key causes of reporting during the development
phase (Vianello and Ahmed-Kristensen 2012). In addition,
change propagation methods developed to support deci-
sion-making and change management (Clarkson et al.
2004) have been used to understand the effects of changes
in requirements on the product’s architecture (Hamraz
et al. 2012; Koh et al. 2012).

Considering prior research contributions, the authors
argue that an in-depth and quantitative investigation to the
root causes of requirements change in practice has not been
reported yet. This paper intends to fill this research gap.
Our understanding is also that prior work has not been able
to access a large industrial dataset of requirements change
such as the one examined in this paper. We thus argue that
the findings presented in this paper showing in detail and
quantitatively the evolution of requirements change and its
causes in a complex technical system are original and
unique. In addition, the results of this research allowed
Rolls-Royce engineers to analyze various management
guidelines for further improvements in their own require-
ments engineering process which are also useful for the
broader industrial community of practitioners. This paper
starts by presenting the context surrounding the case
studied (Sect. 2). A detailed explanation of the research
approach follows in Sect. 3. The main body of findings is
then contained in Sect. 4. A discussion of improvement
guidelines resulting from the research appears in Sect. 5.
Section 6 highlights and summarizes the main conclusions
from this research.

2 Background

We think of requirements-oriented organizations as
enterprises which systematically develop new products
according to the principle of validating a design solution
against the requirements captured and engineered at all
levels of the product’s physical and functional hierarchy.
Requirements elicited from the customer are typically
decomposed and flown down to the system, sub-system and
to the component levels. This principle and the idea of
continuous decomposition and integration of a system’s
physical and functional architectures are cornerstones of
the systems engineering approach to product development
(Blanchard and Fabrycky 2006; NASA 2007).

Thousands of requirements must be captured, negoti-
ated, agreed upon, managed and verified during the design
of complex technical systems such as the ones developed

by Rolls-Royce. The collaborative and highly iterative
process of identifying all stakeholders, eliciting, negotiat-
ing, documenting and validating requirements is known as
requirements engineering Or requirements management
(Kotonya and Sommerville 1998; Robertson and Robertson
2006; Pohl 2010).

In addition, the classical paradigm of designing for
“fixed” requirements has been abandoned, both in acade-
mia and in practice. The current paradigm is that require-
ments evolve during the design and development process
(Lam et al. 1999) and some level of change should thus be
expected by all firms. Change is truly inevitable for firms
developing complex technical systems over long time
scales, such as Rolls-Royce. It is normal that customers
mature its own needs along the way and ask for changes to
previous requirements. Moreover, the process shown in
Fig. 1 of concurrently mapping requirements to solutions at
different system levels is highly iterative and implies an
internal maturation where both requirements and solution
become understood with increasing confidence. This con-
tinuous rise of the understanding of both the problem and
the solution space has been coined as design coevolution
(Mabher et al. 1996; Dorst and Cross 2001).

Although necessary, change to requirements must be
managed since uncontrolled and late change is normally
costly and thus undesirable. The authors view requirements
change as modifications made to a previous version of
requirements released in the organization during design,
production or any other development stage. Requirements
change management is the process of systematic analysis
of change requests, identification of solutions, assessment
of the change impact, selection and approval of requests by
a company Change Board and monitorization of solution
implementation (Kotonya and Sommerville 1998; Pohl
2010).

2.1 Organizational context

Improving requirements engineering practices is part of a
wider strategy and efforts of continuous process improve-
ment undertaken by engineering functions at Rolls-Royce.
The requirements engineering process used within the
company contains the activities recommended in state-of-
the-art literature (Pohl 2010): stakeholder identification,
requirements capture, prioritization and balancing,
requirements flow down and documentation management.
Additionally, it also provides a basis to ensure the execu-
tion of validation and verification activities.

The general capture principle defined in the process that
we found contains simplicity and scalability, following the
systems engineering V-model (Blanchard and Fabrycky
2006). The process is based on a top-down approach,
starting in the beginning of any project at the highest level,
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Fig. 1 General principles in
requirements engineering
embodied from the systems
engineering approach to product
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through the capture of high-level stakeholder needs into
requirements for the whole system (Fig. 1). When it is
verified through evidence that the proposed design solution
satisfies the requirements, the solution parameters are flo-
wed to the next system level as requirements and the
process is then repeated for each subsequent lower level
(Fig. 1). The process also standardizes the documentation
landscape to be maintained by any product development
project at Rolls-Royce.

Furthermore, projects are constantly monitored to ensure
that the best practices are being followed and to search for
improvements. Training is provided to staff. For instance,
training material supports engineers writing good require-
ments. The company’s aim is that all designers are profi-
cient in requirement engineering and can work
independently as requirements’ authors. The role defined
for systems engineering specialists in Rolls-Royce is then
to support designers when needed, facilitating and driving
requirements capture and understanding. For practical
reasons, a smaller group of engineers may be appointed by
the project as requirements managers at a particular system
layer. These engineers work together with system, sub-
system or component designers in requirements capture
and are responsible for structuring and maintaining the
requirements database during the project. In addition,
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Rolls-Royce has standardized tools to conduct stakeholder
needs analysis, resolve conflicts, populate and manage the
requirements database and create and maintain the docu-
ment landscape in product development projects.

2.2 The case studied

The case studied is the product development process of an
aerospace gas turbine at Rolls-Royce. This project’s time
frame is represented in Fig. 2 together with key develop-
ment milestones. The project departed from business con-
versations with the customer which resulted in the
signature of a first Memorandum of Understanding (MoU)
framing the development of a new system for a particular
aerospace application. At that time, Rolls-Royce’s
advanced programs department was highly involved in
concept development and selection.

The first product requirements document (PRD), con-
taining the initial requirements for the whole system, was
formally released one and a half years after the first busi-
ness conversations with the customer. Two new versions of
the PRD followed closely and came out during the second
year of the project. Concept exploration, concept selection
and preliminary design work lasted until the beginning of
the third year, when a preliminary design review (PDR)
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Fig. 2 Illustration of the project investigated, focusing in key milestones and document releases. CR Concept review, PDR preliminary design
review, CDR critical design review, FP first parts, FT first test, PR production readiness, CERT certification

took place. Several interaction loops with the customer had
occurred in parallel (Fig. 2).

Detailed design activities continued during the third
year, and the design was initially “frozen” after passing the
critical design review (CDR). Following the CDR, a fourth
issue of the PRD was released. The first test of the new gas
turbine occurred during the spring of the fourth year
(Fig. 2). Several development prototypes were then tested
during an extensive validation and verification program
lasting one and a half years. By the end of the fifth year, the
initial program requirements for certification were delayed
by the customer. Additionally, major changes in some of
the customer requirements also occurred. Around the same
time, a fifth issue of the PRD was formally released by the
project. The final stages of testing and development that
lead to certification occurred close to the end of the pro-
ject’s sixth year.

3 Research approach

Exploratory research was performed at Rolls-Royce with
the purpose of understanding the context and selecting the
case to study. This was conducted through a series of 14
semi-structured interviews to a heterogeneous sample of
engineers and managers. Sample selection was purposive,
but followed the method of maximum variation (Kuzel
1992; Robson 2002). The authors selected a group con-
taining a wide range of expertise and experience, to quickly
gain insight and allow comparison of answers. The sample
included engineers involved in requirements engineering
(2), systems engineering (2), sub-system integration (2),
concept development (1), detailed design (1), design
methods (3), engineering improvement and quality (2) and
strategic management (1). The interviews followed the
recommended structure Introduction, Warm-up, Main
body, Cool-off (Robson 2002) and lasted between 45 min
to 1 h with each interviewee. The guide consisted of 30
pre-defined open questions organized around the require-
ments engineering process, the organizational context,
causes of change and practical information related to

archival access and information quality. The particular
project that was selected was one of the main findings from
this research stage.

3.1 Reasons for selecting a case-study strategy

Yin (1984) states that a case-study approach is a method
adequate for an empirical investigation intending to study a
“contemporary phenomenon within its real-life context,
when the boundaries between phenomenon and context are
not clearly evident and in which multiple sources of evi-
dence are used.” It is suitable for investigations intending
to provide “cause—effect” relationships and for explanatory
types of research, dealing with “how” and “why” research
questions (Lindvall 1997).

In our case, it was not possible to separate the phe-
nomenon of interest—the causes of requirements change—
from its technical and organizational context. The nature of
our research questions was also intrinsically explanatory.
We were interested in understanding how requirements
evolve, how change is generated and how do the causes of
change vary during the product development process.
Explaining the causes behind observed changes in
requirements is about understanding a cause—effect type of
relationship. All of the above supports our choice of a case-
study strategy. Moreover, it is rare that scientific investi-
gations are allowed to study such phenomena in an
industrial environment. Because such phenomena are typ-
ically inaccessible, the case study selected by the authors
for this investigation can be considered a revelatory case
(Yin 1984).

3.2 Methodology and data sources

The overall methodology followed during the study is
presented in Fig. 3 and consisted of a six-step approach.
The first step included the exploratory research based on
the semi-structured interviews referred previously to
understand the context and select the case.

The second step consisted in data collection through
archival research. Our study started with the collection of
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1 Understand 2 Collect 3 Define 4 Design 5 Quantify 6 Capture
context data causes sample causes improvement
Semi-structured \/ ‘/
interviews
Archival research v v v v
Statistical methods v v
Expert knowledge v v
elicitation sessions

Fig. 3 Six-step approach and methods used throughout the course of the research presented in this paper

system requirements and an analysis of its evolution which
was embodied in the changes performed during the course
of the development of the new gas turbine. Our belief was
that an investigation to the causes of requirements change
would allow us to identify potential improvements to the
requirements engineering process. Prior work performed at
Rolls-Royce by Pickard et al. (2010) and Nolan et al.
(2011) reported that most requirements change in control
systems’ development is internally driven, but an in-depth
and quantitative study focused on the development of the
whole system had not been realized yet.

In the second step, the population of changes was col-
lected from archival research in documents and from a
commercial software tool used in the company to conduct
requirements engineering and manage the requirements
database. Each requirement contained a unique identifica-
tion tag, which allowed following its evolution. The data-
base provided also the author of the requirement, time of
creation and time of change. We focused the study at
system level, since the database was too large for a detailed
study of all levels of the product’s architecture within a
reasonable research time frame.

After the data collection step, the third step consisted in
the definition of a preliminary list of causes of change
based on the observation of the requirements evolution.
The company’s requirements management software tool
contained all records of changes, together with notes and
comments from the engineers responsible for requirements
engineering. It was thus possible to develop hypothesis
about the root causes in many cases.

During the third step, the initial list was submitted to a
process of revision and validation. The four requirements
managers that had worked with the system’s requirements
and managed the changes during the course of the project
were invited to participate in the research. They were ini-
tially interviewed during approximately 45 min each, using
a prepared semi-structured guide. Interviews followed
again the recommendations of Robson (2002). The inter-
view guide focused on the history of the projects require-
ments engineering process and contained the proposed list
of causes. The engineers were asked whether the list was
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comprehensive and how they interpreted the definition of
each cause of change. This step was performed to under-
stand the capability of distinguishing in practice the dif-
ferent root causes and thus evaluate the risk of
misclassification. Following this round of interviews,
adjustments were made based on the feedback received to
the list of causes and their definition to minimize that risk.

The data collected in the second step revealed more than
1,000 changes between released versions of product
requirements documents (PRD;). To deal with the size of
the population, the fourth step consisted in the design of a
sample representative of the population of changes
between released versions of system requirements. More-
over, to ensure accurate and unbiased results, the assess-
ment of each requirement change was performed by the
engineer that had actually worked on it. The requirements
managers had an inside knowledge about the full history of
the requirement and had lived the project. Such knowledge
cannot be easily captured from archival research. It had to
be elicited.

The fifth step thus consisted in root cause assessment
sessions with the requirements managers that had worked
on each requirement change. We prepared a template
containing the new version of the requirement, the previous
version, the type of change and the list of causes of change,
which was available from a drop down menu. Prior to each
session, we prepared a small set of hypothesis about the
cause of each requirement change from the history recor-
ded in the requirements management software tool, to
generate discussion with the engineers. This facilitated
knowledge elicitation, making the requirements managers
justify their assessment by remembering the history of the
requirement, the sequence of events and the interactions
with other individuals. This strategy intended to increase
the confidence in the results. The proportion of each cause
of change was then quantified in statistical terms from the
sample designed in step four by the requirements
managers.

Finally, the sixth step of the methodology consisted in
the realization of a series of group working sessions with
the engineers to discuss the statistical results characterizing
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the requirements evolution and the causes of change during
the project. This allowed the authors to capture from the
engineers involved in the research a series of management
guidelines that could be or were being implemented at
Rolls-Royce to further improve requirements engineering
practices.

Throughout the course of the investigation illustrated in
Fig. 3, multiple sources of information have been used,
from archival research, to semi-structured interviews and
expert knowledge elicitation. Furthermore, the methodol-
ogy makes use of quantitative methods and qualitative
methods. Case-study construct quality (Yin 1984) has
remained a concern, as demonstrated by the multiple val-
idation loops performed and the triangulation of informa-
tion from archives and documentation with the knowledge
elicited from the requirements managers.

3.3 Defining causes of change

The methodology described in the previous section led us
to the causes of change presented in Table 1. Although the
list presented was derived in the context of the particular
project studied at Rolls-Royce, we argue that it is appli-
cable to most projects. Our belief is that the causes of
change defined in this paper are comprehensive and cover
most of the issues experienced during requirements engi-
neering. Therefore, it complements literature on the
requirements engineering topic (Kotonya and Sommerville
1998; Robertson and Robertson 2006; Pohl 2010). The
issue of externally driven change is included in customer-,
certification- and business-induced changes. Issues in
requirements capture that may cause change are covered
through missing requirements, incorrect capture, incom-
plete capture and incorrect or ambiguous language. Other
capture related issues are described by requirements
redundancy, decomposition and merger. Problems in the
cascading process are described by incorrect and incom-
plete flow down. Inability to fulfill requirements or to
verify them—change due to unachievable or unverifiable
requirements—represents typical issues found during
requirements validation and verification activities that
often lead to change.

Finally, difficulties encountered during traceability
management are also included in Table 1 as potential
causes of change. Specific reasons not fitting in the above
categories were grouped under the “Other” category
(Table 1).

3.4 Sample design and representativeness
As previously referred, the statistical quantification of the

requirements evolution was performed based on a repre-
sentative sample. The study consisted in having the

Table 1 Comprehensive set of causes of change agreed with
requirements engineers at Rolls-Royce

Cause of change

Definition

The customer changed
the requirement

Regulation or
certification changed

Business requirements
changed

The requirement was
missing

The capture was
incorrect

The capture was
incomplete

The language was
incorrect or ambiguous

The flow down was
incorrect

The flow down was
incomplete

The requirement was
decomposed

The requirement was
redundant

The requirement was
merged

The requirement was
unachievable

The requirement was
unverifiable

Traceability links or
references changed

Other

A change in customer needs, such as a
change in the customer specifications,
caused the requirement to change

A change in regulation or certification
demands caused the requirement to
change

A change in business needs caused the
requirement to change

Although needed, the requirement was
not previously captured and that caused
the change

The requirement was not correctly
captured, due to wrong content or
language, and that caused the change

The requirement was captured but
content was missing and that caused the
change

Content was correctly captured but the
requirement’s language or syntax was
incorrect or unclear

The requirement was cascaded
incorrectly from an upper level, e.g.,
misplaced, and that caused the change

Although needed, the requirement was
not cascaded from an upper level and
that caused the change

The requirement was decomposed into
multiple requirements and that caused
the change

Awareness that the requirement was not
needed, that content was repeated or
that over-specification occurred, caused
the change

Awareness that the requirement should be
merged into another requirement caused
the change

Awareness that the requirement was not
achievable caused the change

Awareness that the requirement could not
be verified or validated caused the
change

The content and the language were
correct, but a traceability link or a
reference mentioned in the requirement
changed (e.g., updated and removed)

The cause does not fit any of the above,
and it was elicited by the expert’s own
words

requirements managers from the project determining the
cause of each change from a list of reasons. It thus equals
to test each change against each possible cause and to
verify whether the cause applies or not. According to
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Fig. 4 Design principles used to arrive to a representative stratified sample. Values are illustrative only

sampling design methods (Lohr 2010), this case can be
approximated by the case of a proportion study, where we
are interested in determining the proportion p of the pop-
ulation that has some characteristic y;. This variable is
binary, taking y; = 1 if individual i (a change in this case)
has the characteristic (a possible cause) and y; = 0 if it
does not. Lohr (2010) shows that for a finite population of
size N the sample size required for a chosen confidence
interval z and margin of error e is a function of the pro-
portion p:

. Np(1 —p)
“p(l-p)+5(N-1)

The expression has a maximum when p = 0.5 which is
recommended when no prior knowledge exists. Sample
sizes were computed for a level of confidence of 95 % and
a margin of error of 10 % in our study.

One of the main concerns of sampling design methods is
to ensure that the samples designed are representative of
the population. In this regard, the population of changes
could be naturally divided into sub-groups of additions,
modifications and removals, according to the type of
change. Conversely, the population is also naturally
grouped around types of requirements—operational
requirements, performance requirements, mass require-
ments, etc.

We concluded through observation that large variations
existed in the population and thus a simple random sample
would be highly unrepresentative. A stratified sampling
design method was consequently selected. In addition,
stratified samples were designed using the proportional
allocation method (Lohr 2010). Stratified samples were
created to respect the two types of strata identified in the
population, representing the distribution of change across
the population according to the type of change and the type
of requirements. The design principles used to engineer a
representative stratified sample are illustrated in Fig. 4.
Maximum differences in sample proportions relatively to

(1)

@ Springer

the population were approximately 1 %, due to rounding to
the closest integer inside strata. Simple random sampling
was then used inside the different strata to select the
required number of changes from the population into the
sample.

4 Presentation and discussion of findings

The analysis of the requirements evolution was performed
at the time of release of new documents. After the initial
capture, new released versions of the product requirements
documents correspond to points in time where a major
revision loop was finished and a complete set of updated
system requirements was agreed by the project studied.
Therefore, when we refer to requirements changes at a
point in time, such value should be interpreted as the
accumulated amount between two consecutive released
versions (PRD; and PRD; ).

4.1 Evolution of active requirements and types
of change

Requirements evolve essentially through modification or
removal of existing requirements and addition of new
requirements. These can be thus considered different types
of change. Lam and Shankararaman (1999) proposed the
number or proportion of modifications, additions and
removals in a given reporting period of a project as indi-
cators of the requirements volatility (to distinguish between
stable and unstable requirements) and the system’s matu-
rity. We have applied these concepts in our research to
characterize and understand the evolution of the system’s
requirements in the project studied.

In addition, we define in this paper active requirements
as the number or proportion of system requirements actu-
ally being used at a given point in time. The number of
active requirements is given by the balance between the
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requirements modified, added, removed and left unchanged
relatively to the previous reporting period or document
release:

Active = No change + Modified + Added—Removed
(2)

The evolution of the project’s system requirements is pre-
sented in Fig. 5, built from the five major releases of
product requirement documents that occurred during the
development of the new gas turbine at Rolls-Royce. The
time series found shows that the number of active system
requirements roughly doubled during the course of the
project, when compared with the number at the time of the
initial capture.

Decomposition of the population of requirements that
changed during the project according to the type of change
is provided in Fig. 6. Analysis of Fig. 6 allowed us to
observe a first stage dominated by modification of existing
requirements following the initial requirements capture that
occured at PRD1. Although a significant amount of addi-
tions occured at PRD2 (around 36 %), requirements mod-
ification was the dominant type of change both at PRD2
and PRD3, which were released during the preliminary
design stage. Modifications were found in more than 50 %
of changes in both cases (Fig. 6).

Between the third and fourth releases—a period that
included the detailed design stage—Fig. 5 shows a slight
decrease in the number of active system requirements.
Figure 6 explains the reason behind this decrease, since the
proportion of removals (=38 %) is higher than the pro-
portion of additions (=31 %). Recalling that PRD4 was
released shortly after the CDR and before the First Parts
(FP) arrived (Fig. 5), it is also interesting to observe that
the proportion of modifications reduced between the third
and 4th releases and it is similar to the other types of
change (around 30 %).

Figure 6 also demonstrates that the period comprised
between the fourth and fifth releases was largely governed
by additions (56 % of the total amount of changes at
PRDS5), which explains the increase in the number of
active requirements in the later stages of the project that
was observed in Fig. 5. Recalling the project’s time frame,
most of the physical testing and prototype development
stage ocurred during this time period. This effect was
partly counterbalanced by removals, which accounted for
about 19 % of changes as shown in Fig. 6. The require-
ments evolution found and the analysis of the type of
requirements change found during the timespan of the
project led us to the hypothesis that this requirements
engineering process could be divided into three distinct
phases:
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Fig. 5 Evolution of active system requirements throughout the course
of the development of a new gas turbine. Figures correspond to values
normalized by the number of requirements captured at the initial
release of the PRD

100

50 [

Type of change (%)

T
PRD1

PRD2
Il Modifications [l Additions Il Removals No change

PRD3 PRD4 PRD5

Fig. 6 Evolution of the types of change throughout the course of the
project. Figures correspond to the accumulated proportion of
requirements modification, addition and removal during the time
period between two consecutive releases of the PRD

— Phase [—which started after the initial requirements
capture and ended at PRD3—was mainly governed by
modification of existing requirements;

— Phase II—which started after PRD3 release and ended
at PRD4 release—was governed by a similar amount of
additions, modifications and removals;

— Phase III—which started after PRD4 release and ended
at PRD5 release—was governed largely by addition of
requirements.
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Fig. 7 Estimator of the mean
proportion of each cause of
change during the process phase
dominated by modifications,
between PRD2 and PRD3. A
50 % confidence interval of the
mean proportion in the

The capture was incomplete
Traceability links or references changed
The customer changed the requirement

The language was incorrect or ambiguous

Frequency (%)
15

population is displayed
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The requirement was missing

We supported this distinction in the observation that the
initial and the late stages were substantially different and
we assumed that the second phase corresponds to a tran-
sition between both stages. Our initial hypothesis was also
that the population of system requirements changes during
the initial and later stages of the process would also have
very different root causes of change. This hypothesis
defined the scope for the subsequent detailed study of
causes of change.

It should be noted that these findings—evolution of
active requirements and types of change—relate only to
one layer of the requirements landscape (to system
requirements in this case). This layer may be influenced by
events occurring in other upstream or downstream layers.
A typical example is related events occurring at the envi-
ronmental layer that result from interactions with the cus-
tomer, market, certification authorities, etc.

Since our findings characterize the requirements evolu-
tion found for the whole gas turbine system, they com-
plement and significantly extend—in a quantitative
manner—prior work performed within Rolls-Royce by
Pickard et al. (2010) and Nolan et al. (2011), which
reported high levels of requirements uncertainty during
control systems’ development and large amounts of
requirements change between the CDR and Entry into
Service of the product.

4.2 Causes of change

Due to the previous hypothesis, we focused our in-depth
study of the causes of requirements change into phases I
and IIT only. Samples representative of the population of
changes observed at PRD3 and PRDS5 were designed
according to the principle illustrated in Fig. 4. The sample
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size was computed according to Eq. 1 for a confidence
level of 95 % and a margin of error lower or equal than
10 %. This resulted in representative samples containing
61 and 122 changes at PRD3 and PRDS, respectively.
The assessment of the requirements managers then
quantified the causes of changes relatively to previous
releases, i.e., PRD2 and PRD4, respectively. Analysis of
the statistical results presented throughout this section is
based on three main statistical quantities: the estimator of
the mean proportion in the population for each cause of
change; the estimator of the proportion inside defined strata
for each cause of change; and the standard error of the
estimator of the mean proportion. Results follow sequen-
tially for each of the two phases previously identified.

4.2.1 Modification-dominated phase

Statistical analysis showed that the most frequent cause of
requirements change between PRD2 and PRD3 was
incomplete capture. It was found in approximately 23 % of
the changes, as presented in Fig. 7. We observed that the
requirements content—targets, descriptive information,
etc.—was progressively added into previously captured
versions of the requirements during this early development
phase. A typical example of a modification due to incom-
plete capture is provided below where all underlined text
relates to changes at PRD3 compared with the same ver-
sion at PRD2:

The system shall be capable of starting at X between
Y°C (the hard limit of the oil temperature) and Z °C (the
lower limit of the start environmental envelope as defined
in Ref. A) with special starting procedures to raise the oil
temperature. {Trace to: Business Requirements Docu-
ment—...}
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Fig. 8 Estimator of the mean
proportion in the population
according to the type of change,
between PRD2 and PRD3

Traceability links or references changed
The customer changed the requirement
The language was incorrect or ambiguous
The flow down was incomplete

The requirement was decomposed

The requirement was redundant

The flow down was incorrect

Business requirements changed

The requirement was merged

The requirement was missing

Change due to the modification of traceability infor-
mation or references was the second most frequent cause,
found in 18 % of the changes. These related essentially to
modification of the system requirements’ dependency
information relatively to requirements captured in higher
levels of the landscape, namely to business and customer
requirements. Changes driven by the customer were the
reason for approximately 15 % of the total number of
changes, representing the third most frequent cause
(Fig. 7).

Incorrect or ambiguous language and incomplete flow
down appear as the fourth and fifth most frequent,
respectively, with mean proportions around 10 % (Fig. 7).
We found many examples of requirements modifications
during this time period arising from semantics. An example
that can be provided here is the modification at PRD3 of
the expression “shall not hazard” by “shall not result in
structural failure or hazardous system effects” in a partic-
ular system requirement.

All together, the top five causes accounted for more than
75 % of changes. Various other causes—business changes,
missing requirements, incorrect flow down, redundancy,
decomposition and merger—account for the remaining
proportion, with individual mean values below 5 %
(Fig. 7).

Decomposition of the data according to the type of
change provides additional insight, which is presented in
Fig. 8. The results demonstrate that all additions performed
between PRD2 and PRD3 were caused by incomplete flow
down of requirements. These relate to further decomposi-
tion of requirements from the environment layer—cus-
tomer, business or certification requirements—down to the
system level. Moreover, Fig. 8 also shows that incorrect
flow down was the most frequent cause of removals during
this period. This results from awareness that a particular
requirement should be captured in or cascaded to another

The capture was incomplete

Other

Frequency (%)
5 10 15 20 25 30

I REMOVALS [ ADDITIONS Il MODIFICATIONS

level of the landscape. Change caused by the customer,
requirements redundancy, decomposition and merger was
also responsible for part of the removals (Fig. 8). Within
the modification stratum, the most frequent causes of
requirements change were identical to the ones found for
the whole population. This result is expectable, recalling
that during this time period modifications were the domi-
nant type of change.

4.2.2 Addition-dominated phase

This period was noticeably different from the previous.
Results support that incomplete flow down was in this case
the most frequent cause of requirements change. Figure 9
shows that it was found in 34 % of the changes. Strata
results presented in Fig. 10 demonstrated that more than
60 % of additions occurred due to incomplete flow down.

Our analysis revealed that requirements already existed
in the environment layer, but they had not been formally
cascaded and reengineered at downstream levels. We
observed in strata results that the flow down was particu-
larly intense into some types of requirements, such as into
performance, structural, operational and life requirements.
Performance relates to many functionalities that the gas
turbine system must deliver at different operating condi-
tions, structural requirements specify the level of integrity,
the system must contain at all times, and life requirements
specify the cyclic capabilities of the system under different
operational conditions. We observed in the data that the
flow down of certification requirements was also respon-
sible for a proportion of the additions.

Change due to new customer requirements was found in
almost 15 % of the cases (Fig. 9), becoming the second
most frequent. The customer induced about 19 % of
additions, approximately 17 % of removals and a relatively
small proportion of modifications, about 3 % (Fig. 10). An
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Fig. 9 Estimator of the mean
proportion of each cause of
change during the process phase
dominated by additions,
between PRD4 and PRDS. A
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mean p.ropo.rtloln in the The requirement was missing |- ED- -
population is displayed

The requirement was redundant -B-} B

The requirement was decomposed -

t
The capture was incomplete - ﬂ-} E
The flow down was incorrect |- -EB-
The capture was incorrect - Eﬂ-
The requirement was unverifiable --H-} B
The requirement was unachievable —ﬂ} -
The language was incorrect or ambiguous

Business requirements changed H-} b

interesting finding from our strata results relates to the
distribution of customer-driven change. We found that it
was more intense in performance requirements, which
could be expectable considering that the gas turbine must
deliver a high number of functionalities which have asso-
ciated performance targets. The remaining proportion of
change generated by the customer was similarly distributed
throughout a variety of other types (program, mass, life,
reliability and environmental requirements). The fact that a
similar amount of change driven by the customer—about
15 %—was found both in the early and in the late stage of
the process is a relevant finding.

Customer-induced change was followed by traceability
generated changes, which accounted for approximately
13 % of the total amount of change accumulated between
PRD4 and PRD5 (Fig. 9). These were the main bulk of
modifications, as seen in Fig. 10. Figure 9 also shows that
missing and redundant requirements became the fourth and
fifth most frequent causes during this time period, respec-
tively, with 8 and 7 %. Further strata analysis demonstrated
that missing requirements appeared as additions (Fig. 10)
and were concentrated in only a few types of requirements,
such as in transportability or structural requirements. In the
former, the time of this capture relates to increased
understanding of transportability issues at this stage arising
from the testing program of physical prototypes.

Redundancy was the most frequent cause of removals
(about 39 %), as seen in Fig. 10. A deeper analysis
revealed that in fact many removals due to redundancy
were a direct result of addition of new requirements due to
incomplete flow down. A knock-on effect was thus estab-
lished between both types of change during this require-
ments engineering phase. Strata analysis also revealed that
the majority of redundancies occured in requirements
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Fig. 10 Estimator of the proportion of each cause of change inside
strata defined according to the type of change, between PRD4 and
PRDS5

previously captured for individual gas turbine product
systems—e.g., oil systems and fuel systems.

These five causes led to more than 77 % of the total
number of changes between PRD4 and PRDS5. Decompo-
sition was found in about 5 % of the causes, and incom-
plete capture and incorrect flow down were each found in
about 4 %. Incorrect capture, unachievable and unverifi-
able requirements and business changes complete the set of
causes found during this period with decreasing propor-
tions (Fig. 9). It is interesting to notice that this small
proportion of validation and verification related changes
did not appear during the early process phase. Our analysis
showed that they occurred essentially in program, perfor-
mance and structural requirements.
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Fig. 11 Inter-layer analysis of the requirements engineering process during the development of a new gas turbine. Arrows represent flow down
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4.3 Inter-layer analysis

Considering the previous results, we proceeded with an
inter-layer analysis of the requirements engineering pro-
cess performed during the development of this new gas
turbine at Rolls-Royce. Our aim was to further understand
the root causes of change, namely the causes arising from
interdependencies between system requirements and
requirements captured in other layers of the requirements
landscape.

These interdependencies were visible in the amount of
change triggered by incomplete flow down, for instance.
The main findings generated from this inter-layer analysis
are represented in Fig. 11. This figure joins the project’s
time frame and the main events that ocurred at each layer
of the landscape which is upstream of the PRD. We have

included in this figure the Environment layer—containing
requirements captured from the customer and from certi-
fication authorities—and the Enterprise layer, which con-
tained requirements captured from internal business related
functions.

We found that, at the time of initial capture, PRDI1
captured customer requirements from the MoU (issue 2)
and business requirements from issue 1 of the business
requirements document (BRD) and engineered them into
system requirements. The timing of the flow down process
is illustrated in Fig. 11. During the modification-dominated
phase of the project, part of the changes was triggered by
the release of issue 3 of the MoU. This document contained
new customer requirements and updated critical targets—
such as constraints in maximum allowed weight or fuel
consumption—that were incorporated into PRD3 in a
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response to changing customer needs. This interaction is
the origin of 15 % of the changes previously quantified
between PRD2 and PRD3.

In parallel to the signature of the various MoUs, we
found that a continuous interaction process was going
on with the customer. This interaction consisted in the
review and agreement process of the main bulk of
customer specifications for the new gas turbine, con-
sisting of thousands of technical specifications about the
system.

Archival research demonstrated that the initial draft of
the customer’s technical specification documents was
finalized at the end of the project’s first year and that a
review and negotiation process started between appointed
customer and Rolls-Royce technical specialists. Data col-
lected suggests that almost 50 % of the specifications were
already agreed when the initial review finished. Moreover,
as shown in Fig. 11, the agreement status increased rapidly,
and by the end of the second year, about 75 % of the total
amount was agreed (Fig. 11). This period coincides with
the period comprised between PRD2 and PRD3 at system
level.

Considering the sign-off targets that had been speci-
fied by the project, the agreement was on track at that
time as illustrated in Fig. 11. However, the agreement
rate slowed down during the third year. The process was
at 90 % status at the targeted signature date, and the data
collected showed that 9 months more were needed to
complete the agreement process (Fig. 11). The official
sign-off occurred during the second quarter of the fourth
year.

Capture of the customer specifications occurred in the
requirements database shortly after, and our investigation
found that the systematic flow down and reengineering
process of these specifications into system requirements
started subsequently. This event explains a large share of
additions due to incomplete flow down found during the
period comprised between PRD4 and PRDS. It also means
that requirements were available earlier but were only
captured and engineered into downstream layers after the
official signature.

In addition, the authors also found that certification
specifications had been captured in the requirements
management software tool during the project’s second year
(Fig. 11), but only begun to be flown down to the system
level during the same time period. This second process also
explains part of the new requirements found at PRDS5
release.

Finally, a new MoU version (issue 5) was also signed
late in the project which contained additional changes in
customer needs. This new set was largely responsible for
the amount of change caused by the customer (around
15 %) that was quantified during the previous study.
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5 Discussion of improvement guidelines
for management

Requirements change in complex technical systems is
challenging for management. The previous results dem-
onstrate that there are many root causes of change. Some—
like customer-driven change—relate to external uncer-
tainties which are typically outside the company’s control.
However, the vast majority is self-induced during the
requirements engineering process itself due to a wide range
of causes: incomplete capture, incomplete flow down,
missing requirements, redundancy, decomposition, etc.
Uncertainty and change triggers rework activities on
requirements themselves and may also trigger repetition of
many design activities, leading to higher product devel-
opment costs and time-to-market.

An interesting question arising from these findings is the
relationship between each cause of requirements change
and the impact of the corresponding change implementa-
tion on program costs. Empirical experience suggests that
types of change that implicate essentially carrying out the
activity of requirements reengineering shall have signifi-
cantly lower impact on development costs than those that
imply the rework of component or even of whole sub-
system design. For instance, requirements that are missing
or incomplete and that are only discovered from testing
problems (e.g., hardware malfunction) may have a large
impact on program costs. Even if actual quantitative data
about the impact of change are considered sensitive and
need to remain protected, the findings reported in this paper
provide valuable information for cost estimation through
expert judgement, since our investigation has identified
which types of change are most frequent and when they
occur during the development process.

Regardless of the type of change, there are good reasons
for desiring to reduce the share and the impact of internally
driven requirements change. Our research methodology led
us to conduct group sessions with the engineers responsible
for managing system requirements during the development
of the new gas turbine. The previous statistical and related
findings were analyzed jointly. Several practical manage-
ment guidelines aiming to further improve the require-
ments engineering process emerged from these sessions.
These guidelines have the specific goal of reducing the
amount or the impact of late requirements change. We
present and discuss them in the following sections.

5.1 Front-load the requirements engineering process

Our investigation observed that the flow down process of
many technical specifications into system requirements
aiming to support design and development activities only
occured late in the process. Several reasons may justify this
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fact. Firstly, complex technical systems, such as the one
developed by Rolls-Royce, can have very long negotiation
processes over customer specifications. Organizational
policies may dictate that requirements should only be flown
down when the process is completed to avoid wasting
engineering resources. In such cases, the organization is
knowledgeable of what the product needs to deliver but
chooses only to engineer the requirements when it is sure
of its content. Constraints over human resources available
to perform the requirements engineering job may also
justify the postponement.

However, the outcome of the group discussion between
the requirements managers at Rolls-Royce favored front-
loading the process to reduce the impact of late changes
and the risk of proceeding with extensive testing programs
without having all requirements engineered and in place.
The cost of hardware problems in such cases was per-
ceived to be much higher than the cost of wasted engi-
neering resources during earlier product development
stages due to potentially larger amounts of change. The
aim of this strategy is thus to reduce the impact of
requirements change through a reduction in the amount of
change occurring late, but not necessarily through a
reduction in the total amount of change over the project’s
lifespan.

The effects of front-loading the requirements engi-
neering process are represented in Fig. 12. The process
envisioned is one capable of stabilizing the number of
customer requirements captured and the number of sys-
tem, sub-system and component requirements engineered
before the design freeze, which is planned to occur at the
CDR.
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Fig. 12 Simplified representation of the effects of front-loading the
requirements engineering process. Arrows represent flow down

5.2 Increase the level of concurrent requirements
engineering

Front-loading the requirements engineering process
demands a great deal of concurrent requirements engi-
neering. It came out from the analysis of the statistical
results by the requirements managers that the flow down
process of requirements that have been reviewed and
agreed can occur in parallel to the negotiation and agree-
ment process with the customer. This principle of con-
currency can be extended downstream across all layers of
the landscape. Concurrency in requirements engineering is
illustrated in Fig. 12 by the small delay in the stabilization
of the number of active requirements across different levels
of the landscape.

The group of requirements managers discussed the level
of coordination and integration between requirements
engineering teams that is needed in organizations such as
Rolls-Royce to implement this practice. Concurrent pro-
cesses must be anchored in robust change management
processes which standardize how day-to-day procedures
must be performed. These procedures specify how a team
responsible for an higher-level requirement—e.g., a system
requirement—should engage with a team responsible for a
dependent lower-level requirement—e.g., a sub-system
requirement—to communicate, evaluate, sign-off and
implement a requirements change. Monitoring change
implementation across system levels demands also a joined
structure between the requirements database and the solu-
tion definition documentation, which points to additional
developments in the IT infrastructure in place in the
organization.

Furthermore, an increase in the level of process con-
currency demands also an increase in the frequency of
regular coordination meetings between the teams involved.
These add organizational complexity and costs, but an
increase in the level of requirements engineering process
concurrency was perceived as an improvement guideline
for management.

5.3 Allocate more resources earlier

Under normal market conditions, organizations developing
complex technical systems typically struggle to find
enough engineering resources to perform the design and
development activities which are needed. However, con-
current processes are certainly difficult to implement
without the right amount of resources allocated to
requirements engineering.

In complex technical systems containing thousands of
higher-level specifications, the process of flowing down
and reengineering these specifications involves a huge
amount of background engineering work to ensure that the
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new requirements are complete, independent, atomic,
unambiguous, etc. It is known from practice that under-
resources teams will tend to serialize requirements engi-
neering activities. Because of that, serializing the process
increases the chance that the flow down process of many
requirements into system, sub-system and component
requirements occurs late in the process.

Allocating more resources is thus a management
guideline that follows from the idea of increasing concur-
rency in the requirements engineering process. In addition,
front-loading the process demands that resource allocation
ramps-up during the preliminary design stage at all layers
of the landscape, so that the capture and flow down process
is completed before the CDR. It thus means that more
resources need to be allocated to requirements engineering
activities earlier in the process.

5.4 Invest in practical training

The previous strategies search for a reduction in the impact
of late change. In addition, management guidelines aiming
to reduce the amount of requirements change also emerged
from the group analysis of the causes of change reported in
this paper.

The statistical results demonstrated that a significant
proportion of change arises also from incorrect capture or
flow down, ambiguous language, issues with traceability,
redundancy, etc. Discussion of many examples with the
requirements managers pointed out that the capture of a
single requirement is often a quite challenging process
since it involves several areas of expertise that engage into
negotiation about its content, language, dependencies, etc.
This process is essentially iferative, which helps to explain
the previous types of change. Because of that, a lot of
“learning while doing” occurs.

Since the process is highly iterative and practical,
the capability of mastering the requirements engineer-
ing process and reducing the amount of internally
generated change depends on personal experience and
skills which are typically accumulated over time. This
knowledge may be lost when people move jobs in the
organization, a situation that occurs often in large firms
such as Rolls-Royce. A management guideline that
came out from this discussion was the need to invest in
practical requirements engineering training in organi-
zations, in opposition to the traditional training model
which tends to remain at a high level—explaining the
general principles, the main stakeholders, the document
landscape, the deployment process, etc. Conducting
practical training—one relying heavily on example-
based learning—across the organization was a guide-
line recommended also to ensure that requirements
engineering knowledge is preserved and consequently
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future projects are able to reduce the amount of self-
induced change.

5.5 Set-up validation and verification systems

We also found that a part of the requirements was dis-
covered to be unachievable or unverifiable during later
stages of the process. The capture process can often occur
without enough time being spent on understanding and
documenting how particular requirements should be vali-
dated and verified. This typically occurs due to time and
budget pressures that organizations face. However, orga-
nizations such as Rolls-Royce recognize that validation and
verification efforts promote higher requirements quality
and stability in the longer term.

Setting-up validation and verification systems was thus
pointed out as a guideline to address this cause of
requirements change. This system can be designed to best
fit the organizational needs of each firm. Developing and
using computational algorithms that test whether the
requirement is complete, semantically correct and traceable
is one possible approach to perform requirements valida-
tion. Introducing a standardized template attached to each
requirement that allows the engineer to document how the
requirement will be satisfied (through inspection, compu-
tational analysis and simulation, physical testing, etc.) is
also one possible avenue to conduct requirements verifi-
cation. The system in place should also allow metrics
calculation so that management can inspect the amount of
requirements that have been specified with validation and
verification checks in product development projects.

5.6 Effects of the guidelines in the process

Front-loading, increasing the level of requirements engi-
neering concurrency, allocating more resources earlier,
investing in practical training and setting-up validation and
verification systems were various management guidelines
identified and discussed. The effects envisioned on the
requirements engineering process are illustrated in Fig. 13.
This qualitative representation of the requirements change
evolution aims to point out that there are two main
improvements targeted by these guidelines. The first is a
reduction in late requirements change, and the second is a
reduction in the total amount of change observed during
product development projects.

6 Conclusions
This paper contributes with an increased understanding of

the requirements evolution and the causes of change found
at different phases of the product development process of
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Fig. 13 Simplified representation of the effects of the management
guidelines captured in the paper on the evolution of requirements
change during the product development process

complex technical systems. We present findings from an
empirical study performed at Rolls-Royce which investi-
gated a new gas turbine developed by this manufacturer
during the course of 6 years. We have collected and studied
the requirements database of this system. It contained 700
system requirements and its evolution was embodied in
more than 1,000 changes, which ocurred during the product
development process. Our research approach generated
original quantitative results about requirements change
during the product development process which extend
current knowledge on the topic of requirements engineer-
ing and management.

The issue of result generalization always arises from
case-study approaches (Yin 1984). However, we argue that
the main findings contained in this paper are generally
representative of complex product development processes.
It is common that large technical systems require long
development processes which make them more vulnerable
to external uncertainties and long and laborious negotiation
processes with multiple stakeholders about high-level
technical specifications. Requirements engineering pro-
cesses are thus highly challenging for organizations
developing such systems. The case study showed that most
requirements change is self-induced due to a variety of
different causes, being incomplete capture and incomplete
flow down some of the most frequent. Considering that
Rolls-Royce is one of the most competitive companies in
the world, we argue that the same finding is likely to be
encountered in many organizations developing complex
technical systems.

Looking back to the questions we presented in Sect. 1
which motivated this research, the authors argue the

findings described in the paper answer them in the fol-
lowing manner:

— Relatively to how requirements evolve in organiza-
tions developing complex technical systems, we con-
cluded that the number of active requirements roughly
doubled during the course of the development process.
Furthermore, the evolution showed that the stabiliza-
tion of the number of requirements can occur late in
the process, typically during prototype development
and testing.

— The question concerning how much change is exter-
nally and internally driven has been clearly answered.
We found that more than 80 % of changes generated
during the development of the complex system studied
in this paper had internal root causes. We have also
observed that the amount of change generated from the
customer remained relatively constant during the
development process, around 15 %, which is an
interesting finding. Our belief is that this trend is
general, but the exact proportion of external versus
internal change may vary across projects and industries.

— In the context encountered, our results show how do the
causes of change vary during the different phases of the
development process. We concluded that the prelimin-
ary design stage was dominated by requirements
modifications due to incomplete capture. Traceability
issues, customer-driven change and incorrect or ambig-
uous language were also relevant during this stage.
Conversely, we found that late development stages—
namely during prototype development and testing—
were governed by requirements addition due to
incomplete flow down. Customer-induced change,
missing requirements, traceability and redundancy
were also frequent during this phase. Knock-on effects
between some of the causes of change were also
observed.

The conclusions stated above constitute major contribu-
tions from this empirical research. This knowledge con-
stitutes a general academic contribution from this paper,
which complements previous empirical studies (Lindvall
1997; Almefelt et al. 2006; Michael et al. 2007) and rec-
ognized literature (Kotonya and Sommerville 1998; Rob-
ertson and Robertson 2006; Pohl 2010) on the topic of
requirements engineering and management.

In addition, these findings led the group of engineers
involved in the research to analyze various management
guidelines aiming to improve requirements engineering in
practice. Front-loading the requirements engineering pro-
cess was proposed as a way to reduce the impact of late
change. Increasing the level of concurrency in require-
ments engineering processes was discussed to ensure that
the number of requirements captured and engineered
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stabilizes roughly at the same time and before design freeze
at all levels of the landscape. Allocating more engineering
resources earlier in the process was a management guide-
line that followed from the previous two. Moreover,
investing in example-based training across the organization
and setting-up validation and verification systems were
recommended to ensure that future projects are able to
reduce the amount of internally generated change. The
previous management guidelines ultimately aim to attain
processes that generate less changes and changes with
lower potential impact since they occur earlier in the
development process. We argue that the management
guidelines captured in this paper are also useful for other
organizations performing product development and prac-
ticing requirements engineering.

In conclusion, it is true that effective requirements
management alone does not ensure success in the devel-
opment of complex technical systems, such as the one
studied in this paper. However, the authors believe that it
surely helps.
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