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// The results of past improvement initiatives 

can shed light on an organization’s evolution 

and can represent a learning opportunity for 

future process improvements. Researchers 

tested this in an applied research collaboration 

with the Swedish Transport Administration. //

WHILE IN EVERY organization cor-
porate culture and history change over 
time, intentional efforts to identify 
performance problems are of particu-
lar interest when trying to understand 
the current state of an organization. 
The results of past improvement ini-
tiatives can shed light on the evolution 
of an organization and represent, with 
the advantage of perfect hindsight, a 

learning opportunity for future pro-
cess improvements. We encountered 
the opportunity to test this premise 
in an applied research collaboration 
with the Swedish Transport Adminis-
tration (STA), the government agency 
responsible for the planning, imple-
mentation, and maintenance of long-
term rail, road, shipping, and aviation 
infrastructure in Sweden.

The agency was formed in 2010 
in order to render more efficient the 
(until then separate) road, railway, 
and maritime agencies. To achieve 
the government’s goal of increasing 
productivity and innovation in the 
construction market, the STA tar-
gets that by 2018, 50% of the total 
project volume will be realized in the 
form of design-build (D-B) contracts, 
allowing the agency to focus its  
efforts on core competencies and out-
source other activities to suppliers.1  
Also in the software industry, out-
sourcing of IT services is a common 
and growing business practice.2 D-B 
contracts are particularly attrac-
tive for the STA as solution provid-
ers can innovate, develop, and use 
components that work as an inte-
grated whole, while also taking over  
responsibilities and risks for activi-
ties that were previously carried out 
by the client3—i.e., the STA.

However, this form of project de-
livery also requires increased com-
petence in requirements engineering, 
communication, and management 
since the design work is outsourced 
to a solution provider. The STA (and 
its precursor organizations) recog-
nized this need in the early 2000s 
and invested resources to improve in 
the area of requirements engineer-
ing. Today, the STA is very conscious 
about the importance of requirements  
engineering and management as part 
of its overall development processes. 
Therefore, we decided to perform 
Process Improvement Archaeology 
(PIA) to better understand the current 
processes and devise new directions 
for further improvements addressing 
the currently encountered challenges. 
Before we look at the PIA steps and 
its results in more detail, we provide 
the context and motivation for focus-
ing the investigation on requirements 
engineering in particular.
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A Look over the Tea 
Cup’s Rim
Requirements engineering is a central 
part of the development of software-
intensive products, governing plan-
ning, effective implementation, and 
product quality.4 This is empha-
sized even more in projects where 
the design and implementation are 
outsourced to a software supplier.5 
Research and practice in this area 
have therefore sought to improve and 
validate requirements-engineering 
concepts in various domains, adapt-
ing them to the particular context. 
A witness to the growing knowledge 
base on requirements engineering is 
the 53 systematic literature reviews 
that were performed between 2006 
and 2014, covering nearly 8,000 pri-
mary studies.6 Since requirements 
engineering can be seen as a branch 
of systems engineering,7 our conjec-
ture is that there is a large potential 
for transferring and applying this 
knowledge to the construction in-
dustry, given the growing need for  
requirements-engineering competence,  
as illustrated next.

The predominant paradigm for 
the development of large infrastruc-
ture projects in the 20th century has 
been the design-bid-build (D-B-B) 
project delivery system.8 In this par-
adigm (see Figure 1a), the project is 
separated into a design phase and a 
construction phase.9 The client com-
missions a consultant to produce bid 
documents and technical specifica-
tions that meet the client’s require-
ments. The bid documents are used 
to elicit and then select an offer from 
competing contractors. The winning 
contractor is commissioned to imple-
ment the project according to the 
specifications.

The D-B paradigm (see Figure 1b) 
was the predominant form in prein-
dustrial times and is now witnessing a 
renaissance in the wake of downsized 
in-house project management capa-
bilities and costly disputes between 
design and construction parties.8  
In this project delivery system, the 
client deals with a single contrac-
tor, responsible for both design and 
construction services.8 In contrast to 
D-B-B, design and construction run 

in parallel, leading to shorter project 
delivery times and lower total costs 
(see Figure 1).

The reason why we are inter-
ested in studying construction proj-
ects is the central role requirements 
play in the D-B paradigm.9 In the 
D-B-B paradigm, requirements 
can be refined during the design 
phase of the project, where the cli-
ent and consultant define needs and 
solutions collaboratively.11 How-
ever, the D-B paradigm requires 
that the client’s needs are precisely 
described such that they can be 
universally understood and inter-
preted11 by all involved stakeholders  
(client, contractor, and consultant). 
A well-defined and commonly un-
derstood scope has been identified 
as the most important D-B project 
characteristic.12

If these observations sound fa-
miliar to the software engineering 
ear, it is because high-quality re-
quirements are equally important 
for companies who outsource de-
sign, implementation, or testing of 
software.13 Given these parallels in 

FIGURE 1. The (a) design-bid-build (D-B-B) and (b) design-build (D-B) project delivery approaches. Eight studies investigated the 

impact of the project delivery approach on the cost and schedule of project completion.10 Six studies determined advantages in 

both cost and schedule control for the D-B approach, while only two studies observed advantages in cost and one study observed 

advantages in schedule control for the D-B-B approach.
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requirements-engineering manage-
ment between construction and soft-
ware engineering projects, we sought 
to understand the STA’s current ap-
proach to requirements engineering, 
and the evolutionary steps in their 
improvement efforts as they pro-
vide justification for the current state 
and indicate directions for future 
improvements.

Process Improvement 
Archaeology
The goal of PIA is to learn from past 
improvement initiatives and their 
outcomes and identify, based on cur-
rent data, challenges and improve-
ment opportunities. We developed 
this method, which is inspired by 
our previous work on postmortem 
analysis,14 to cater to the STA’s de-
centralized improvement strategy, 
where independent initiatives work 
toward a common goal. This lack 
of central organization allows for 

maximum flexibility in the organi-
zations’ units to plan improvements 
but makes it more difficult to coor-
dinate and benefit from synergetic 
effects.

Figure 2 illustrates the six PIA 
steps. We select the participants of 
the kick-off meeting in step 1 based 
on their current involvement in im-
provement initiatives related to 
requirements engineering and man-
agement. It is important here to 
identify a diverse set of participants 
from different organizational units. 
We elicit from the participants a 
starting set of documentation pro-
duced in past investigations. Similar 
to literature reviews with snowball 
sampling,15 the goal is to collect a 
diverse set of documentation, from 
as many different sources and au-
thors as possible.

In step 2, we analyze the docu-
mentation, extracting the type of 
the artifact, creation date, authors, 

purpose and outcome of the investi-
gation, and references to other inves-
tigations not included in the original 
starting set, which we in turn look 
up and analyze too.

Based on the extracted informa-
tion, we create in step 3 a document 
map that helps us understand rela-
tionships, or the lack thereof, be-
tween investigations. The structured 
representation of the investigations 
lets one identify those efforts that 
match the overall goal of the PIA. 
For example, if the goal is to better 
understand why improvement efforts 
seem to not have any discernable 
impact, one would select those past 
initiatives that are not referred to 
by more recent ones. Another strat-
egy could be to group initiatives ac-
cording to their purpose or outcome 
and check whether they refer to each 
other or not; this allows one to iden-
tify initiatives that would benefit 
from a closer collaboration. Finally, 

FIGURE 2. The six steps of Process Improvement Archaeology (PIA).
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“fertile” investigations can be iden-
tified by looking at often-referred-to 
documents. This allows one to iden-
tify those initiatives that seem to 
influence the overall improvement 
direction in an organization.

This analysis allows one to iden-
tify central improvement initiatives, 
their purpose, and the involved 
stakeholders, which are then inter-
viewed in step 4. The concrete inter-
view questions depend on the goal of 
the PIA. A typical goal would be to 
understand the challenges of imple-
menting recommendations that were 
produced in an improvement investi-
gation. Another goal could be to un-
derstand why initiatives with similar 
purposes are not using each other’s 
results and findings.

In step 5, we compile a list of 
challenges, based on the results from 
the conducted interviews, and form 
an interest group. Together with this 
group, we prioritize and develop 
plans to address the identified chal-
lenges in step 6.

Learning Requirements 
Engineering
We now look at the evolution of re-
quirements engineering at the STA, 
the output of step 3 of the PIA de-
scribed earlier. Figure 3 illustrates 
the progression and key documents 
that can be associated with three 
overlapping phases in which the 
STA discovered, defined, and started 
adopting systematic requirements 
management.

Discovery Phase
Investigations in the early 2000s 
drew on experiences from the de-
fense industry on how to perform 
systematic requirements manage-
ment, where central concepts such as 
requirements types and levels, trace-
ability, and verification and valida-
tion were analyzed and considered 
for adoption in railway projects. In 
pilot studies, customer requirements 
were broken down into system and 
functional requirements in order to 
define alternative designs with dif-
ferent capacities and cost levels.

While the pilot studies concluded 
that systematic identification and 
analysis of requirements were use-
ful, it took several years until these 
principles were evaluated on a 

FIGURE 3. The development and adoption of requirements engineering at the Swedish Transport Administration (STA), illustrated 

by the various documents produced in internal studies and improvement projects. We analyzed 26 documents (arrows indicate the 

types) dated between 2002 and 2015. After the consolidation of several government transportation agencies into the STA in 2010 and 

the strategic shift to D-B project delivery, an increase occurred in improvement projects and the associated documentation, targeting 

requirements-engineering practice.

2015

2014
2013

2012

2009

2010

20072002

AdoptionDiscovery Definition

Management and
Formulation of Road

Requirements

Management
and

Formulation
of Railway

Requirements

Management
of Regulatory

Requirements
Systematic

Requirements
Management in

Investment
Projects

Systematic
Requirements
Management

Strategy in
Railway ProjectsFunction

Requirements
Systematic Requirements

Management in Railway
Projects

Regulatory
requirements

Assignment
Descriptions

for Design-Build and
Design-Bid-Build

Projects

Client
Inspection

Program

Systematic
Requirements
Management
in Ostlänken

Construction
Information Model

Technical Descriptions
for Design-Build

Railway and
Road Projects

Development
proposal

Application
plan

Regulatory
requirements

Process
description

Process
description

Status report

Process
description

Handbook

Definitions
Recommendations
Best practices Guidelines

Verification plan
Recommen-
dations

Swedish Transport
Administration

Templates

Template

Technical
Descriptions for

Design-Build Road
Projects

Formulation
guidelines

Template

Regulatory advice

Template

Templates

Templates

Railways

Defense industry

1999–2001

1990s

Pilot

Case study

Case study

Pilot



 JULY/AUGUST 2018  |  IEEE SOFTWARE  57

broader basis. An investigation in 
2009 reported on the outcome of 
different strategies to introduce sys-
tematic requirements management 
(SRM) within the investment divi-
sion of the railway agency. SRM is 
a process with the following six re-
quirements management concepts: 
identification, formulation, system-
atization, acceptance, verification, 
and validation (a seventh concept, 
change management, was added 
to the process in 2012). A success-
ful strategy was the introduction of 
a spreadsheet-based requirements-
monitoring plan that allowed the 
follow-up of the implementation of 
requirements. Also, an effort was 
made to adapt existing procedures 
and templates to raise the quality of 
the specified requirements.

However, few of the changes 
were eventually adopted. In addi-
tion, it turned out to be difficult 
to find a project where the process 
could be piloted, mostly due to 
not being able to identify a project 
in the starting phase, but also be-
cause it was difficult to change the 
culture and habits in long-running 
projects.

Definition Phase
This phase was fueled by the 2010 
merger of the different transporta-
tion agencies into the STA and the 
declared goal to increase the num-
ber of D-B projects. Since then, 
processes have been defined and 
templates have been produced to 
support this goal (see Figure 3). In 
order to promote the new processes 
and templates, already in late 2010 
a competence network was founded; 
as of 2016, it includes more than 
130 members from the planning, 
investment, and maintenance divi-
sions of the STA. The SRM process 
for investment projects was officially 

approved in 2012. The stated pur-
pose is to

• ensure that facility requirements 
are known to all stakeholders 
when decisions are made about 
those requirements,

• ensure that no requirements are 
overlooked during the project, 
and

• ensure that the facilities’ compli-
ance with the requirements can 
be evaluated.

While the process description is 
prescriptive in what activities should 
be performed and when, it does not 
define how the work is to be con-
ducted. The role of the requirements 
expert is to coordinate the process 
implementation and adapt it to the 
projects’ needs.

Besides developing process de-
scriptions, considerable effort was 
made to collect and synthesize docu-
mentation from existing D-B projects 
into templates that capture reusable 
domain knowledge. For example, 
the template from 2012, “Technical 
Descriptions for Design-Build Road 
Projects” (extended in 2015 to also 
include railway projects), exhaus-
tively lists and describes all relevant 
components of a road project in a hi-
erarchical structure. Each component 
contains generic blueprints for defin-
ing the scope, functions, requirements 
for materials, and means to verify the 
implementation that need to be speci-
fied for the particular project.

Adoption Phase
In this latest and current phase, we 
can observe how requirements engi-
neering and management is becom-
ing a central activity at the STA (see 
Figure 3). For example, the clients’ 
inspection program covers how and 
when to verify deliveries against 

requirements related to a set of prod-
uct attributes (e.g., compliance with 
safety and security regulations and 
standards). This program would not 
be effective without the SRM pro-
cess. Other indications for the adop-
tion of the SRM process are the 
extension of the Management and 
Formulation of Railway Require-
ments initiative to road projects and 
the use of SRM in several large in-
frastructure projects, one of which is 
Ostlänken, budgeted for US$7 billion 
with planned completion in 2028.

Requirements 
Engineering—the 
Common Ground 
between Engineering 
Disciplines
The document analysis illustrates 
how the STA’s decision to increase 
the number of D-B projects also re-
sulted in increased interest in fostering  
requirements-engineering competence 
and expertise. The SRM process, illus-
trated in Figure 4a, is thereby a com-
mon theme that evolved over more 
than a decade. We decided therefore to 
focus the PIA interview (see step 4 in 
Figure 2) on this process and its actual 
application. We conducted three inter-
views with experts communicating the 
process, who directed us then to five 
more interviewees with expertise on 
working with the process.

The main goal of SRM is to in-
crease the likelihood of building 
the correct product from the begin-
ning, reducing cost overruns due to 
rework and loss of information, and 
increasing planning and develop-
ment efficiency. In the interviews, we 
focused on identifying the encoun-
tered challenges in implementing 
SRM, as discussed next, and identi-
fying software engineering solutions 
to these challenges and reviews of 
the solutions (see Figure 4b).



58 IEEE SOFTWARE  |  W W W.COMPUTER.ORG/SOFT WARE   |  @IEEESOFT WARE

FOCUS: PROCESS IMPROVEMENT

Identification
The STA has a long tradition of de-
signing its facilities together with 
contractors, following the D-B-B 
paradigm. The requirements owners 

(see Figure 4 for a description of the 
roles) have the technical expertise 
that leads under the D-B paradigm to 
requirements that tend to specify so-
lutions rather than define a customer 

need. One interviewee summarized, 
“If you choose a solution very early 
in the process, I don’t think you can 
become a procurement agency. You 
need to specify your goals, your 

FIGURE 4. Systematic requirements management (SRM) at the STA. (a) Roles and responsibilities and the six process steps. (b) A 

selection of potential solutions or research reviews from the software engineering literature for each step.
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Change management

The goal of the change management process is to ensure that decisions
are made on an informed basis, by the proper authority, with traceability
and communication to the relevant parties. Everyone in the project is
entitled to initiate change requests.

The SRM process does not perscribe how the above steps are to be implemented. Depending on the
size of the project, a spreadsheet might be sufficient to enable all activities, or a requirements
management tool such as DOORS Next Generation might be necessary.
Note that the process can be applied on subprojects such that the overall project is executed in an
iterative fashion.

Identify Formulate Accept Systematize Verify Validate

The requirements administrator
is responsible for the SRM
process and that requirements are
identified, systematized, and validated.

The requirements order can
be the government, a municipality,
a property owner, or another
project within the STA.

• Extract requirements from the
 orderer's documentation.
• Identify the requirements'
 commentary, motivation,
 verification and validation
 method, and sources.
• Note down ambiguities.
• Trace requirements to their
 sources.

• Ensure that requirements are
 unambiguous, understandable,
 and verifiable.
• Identify unclear requirements
 that need to be discussed with
 the requirements orderer.

• Group requirements according
 to commonalities.
• Distribute requirements to
 internal owners, which in turn
 assign them to suppliers.
• Specify at which stage(s)
 requirements need to be
 verified and validated.

• This should be done as early as
 possible–e.g., analytically or by
 simulations.
• Once the facility is built, conduct
 inspections.
• Trace requirements to validation
 evidence.

• Use the project’s inspection
 program.
• The supplier keeps track of
 and reports implemented and
 verified requirements.
• Trace requirements to design
 and verification evidence.

• Depending on the project phase,
 requirements are accepted by
 the order or supplier.
• In case of failure to accept,
 organize an acceptance
 meeting with all stakeholders.
• Trace acceptance to individuals.

The requirements owners are
responsible for the requirements
in their knowledge domain.

The requirements implementer
has been commissioned to
realize a certain amount of
requirements.
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driving functions, and performance 
requirements.”

One strategy to address this chal-
lenge is to place the stated require-
ments on abstraction levels (see 
reference I1 in Figure 4) and work 
up (abstract) those that are on a 
component level—i.e., close to a so-
lution. This would allow the STA 
to negotiate product- and function-
level requirements with the con-
tractors while still benefiting from 
in-house technical expertise. In ad-
dition, problem framing (reference 
I2) would be a useful approach to 
separate requirements from imple-
mentations. The combination of and 
traceability (reference I4) between 
requirements on different abstrac-
tion levels also increases understand-
ing of the requirements, as well as 
the ability to present only the rele-
vant levels of information to the ap-
propriate stakeholders—in essence, 
avoiding a flat huge document used 
by everyone.

Requirements are also elicited 
from different sources—e.g., the 
government, property owners, facil-
ity users, technical standards, regu-
lations, and laws—that may produce 
overlapping, conflicting, and not 
directly comparable needs. These 
requirements are large in quantity 
and heterogeneity, making it very 
costly to analyze them manually. 
Recommendation systems (reference 
I5) that support domain analysts to 
identify conflicting and redundant 
needs can be useful to improve, in 
terms of both efficiency and quality, 
the identification of requirements.

Formulation
The purpose of written requirements 
is to document and convey informa-
tion that is understood and used by 
people with varying domain knowl-
edge. While the STA holds seminars 

and education events to support the 
requirements orderers, the analysts 
and requirements editors reported 
in the interviews that they need to 
spend effort in reviewing and cor-
recting faults that could be detected 
earlier. A requirements analyst ex-
plained that “there is little support 
for formulating high-quality require-
ments for those who order them, so 
we analysts need to improve them.”

Formulating high-quality require-
ments is costly, as many different 
quality aspects could be considered. 
It is therefore important to prioritize 
both quality aspects and critical re-
quirements such that “good-enough” 
formulation quality can be achieved 
for the most central ones. Ap-
proaches to evaluate and improve 
requirements quality (see references 
F2 and F3 in Figure 4) span from 
computer-based support for correct-
ness, completeness, and consistency 
checking; term recommendations for 
glossaries; and ambiguity solving to 
review processes like perspective-
based reading.

Acceptance
The specified requirements are 
the interface between the orderers 
(stakeholders articulating a need) 
and implementers (stakeholders ful-
filling that need). The interviewees 
identified requirements acceptance—
i.e., where all stakeholders mutually 
agree on and commit to the stated 
requirements—as a critical step in 
the SRM process where cost over-
runs due to rework can be prevented 
early in the project: “We have a lot 
of people wishing things in the proj-
ect, and it is hard to know when we 
actually have accepted a requirement 
in the project.”

Requirements negotiation (see 
reference A1 in Figure 4) is an im-
portant aspect that helps to resolve 

conflicts among stakeholders, reduc-
ing the risk of misunderstandings, 
making tacit knowledge explicit, 
and helping to find better solutions. 
Different conflict resolution strate-
gies can be applied, depending on 
the goal of the negotiations and the 
mutual trust of the participating 
parties. Tools can provide passive 
support (e.g., by enabling collabora-
tion and communication) or active  
support (e.g. by facilitating the iden-
tification of situations with mu-
tual gain). When negotiating with  
suppliers, implementation proposals 
(reference A2), a technique applied 
in some projects at the STA, can be 
used to clarify requirements and re-
duce misunderstandings.

Systematization
The main goal of this step is to en-
sure that the requirements are 
managed such that the relevant 
stakeholders have access to the in-
formation they need to fulfil their 
duties. The challenge here lies in the 
fact that projects can last decades 
while contractors change, rendering 
handover and information transfer 
crucial in order to prevent knowl-
edge loss. As one interviewee stated, 
“We have people come and go in the 
project and lose knowledge.”

In global software engineering, 
strategies to geographically distrib-
ute knowledge could be of great 
value in this context, where project  
duration and stakeholder turn-
over are the major barriers against 
knowledge conservation (see refer-
ence S1 in Figure 4). The invested 
effort to systematically manage re-
quirements over an extended period 
of time also incites requirements 
reuse, both within and among proj-
ects. To enable requirements reuse 
(reference S2), approaches to for-
mulate requirements independently 
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from solutions (if it makes economi-
cal and technical sense) are needed 
to not limit innovation and progress.

Verification and Validation
In the SRM process, verification re-
fers to the assessment of whether the 
design fulfills the specified require-
ments. (A requirement is something 
that can be ultimately measured 
somehow in the final product; i.e., 
it can be concluded whether the  
requirement was fulfilled or not.)  
Requirements verifiability is there-
fore of the essence since it is the 
contractor’s responsibility to pro-
duce evidence of fulfillment. Qual-
ity aspects that contribute to the 
verifiability of requirements are their 
design independence, traceability, 
unambiguousness, understandabil-
ity, completeness, and consistency 
(see reference V1 in Figure 4). Early 
focus on improving these quality as-
pects can reduce the amount of re-
work, in particular when the product 
is validated. One possible approach 
to detect low-quality requirements 
early is to utilize requirements er-
ror and source taxonomies (reference 
V2) that could help to design focused 
review processes.

P IA turned out to be a use-
ful and lightweight tool 
that helped us understand 

the STA’s efforts to establish its  
requirements-engineering process and 
its current challenges. Learning re-
quirements engineering at the STA 
was by no means a straightfor-
ward endeavor: an initial discovery 
phase was followed by a definition 
phase (fueled by a strategic shift to 
prioritize the D-B project delivery 
approach) and the current adop-
tion phase, spanning in total over 
15 years.

When studying the STA’s efforts, 
we were surprised by not only the 
parallels to the software industry 
but also the long time frames it takes 
to establish new practices, likely re-
lated to the project cycles ranging 
from 3 to 20 years. In software en-
gineering, product and process ideas 
can be developed and validated in 
much quicker cycles, allowing for 
accelerated organizational learn-
ing compared to large infrastruc-
ture endeavors. Our goal is therefore 
to support SRM at the STA with 
proven techniques from software en-
gineering, applying them in a new 
context, and advancing both systems 
and software engineering. The two 
directions we are focusing on are 
the identification and formulation of 
requirements.

First, we want to utilize abstraction 
to enable both feature-level (what) and 
component-level (how) requirements 
to be used in combination. This gives 
the ability of reuse on higher levels of 
specification and specifics on lower 
levels of specification—in essence, de-
coupling the purpose or needs from 
the solution, while still maintain-
ing technical control. This has been 
successfully realized utilizing meth-
ods like the requirements abstraction 
model in industry.

Second, it is crucial to formu-
late requirements such that they 
are fit for the purpose and support 
the respective stakeholders in their 
tasks. Requirements quality needs 
to be tuned to be good enough while  
being economically reasonable. Hence,  
deciding on which quality aspects to 
improve is equally important as pri-
oritizing requirements that are risky 
or costly to rework in order to find 
an acceptable cost–benefit ratio. Such 
a decision framework would be ben-
eficial for both construction and soft-
ware engineers.
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