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1. Introduction 

This chapter first provides background information for the research work 
and elaborates on why it is being conducted. The chapter then moves on to 
describe the research questions, goals and scope of the work and is 
concluded with an outline of the contents of the thesis.  

1.1 Background and motivation 
 
Over the last few decades we have witnessed remarkable growth  in wireless 
communications  and as a result wireless networks have become an 
indispensable part of our society. Wireless networks have so far had a 
tremendous effect on our lives and the way we interact, and have also 
become a major contributor to economic growth .  

When observing the underlying structures  around this evolution , one can 
see that these advancements have been driven on one hand by technological 
progress, such as the shift to digital communications, mobile cellular 
network planning , and new radio technologies, but on a broader level by a 
value system consisting of a group of collaborating and competing 
economic actors and a complex set of business roles and technical 
components. The value system around wireless access provisioning is 
highly interdependent and features a mix of actors ranging from end-users 
to retailers, from small wireless local area operators to large mobile 
network operators and from device to infrastructure  vendors, not to 
mention the various regulator y, technology creation, standardization and 
certification bodies.   

Successes and failures in wireless access provisioning  

 
Overall, this growth has so far been spearheaded especially by wireless 
access to the telephone network and to the Internet  where the major 
successes of GSM- and Wi-Fi certified IEEE 802.11-based technologies have 
been leading examples. International harmonization based on the GSM 
family of technologies has led to a globally interdependent value system of 
actors with large device circulation, economies of scale and international 
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necessity. Since synchronization and collaboration are often required 
between the different actors, a holistic view point is needed where the 
entire value system of economic actors, business roles and technology 
components is examined and their  interdependencies are taken into 
consideration.  

Narrow minded thinking in management  of wireless access provisioning  

 
Nevertheless, one can argue that narrow minded thinking , isolated decision 
making and reductionism are still dominant in the strategic management of 
wireless access provisioning and also on a broader level in other f ields. 
Most companies still create and evaluate business models in isolation, and 
often do not realize that its success or failure depends largely on how it 
interacts with models of other players in the industry and on whether it can 
be designed to generate self-reinforcing virtuous cycles (Casadesus-
Masanell and Ricart, 2011). Furthermore, m anagers often underestimate 
the importance of deciding early on between pursuing a product or a 
platform strategy  (Gawer and Cusumano, 2008) where it can be difficult  to 
distinguish  the underlying logic of the industry.   

In general it has been observed that our ability to perceive the 
interconnection s and feedback structures around us is limited (Sterman, 
2002). We typically have a tendency to focus on events and explain things 
with exogenous factors coming from outside  instead of focusing on the 
feedback structure of the system we are a part of and trying to find an 
endogenous explanation of how the observed event arose from within the 
system. Luck and coincidence are a typical part of successes and even in 
hindsight  it is  hard to reach a commonly agreed understanding of the 
factors that have caused successes and failures.  

Furthermore, our ability to place events within the context of a larger time 
horizon is also limited. When we do not have a wide enough time horizon, 
important l essons learned from history are often quickly forgotten  and 
established path dependencies overlooked. Adding yet another hurdle to 
the management challenges is that, although a need for a change is 
recognized, it is very difficult to change the mental models of not only 
individuals but also the collective mental models of institutions . Since 
established mental models are rigid and since such changes take a long 
time, temporary insights ar e often eventually forgotten and no permanent 
change happens.  
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Future of wireless access provisioning  

 

Yet, as we move towards the future it seems that interdependence and 
complexity around wireless access provisioning will become even greater, 
making it increasingly difficult for actors to position themselves in the value 
system. The telecommunications and Internet worlds are colliding on the 
level of wireless access provisioning and it is quite unclear what will be the 
outcome. Furthermore, on a global level, the varying characteristics of 
different countries  in terms of market structure and stage of evolution , 
make it even more challenging to understand the value system as a whole.  

Overall, the importance of and demand for wireless access seems to be 
accelerating even further in the future  driven especially by wireless and 
mobile access to the Internet. Since the rapidly growing demand most likely 
cannot be purely met by improving the spectrum efficiency of radio 
technologies, wireless access provisioning will have to on one hand evolve 
towards smaller cell sizes, increased number of base stations (BS) and the 
introduction of intelligent  wireless local area (LA) access technologies such 
as self-organizing networks (SON). On the other hand it will also have to 
evolve towards more flexible use of the radio spectrum with more liberal 
spectrum licensing schemes and new technologies such as cognitive radio  
and spectrum databases.  

These changes are likely to increase the degree of decentralization  and 
openness in the value system that could enable the entrance of new 
innovative actors or existing strong players that have thus far not been 
involved in wireless access provisioning. Overall, it has been observed that 
such deconstruction (Li and Whalley, 2002) or platformiz ation (Ballon, 
2009) of the value system is creating enormous complexity for all the 
players involved which in turn call s for developing new conceptual 
frameworks for understanding the current changes in the 
telecommunications and related industries  (Li and  Whalley, 2002) . 

Need for a systems thinking approach  in wireless access provisioning  

 
One potential approach in try ing to understand the complexity of the value 
system is to use a systems thinking approach. Systems thinking  examines a 
system by studying the linkages and interactions between the elements of a 
system (Ackoff, 1971). A core idea of systems thinking is that the 
interactions of parts of a system may cause the emergence of important 
behavior that we might not be able to see when looking at the parts 
individually . Such approach could apply well to understanding and 
managing wireless access provisioning (and also to other fields in 
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Information and Communications Technology ( ICT)) where many of the 
phenomena can be explained by studying the linkages and interactions of 
the elements of the surrounding value system.  

Furthermore, w hile the opposite approach of using reductionism and 
reductionistic methods  that isolate technologies and economic actors from 
each other and study them in more detail,  is useful in many cases, it is not 
always the best approach and an appropriate  balance between these two 
approaches is needed. Often a distinction is made between detailed and 
dynamic complexi ty (Senge, 1990) where the former tries to explain 
phenomena by increasing the number of exogenous variables and detail in a 
model, and where the latter tries to explain phenomena by modeling the 
endogenous structure of the system, that is, the linkages and interactions of 
the elements of a system and the corresponding feedback structure. 

Sterman (2000) argues, on a more general level, that there are many 
issues where dominant theories and approaches are exogenous, event 
oriented and static rather than endogenous, structural and dynam ic. 
Although some limited work exists , one could argue, in a similar manner, 
that most of the approaches in wireless access provisioning (and 
interdisciplinary ICT research in general) are still exogenous, event 
oriented and static and that an endogenous systems thinking approach to 
understanding and managing the surrounding value system structures and 
dynamics is needed. 

 

1.2 Research questions and scope 
 

Motivated by the research gap above, the purpose of this thesis is to 
examine the underlying structures and dynamics of the evolving value 
system around wireless access provisioning. On a general level the thesis 
aims to answer the following research questions: 
 

Q1: How has the value system around wireless access provisioning evolved until 

now and how could it evolve in the future? 

 
Q2: What kind of underlying value system structures and dynamics can be 
identified around wireless access provisioning? 

 
Q3: How could value system modeling methods following  a systems thinking 
approach be enhanced to improve the understanding and strategic management 
of wireless access provisioning? 
 

The simplified technical architecture in Figure 1 shows the scope of this 
research. As it relates to historical evolution the focus is put on examining 
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the evolution of GSM and Wi-Fi certified IEEE 802.11 family  of 
technologies, i.e. the Telecommunications  (Telecom) and Internet track s 
respectively. Other technology tracks of cellular wide area and wireless local 
area networks (WLAN) 5 are not studied extensively.  

 

 

Figure 1. Simplified technical architecture of wireless access provisioning . 

 
In terms of f uture evolution the scope is limited to two important trends: 

firstly, the evolution towards smaller cell sizes and intelligent  wireless local 
area access technologies and secondly, the evolution towards more flexible 
use of the radio spectrum and liberal spectrum licensing schemes. Finally, 
as it relates to mobile and wireless services overall, the research is mostly 
limit ed to wireless access provisioning and does not study other parts of the 
value system in detail (e.g. fixed access provisioning or service 
applications).  

As terminology in the  existing literature is diverse and can in some cases 
even be contradictory, in this thesis some frequently used important terms 
are defined as follows: 

Evolution : change (in a value system) over time 
Wireless access provisioning : the process of providing wireless access 

to other networks (e.g. to the telephone network or Internet)  
Value system : a set of interlinked economic actors, roles and technical 

components (including both a business and technical architecture) 

                                                   
5 Such as (D)AMPS, iDEN, CDMA (3GPP2), IEEE 802.16 (WiMAX), FlashOFDMA 
(IEEE 802.20), HIP ERLAN and HomeRF. 
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Value system structures : linkages of the elements of a value system 
Value system dynamics : interactions of the elements of a value system 
Business architecture : a set of interlinked economic actors and their 

business interfaces 
Technical architecture : a set of interlinked technical components and 

their technical interfaces  

1.3 Outline of the thesis 
 

This thesis consists of this overview and eight publications. The outline of 
the thesis is depicted in Figure 2. Chapter 2 provides substance background 
in terms of  the historical evolution of GSM and Wi -Fi and future evolution 
towards intelligent wireless local area access and more flexible spectrum 
use. The dualism between the Telecom and Internet tracks continues 
throughout the thesis.  Chapter 3 provides an overview to relevant value 
system modeling methods and theories that follow a systems thinking 
approach. 

  

 

Figure 2. Outline  of the thesis.  
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two stage structure where first, results related to underlying structures and 
second to underlying dynamics of the value system around wireless access 
provisioning are presented. Finally, i n Chapter 6 the results are 
summarized, their significance and limitations  are discussed, and proposals 
for future work  are made. The original publications are included in the 
appendix. 
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2. Evolution of wireless access 
provisioning 

 
This chapter gives an overview to the historical and future evolution of 
wireless access provisioning. It begins with a short description of  the 
historical evolution of GSM - and Wi-Fi-based technology tracks6 and then 
moves on to describe future evolution  in terms of intelligent wireless local 
area access and flexible spectrum use. Figure 3 depicts the general structure 
of this overview and some of the topics discussed. 

 

 

Figure 3. Simplified evolution  of GSM and Wi -Fi  tracks . 

 

 

 

                                                   
6 For a more elaborate study of the historical developments around GSM and IEEE 
802.11-based Wi-Fi the reader can refer to Funk and Methe (2001), Manninen 
(2002) and Hillebrand (2002) in terms of GSM and Lemstra et al. (2010) and 
Negus and Petrick (2009) as it relates to Wi-Fi. 
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2.1 Historical evolution 
 

2.1.1 GSM  track  
 

The origins of cellular mobile communications can be traced back to 1947 
when Bell Labs introduced the concept of cellular networks to resolve 
capacity constraints of mobile systems through the geographical re-use of 
frequencies (Manninen, 2002). During th e first steps of commercial 
deployment of analogue mobile cellular networks in the 1970-1980s the 
cellular networks were usually operated by government monopolies that 
controlled the entire value system from technology design and 
manufacturing to operation  of infrastructure and ownership of devices. As a 
result technologies were typically incompatible between neighboring 
countries where e.g. at one point in time Europe alone had over 20 different 
systems (Manninen, 2002).  An exception to this were the Nordic countries 
which had a long history of promoting open exchange of capital, products 
and services, and ideas (Steinbock, 2003) and together designed and 
deployed the NMT (Nordic Mobile Telephone) system. The NMT system 
provided open interfaces between the different technological components of 
the system which in turn led to a rather vibrant value system with multi -
vendor solutions, roaming between the Nordic countries and end-user 
ownership of devices.  

Later on, as the shift from analogue to digital technologies was ongoing, 
Europe decided to create a common second generation (2G) standard as a 
response to the existing technology fragmentation and deploy a harmonized 
pan-European mobile network. The NMT system, with its established 
processes and market provided a good basis for the introduction of open 
interfaces and other critical functionality such as the SIM -card and roaming 
that in turn enabled large scale interoperability, multi -vendor and multi -
operator solutions  and new services such as the Short Message Service 
(SMS). An important milestone was reached on 7th of September 1987 
when 15 operators from 13 countries signed the GSM Memorandum of 
Understanding (MoU) stating that they would deploy GSM on the 900 MHz 
spectrum band (Hillebrand, 2002). Later on in Europe, as the 
telecommunications industry was being liberalized and spectrum licenses 
were given to new entrant mobile operators, the technology and spectrum 
harmonization policy continued and only GSM technologies were used by 
the operators who subsequently joined the GSM MoU. The GSM MoU later 
on evolved to the GSM Association (GSMA) that to this day serves as one of 
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connectivity to the Internet and its rapidly growing applications and 
contents has become the main driver for the deployment of new mobile 
technologies such as HSPA and LTE where operators are increasingly 
refarming the traditional GSM spectrum bands for next generation cellular  
technologies (e.g. WCDMA on 900 MHz and LTE on 1800 MHz)10. 
Operators are also increasingly outsourcing the operation of their networks 
to infrastructure vendors who are able to leverage global level economies of 
scale. 

Finally, as we move towards fourth generation technologies we are 
witnessing a global convergence to LTE (and its future version  LTE-A). 
Although in third  generation systems the GSM-based 3GPP (WCDMA and 
HSPA) has met some competition from 3GPP2 (CDMA) (and to some 
degree from IEEE 802.16 WiMAX) now all operators seem to be migrating 
to FDD-LTE (or to TD-LTE in the case of WiMAX). Furthermore operators 
are increasingly shaping their networks towards a more flat architecture 
and smaller cell sizes. 

2.1.2  Wi -Fi track  
 

The foundations of wireless local area access can be traced back to the 
1940s and to the invention of spread spectrum technologies which have 
become a key enabler of decentralized radio communications and also to 
the invention of the ALOHA protocol in the 1970s which provided a simple 
collision avoidance scheme for wireless nodes to co-exist and be less greedy 
on using the wireless channel (Lemstra et al., 2010).  

In terms of regulatory policy , a major milestone was reached in 1985 in 
the U.S. where the national regulator, the Federal Communications 
Commission (FCC), decided to allow the unlicensed use of spread spectrum 
technologies in the bands designated for industrial, scientific and medical 
(ISM) applications (Lemstra and Hayes, 2009). Subsequently, this new 
opportunity led to a large number of competing technologies and 
applications (Negus and Petrick, 2009) ranging from wirelessly connecting 
cash registers to university wireless local area networks (e.g. HomeRF and 
WaveLAN systems and later on HIPERLAN in Europe) . The systems were, 
however, mostly incompatible and as concerns were raised about 
incompatibility proble ms, standardization began in IEEE 802.1111. 
Standardization, however, was still internally somewhat fragmented which 
finally led to the formation of the Wireless Ethernet Compatibility Alliance 
(WECA), which today is known as Wi-Fi Alliance, that provides a multi -
                                                   
10 The term refarming is sometimes used solely to refer to the deployment of new 
services on a given spectrum band. In this work the word refarming is also used for 
deploying new technologies on a given spectrum band. 
11 www.ieee802.org/11 (accessed 24th of August, 2012). 
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2.2 Present and future evolution  
 

As discussed in the above section, one can argue that the 
Telecommunications and Internet tracks are currently colliding  on the level 
of wireless access provisioning where the use case driving the increasing 
demand for more bandwidth seems to be wireless and mobile access to the 
Internet. Recently many mobile operators, for example, have seen 
substantial growth in terms of data traffic in their wide area networks 
fueled especially by an increasing number of laptop users and by the 
diffusion of flat rate pricing. Such growth is expected to continue as the 
number of connected devices and high bandwidth consuming applications 
increases which in turn presents significant  challenges to the existing 
wireless infrastructure  and its ability  to scale up in order to meet the rising 
demand cost-efficiently.  

Roughly speaking one can distinguish three ways to cater to the increasing 
demand: 

 
1. Increase the spectrum efficiency of radio technologies,  
2. Increase the number of base stations and access points, or 
3. Increase the availability of spectrum e.g. by enabling more flexible 

access to unused spectrum bands and usage of already allocated 
spectrum bands more efficiently.  

 
The first option is mostly an engineering issue where some argue that the 

efficiency of most recent radio technologies (e.g. LTE, LTE-A) is getting 
close to the theoretical limit  and cannot be improved much while others 
argue that there is still plenty of room for improvement .  

The second and third options could involve the entrance of new economic 
actors such as smaller wireless access and spectrum database operators and 
major reforms in regulation . Therefore, in addition to studying the 
corresponding new technical enablers such as self-organizing wireless local 
area networks and cognitive radio, there is a need for a broader point of 
view that takes into consideration also the business and regulatory aspects. 
These latter two options are also tightly connected to the collision of the 
Telecommunications and Internet tracks.  The following two subsections 
conduct an overview to both of these evolution trends. 
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2.2.1  Intelligent wireless local area access  
 
Serving traffic with wireless local area access points and base stations 
residing closer to the end-users makes sense on many fronts. Deploying a 
denser wireless infrastructure by increasing the number of access points 
and getting the transmitter and receiver closer to each other is a sure way to 
increase the system capacity of a wireless link (Chandrasekhar et al., 2008). 
Furthermore , it has been identified that most wireless traffic originates 
from indoor locations (Markendahl, 2011) since people typically spend most 
of their time either at hom e or work. Additionally, wall attenuation presents 
a major challenge for the wide area cellular networks to deliver broadband 
speeds12 (Markendahl, 2011) which further motivates placing base stations 
and access points to indoor locations. 

However, from a business model point of view considerable uncertainty 
exists over who will control these wireless local area access points. As there 
are many interested actors in a position of  taking control of them and 
coupling them to their existing platform, the resultin g value system can 
become rather complex and diverse. 

As it relates to technological evolution towards intelligent self-configuring 
wireless access points two technology tracks are typically identified : firstly, 
the Telecom track where 3GPP-based intelligent femtocell access points, 
self-configuring networks  and distributed antenna systems13 enable mobile 
operators to extend the coverage and capacity of their wide area (WA) 
cellular networks and secondly, the Internet track where wireless access 
points are based on the IEEE 802.11 family of standards.  

Overall, the 3GPP-based intelligent femtocell access points are more 
centralized, work on licensed spectrum, can be more tightly integrated to 
the cellular network  and support the business model of mobile operators 
better. Therefore, using such intelligent access points is an attractive option 
for the mobile operators to extend coverage and offload traffic  from the 
cellular wide area network.  

However, the model has also some drawbacks. Mobile network costs are 
proportional to the number of base station sites, meaning that mobile 
operators prefer sites with larger coverage14 and in turn avoid increasing 
the number of access points that can result in high deployment, operation 

                                                   
12 The recent trend of building more energy efficient houses will make it even more 
challenging for radio signals to penetrate building walls and windows.  
13 These base station and access point solutions have many forms and the 
terminology is diverse featuring terms like self -organizing networks, heterogeneous 
networks (hetnets), femtocells, picocells, metrocells and small cells. 
14 Developing A Fully Inclusive Mobile Broadband Strategy: Bringing  Mobile 
Broadband To Remote And Rural Areas. Presentation at Mobile Broadband World, 
Dr. Eetu Prieur, Elisa, London, September, 2009. 
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and maintenance costs. This can be the case especially if existing mobile 
operators all try to deploy their own infrastructure and do not co -operate 
e.g. by using multi -operator access points or with roaming. Also, the use of 
licensed spectrum on femtocells might interfere with the wide area network 
and lead to inefficient spectrum use in the form of dead zones and coverage 
holes (Markendahl, 2011). Currently t he installed base of such femtocells is 
still relatively low and driven mostly by coverage, but the number could 
grow as capacity becomes the major driver.  

The Wi-Fi track, on the other hand, has already now a large installed base 
of private Wi-Fi certified IEEE 802.11 access points using the 2.4 GHz 
unlicensed band. As opposed to femtocells deployments which work in a 
more top-down manner, and are controlled by operators, Wi-Fi access 
point deployments are a more bottom-up type of a process, where 
enterprises and households themselves acquire, deploy and operate the 
access points. For the venue owner the process is very simple since 
practically no co-ordination in terms of spectrum licenses is needed as long 
as the equipment used conforms to the specified spectrum etiquette (e.g. in 
terms of power). 

One can argue that already the existing base of Wi-Fi access points could 
be used more efficiently. Many of the Wi-Fi access points currently 
operating in private mode are located in places with a large number of 
potential users (e.g. downtown areas in cities), have plenty of excess 
capacity and could thus also provision public access to a broader user base 
if the technical architecture and business models were in place. During the 
recent years, different kinds of public Wi -Fi models have already emerged 
(Markendahl and Mäkitalo , 2007) ranging from m unicipal Wi -Fi (often 
powered by partner infrastructure operators like The Cloud) and Wi -Fi 
communities (e.g. FON and eduroam) to commercial Wi-Fi aggregators 
(e.g. iPass and Boingo)15. Most, however, have had only limited success and 
the numbers in terms of users have remained relatively modest. Also on a 
technical level public Wi -Fi solutions have remained fragmented where the 
systems have been based either on different proprietary ( e.g. iPass and 
Boingo) or open solutions (e.g. eduroam and openWRT). Overall, as it 
relates to community efforts , there is a need for scale, and for central co-
ordination that are not easily achieved by the ad-hoc nature of many 
community efforts (Middleton and Bryne, 2011) and it has been questioned 
whether a decentralized, cooperatively run communication infrastructure 
can be a significant alternative to the centrally driven, commercial systems 
(Sandvig, 2004).  

                                                   
15 www.thecloud.net, www.fon.com, www.eduroam.org, www.ipass.com, and 
www.boingo.com (accessed 24th of August, 2012). 





Evolution of wireless access provisioning 

18 
 

where the spectrum block allocated for the mobile communications service 
was divided to smaller, but still relatively large blocks and assigned 
exclusively to a few competing mobile operators. In some cases the 
assignments have also been technology neutral and have involved spectrum 
auctions. 

As a whole, compared to the increasing demand, mobile communications 
still has relatively little spectrum and there is increasing pressure to allocate 
and assign more spectrum to mobile operators e.g. from the digital 
dividend released from TV broadcasting. The process however requires 
international  co-ordination  and takes a very long time. At the same time 
strong evidence has been presented that parts of the licensed spectrum is 
severely underutilized (Olaffson et al., 2007) . Such white spaces (WS) can 
be found from bands assigned e.g. to satellite, radar, professional mobile 
radio (PMR), military, or broadcasting use. On the other hand these can 
also be found from bands used by the mobile operators who, e.g., often 
leave many rural areas unserved or use high frequency spectrum bands, 
that do not propagate far, only to cover highly congested areas.  

This suggests that there is still a need to move towards a more flexible, 
decentralized and market driven licensing approach by defining spectrum 
usage rights (SUR) for smaller spectrum bands and geographical areas, by 
introducing shorter license times (or a secondary market) and by increasing 
the number of market actors involved . Such a market could also introduce 
new actors serving as mediating spectrum brokers using either proprietary 
or standardized solutions (e.g. the mobile operator community driven 
Authorized /Licensed Shared Access (ASA/LSA )). 

Still , there already now exists an established liberal spectrum licensing 
regime in the form of l icense-exempt spectrum (i.e. unlicensed spectrum) 
utilized e.g. by Wi-Fi access points using the 2.4 GHz ISM band. This 
licensing regime enables anybody to use a license-exempt band and only 
requires that  wireless nodes follow a simple spectrum etiquette. Under such 
a scheme many different technologies and services are able to co-exist 
without major transaction or policing costs. However, if the number of 
devices grows to a high enough value, the unlicensed spectrum band can 
become highly congested and co-existence is compromised. 
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(technological or business) management can be applied and evaluates their 
importance in terms of  demand and interchangeability  (i.e. coreness), and 
also examines triggers that cause changes in the value system (MIT CFP, 
2005) . Furthermore, a holistic approach has been taken e.g. by Odlyzko 
(2001) who analyzes repeating patterns in the history of comm unication 
technologies and by Kilkki ( 2012) who examines the communications 
ecosystem as a whole, ranging from user behavior, to issues related to 
technology, networks, and economics. 

As it relates to wireless access provisioning in particular, e.g. scenario 
planning has been used by Smura and Sorri (2009) who constructed four 
future scenarios describing the macro level industry structure around 
wireless local area access technologies based on uncertainties related to the 
degree of vertical integration and technology fragmentation in the value 
system. Markendahl and Mäkitalo ( 2007) have examined business 
architectures for  wireless local area access, and Chapin and Lehr (2007) 
and Ballon and Delaere (2009) for flexible spectrum use.  
 

3.2 Value system dynamics 
 

When modeling the business and technical linkages of a value system the 
models are typically static and do not consider two-way interactions and the 
corresponding feedback structure that is formed. Especially in the case of 
an open system, such as the value system around wireless access 
provisioning , it is important to consider the endogenous structure  and the 
resulting dynamics.  In the following a review of relevant theories describing 
network externalities, evolution, change and complexity in the value system 
is conducted and system dynamics and agent-based modeling tools are 
introduced . 

 

3.2.1  Network e xternalities  
 

When it comes to the success of value systems, direct and indirect network 
externalities between actors often play a key role (Katz and Shapiro, 1985). 
Many times the value of a platform is directly proportional to the number of 
other users on the same side (e.g. number of subscribers in a telephone 
network)  or users on the other side of the platform (e.g. number of software 
developers for an operating system). The phenomena is widely recognized 
and researched in the telecommunications context (Allen, 1988; Schoder, 
2000), although debate is still ongoing regarding the specific formulation 
(Briscoe et al., 2006). A notable refinement of network externalities is the 
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3.2.3  System dynamics  
 

System dynamics was created by Jay Forrester in the mid-1950s to help 
corporate managers improve their understanding of industrial processes 
(Forrester, 1961). System dynamics seeks to explain phenomena by 
modeling the feedback structure of a system and extends general feedback 
theory (i.e. cybernetics) to computer simulation (Forrester et al., 1976).  

Overall, system dynamics takes an endogenous approach (the word 
endogenous means arising from within), where endogenous structure 
generates the dynamics of a system through the interaction of variables and 
actors (and their mental models) represented in the model. This modeling 
approach differs from methods relying on exogenous variables (variables 
arising from without) which explain dynamics in terms of other variables 
whose behavior is assumed (Sterman, 2000).  

System dynamic diagrams depict the feedback structure of a system with 
positive and negative causal links and with stocks, flows and delays. The 
causal links form reinforcing and balancing loops which are the most basic 
feedback structures. These can be combined to generic structures known as 
system archetypes (Senge, 1990; Wolstenholme, 2004), e.g. saturation of 
growth (typical S-shaped diffusion), resource accumulation (e.g. success 
feeds success), and escalation (e.g. price wars), and into furthermore 
complicated structures. 

As it relates to system dynamics it is important to make a distinction 
between two types of complexity: detailed and dynamic complexity (Senge, 
1990; Sterman, 2000). Detailed complexity is modeled by increasing the 
number of variables and detail in the model, whereas dynamic complexity is 
modeled with, rather simple, feedback structures. Dynamic complexity is 
present in situations where cause and effect are subtle, where the same 
action has different effects in the long and the short run, and where an 
action has one set of consequences locally and a different set of 
consequences in another part of the system (Senge, 1990). In general, 
research shows that dynamic complexity and endogenous structure is 
difficult to understand and that feedback, time delays, and nonlinearity are 
counterintuitive and poorly understood (Sterman, 1989; 2002). 
Furthermore, it has been suggested that the real leverage in many 
management situations lies in understanding dynamic complexity (Senge, 
1990). 

System dynamics has been used in many fields, where applications have 
ranged, for example, from logistics and supply chain management to the 
study of structural changes in the commercial jet aircraft industry (Lyneis, 
2000). System dynamics has also been applied in the telecommunications 
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context where e.g. Dutta and Sridhar (2003) used it to model the growth of 
cellular services in India and Tookey et al. (2006) to model broadband 
diffusi on in remote and rural Scotland . Davies et al. (2008) used system 
dynamics to examine the case of telecommunications sector regulation in 
New Zealand and Pagani and Fine (2008) developed a map to analyze the 
dynamic forces that influence the structure and development of third 
generation wireless communications value networks and services. Vaishnav 
(2009)  analyzed how a telecommunications regulator can balance 
regulation with innovation  at a reasonable cost by better understanding the 
dynamic complexity involved . 

 

3.2.4  Agent -based modeling  and complexity theory  
 
In system dynamics, individual economic actors are aggregated into 
homogeneous groups and relatively small number of states (Rahmandad 
and Sterman, 2010) which in turn can lead to the omission of micro level 
interactions that might give rise to important behavior.  Agent-based 
modeling (ABM) is a method for simulating the behavior and interaction of 
a large group of agents where the individual members of a population are 
represented explicitly rather than as a single aggregate entity (Macal and 
North, 2010) . An agent-based model embeds a feedback structure between 
a set of agents and is a useful tool, if one wants to increase the level of 
detailed complexity in the model . However, as detailed complexity grows 
and as the number of variables is increased and agents become more 
heterogeneous, linking the behavior of a model to its feedback structure 
becomes more difficult . Thus there exists a trade-off between disaggregate 
detail provided by agent-based modeling and breadth of model boundary 
offered by system dynamics (Rahmandad and Sterman, 2010). 

Agent-based modeling can, for example, help in understanding the 
behavior of so called complex adaptive systems (CAS) (Holland, 2006) that 
have a large number of interacting and learning agents, are quick to adapt 
to new circumstances, and are constantly evolving and unfolding over time 
(Arthur, 1999) . Examples of such decentralized systems are stock markets 
and ant colonies. In a complex adaptive system the individual agents have 
simple rules and structure emerges in a bottom-up manner as the result of 
their interaction. The result is typically a scale-free structure that follows a 
power-law (long tail) distribution 24.  

                                                   
24 Scale-free distributions can be found e.g. in the network formed by airline 
connections (as opposed to the randomly distributed  road network ), the World 
Wide Web (Barabási and Bonabeau, 2003) and the Internet router infrastructure 
(Faloutsos et al., 1999). 
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Complex adaptive systems are commonly described to be exhibiting 
spontaneous order and working on the edge of chaos. According to chaos 
theory such systems can be described with a strange attractor that is not 
completely random but is still more irregular than the fixed point and limit 
cycle attractors commonly used in dynamical systems theory which 
describe goal seeking and cyclical behavior. Furthermore, as it relates to 
relationships between systems, it has been observed that systems following 
similar attractor types tend to synchronize  with each other (Strogatz, 2001).  

Overall, in terms of the relationship between system dynamics and agent-
based modeling it is important to recognize the strengths and weaknesses 
of both tools and use them accordingly. While system dynamics can, for 
example, be used to simulate a centralized market where two or three actors 
compete (and e.g. also show limit cycle dynamics) (Sice et al., 2000) it  
cannot model particularly well the decentralized competition dynamics 
between hundreds or thousands of economic actors. 

In terms of wireless access provisioning, agent-based modeling has been 
used to evaluate spectrum trading markets (Caicedo and Weiss, 2010; 
Tonmukayakul  and Weiss, 2008; Yoon et al., 2010) where a special form of 
it  called Agent-based Computational Economics (ACE) has been applied.  
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4. Research methods 

This chapter presents the research methods used in this thesis and how the 
value system modeling theories and methods introduced in Chapter 3 are 
utilized . The chapter first presents the overall research approach taken, 
then moves on to describe the process of model construction and the kind 
of data that is collected, and finally outline s the research process. 

4.1 Research approach 
 

This thesis takes a systems thinking approach to modeling the evolving 
value system around wireless access provisioning, that is, tries to find an 
explanation to the observed phenomena by examining the linkages and 
interactions of the elements of the overall value system. The research 
approach is depicted in Figure 4. 

Following the systems thinking approach, this research has a large time 
horizon and models both historical and future evolution of the value system 
around wirel ess access provisioning. In addition to examining future 
evolution , in terms of intelligent wireless local area access technologies and 
flexible spectrum use, the research examines established evolution paths 
and important lessons learned related to the historical evolution of GSM 
and Wi-Fi tracks that in turn could be taken into consideration when 
making future policy decisions . The research also takes a holistic approach 
in terms of different markets and examines how similar technological 
advancements have taken and could take place differently in different 
markets. 

The research approach does not have a specific stakeholder point of view 
as such, although some case studies are conducted where an actor, such as a 
regulator or mobile network operator (MNO), serves as a value system 
orchestrator. The research findings thus enable all relevant stakeholders to 
have a better understanding of the value system as a whole and therefore 
help them in crafting their strategy and in positioning themselves in the 
value system.  
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proceeds, the level of endogenous explanation in modeling is increased, i.e. 
to what degree feedback structure explains phenomena.  

 

4.2 Modeling process 
 

During the research a set of modeling methods are utilized, and they are 
also enhanced and combined to create new frameworks. In this section , 
generic processes and principles are outlined for  constructing models using 
these methods. This section also describes what kind of data is collected 
and used in the modeling process.  

4.2.1  Model construction  
 

Although model construction is typically a feedback process and not a 
linear sequence of steps, this research follows systematic processes and 
principles when constructi ng models. As it relates to value system 
structures, a framework  for concurrent modeling of business and technical 
architectures is created and utilized (in Publications I and II ) and combined 
with the  scenario planning method (in Publication III ). For scenario 
planning the structure and steps outlined by Schoemaker and Mavaddat 
(2000) are utilized. The usage of these two methods is iterative where the 
results from scenario planning can be fed to the process of constructing the 
technical and business relationships of the value system structure and vice 
versa where results from concurrent modeling of business and technical 
architectures can be fed to the scenario planning process.  

The results related to value system structures are used as a basis for 
modelin g value system dynamics where a framework for modeling the 
dynamics of business and technical architectures is created and utilized (in 
Publication IV) . As it relates to building dynamic models, systematic 
modeling processes are followed as described by Sterman (2000) for 
system dynamics (in Publications III, V, VI, VII, VIII) and by Macal and 
North  (2010) for agent-based modeling (in Publication VI I ). 

When constructing system dynamics models a five step modeling process 
defined by Sterman (2000) is followed (see Figure 5). The first step is 
problem articulation , where the scope of the problem is defined and the 
purpose of the model is stated (e.g. whether a regulator should pursue a 
harmonization or technical competition  policy as discussed in Publication 
V).  

The second step is the formulation of a dynamic hypothesis , where the 
endogenous structure of the system is depicted with a causal loop diagram, 
i.e. a conceptual model is constructed that explains the dynamics as 
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endogenous consequences of the feedback structure. When developing such 
a conceptual model existing theories of the dynamic behavior of the system 
(e.g. network externalities and economies of scale) can be utilized and 
intermediate modeling tools such as model boundary charts, used to 
categorize variables as endogenous or exogenous, can be applied. Various 
subsystem diagrams are also useful, such as the results from the first stage 
of the research, i.e. from scenario planning and concurrent modeling of 
business and technical architectures.  

 

 

Figure 5. Iterative modeling process ( modified from Sterman  (2000 )).  

The third step is the formulation  of a simulation model, where a 
quantitative model with stocks and flows is constructed, structure and 
decision rules are specified, parameters are estimated, behavioral 
relationships formulated and initial conditions defined. In this research 
Vensim software25 is used to implement the models  and run simulations ( in 
Publications V and VI) 26.  

The fourth step in the process is testing, where functioning of the model is 
verified  for example by comparing simulation results to collected reference 
data (e.g. the penetration of mobile voice service in different markets ) or by 
reproducing key behavior (e.g. vicious cycle of platform discard decisions 
by end-users). Tests related to boundary adequacy can also be conducted, 
i.e. checking whether important concepts describing the problem are 

                                                   
25 www.vensim.com (accessed 3rd of March, 2013). 
26 The results from these simulations are presented in Chapter 5. As it relates to 
more elaborate descriptions of the quantitative modeling, i.e. the detailed stock-
and-flow diagrams, mathematical equations and tables of assumptions feeding 
system parameters during simulation , in Chapter 5 the reader is directed to the 
corresponding places in the publications. 
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that the models are useful and can be communicated to trigger personal 
and institutional learning and change.  

4.2.2  Data  
 

During the research different kinds of data is collected and used which can 
be roughly divided to hard, written and soft data (Ster man, 2000) as 
depicted in Figure 6. Hard data describes phenomena with numerical data. 
In this research hard data consists of snapshots of important variables and 
short and long time series, where, in some cases, the original time series is 
further computed to fit the modeling needs 29. Public databases, market 
research documents (published e.g. by regulators) and prior research are 
used as sources for hard data.  

Written data consist s of written description of phenomena. In this 
research written data comes from prior research, industry publications, 
books, historical and standardization documents, and market research 
documents.  
 

  

Figure 6. Classification of different research data 30 . 

Soft data describes the softer parts of the feedback structure, e.g. the 
beliefs and mental models of actors. Soft data cannot be acquired directly 

                                                   
29 Overall, during the research it was surprisingly challenging to find high quality 
time series of many important variables. For example, while mobile phone 
penetration has been well measured (and defined) over the course of history, the 
systematic longitudinal measurement of e.g. population coverage of mobile 
networks is virtually non -existent. This suggests that there are important variables 
that could be measured more elaborately (e.g. by regulating entities) and could be 
placed in a wider context. 
30 Based on a similar conceptualization from www.pegasuscom.com (accessed 24th 
of August, 2012). 
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but often has to be elicited through interviews and observations. The softer 
parts of the feedback structure are typically the hardest to acquire data 
about which stresses the importance of field study, active participation in 
seminars, conferences, workshops, and informal discussions with 
stakeholders. This also means that assumptions and personal judgment are 
to some degree needed and highlights the need for continual iterative 
learning. During the research soft data is also collected with stakeholder 
interviews including re presentatives of device and network equipment 
vendors, mobile operators, regulators and academia. The interviews follow 
a semi-structured format where power point slides of key theme areas to be 
discussed are used. 

Although the softer parts of the feedback structure, such as mental models 
of individual actors, are the most challenging to understand and acquire 
data about, they should not be excluded from the models because of lack of 
data. In fact omitting structures or variables known to be important 
because numerical data are unavailable could actually be less scientific and 
less accurate than using your best judgment to estimate their values 
(Sterman, 2000) . When examining system behavior, absolute numerical 
values are often not necessarily needed and therefore it is more important 
to identify the general behavioral patterns. 
 

4.3 Research process 
 

The research process is divided into two stages where the first examines 
underlying value system structures and the second underlying value system 
dynamics. The research proceeds as presented in Table 1. 

4.3.1  Value system structures  
 

The first stage of the research focuses on the underlying value system 
structures in terms of the t echnical and business architectures, linkages 
between the elements and high level forces driving the overall structure. In 
Publication I the focus  is mainly  on method development where a value 
system modeling framework is formulated that enables the positioning of 
different ICT services and technologies according to their value proposition. 
The publication integrate s existing value system analysis concepts into a 
holistic theoretical framework that enables the concurrent modeling of 
technical and business architectures and the connection of these to generic 
scenarios that have been found repeatedly in prior research.  

Publication II enhance s the value system modeling framework presented 
in Publication I in terms visual representation an d role analysis as it relates 
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Table 1. Summary of research process ((D)  indicates that the publication includes some form of method development).  
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Publications VII  and VII I  focus on the long term evolution towards  
flexible spectrum use. Publication VII explores the possibilities of how the 
value system around wireless networks could be organized in the future and 
what would be the underlying market dyna mics given the introduction of 
flexible spectrum use in terms of cognitive radio and dynamic spectrum 
access technologies. The qualitativ e level framework presented in 
Publication IV is further enha nced and formulated to a quantitative 
feedback model using agent-based modeling36. The model is configured 
with historical market data  and used to evaluate future evolution 
possibilities both for GSM-based mobile cellular and Wi-Fi-based wireless 
local area access tracks towards flexible spectrum use. The stakeholder view 
is generic but focuses also on the spectrum licensing policies of the 
regulator. Hard data for the work comes from public databases and 
consultancy reports and written  data from historical documents and prior 
research. Soft data is collected from eight stakeholder interviews including 
representatives of device and network equipment vendors, mobile 
operators, regulators and academia. 

Finally, Publication VIII  compares how flexible spectrum use could be 
deployed in advanced and emerging markets37. Finland and India are used 
as examples of a more centralized and decentralized market respectively, 
and the different policy options and environment for spectrum 
management are explored for both. As opposed to Publications V and VI, 
which assume that the value system orchestrator is not part of the feedback 
structure , in this publication the relevant stakeholders (i.e. regulator, 
operators) are embedded in the feedback structure to show the path 
dependency of the policy used in the market and its implications for the 
deployment of more flexible spectrum use. Descriptive hard data about 
both example markets are collected and existing written data from prior 
research is utilized. Furthermore, seven expert interviews are conducted 
with selected stakeholders in order to collect soft data. 
  

                                                   
36 This publication is linked to two other public ations by the author that are outside 
the scope of this thesis (Markendahl and Casey (2012) and Taparia et al. (2012)). 
The publication was written in the context of the EECRT project.  
37 A preliminary version of this article was published in another jour nal article 
(Sridhar et al., 2012). The publication was written in th e context of the EECRT 
project.  
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interfaces. In the framework a technical component is defined as a 
collection and realization of technical functionalities.  The technical 
components in turn define roles responsible for operating and maintaining 
the components. 

Furthermore, the framework defines four generic scenarios that can be 
used to classify different value system configurations based on two 
dimensions: first, whether the configuration is centralized or decentralized 
and second, whether the configuration is horizontal (open) or vertical 
(closed). These two key dimensions have been repeatedly found to be 
important in prior scenario analysis work (Verkasalo, 2008 ; Levä, 2009 ; 
Smura and Sorri, 2009)41 and also on a more generic level as it relates to 
the cyclical evolution of technologies and industries (Anderson and 
Tushman, 1990; Fine, 2000 ).  

This framework is described in more detail in Publication I and was 
further enhanced in Publication II by improving the visualization of the 
different levels of the value system, and by including an explicit evaluation 
of role logic and role importance. Role importance relates closely to the 
concept of coreness used in the Value Chain Dynamics toolkit (MIT CFP, 
2005) which corresponds to  a role that is high in demand but scarce (i.e. 
has low interchangeability) 42.  

5.1.2  Configurations  for wireless local area access  
 

As discussed earlier, considerable uncertainty exists over who will control 
access to wireless local area access points in the future and as there are 
many interested actors that could be involved, the resulting value system 
can become rather complex both on a business and technical level. 
Motivated by these uncertainties, the created framework was used to 
examine value system configurations that currently exist or could emerge 
around wireless local area access in the future 43. The study was partly based 
on the scenario modeling work of Smura and Sorri (2009) and identified  
important roles , such as wireless local area network and access account 
operation, which could be taken by an actor leveraging its control over a 
strategically important adjacent platform . Such an actor could be e.g. a 
venue owner (or facility manager)  controlling the bui lding space, mobile  

                                                   
41 Interestingly, the shift away fr om a vertically integrated industry structure was 
also present in the original scenario planning cases of Shell (de Geus, 1988). 
42 This has also been highlighted by Jacobides et al. (2006) who stresses the 
importance of companies becoming the bottlenecks of their industry and Ballon 
(2009) who discusses gatekeeper roles. 
43 In Publication II the term value network configuration was used to depict the 
level of business architectures. A similar study had been conducted by Markendahl 
and Mäkitalo (2007) that, h owever, focused only on the business architecture level 
and did not include all possible configurations.  
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Figure 8 . Selected value system configurations for wireless local area access (adapted from Publication II).  
Copyright  2010 IEEE . Reprinted with permission.  
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operator controlling the cellular wide area network or service application 
provider in control of the services being accessed.  

Figure 8 depicts selected four value system configurations (out of a total 
of seven) driven by vertically integrated fixed-mobile operators, horizontal 
mobile operators, venue owners and service application providers, where 
each configuration is classified based on the generic scenarios. 

In a fixed-mobile operator driven configuration (i.e. centrali zed and 
vertical) the end-user, in this case a household or an enterprise, has only a 
single contract wit h a fixed-mobile operator wh ich provides complete 
integrated access to both wide area and local area networks and also most 
of the needed services such as voice calls and video, sometimes referred to 
as quadruple play. This can also lead to it having tight control of the 
technical functionalities in the devices which in turn can lead to closed 
interfaces and proprietary solutions.  

In a mobile operator driven configuration (i.e. centralized and horizontal), 
the mobile operator extends its control to wireless local area access points 
where the end-user, e.g. a household, conducts the initial deployment and 
basic physical operation of the access point, e.g. supply of power, and has a 
contract with a broadband access operator for fixed access. In the case of 
public access the end-user and venue owner are separate actors that both 
have contracts with the mobile operator. The femtocell technology is an 
example of an enabler of this configuration, where the access points are 
tightly coupled to the mobile cellular ne twork . 

The venue owner driven configuration (i.e. decentralized and horizontal) 
roughly corresponds to the Wi-Fi deployments that are dominant today. In 
thi s configuration, a venue owner, e.g. private household, enterprise, coffee 
shop or city, provides wireless local area access to end-users. This typically 
includes a direct contractual relationship with the end -user including the 
provisioning of authentication keys. The decentralized and open 
configuration allows for more open interfaces and technological  
heterogeneity in terms of the deployed technologies while also ensuring 
interoperability between the technical components.  

Finally, in a service application provider driven configuration end -users 
have a single contract with  a service application provider  which offers 
wireless access in addition to the services. Various Internet  service giants, 
such as Google, Microsoft and Amazon, have gradually expanded their 
position in the value system around wireless access provisioning and could 
eventually also try  control wireless access provisioning themselves. The 
service providers could create a mediating platform through which their 
service users could get transparent wireless local area access or even 
become mobile virtual network operators and provide access to cellular 
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technical, social, regulatory and economic forces driving change, by 
prioritizing and ranking them  in terms of importance  and uncertainty, and 
by examining their interactions in terms of correlations. In this work, 
however, the interaction of relevant forces was studied by examining their 
causal relations and the resulting feedback structure they form using 
conceptual level system dynamics46. This resulted in a feedback model of 
relevant trends and uncertainties as depicted in Figure 9.  
 

 
Figure 9. System dynamics model of forces driving flexible spectrum use 47 
(Publication III) . Copyright 2009 IDATE . Reprinted with permission.  

The model shows different forces driving the demand for wireless 
bandwidth (U5 ) and four ways of catering to, i.e. balancing, the demand: 1. 
increasing the liberalization of spectrum regulation (B_regul loop), 2. more 
efficient spectrum use by the incumbent mobile cellular operators 
(B_incumb loop), 3. incr easing the availability of unlicensed spectrum and 
number of local area operators (B_unlic loop) and 4. increasing the locality 
of spectrum assignments and markets (B_local loop). Locality of spectrum 
markets, on the other hand, drives the decentralization of intelligence in 
wireless networks which in turn fuels locality even further thus forming a 
reinforcing loop (R_local). The degree of vertical integration is driven on 
one hand by the reinforcing expansion power of the strongest player(s) of 

                                                   
46 The combination of scenario planning and system dynamics relates closely to 
parts of the Value Chain Dynamics toolkit (MIT CFP, 2005) that di scusses so called 
triggers and their dynamics.  
47 In system dynamic models a positive causal link (+) indicates that two variables 
change in the same direction whereas a negative causal link (-) indicates that two 
variables change in opposite direction. Reinforcing loops (R) have an even number 
of negative links and balancing loops (B) an uneven number of negative links. 
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the value system (R_vert loop) and on the other hand by decoupling forces 
such as disruptive technologies and regulatory actions (B_horiz loop).  

Next two uncertainty forces, Locality of spectrum markets (U1) and 
Vertical integration in the industry (U2) , were used to construct the 
scenarios as depicted in Figure 10 corresponding to the dimensions used in 
the generic scenarios of the value system modeling framework and also the 
prior scenario  work of Smura and Sorri (2009) . Figure 10 gives a rough 
description of the presence of each relevant actor group over the technical 
architecture in each of the four scenarios which are described in more detail 
in Publication III . As it relates to the endogenous structure of the forces, the 
system dynamic model in Figure 9 can be used to describe what kind of 
interaction of forces result s in each scenario.  

In the cellular operator bundled spectrum  scenario, spectrum 
management and brokering remains centralized where operators hold on to 
spectrum bands themselves and tie them to their  own technologies and 
services. The B_incub loop in Figure 9 is almost the sole source of supply to 
the growth  of demand and R_vert loop is clearly stronger than B_horiz.   

In the centralized spectrum brokers scenario mobile operators take 
advantage of flexible spectrum use without losing too much control and  
market to local area operators, i.e. most of the intelligence remains in the 
network. In Figure 9, the demand is catered mainly by the B_incub loop but 
is also facilitated by a strong B_regul loop. B_horiz  loop becomes stronger 
than R_vert  reducing incumbent cellular operators to being huge, but 
possibly rather profitable and intelligent,  bit pipes. Connectivity and 
sensing clients, and spectrum databases in this scenario are controlled by 
the operators, which implies strong presence of LTE-based technologies. 

 
Figure 10. Four scenarios  for flexible spectrum use (Publication II I ) . Copyright 
2009 IDATE . Reprinted with permission.  
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In the intelligent devices rule scenario , radio intelligence  and control  is 
decentralized to the edges with  wireless local area access points and devices 
themselves actively and independently taking part  in  the spectrum 
management process, and collaborating  by sensing and monitoring  the 
utilization  of the spectrum resource. Ownership of spectrum is also largely 
decentralized and localized. In Figure 9 most of the demand is met with  a 
strong B_local balancing loop facilitated  also by strong B_regul and 
B_unlic balancing loops and the reinforcing loop R_local. The increased 
device intelligence leads to the decoupling of services from access and 
spectrum and hence B_horiz loop is stronger than R_vert. Overall this 
scenario would correspond to the full realization of cognitive radio where 
an open, loosely coupled, narrow waist  type of, technology would be used 
for mobility, roaming and spectrum access. Connectivity and sensing 
clients, and spectrum databases would be implemented with open 
technologies and be democratized to all. 

Finally , in the access and spectrum broker aggregator scenario the 
decentralized and fragmented access provisioning and spectrum market is 
aggregated by service application  providers who have gained a dominant 
position  in the overall value system. In Figure 9 most of the demand is met 
with  a strong B_local balancing loop (facilitated  by B_regul, B_unlic and 
R_local). The R_vert loop becomes very strong compared to B_horizontal 
with  the powerful  service providers re-coupling spectrum and access to 
their services. Service application providers use closed proprietary 
technologies for connectivity and sensing clients, and spectrum databases, 
which in turn becomes the de facto narrow waist technology, and integrate 
them to their services. This could also lead to a situation where they become 
de facto regulators of the resulting new radio platform.  

Overall, the results highlight the importance of being aware of the 
endogenous feedback structure of the high level forces driving the structure 
of the value system and clarify what are the possible evolution paths 
towards flexible spectrum use. For policy makers the results show the need 
to be aware of too weak spectrum liberalization but also of a situation where 
spectrum is liberalized too heavily which in turn could pave the way for 
other large actors to become de facto regulators of the new radio platform. 
This has happened to some degree in some existing services e.g in the 
Internet, where national player s and regulators have lost control and 
services are provided by global Internet players. 

The conceptual system dynamics model in Figure 9 illustrates t he 
dynamics of the identified forces and how their interactions could lead to 
the different scenarios. It should, however, be noted that although the 
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scenarios reflect plausible value system configurations they represent 
extreme evolution cases. 

 

5.2 Underlying value system dynamics 
 

After model ing and describing the possible value system structures, still in 
a rather static manner, the research moved on to examine the deeper 
endogenous structures and underlying value system dynamics of wireless 
access provisioning. First, value system dynamics of the historical evolution 
of GSM and Wi-Fi were examined. Next, two examples of value system 
orchestration were studied, namely the historical regulatory policy 
decisions related to the diffusion of mobile communications , and the 
strategic management of future two-sided public wireless local area access 
platforms. Finally , value system dynamics related to the evolution towards 
flexible spectrum use were examined by modeling the underlying market 
dynamics given the introduction of CR and DSA systems and by comparing 
advanced and emerging markets using Finland and India as examples.  

 

5.2.1  Historical evolution  of GSM and Wi -Fi  
 

As a next step in the research, a framework  was developed that can be used 
to model the dynamics of a value system at different stages and levels of 
service production. The framework was created by combining a mixture of 
concepts from cycle theories, dynamical systems theory, complexity th eory, 
and network externalities  and built  on the prior method development work 
related to value system structures depicted in Section 5.1. 

The framework describes the dynamics of each stage (or subsystem) of a 
value system both on a business and technical architecture level using basic 
concepts from dynamical systems theory. Roughly put, the dynamic 
behavior of a system can be described with four different attractor  types: a 
fixed point  attractor , a limit cycle attractor, a strange attractor and a 
random system that has no attractor at all.  

A subsystem directed by a fixed point attractor remains static and consists 
only of negative feedback, much like a damped pendulum. A subsystem 
following a limit cycle attractor follows periodic and rather regular change 
where a system has some positive feedback but negative feedback still 
dominates, much like a continuously swin ging pendulum. A subsystem 
following  a strange attractor produces deterministic irregular change that is 
highly sensitive to initial conditions (Lorenz, 1963) and can be seen as 
functioning on the edge of chaos where positive feedback in the system is 
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stronger than negative feedback. A system that has no attractor at all 
exhibits complete disorder  (i.e. is non-deterministic ), has only positive 
feedback and no negative feedback to keep it together. Furthermore, on a 
broader level, it has been observed that a network of subsystems following 
the same dynamics can become synchronized (Strogatz, 2001).  

Following this division  and logic, Figure 11 depicts a value system 
dynamics notation of , first,  a network of fixed attractor  subsystems 
dominated by one actor and integrated technical components, second, a 
network of limit cycle attractor  subsystems with few tightly coupled actors 
and technical components, third,  a network of strange attractor  
subsystems with many loosely coupled actors and technical components, 
and fourth,  a network of no attractor  subsystems with many isolated actors 
and technical components (that can have a fixed attractor structure nested 
into them reflecting p roprietary incompatible systems) . For a detailed 
description of the framework the reader can refer to Publication IV.  
 

 

Figure 11. A notation of value system dynamics (Publication IV) . Copyright 2012  
Inters entia . Reprinted with permission.  

A subsystem at a particular stage of the value system can transition from 
one state to another. Figure 12 depicts transitions between the subsystem 
states, a conceptual level value distribution between the value creating 
actors at a subsystem level and the overall cyclical process where the value 
system revolves around a centralized and decentralized structure 
(Anderson and Tushman, 1990; Fine, 2000).  
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Figure 12. Dynamics and transitions between the subsystem states  (Publication 
IV) . Copyright 2012  Intersentia . Reprinted with permission.  

A subsystem transition can come from within the subsystem or through 
alignment with other subsystems, e.g. adjacent stages in the value system, 
nearby markets or architectural levels or from other external forces. For 
example, causes for convergence can come from dominant design selection 
or industry consolidation and for divergence from regulatory actions or a 
technological discontinuity.   

The created framework was then used to retrospectively model the 
evolution of GSM-based mobile communications and Wi-Fi-based wireless 
local area access as described in Publication IV. The left side of Figure 13 
summarizes the evolution of NMT - and GSM-based mobile 
communications as a transition from a network of fixed attractor 
subsystems to a synchronized network of limit cycle subsystems. The right 
side of Figure 13 depicts the evolution of Wi-Fi-based wireless local area 
access as an ongoing transition from a network of no attractor subsystems 
to a synchronized network of strange attractor subsystems. 

As a whole, over the years, the centralized value system around mobile 
communications has evolved from a set of national monopoly operators 
using incompatible technologies to a globally harmonized GSM value 
system with standardized tightly coupled technical interfaces enabling 
multi -vendor solutions, end-user device ownership and network selection, 
mobile operator competition in terms of price and service quality, and 
international roaming. Here, for example, the harmonization approach 
used in Europe to deploy GSM on the 900 MHz spectrum (i.e. the GSM 
MoU in 1987) was a key milestone and trigger in the overall transition 
towards a centralized and open value system where the actors and technical 
components could become synchronized.  
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Figure 13. Evolution of GSM and Wi -Fi paths (modified from Publication IV).  Copyright 2012 Intersentia. Reprinted with permission.  
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area mobile cellular networks a harmonization approach seems more 
appropriate whereas with technologies (and resources) that are more 
flexible and require less co-ordination , a technology competition approach 
might work better  (e.g. in software defined service applications). 

5.2.3  Public w ireless local area access  platforms  
 
While private, e.g. enterprise and household, Wi-Fi deployments have 
become widely diffused, up until now, public wi reless local area platforms 
have remained fragmented (as indicated earlier e.g. on the upper right side 
of Figure 13) and have not gained large scale success partly due to a 
chicken-and-egg type of a problem. Without revenue generating end-users 
the venue owners have little incentive to join a platform and on the other 
hand without venue owners offering Wi -Fi access in relevant places, end-
users have little incentive to create platform affiliation.  

Motivated by these observations, the research proceeded to create a 
framework that can be used to evaluate platform manager subsidization 
strategies. The created framework build s on the earlier method 
development related to value system structures, and models the 
endogenous formation and diffusion process of a two-sided platform, 
describing the interplay of strategy levers that platform managers have at 
their disposal and factors affecting user willingness to create platform 
affiliation.  

 

 

Figure 17. A framework for two -sided platform managers  (Publication VI) . 
Copyright 2012 Elsevier . Reprinted with permission.  
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The strategies reflected the value system configurations and the 
corresponding stakeholders identified in the first stage of the research (see 
Figure 8), where e.g. horizontal mobile operators can more heavily 
subsidize the venue owners (i.e. have pre-existing relationships to venue 
owners), service application providers the end-users (i.e. have a large base 
of end-users, whose devices they partly or fully control) and vertical mobile 
operators both sides. 

 

 

Figure 19. Share of platform users with l ow and venue owner subsidization 
strategies  (Publication VI) . Copyright 2012 Elsevier . Reprinted with 
permission.  

Figure 19 shows the share of end-users and venue owners when two 
subsidization strategies are used where the subsidization lasts for three 
years. With a low subsidization strategy both sides are subsidized only 
moderately and with a venue owner subsidization strategy (e.g. by a 
horizontal mobile operator)  the venue owners are subsidized more heavily. 

With the low subsidization strategy diffusion is modest , the threshold for 
endogenous self-sustaining growth is not reached and instead a vicious 
cycle of platform discards dominates. In this case subsidization efforts 
should be more intense (or last longer) or alternatively  platform affiliation 
costs should be lower which in turn might not be possible due to the 
structure of the value system. For example, in Europe, value system 
structure is typically rather hor izontal, which makes it difficult for mobile 
operators to offer tailored phones for their platforms as opposed to the 
vertical industry structure e.g. in Japan. With the venue owner 
subsidization strategy the growing base of venue owners increases the 
attr activeness for end-users to voluntarily join the platform which in turn 
leads to self-sustaining growth where no discards occur.  
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Figure 20 . Share of platform users with e nd -user, short and long subsidization 
strategies  (Publica tion VI) . Copyright 2012 Elsevier . Reprinted with 
permission.  

Figure 20 shows results from three other direct subsidization strategies: a 
short subsidization strategy where both sides are subsidized heavily (e.g. a 
vertically integrated mobile operator as a platf orm manager), an end-user 
subsidization strategy where end-users are subsidized more heavily (e.g. a 
service application provider  as a platform manager) and a long 
subsidization strategy where subsidization efforts are low but where the 
subsidization perio d is longer (10 years) (e.g. a long term community 
effort ).  

A short (and intense) subsidization strategy leads to rather quick diffusion 
where most users join  the platform through extern al influence but also 
voluntary, self -sustaining adoption occurs. Since a critical mass is reached 
on both sides quickly, almost no discards occur. When subsidizing just the 
end-user side of the platform, it takes a longer time for the cross-side 
network effect to start working in both directions. With the long 
subsidization strategy, an extensive incubation period is needed for the 
cross-side network effects to emerge. 

Overall, the simulations highlight that if  both sides of the platform are 
equally dependent on the other side for value, i.e. if the elasticity of demand 
across the platform is balanced between the user groups, it is important for 
the platform manager  to try to subsidize both sides more equally in order to 
avoid a vicious cycle of discards and to create a virtuous cycle of self-
sustaining growth. This is in contrast to the more exogenous approach 
suggested by two-sided market theory, where, if the elasticity of demand 
across the platform is not balanced, it makes sense to enforce heavier and 
possibly permanent subsidization on one side in order to sustain the cross-
side network effect and collect profits on the other side. 
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The results also indicate that one reason why mobile operators in 
vertically integrated markets , such as Japan, have been successful in 
deploying mobile platforms  is that the mobil e operators have been in a 
position to subsidize both sides of the platform and, thus, to create a 
virtuous cycle between them. Furthermore, the results point out that in a 
horizontal industry structure it seems important that either the platform 
manager is able to subsidize one side of the platform heavily until positive 
feedback takes place or that a significant base of users exists on one side of 
the platform.  

Indirect subsidization strategies were also examined. Figure 21 shows the 
effect of different revenue sharing models with venue owners. The ratio 
where the venue owner (VO) gets 10 % seems best in the short term and 
break-even is reached the earliest. However, by giving a larger share (e.g. 
30 % or 50 %) to the venue owner, the long term cash flow is considerably 
higher. On the other hand, if the platform manager (PM)  shares too much 
of the revenue (e.g. 50 %), cash flow starts to decline which in turn  shows 
that the effect of a decision can be different in the short and the long run. 

 

 

Figure 21. Cash flows for different revenue sharing models 51 (Publ ication VI) . 
Copyright 2012 Elsevier . Reprinted with permission.  

Overall, the results highlight the importance of understanding dynamic 
complexity when managing two-sided (and mult i-sided) platforms . As 
described in more detail in Publication VI , understanding dynamic 
complexity and endogenous feedback structure seems to play an essential 
role, when considering subsidization strategies for two or more sides of a 
platform, when making revenue sharing decisions with the value creating 

                                                   
51 The venue owner subsidization strategy was used for these simulation cases. 
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user group of the platform, and when deciding whether to form alliances 
with competing platform managers.  

 

5.2.4  Value system dynamics  in flexible spectrum use  
 
In addition to the possible public roaming platform that could emerge 
between isolated wireless local area networks operated by venue owners, 
the value system around wireless access provisioning could also evolve 
towards flexible spectrum use. Technologies such as cognitive radio, 
software defined radio and dynamic spectrum access could in principle 
enable roaming and mobility between all devices on all possible frequencies 
and lead to an open and global network of wirelessly connected devices 
through which everyone could provide and receive public wireless services. 
For this to be realized, the technologies have to be coupled with appropriate 
spectrum regulations which should be more flexible than the current 
exclusive allocations but also enable more co-ordination between devices 
than unlicensed spectrum52. 

Motivated by the above, the research proceeded to examine the value 
system dynamics of a set of future radio platform s. Here, an individual 
radio platform, e.g. a mobile or wireless local area network, is managed by 
an operator that provides a wireless service and mediates interactions 
through a database between two user groups: end-users using devices and 
entities hosting base stations. The value system can be configured in four 
ways following the open-closed and decentralized-centralized dimensions 
presented earlier.  

Here the research also continued the method development work set out 
earlier by further characterizing the underlying value system dynamics in 
each configuration . The underlying dynamics were first modeled with 
simple system archetype feedback structures (Wolstenholme, 2004) and 
after that agent-based modeling was used to assimilate the large number of 
feedback relationships between individual agents simultaneously. Thus, an 
appropriate balance between detailed and dynamic complexity was 
achieved by using a combination of conceptual system dynamics and 
quantitative agent -based modeling as described in Figure 22 and 
Publication VII . 

For simplicity the feedback structure in Figure 22 describes interactions 
between only two agents (i.e. operators) of the value system. The 
conceptual model depicts competition and collaborati on between the agents 
                                                   
52 This would correspond to potential subsystem state transitions from no attractor 
dynamics to strange attractor dynamics e.g. in terms of devices, wireless local area 
networks, authentication an d spectrum regulation (see the upper right corner of  
Figure 13). 
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Figure 22 . Conceptual model of interaction between two agents (Publication 
VII) . Copyright 2012 IEEE . Reprinted with permission.  

These feedback structures were linked to the dynamic subsystem states of 
a value system described earlier. In a value system characterized by a fixed 
point attractor  the success to successful mechanism is strong and 
resources, platform value  and end-users accumulate to one agent. However, 
due to the resulting low competitive effort of the dominant agent the overall 
system slows down and becomes dominated by negative feedback. In a 
value system characterized by a limit cycle attractor  the strength of the 
success to successful mechanism is rather strong, but some competition is 
present. Resources, platform value  and end-users accumulate to and 
circulate between few agents, and overall, the system evolves cyclically, i.e. 
it has some positive feedback but is still dominated by negative feedback.  

In a value system characterized by a strange attractor the strength of the 
success to successful mechanism is low and competition is high. Resources 
and end-users are liquid and move around quickly , and overall, the system 
evolves chaotically, i.e. has some negative feedback but is dominated by 
positive feedback. In a value system characterized by a no attractor  there is 
no success to successful mechanism and competition is intense. Resources 
and end-users do not accumulate, no structure emerges and overall the 
system is dominated only by positive feedback. 

Based on the conceptual level feedback model, an agent-based model was 
built that characterizes the individual behavior of each agent where agents 
can act as both end-users and wireless service providers (i.e. operators)54. 
The model was then calibrated with historical data using a group of 100 
agents (reflecting e.g. a geographical area where agents work as a proxy of 

                                                   
54 A more detailed description of the agent-based model and quantitative modelling 
can be found in Publication VII sub -section III.B and Appendix A .  
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the whole market) to model the evolut ion of GSM and Wi-Fi networks in 
Finland.  For the GSM path, historical data of the market shares of mobile 
operators in Finland was utilized, and for the Wi -Fi path, market data of the 
number of Wi -Fi end-users and operators was used. 

The introduction of C R and DSA technologies to devices was then 
modeled by increasing device intelligence and flexibility, which makes it 
easier for end-users to switch between operators, during a 10 year period 
(2015-2025) and by giving initial spectrum licenses to all agents during the 
CR and DSA introduction period (year 2020). Sensitivity analysis was 
conducted by adjusting the strength of the success to successful mechanism 
(see Figure 22) which in part reflects the overall spectrum licensing model.  

 Spectrum resource accumulation is weakest in the case of license-exempt, 
i.e. unlicensed spectrum where no spectrum rights exist, and slightly 
stronger in the case light licensing, where spectrum licenses are assigned 
dynamically with short cycles while ensuring that competition prevents 
extensive resource accumulation. The strength is still somewhat stronger in 
the case of regulated exclusive licenses, i.e. the currently dominant 
licensing model with large spectrum bands and long license times, and is 
strongest in the case of unregulated exclusive licenses where all resources 
can accumulate or be assigned to one operator and no spectrum caps are 
enforced. The simulation results are depicted in Figure 23 and Figure 24 
and described in more detail in Publication VII.  
 

 

Figure 23 . Operator market shares in GSM evolution path sensitivity cases 
(Publication VII).  Copyright 2012  IEEE . Reprinted with permission.  

 Figure 23 summarizes the simulations for the GSM evolution path and 
shows how operator market shares evolve over time in the different 
sensitivity cases. In the beginning of the simulation s three large mobile 
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network operators dominate the value system and compete with each other 
following the limit cycle dynamics. In the base case of using regulated 
exclusive licenses, after the introducti on of CR and DSA technologies, 
competition between the large operators intensifies and they are joined by 
smaller new entrant operators. Although the large operators lose some 
market share, the majority of resources still accumulates to and circulates 
between the large incumbent operators and overall the value system 
continues to follow the limit cycle dynamics.  

With a light licensing  model the value system starts transitioning tow ards 
strange attractor dynamics where incumbent operators are joined by new 
entrants who are flexibly assigned with resources and are able to grow their 
market share. An unlicensed model dramatically reduces the market shares 
of large operators. Here, resources become fragmented, no operator is able 
to grow bottom -up and the value system transitions to follow the no 
attractor dynamics.  With exclusive licenses without regulation  the value 
system transitions to follow the fixed attractor dynamics and leads to a 
winner -takes-all situation where all re sources accumulate to one actor and 
competition stops.  

 Figure 24 summarizes the simulations for the Wi -Fi evolution path and 
shows how operator market shares evolve over time in the different 
sensitivity cases. In the beginning of the simulation the value system is 
fragmented with a large number of operators with small market shares and 
follows the no attractor dynamics. As can be observed, in the base case of 
light licens ing , the value system transitions to follow strange attractor 
dynamics where operators with valuable services are able to scale bottom-
up and get more resources and market share but where no single actor or 
group of actors starts to dominate the value system. The system adapts 
quickly to changes and resources are re-assigned to wherever new 
innovations and valuable services are created.  
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Figure 24 . Operator market shares in Wi -Fi evolution path sensitivity cases  
(Publication VII) . Copyright 2012  IEEE . Reprinted with permission.  

Using an unlicensed model leads to a situation where the market share of 
all operators remains very small, resources remain fragmented and thus the 
value system continues to follow the no attractor dynamics. This would also 
correspond to the fragmentation of CR technologies and spectrum 
databases in a similar manner as with Wi-Fi roaming and authentication 
today. With a regulated exclusive licensing  model, the value system 
transitions to follow the limit cycl e dynamics, where resources accumulate 
so that two operators start controlling the market  and competing cyclically. 
With  unregulated exclusive licenses, resources accumulate to one actor 
leading to a winner-takes-all situation and fixed attractor dynamics.  The 
dominant actor or actors in the latter  two cases could come from the group 
of incumbent mobile operators but could also come from outside the value 
system e.g. if a large Internet player controlled the spectrum database55 and 
leveraged network externalities arising from elsewhere. 

As it relates to policy implications, the simulations clarif y the possible 
evolution paths of the two technology tracks and point out how they could 
continue on existing evolution paths or collide. The results also highlight 
the possibility of a winner -takes-all and a fragmentation type of scenario. 
Furthermore, s ince the regulator can influence the underlying dynamics of 
the market (e.g. the number of operators) with the spectrum licensing 
model it could be beneficial if the value system would be orchestrated so 
that the underlying market dynamics are aligned with the natural 
characteristics of the radio resources. As discussed by Strogatz (2001), 

                                                   
55 The corresponding platform leader would in this case become the de facto 
regulator of  the platform and control the narrow waist of the overall architecture.  
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dynamical systems following the same dynamics tend to naturally 
synchronize with one another.  

For example, as presented earlier, competition following the limit cycle 
market dynamics has led to rather efficient use of GSM on 900 and 1800 
MHz bands. On the other hand, unlicensed private Wi -Fi deployments, 
have led to a quite well utilized 2.4 GHz ISM band. Overall, roughly put, 
one can say that low frequency bands propagate far and need more 
centralized co-ordination and long assignment cycles whereas high 
frequency bands in turn do not propagate far, remain as a local resource 
(especially in indoor locations) and thus need less co-ordination.  

 

 

Figure 25. Example alignment of underlying market dynamics, radio resources 
and technologies  (Publication VII) . Copyright 2012  IEEE . Reprinted with 
permission.  

Following this logic the alignment could be realized as shown in Figure 
25. Here, fixed point attractor dynamics and the traditional comma nd and 
control licensing would be aligned with very low frequency bands and base 
stations working on very large sites. Limit cycle attractor dynamics a nd 
regulated exclusive licenses would be aligned with low spectrum bands and 
base stations working on large range sites where there is some room for 
competition and value differences in terms of coverage and capacity, but 
which still have long investment cycles and require reliable assets.  

Strange attractor dynamics and light licensing models would be aligned 
with high spectrum bands and base stations and access points working on 
sites with short range, instantly adaptive behavior and small scale 
investments where somewhat unreliable assets, e.g. light or secondary 
licenses, would be sufficient56. No attractor dynamics and the unlicensed 
model would be aligned with very high frequency bands and with access 
points and devices working with very short range sites. Overall, in reality , 

                                                   
56 The differences of investment logic for wide and local area operators are 
examined in more detail in Markendahl and Casey (2012). 
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structure to show the path dependency of the policy used in the market. The 
model suggests that matured markets such as Finland that have used 
centralized and harmonized spectrum planning are likely to continue their 
ex-ante policies and in the future introduce harmonized LTE -based systems 
for large mobile operators, whereas the emerging market in India, 
characterized by market oriented ex-poste regulation , is a good candidate to 
introduce secondary markets and cognitive radio systems.  

For example, the Finnish market has faced similar challenges before in 
introducing more competition as pointed out by historical examples of 
temporary competition  in terms of new GSM1800 and mobile virtual 
network operators  that eventually resulted in consolidation of the market . 
On the other hand it can be argued that the harmonization policy used in 
Finland has led to rather efficient deployment of wide area cellular 
networks and the corresponding spectrum bands (i.e. 900 MHz and 1800 
MHz) , whereas the India n market  is suffering from dis-economies of scale, 
loss of trunking gains and allocative inefficiencies due to a fragmented 
market  (Prasad and Sridhar, 2009). Subsequently, in India it might be 
challenging to introduce harmonization measures such as co-ordinated 
refarming of WCDMA on 900  MHz which in the Finnish market happened 
quite naturally.  

On the other hand, regulators and policy makers are continuously 
exploring ways to improve regulations and it is possible that a tipping point 
is reached and the self-reinforcing loops are reversed in both markets, e.g. if 
competition , market-based spectrum license assignment (e.g. with 
auctions) and open deployment of cognitive radio is strongly enforced in 
Finland or if careful planning and informed decision making about the 
trade-offs between competition and industry efficiency  is introduced in 
India.  
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6. Discussion 

This chapter explores the significance of the results. This research makes 
several practical and method related contributions. Overall, based on the 
findings and contributions of this research, a thesis can be made that 
dynamic complexity is essential for the management of wireless access 
provisioning and that it is important to have an understanding of the 
corresponding value system structures and dynamics. 

In this chapter , first, the contributions are summarized and their 
implications  are discussed. Second, the limitations of the research are 
discussed and third , recommendations for future work  are given.  

6.1 Summary of results and implications 
 

This research took a systems thinking approach to modeling the evolving 
value system around wireless access provisioning. The research was 
organized around the following research questions: 

 
Q1: How has the value system around wireless access provisioning evolved until 
now and how could it evolve in the future? 

 
Q2: What kind of u nderlying value system structures and dynamics can be 
identified around wireless access provisioning? 

 
Q3: How could value system modeling methods following a systems thinking 
approach be enhanced to improve the understanding and strategic management 
of wireless access provisioning? 

 
Accordingly, this research, first, demonstrate d how the GSM and Wi-Fi 

technology tracks have followed distinctively different historical evolution 
paths and showed their future evolution possibilities given the introduction 
of intelligent wireless local area access technologies and flexible spectrum 
use. Second, the research characterized generic value system structures that 
can be identified in wireless access provisioning and demonstrated 
underlying value system dynamics of wireless access provisioning by 
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modeling the corresponding deeper endogenous structures. Third , the 
research also developed methods and frameworks that can be used to 
model the evolution of value systems, their underlyi ng structures and 
dynamics. The research contributions are summarized in Table 2 and 
discussed in more detail in the following . 

6.1.1 Value system evolution  
 
In terms of the overall value system evolution around wireless access 
provisioning both method and substance area related contributions were 
made as described in Publications I-VIII and summarized in  Table 2. 
During the research a set of methods were developed that can be used to 
model different aspects of the evolution of value systems. In this research 
the methods were applied to the evolution of wireless access provisioning 
but they can also be used to model value system evolution around other 
technologies, for example in the ICT industry.  

In terms of historical evolution the results pointed out the importance of 
synchronization and alignment in the value system both for the GSM and 
Wi-Fi technology tracks. The results showed how these two technology 
tracks have followed distinctively different evolution paths and how they 
are on a colliding course. The results also highlighted evolution possibilities 
for how the GSM and Wi-Fi paths could evolve in the future given the 
introduction of intelligent wireless local area technologies and flexible 
spectrum use. These possible evolution paths range from centralized to 
decentralized ones where the value system can have an open or a closed 
structure.  Furthermore , the research has shed light to the reasons why 
some technological advancements have taken place differently in different 
markets and has also demonstrated how future technological advancements 
could happen different ly in different  markets. 

Overall, in terms of practical relevance, the results point out the 
importance for policy makers to understand the established evolution paths 
both as it relates to technical and business architectures and how the value 
system is evolving as a whole. Also, as pointed out by the results, important 
lessons can be learned from historical evolution , such as the importance of 
harmonization in wide area networks,  which could be taken into 
consideration when making future policy decisions .  

6.1.2  Value system structures  
 

As it relates to value systems structures around wireless access provisioning 
both method and substance area related contributions were made as 
described in Publications I -III and summarized  in Table 2. This research 
created a holistic framework for characterizing t he underlying structures of 
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ICT value systems. The framework enables the concurrent modeling of both 
technical and business architectures and the positioning of these to generic 
scenarios. The framework was also enhanced with an assessment of role 
logic and forces driving the importance of a role which in turn can be used 
to evaluate the structure of the value system. The interaction and 
endogenous structure of high level forces influencing the value system 
structure were also demonstrated as an extension to the framework and 
enhancement of the scenario planning method. The created framework 
helps policy makers to understand the value system as a whole and see how 
the business models of individual firms relate to the configuration of the 
entire ICT value system as opposed to many of the current frameworks that 
focus on a single business model and consider only the business 
architecture level of the value system. 

Using the framework new value system configurations for future wireless 
local area access were identified and existing ones were formally modeled 
where the results pointed out the need for co-operation and mutually 
beneficial agreements across the identified configurations. Subsequently, 
policy makers could now focus on designing technologies and policies that 
enable interoperability and revenue sharing between the actors driving 
these value system configurations.  

The framework was also used to model value system structures for flexible 
spectrum use where the results demonstrated what kind of interaction of 
important high level forces leads to four distinctive value system structures 
for fl exible spectrum use. The results pointed out that policy makers, 
especially regulators, need to be aware of a situation where spectrum 
liberalization is too weak and no progress in terms of more efficient use of 
spectrum occurs but on the other hand also of a situation where spectrum is 
liberalized too heavily which in turn could pave the way for other large 
actors (e.g. Internet players) to become de facto regulators of the new radio 
platform.  

6.1.3  Value system dynamics  
  

In terms of value systems dynamics around wireless access provisioning 
both method related contributions (Publications IV, VI, and VII ) and 
substance related findings (Publications IV-VIII) were made as 
summarized in Table 2. Building on the method development work 
conducted earlier for value system structures, a framework describing both 
the underlying structure and dynamics of a value system at different stages 
and levels of service production was created. As opposed to existing work 
that typically characterizes a value system in a static manner, the developed 
framework is able to distinctively model the underlying dynamics of a value 
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system giving rise to observed events and patterns, while still remaining on 
the level of conceptual modeling. Furthermore, later during the research, 
the framework was enhanced and these distinctive dynamics were 
quantitatively demonstrated using a combination of conceptual system 
dynamics and quantitative agent-based modeling which seemed to strike a 
good balance of increasing detailed complexity by using heterogeneous 
agents without losing focus of the overall feedback structure and dynamic 
complexity of the model.  

Using this framework  the research was able to demonstrate relevant 
transitions, alignments and synchronizations both for the GSM and Wi -Fi 
evolution paths and highlight the importance of value system alignment, 
internal structural fit and synchronization in their wide spread diffusion. 
The results also pointed out potential future subsystem transitions for the 
Wi-Fi path that have not happened yet, for example related to 
authentication, roaming , wireless local area access network operation and 
regulation. Furthermore, by apply ing the framework to the introduction of 
flexible spectrum use the research also showed the possible underlying 
market dynamics given the introduction of cognitive radio and dynamic 
spectrum access technologies. Using simulations the research was able to 
demonstrate how the value system could transition to follow different 
dynamics by varying the strength of spectrum licensing.  

Overall, these results enable policy makers to more actively orchestrate 
the alignment, synchronization and internal structural fi t of future 
technologies. The results also point out threats of winner -takes-all and 
fragmentation type of dynamic states that policy makers should be aware 
of, and highlight the possible importance of aligning the underlying market 
dynamics with the natur al, e.g. propagation, characteristics of spectrum 
frequency bands. In practice, this suggests that a harmonization approach 
could be favored for wide area cellular networks and low spectrum bands 
where large and long exclusive spectrum licenses would be granted for few 
operators conducting long term investments. On the other hand, especially 
once cognitive and software defined radio technologies are mature enough, 
a more market driven approach could be used for wireless local area access 
and high frequency bands where local and short spectrum licenses could be 
utilized for a heterogeneous set of operators using cognitive radio 
technologies.  
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In addition to this, the research developed a framework for two - and 
multi -sided platform management strategies that models the endogenous 
formation and diffusion pro cess of a two-sided platform and the 
corresponding strategy levers. On a theoretical level, using the framework 
the research was able to demonstrate the importance of distinguishing 
between endogenous and exogenous growth and the distinction between 
subsidization strategies focused only on one side and both sides of the 
platform.  

The framework was also able to highlight important issues for potential 
managers of a public wireless local area access platform. The results for 
example indicated that operators in vertically integrated markets seem to 
be better positioned for deploying such a platform since they are in a better 
position to subsidize both sides of the platform and, thus, to create a 
virtuous cycle between them. For policy makers the results indicate that 
understanding dynamic complexity and endogenous feedback structure 
seems to play an essential role when considering subsidization strategies 
for two or more sides of a platform, when making revenue sharing decisions 
with the value creating user group of the platform, and when deciding 
whether to form alliances with competing platform managers.  

The research also examined endogenous feedback structure related to key 
historical regulatory decisions for mobile communications with quantitative 
system dynamics where the results highlighted that important reinforcing 
feedback loops, such as economies of scale and the cross-side network 
effect between end-user devices and network infrastructure, were stronger 
in the case of using a harmonization policy as opposed to a technology 
competition policy. The results therefore showed the importance of using a 
harmonization approach e.g. when assigning GSM spectrum licenses for 
wide area cellular networks operating on 900 MHz and 1800 MHz 
spectrum bands. Thus, the results further support the notion that a 
harmonization approach could be more appropriate in the case of wide area 
mobile cellular networks whereas with technologies (and resources) that 
are more flexible and require less co-ordination, a technology competition 
approach might work better.  This could in turn have direct practical 
implications e.g. for the licensing of spectrum being released from the 
digital dividend (i.e. 700 and 800 MHz bands) for future LTE systems. 

Finally, as it relates to the introduction of cognitive radio systems in 
different markets the research showed how the systems could have better 
chances of being deployed in emerging markets with a decentralized 
structure and how it  might be challenging in advanced markets following a 
centralized harmonization approach. For policy makers the results point 
out that advanced markets, e.g. in Europe, often suffer fro m over-
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harmonization while on the other hand in emerging markets the problem 
(or opportunity) is often fragmentation.  These observations could in turn 
have implications to spectrum policies in the respective countries.  
 

6.2 Limitations 
 
Although systems thinking can be a powerful approach when examining the 
complexity of a system it also has drawbacks. For example, when it comes 
to the level of abstraction that has been used in this research, many details 
that can seem relevant have been omitted. The reason for this ori ginates 
from the earlier described trade-off between detailed and dynamic 
complexity where if the latter approach is chosen one tries to find an 
explanation by examining the linkages and interrelations of elements of a 
system rather than the details. 

Furth ermore, when a system is examined from a broader view point and 
softer parts of the feedback structure (e.g. mental models of stakeholders) 
are included, assumptions and personal judgment are to some degree 
needed. Therefore models are never fully complete and there always 
remains a possibility that assumptions related to quantitative modeling 
could be better formulated and that some important feedback structure is 
not taken into consideration . This in turn highlights the importance of 
continual  iterative l earning where the results sometimes serve as better 
hypothesis for future research. Therefore, many of the findings of this 
research could be tested and validated further with more formal 
quantitative modeling and testing methods , e.g. different statistical 
methods and other methods more focused on detailed complexity. 
Additionally,  this research focused on a limited set of systems thinking tools 
such as scenario planning and system dynamics, but the applicability of  
other systems thinking tools or method s close to these could also be 
explored. 

Finally, as it relates to some of the examples discussed during the 
research, it is often hard to find isolated and pure instances of phenomena 
since the value system around access provisioning is rather open. When the 
system is open, macro level issues, such as economic downturns, can have 
an effect on the evolution, which in turn are not captured with in the 
boundary of the model. Furthermore , many random processes influence the 
evolution of the  value system meaning that risk is always involved and that 
in the end, e.g. luck can be a deciding factor. Therefore, the frameworks and 
methods developed during this research can only be helpful guides when 
making policy decisions but are not the full answer. Nevertheless, although 
a complex system, such as the value system around wireless access 



Discussion 

82 
 

provisioning , cannot be fully controlled, it can be understood better where 
the awareness of existing and possible future value system structures and 
corresponding dynamics enable better strategic management and decisions. 

6.3 Future work  
 
Some of the findings of this research point out possible topics for future 
research. Overall, many of the structures identified during this research 
could be modeled more elaborately especially in terms of quantitative 
formulation . Furthermore, the frameworks and methods introduced here 
could be applied to other fields and used to examine the evolution of value 
systems around other technologies.  

On a practical level, as it relates to policy making, it could be interesting to 
further examine the possible benefits of aligning the introduced underlying 
market dynamics with the natural characteristics of radio resources. In 
other words future research could explore to what degree should a 
harmonization approach be used for wide area cellular networks and low 
spectrum bands (i.e. large and long exclusive spectrum licenses for few 
operators conducting long term investments) and to what degree should a 
more market driven approach be used for wireless local area access and 
high frequency bands (i.e. local and short spectrum licenses for a 
heterogeneous set of operators using cognitive radio type of technologies). 
Further more, the implications of cultural and market differencies in 
shaping the value system around wireless access provisioning could also be 
examined in more detail (in addition to Finland and India, implications of 
the special characteristics of e.g. the Japanese or U.S. markets). 

Overall, it could be interesting to examine how the holistic systems 
thinking approach used in this research could be combined with methods 
that are more driven by hard data and are more focused on detailed 
complexity (e.g. different statistical methods). The availability of data is 
increasing exponentially (sometimes referred to as big data) as new 
measurement and data collection tools (such as handset-based 
measurement and sensor networks) and open databases become available, 
which in turn can increase the focus on detailed complexity and can in the 
worst case steer us away from the underlying structures and dynamic 
complexity. Therefore, it is important to find a balance between these two 
approaches and to highlight the importance of both.  

On a more general level, the results found and the policy 
recommendations made during the course of this research could help 
tr igger individual and institutional learning  for relevant stakeholders. 
However, as it relates to issues that involve dynamic complexity  a major 
challenge is the communication of results (Richmond,  1994). In principle a 
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