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Abstract
In this thesis, I investigate three aspects related to the acquisition of resources required to
build an information-systems defense capability among critical-infrastructure providers.
The operational continuity of critical infrastructures is vital for the functioning of
modern societies. Yet, these critical infrastructures are monitored and managed by an
interdependent ecosystem of information systems, exposing critical infrastructures to the
systemic risk of cascading failures. In such a context of extreme-risk distribution, no
private or government (re-)insurer will cover the costs of such failures. As a consequence,
critical-infrastructure providers are forced to ensure their operational continuity against
these risks, whether the risks are due to deliberate attacks or natural disasters.
Consequently, the operational continuity of critical infrastructures requires an
information-systems defense capability – i.e., the ability to prevent, detect and respond
to information systems’ failure. In order to ensure such a capability, the field of computer
& information security develops a myriad of technologies. However, scholars and practitioners stress that technical solutions are necessary but still insufficient for ensuring such
a defense capability. Incidents are caused by inappropriate organizational design and/or
human-behavior aspects, at least as often as by inefficient IT design. Following this logic,
information systems are apprehended as socio-technical systems constituted by a nexus
of technologies (material resource) and human agents (human, and knowledge resources)
who employ such technologies. Building on prior research on organizational capabilities
and security economics, I explore the organizational design and human behavior aspects
that are necessary for critical-infrastructure providers to build such an information-systems
defense capability. Investigating the case of three specific critical infrastructures and their
context, I deconstruct this capability into material, human, and knowledge resources, and I
explore how they should be acquired to build such a capability.
In the first article dedicated to material resource, I argue that the swift changes in the
technological landscape require novel investment-model assumptions in order to acquire
material resources needed for building an information-systems defense capability. Therefore,
I adapt the well-known Gordon-Loeb model so that it can integrate the dynamic and
discontinuous developments of the technological landscape. This first article helps criticalinfrastructure providers to preempt the effect of disruptive technologies on the optimal level
of investment in information-systems defense, and provides a framework in order to select
and invest in the most effective technologies.
In the second article dedicated to human resource, I argue that an organization must
emphasize the recruitment of specialist-knowledge providers in order to build an informationsystems defense capability. I adopt an economic approach – based on an opportunity-cost
analysis – for attracting new employees in the context of the Swiss Armed Forces, a critical
infrastructure that suffers from a deficit of staff for monitoring and managing its information
systems.
In the third article dedicated to knowledge resource, I argue that the organization must
encourage continuous learning of existing organizational members in order to build an
information-systems defense capability. Taking the case of cyber-risk information sharing
as a means to foster tacit-knowledge acquisition, I propose to investigate why human agents
engage in information sharing. I argue that the extent to which an individual engages in
information sharing is a function of their individual knowledge-absorption expectation –
i.e., the benefit they expect from sharing information.
Policy recommendations for governments and critical-infrastructure providers, and a
research agenda for future work are presented in the conclusion.
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Résumé
Dans cette thèse, j’examine trois aspects liés à l’acquisition des ressources nécessaires au développement d’une capacité de défense des systèmes d’information, et ce dans le cadre des fournisseurs
d’infrastructures critiques.
La continuité opérationnelle des infrastructures critiques est vitale pour le fonctionnement
des sociétés modernes. Pourtant, ces infrastructures critiques sont surveillées et gérées par un
écosystème interdépendant de systèmes d’information, exposant ainsi les infrastructures critiques
au risque systémique de défaillances en cascade. Dans un tel contexte de distribution de risques
extrêmes, aucun (ré)assureur privé ou public n’est susceptible de couvrir de telles défaillances. En
conséquence, les fournisseurs d’infrastructures critiques sont contraints d’assurer leur continuité
opérationnelle face à ces risques, qu’ils soient dus à des attaques délibérées ou à des catastrophes.
Par conséquent, la continuité opérationnelle des infrastructures critiques nécessite une capacité
de défense des systèmes d’information, c’est-à-dire la capacité de prévenir, de détecter et de réagir
en cas de défaillance des systèmes d’information. Afin d’assurer une telle capacité, le domaine de la
sécurité informatique (computer & information security) développe une myriade de technologies.
Cependant, les chercheurs et les praticiens insistent sur le fait que les solutions techniques sont
nécessaires mais encore insuffisantes pour assurer une telle capacité de défense. Les incidents sont
causés au moins aussi souvent par une conception organisationnelle inappropriée et/ou des aspects
du comportement humain, que par une conception informatique inefficace. Dans cette logique, les
systèmes d’information sont appréhendés comme des systèmes socio-techniques constitués d’un
ensemble de technologies (ressources matérielles) et d’agents humains (ressources humaines et
connaissances) qui utilisent ces technologies. En m’appuyant sur des recherches antérieures basées
sur les capacités organisationnelles (organizational capabilities) et l’économie de la cyber-sécurité
(security economics), j’explore les aspects de la conception organisationnelle et du comportement
humain qui sont nécessaires aux fournisseurs d’infrastructures critiques pour construire une telle
capacité de défense des systèmes d’information. En étudiant le cas de trois infrastructures critiques
spécifiques et leur contexte, je déconstruis cette capacité en ressources matérielles, resources
humaines et resources de connaissances, et j’explore comment ces resources devraient être acquises
pour construire une telle capacité.
Dans le premier article – consacré aux ressources matérielles –, je soutiens que les évolutions
rapides dans le domaine technologique exigent de nouvelles hypothèses de modèle d’investissement, et
ceci afin d’acquérir les ressources matérielles nécessaires pour construire une capacité de défense des
systèmes d’information. J’adapte donc le célèbre modèle de Gordon-Loeb pour qu’il puisse intégrer
les développements dynamiques et discontinus du domaine technologique. Ce premier article aide
les fournisseurs d’infrastructures critiques à anticiper l’effet des technologies de rupture (disruptive
technologies) sur le niveau optimal d’investissement dans la défense des systèmes d’information, et
fournit un cadre pour sélectionner et investir dans les technologies les plus efficaces.
Dans le deuxième article – consacré aux ressources humaines –, je soutiens qu’une organisation
doit mettre l’accent sur le recrutement de fournisseurs de connaissances spécialisées afin de construire
une capacité de défense des systèmes d’information. J’adopte une approche économique – fondée
sur une analyse des coûts d’opportunité – pour attirer de nouveaux collaborateurs dans le cadre de
l’Armée suisse, une infrastructure critique qui souffre d’un déficit de personnel pour la surveillance
et la gestion de ses systèmes d’information.
Dans le troisième article – consacré aux ressources de connaissances –, je soutiens que
l’organisation doit encourager l’apprentissage continu de ses membres afin de construire une
capacité de défense des systèmes d’information. Prenant le cas du partage d’information sur les
cyber-risques (cyber-risk information sharing) comme moyen de favoriser l’acquisition de connaissances tacites, je propose d’examiner pourquoi les agents humains s’engagent dans le partage
d’information. Je soutiens que la mesure dans laquelle une personne s’engage dans le partage
d’information est fonction de ses attentes individuelles en matière d’absorption des connaissances,
c’est-à-dire les avantages qu’elle attend du partage d’information.
Des recommandations stratégiques à l’intention du gouvernement et des fournisseurs
d’infrastructures critiques, ainsi qu’un agenda de recherche pour des travaux futurs sont présentés
dans la conclusion.
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‘Crazy is building the ark after the flood has already come.’
— Howard Stambler
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Critical Infrastructure (entity)
Construction Industry Institute India (CIP platform)
Critical-Infrastructure Modeling System (CIP platform)
Critical-Infrastructure Provider (entity)
Critical-Infrastructure Protection Decision Support System (CIP platform)
Critical-Infrastructure Protection Modeling and Analysis (CIP platform)
Critical-Infrastructure Simulation by Interdependent Agents (CIP platform)
Association Suisse de la Sécurité de l’Information (Swiss Association for Information Security)
Agent-Based Simulation Model of the US Economy (CIP platform)
Critical-Information-Infrastructure Security (conference)
Cyber-Security In Networking (conference)
(Distributed) Denial-of-Service Attack (cyber-security threat)
Procedimiento Informático-Lógico Para el Análisis de Riesgos (CIP platform)
Electricity Market Complex Adaptive System (CIP platform)
Expected Benefits in Information Security (economic term)
Expected Net-Benefits in Information Security (economic term)
Financial System Infrastructure (CIP platform)
Failure Modes and Effects Analysis (CIP platform)
Fault Tree Analysis (CIP platform)
Gordon-Loeb (mathematical model)
Government Computer Emergency Response Team (government’s risk management and response platform)
Hazardous Operations (CIP platform)
Hard Rewards (construct of Part III)
Höhere Stabsoffiziere (generals of the SAF)
Industrial Control System (entity)
Information and Communication Technology (entity)
Intrusion-Detection System (cyber-security technology)
Inoperability Input–Output Model (CIP platform)
Information Sharing and Analysis Center (platform)
Information Security Operation Center (platform)
Information Technology (entity)
Knowledge Absorption (variable of Part III)
Knowledge-Based View of the firm (theory)
Lecture Notes in Computer Science (Springer publication series)
Working Methodology (CIP platform, from Lund university)
Metodología de Análisis y Gestión de Riesgos de los Sistemas de Información (CIP platform)
Melde- und Analysestelle Informationssicherung (Reporting Analysis Center for Information Assurance, Swiss ISAC)
Methodology for Interdependencies Assessment (CIP platform)
Man-in-the-Middle Attack (cyber-security threat)
Multi-Network Interdependent Critical-Infrastructure Program for Analysis of Lifelines (CIP platform)
Non-commissioned officer (rank category in the SAF)
US National Institute of Standards and Technology (cyber-security policy framework)
Reciprocal Behavior (construct of Part III)
Network-Security Risk-Assessment Model (CIP platform)
Operating System (system software)
Power to Coerce (strategic foreign-policy term)
Peer-to-Peer (network model)
Personal Computer (hardware)
Programmable-Logic Controller (hardware)
Public-Private Partnership (entity)
Resource-Based View of the firm (theory)
Revue Militaire Suisse (Swiss practitioners’ magazine, in French)
Research and Development (business area)
Swiss Armed Forces (entity)
Security-Breach Probability Function (mathematical term)
Supervisory Control and Data Acquisition (specific ICS entity)
Security (Information) and Event Management (security-management procedures and/or products and/or services)
Security-Information Sharing (security practice)
Socio-Technical System (entity)
Urban Infrastructure Suite (CIP platform)
Usefulness Belief (construct of Part III)
Virtual Interacting Network Community (CIP platform)
Workshop on the Economics of Information Security (conference)
Cross-Site Scripting (cyber-security threat)
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Introduction

‘Technological progress has merely provided us with more efficient means for going
backwards.’
— Aldous Huxley

1

Contents of the Introduction
1

Context and Problem Statement . . . . . .
1.1
IS-Security Incidents . . . . . . . . . . .
1.2
IS-Security Incidents Among CIPs . . .
1.3
Requirements for an Effective IS Defense

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

. 3
. . 3
. . 4
. . 7

2

Research Gaps and Research Questions . .
2.1
Part I: Material-Resource Investment . . .
2.2
Part II: Human-Resource Recruitment . .
2.3
Part III: Knowledge-Resource Absorption

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

.
.
.
.

. 9
. . 9
. 10
. 12

3

Methodology . . . . . . . . . . . . . . .
3.1
Research Directions . . . . . . . .
3.2
Research Focus . . . . . . . . . . .
3.3
Research Scope . . . . . . . . . . .
3.4
Interdisciplinary and Multi-Method

. . . . . .
. . . . . .
. . . . . .
. . . . . .
Approach

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

.
.
.
.
.

. 13
. 13
. 13
. 14
. 14

4

Contributions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 15
4.1
List of Publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . 17

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 22

2

1

Context and Problem Statement

Information systems (IS) have become ubiquitous to the great majority of human activities
[244]. Only a few organizations can provide their processes, products and/or services
without relying on IS [72, 115]. According to the definition of Baxter & Sommerville
[30] and Geels [94], IS are described as socio-technical systems (STS) – i.e., the nexus of
humans and information & communication technologies (ICT). Among other functions, IS
are used in order to monitor and/or manage the production and distribution of processes,
products and/or services of many organizations [30, 94]. When it comes to monitor and/or
manage business branches such as operations, research and development (R&D), sales and
marketing, productivity, human resources (HR), business intelligence (BI) – to name a few
–, IS have become central [231]. For example, the information technology (IT) department
of organizations belonging to the financial sector use IS for every kind of activity, should it
be for monitoring and/or managing business branches such as accounts payable, accounts
receivable, general ledger, budgeting and planning, forecasting and reporting, expense
management, funds transfer, investment and portfolio strategies, etc. [199]. Various other
sectors such as public health, energy, government administrations, logistics and supply
chains, transportation, or even food and agriculture are no exception [228]. Consequently,
the functioning and reliability of IS constitute a key criterion for the operational continuity1
of any modern organization. Therefore, if security incidents disrupt IS, organizations that
are dependent to such IS would quickly cease to function [231].

1.1

IS-Security Incidents

Following the cyber-incidents taxonomy of the NIS Cooperation Group – established by the
2016 NIS Directive of the EU Commission to ensure strategic cyber-security cooperation
and the exchange of information among EU Member States – IS-security incidents are
classified among five different categories: (1) system failures, i.e., without external causes
– e.g., hardware failure, software bug, flaw in a procedure, etc.; (2) natural phenomena –
e.g., storm, lightning, solar flare, flood, earthquake, wildfire, etc.; (3) human errors, i.e., the
system worked correctly, but was used wrong – e.g., a user mistake, or carelessness affecting
security; (4) third-party failures, i.e., the incident is due to a disruption of a third-party
service – e.g., power cut, internet outage, etc.; and last but not least (5) malicious actions –
e.g., cyber-attack or physical attack, vandalism, sabotage, insider attack, theft, etc. [117].
While the first four categories can be tackled by internal measures and/or procedures
of organizations, malicious actions are admittedly more challenging to prevent, detect and
contain [241]. Such third parties who attempt to exploit IS vulnerabilities to their own
advantage comprise (1) nation-states actors or their proxies (motivated by geopolitical
factors), (2) (organized) cyber-criminals (motivated by financial profits), (3) hacktivists
(motivated by ideological factors), (4) cyber-terrorists (motivated by ideological violence),
(5) thrill-seekers (motivated by self-satisfaction), and (6) insider threats (motivated by
discontent against their organization) [86]. All of these parties could attempt to exploit
IS vulnerabilities in order to breach IS security, such that they can reach their respective
objectives [52]. Therefore, cyber-attacks of third parties threaten the confidentiality, the
integrity, and/or the availability, which constitute key principles of IS security [203].
The incidence rate and variety of such IS-security concerns are continuously rising, with
attacks becoming more sophisticated and damages taking various forms [52, 241]. Measuring
the number of cyber-incidents and their costs is a complex task that is bound to a variety
of variables such as criteria selection and researchers measurement of direct or indirect costs
(for a systematic study, see [13]). Overall, there is a lack of effective metrics, frameworks and
1
The term operational continuity refers to the ability of a system to continue working despite internal
and/or external incidents such as damages, losses or critical events [16].
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tools in order to estimate the cost of cyber-attacks on organizations [4]. Yet, whatever could
be the actual amount of cyber-incidents and their costs, the magnitude of such incidents is
everything but negligible. For instance, according to the Ponemon Institute, as of 2018,
large organizations with more than 5,000 employees witnessed an average of 145 security
breaches, representing an annual increase of 11% compared to 2017, and an increase of 67%
for the last five years [235]. Also, according to the computer-security software company
McAfee, as of 2018, the annual worldwide cost of cyber-crime has reached more than 600
billion US$ – i.e., 0.8% of global GDP [177]. Compared to 2015, such numbers increased
by approximately 20% [177]. There is much public and academic coverage of exploitation
of IS vulnerabilities leading to security failures and subsequent damages. For instance,
the 2014 data breach that affected the American bank JP Morgan Chase is believed to
have compromised data associated with over 83 million accounts – 76 million households
(two out of three households in the US) and 7 million small businesses [262]. This data
breach is considered to be one of the most serious intrusions into an American corporation,
respectively one of the largest data breaches in history [102, 130, 247]. Another example is
Operation Aurora, a series of cyber-attacks conducted in 2009 through advanced persistent
threats (APT). The primary goal of such coordinated attacks was to gain access to and
potentially modify source-code repositories of high-tech, security and defense-contractor
organizations such as Adobe Systems, Rackspace, Yahoo, Northrop Grumman, Symantec,
and Juniper Networks. Such attacks operated as means of corporate espionage aiming
to steal intellectual property, targeting competitive advantages such as know-hows and
technology secrets [55]. Another famous example is the 2017 Equifax Inc. data breach,
by which cyber-criminals had accessed approximately 146 million US consumers’ personal
data, including credit-card information, leading to financial theft [116]. More recently,
in November 2019, a state-sponsored hacking campaign knocked offline more than 2,000
websites in Georgia, including government and court websites containing case materials
and personal data [257].
While such losses are certainly significant, they are likely small in comparison to
the economic and societal consequences caused by security incidents that affect IS of
critical-infrastructure providers (CIP).

1.2

IS-Security Incidents Among CIPs

The aforementioned examples discuss economic and societal losses that are mostly limited
to the very organization that suffers an IS-security incident. In the worst-case scenario,
these organizations go out of business and disappear from the market, but such organizationspecific failures are unlikely to threaten the industry as a whole, the society, or human life
itself. However, when it comes to severe IS-security incidents that affect CIPs, these vital
issues might be threatened [129].
CIs are defined as organizations delivering goods and/or services that are so vital to
the society that any extended disruption and/or failure of them would strongly affect the
functioning of the government, national security, economic system, public health and safety,
or any combination of the above [6, 53, 132, 242, 250]. Consequently, there is a consensus
in the literature that the functioning of modern societies depends – to a large extent –
on the operational continuity of CIs (for extensive literature reviews, see [222, 271, 301]).
Examples for such CIs are the national power grid, oil and natural gas supply, information,
telecommunication, transportation and logistics networks, the electronic banking and
payment infrastructure, public health services, government services, police and armed
forces2 , water supply systems, and food/agriculture production and distribution [205].
2
It is often emphasized that one of the most important CI is the armed forces as they are responsible for
the security of a society (e.g., [246]).
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Whenever a CI fails, significant economic and societal damages follow. For example,
when India’s national power grid failed in 2012, more than 620 million individuals were left
without electricity supply for two days. Consequently, transportation infrastructures such
as subways and railways were inoperative, as were traffic lights, resulting in unprecedented
traffic jams, and almost the complete telecommunication sector was inoperative. This
incident resulted not only in a temporary disruption of economic activity, but it also caused
significant societal unrest and riots [65, 284].
Numerous scholars such as Alcaraz et al. [5, 6], Zhu et al. [305], and Van Eeten et al.
[286] argue that protecting CIs against disruptions and/or failures cannot be done without
proper protection of the management and control systems of CIs [6, 305]. Industrial-control
systems (ICS), more specifically their sub-domain of supervisory control and data acquisition
(SCADA) systems, progressively and rapidly transited from dedicated solutions towards
IP-based integrated frameworks [6, 305]. Therefore, it is no surprise that defending the IS
that operate these control and supervisory systems is of the utmost importance. Protecting
CIs against IS disruptions and/or failures is therefore highly relevant for policy makers and
researchers [301].
Moreover, IS-security incidents among CIPs can cause economic and societal damages
that are so large that no commercial insurance firm would be willing to underwrite such risk
or provide coverage [98, 134, 190, 294]. This is not only because an important amount of
malicious actions/attacks are not discovered and/or under-reported – and thus extracting
their risk distribution is difficult, which makes such attacks difficult to model [34, 74, 98,
146] –, but also because CIs are technically and architecturally linked across technology
domains, such that, as a whole, they constitute an interdependent ecosystem 3 rather than a
group of autonomous elements [6, 78, 164, 223]. Due to this interdependency, failures in any
particular CI can quickly spread to other networks, such that a cascade of system failures is
initiated that makes technical, economic and societal damages grow exponentially [62, 141,
163, 164]. For instance, the consequences of a major power outage in the Netherlands in
2005 were not limited to a regional disruption of electricity supply. Cascading failures caused
a subsequent disruption of the Rotterdam subway network, made movable bridges stop
halfway such that they blocked road and water routes, and initiated emergency shutdowns
of 65 chemical factories, which in turn caused smoke clouds that disrupted highway traffic.
It took operators two weeks to return to normal operations [286]. Also, according to some
case studies, for temporary and regional disruption alone, economic and societal losses
caused by cascading failures are estimated at four to ten billion US$ [134]; also, another
practitioners’ research estimates the economic and insurance consequences of a severe,
yet plausible, cyber-attack against the US power-grid to reach from 240 billion US$ to
more than 1 trillion US$ [294]. Moreover, according to a research from the University of
Cambridge’s Centre for Risk Studies, cyber-incidents of malicious form are able to inflict
physical damage on more than 50 generators that supply power to the electrical grid in the
Northeastern US including New York City and Washington DC, triggering a wider blackout
which could leave 93 million people without power. This same research states that total
insured losses are estimated from 20 billion US$ to more than 70 billion US$ across the
majority of CI domains [190].
If an intentional attacker can breach the IS security of CIs’ operations – or control
the system and threaten to do so –, extreme economic and societal damages are expected,
putting the whole society as such at risk [129]. As insurance is unavailable [98], CIPs must
essentially face such risks alone, and they have no other choice but to deploy effective
defensive measures that can neutralize the risk of any such damages [218, 249]. It is therefore
no surprise that governments and international organizations continually advise CIPs to
3
The term ecosystem is used as an analogy to natural ecosystems as CIs evolve and adapt to their
political and societal environment.
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defend their IS against security incidents, up to the point where such defense is considered
relevant for national security [214, 215]. For example, in 2017, the NIST Cybersecurity
Framework was declared mandatory for all CIPs in the US [282]. Member states of the
European Union are advised to convert the European Commission’s directive 2006/786 –
which defines infrastructure-security policies – into national law [57].
However, many CIPs are struggling to produce such defense against IS-security incidents, and there are many examples where the IS security of CIPs has been neglected or
compromised. The Dragonfly attacks of 2014 and 2015 that targeted CIs of the energy
sector in many countries exemplify such an IS-security issue [95]. In the recent years,
the energy sector has been targeted by cyber-criminals. Most notably, disruptions to
Ukraine’s electrical grid in 2015 and 2016 led to power outages affecting more than 230,000
citizens [26]. In 2017, media also reported attempted attacks on the electricity grids in
some European countries and on CIPs that manage nuclear facilities in the US [277]. In
attacks related to or similar to the modus operandi of Dragonfly, IS-security issues are
mainly due to increasing integration of third-party supplier systems that interact with the
CIPs’ proprietary architecture. Operating systems (OS) components often come without a
graphical user interface, and they have weak or no password protection [142]. As services
are outsourced to third-party suppliers, dependabilities and vulnerabilities are also created.
In cases related to or similar to Dragonfly, CIPs were lured to doppelganger update servers
from which they downloaded the code, assuming it would be a regular software update [59].
The case of Stuxnet is also illustrative: uncovered in 2010, the Stuxnet cyber-attack used a
malicious computer worm that targeted SCADA systems [33], causing substantial damage
to Iran’s nuclear program. Although no country has openly admitted responsibility, the
worm is widely understood to be a multination-built cyber-weapon [33]. The Stuxnet worm
specifically targeted programmable-logic controllers (PLC), which allow the automation
of electro-mechanical processes such as those used to control machinery and industrial
processes, including centrifuges used for separating nuclear material. Exploiting four zeroday 4 vulnerabilities [208], Stuxnet functions by targeting machines using wide-spread OS.
The attack reportedly compromised Iranian PLCs, collecting information on industrial
systems, and ultimately causing the fast-spinning centrifuges to tear themselves apart
[165]. The Stuxnet’s conception is not domain-specific and thus it could be tailored as a
platform for attacking modern ICS and PLC systems (e.g., in factory assembly lines or
power plants), which are currently used in the great majority of Western countries [155].
Stuxnet reportedly ruined almost one fifth of Iran’s nuclear centrifuges [157]. Targeting
ICSs, the worm infected over 200,000 computers and caused more than 1,000 machines to
physically degrade [240].
Given that these attacks successfully occur in different contexts, it seems that a general
IS-defense problem affects all CIPs. Unless one analyzes what is required to produce IS
defense, there can be no understanding of why CIPs fail to produce such defense.

4

A zero-day vulnerability is a computer-software vulnerability that is either unknown to or unaddressed
by operators who should be interested in mitigating the vulnerability. Zero-day vulnerabilities enable
hackers to exploit it in order to adversely affect computer programs, networks, and data [137].
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1.3

Requirements for an Effective IS Defense

According to the guideline principles of the NIST Cyber-Security Framework 5 , the term
‘IS defense’ designates the ability of any organization to prevent, detect and respond to
IS-security incidents [216]. A systematic literature review related to the IS defense for CIPs
reveals that, to date, IS research has mainly focused on the development of technologies
that are necessary in order provide IS defense. Such technologies are related to two main
fields: (1) risk management and (2) operations research [301]. Table i.1 on page 18 provides
a structured overview of contributions related to risk-management research and operations
research, which model and simulate incidents and hazard maps in order to guide the
acquisition and/or production of IS-defense technologies for CIPs.
Yet, approaches related to risk-management research and operations research are
necessary but not sufficient when it comes to explaining why CIPs differ among each other
as to their capability to defend their IS. If providing IS defense was merely a matter of
technology acquisition and/or production, one should expect the incidence rate of IS-security
issues to decrease as technologies are acquired and/or produced [38]. Yet, organizations
seem to struggle despite the fact that they acquire and/or produce IS-security technologies. To date, extant research provides little evidence that could solve this problem [301].
However, for the last twenty years, scholars and practitioners have been arguing that
technology-oriented approaches are useful yet incomplete. For instance, in his seminal
article ‘Why Information Security is Hard – An Economic Perspective’ Ross Anderson [10]
argued that IS-defense failures are not only due to technological aspects, but are at least as
often due to perverse or misaligned incentives: ‘Many, if not most, of the problems can be
explained more clearly and convincingly using the language of microeconomics: network
externalities, asymmetric information, moral hazard, adverse selection, liability dumping
and the tragedy of the commons.’ In the same vein, numerous scholars tested the validity of
social sciences (economics, sociology, psychology) for explaining, understanding and solving
IS-defense challenges and issues [12, 38, 80, 89, 196].
In particular, these contributions recommend to consider that IS are operated by human
agents, and that human specialists who operate technological systems are required to
produce IS defense. Therefore, human staff and their behavior are relevant components in
the production of IS defense. When it comes to providing IS defense, skills, behavior and
interactions of operators (human agents) who employ technologies are at least as important
as technologies themselves [9, 38, 195]. In particular, human staff might be negligent, and
specialists required to operate sophisticated systems might be not numerous enough in
order to satisfy the market demand, and they might not always be available at short notice
[61, 89, 272]. Thus, it is relevant for CIPs to adopt effective human-resource recruitment to
provide IS defense.
Furthermore, research suggests it is not enough to invest in technologies and recruit
human specialists as such, but it is also required – for any organization that wants to
defend its IS – to absorb specialized knowledge that is not readily or publicly available
(e.g., [100, 150, 248, 299]). The production of IS defense is a knowledge-intensive task [32,
147] as highly specialist knowledge is required to combine and deploy resources effectively
for organizational defense – for instance, by designing resilient systems architectures
and implementing them efficiently [77, 173]. Following this logic, providing IS defense
5
The NIST Cyber-Security Framework provides IS-defense policy guidance for private sector organizations
in the US. NIST is used by various other governments such as Japan and Israel. The framework provides ‘a
high level taxonomy of cyber-security outcomes and a methodology to assess and manage those outcomes’.
The first version of NIST was published by the US National Institute of Standards and Technology in 2014,
originally aimed at CIPs. The framework is being used by a wide range of organizations and helps them to
be proactive about risk management [220, 270].
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might be associated with the extent to which organizational members (i.e., operators) can
absorb specialist knowledge required to combine and deploy resources such as material
and human resources. Therefore, when it comes to providing organizational IS defense,
specialized knowledge is required to build an IS defense capability. In particular, the
IS-defense context often requires sensitive and classified information that is unlikely
to be shared or disseminated through public channels [35, 90, 170, 202, 293]. Also,
the knowledge required to provide IS defense is expert knowledge and hence is highly
tacit – i.e., bound in personal experience [66, 263]. The only way to transfer tacit
knowledge is to engage in social interaction [234]. Such tacit knowledge is not only hard
to describe objectively (e.g., by documentation in manuals or textbooks), but it can also
not readily be transferred among individuals, unless by intense social interaction between
sender and recipient [213, 234, 263]. Consequently, it is relevant for CIPs to absorb tacit
knowledge in order to acquire and/or produce IS-defense processes, products and/or services.
In the same vein, information-security research emphasizes that economic analysis is a
powerful tool whenever one attempts to understand the information security of complex
STSs [38, 200]. Economic research, more precisely its sub-field of organizational theory,
suggests that organizations produce outcomes – such as IS-defense processes, products
and/or services – on the basis of rare, valuable, and imperfectly imitable resources, both
tangible and intangible, which they own, control, or have access to [27, 113]. An organization
combines these resources in a purposeful way to produce an organizational capability –
defined as the ability to reach a desired outcome [8, 209, 278]. Thus, resources allow an
organization to build an organizational capability, which, in turn, is significantly associated
with firm performance [239]. When this thinking is applied to the context of CIs, CIPs
produce capabilities on the basis of rare, valuable and imperfectly imitable resources that
CIPs should acquire, and then combine in order to build an IS-defense capability. Such a
capability enables organizations to develop IS-defense processes, products and/or services
that can subsequently provide effective IS defense.
According to the organizational capability literature, the three requirements discussed
above and related to technologies, human agents and knowledge all constitute resource
categories [67, 252, 255, 280]. Applied to the IS domain, these resource categories are defined
as the following: material resources is related to IT elements such as hardware and software
[27, 278], whereas human resources is related to human agents who employ, manage and/or
monitor such IT elements [264], and knowledge resources is related to specialized skills (of
human agents and organizations) that are necessary in order to operate IT elements in an
effective manner [113, 114, 252, 255, 280]. For instance, Kim et al. [159] propose that an IS
capability results from both human-resource and material-resource components. Resources
required for IS performance comprise both technological components (infrastructures such as
hardware and software) in which the organization has to invest in, and human components
(technical and managerial staff) that the organization has to attract and recruit [188, 192].
Furthermore, Joshi et al. [150] and Gold et al. [100] emphasize that IT capability critically
depends on a specialist knowledge component (organizational know-how).
Hence, if resources are required to produce a capability, and the three above-mentioned
requirements for IS defense constitute resources, then IS defense can be interpreted as
an organizational capability that emerges from the acquisition of these resources and,
subsequently, the purposeful combination of these same resources. This interpretation of
IS defense as an organizational capability not only meets the conception of IS as STSs in
which operators (organizational members) and technologies interact [30, 94], it also implies
that when organizations struggle to produce IS defense – or cannot prevent IS-defense
incidents from happening – their IS-defense capability is ineffective. After all, numerous
scholars demonstrated that differences in firm performance and competitive advantage can
8

be traced to differences in organizational capabilities [119, 239, 266, 300]. Furthermore, as
an IS-defense capability is produced from the purposeful combination of the three above
resources, this ineffectiveness can be traced to problems with the acquisition and/or the
combination of these resources [8, 113, 266, 278].
Therefore, an ineffective IS defense can be traced to two generic problems. (1) The
organization has (or has access to) all required resources but fails to orchestrate them. In this
case, it is rather an ineffective resources management than a lack of resources endowment
that is at the root of IS-defense ineffectiveness. (2) IS ineffectiveness might also be due to
problems with resources acquisition itself. Whereas the problem of resources-combination
failure presupposes that resources are present at all, the more fundamental problem of
resources acquisition deserves to be investigated. More specifically, the focus might be put
on a setting where CIPs are unable to acquire the resources required to provide IS defense.
This inability might take different forms – e.g., the resource cannot be acquired at all, or
not enough resources can be acquired, or only at a lower technological or skill level, etc. In
any case, an obstacle is present that reduces IS-defense effectiveness. The problem for any
CIP is thus to acquire all three resources before even orchestrating them. Consequently,
the overarching research question of this thesis is:
How can CIPs acquire the material, human, and knowledge resources required
to build an effective IS-defense capability?

2

Research Gaps and Research Questions

Numerous researchers have directly or indirectly investigated some targeted aspects of the
above-mentioned resources acquisition, but not necessarily in the domain of IS defense for
CIPs. Systematic literature reviews related to the respective three resource categories are
available in the end of this chapter (concerning material resources, see Table i.2 on page 19;
concerning human resources, see Table i.3 on page 20; concerning knowledge resources, see
Table i.4 on page 21). Yet, these systematic literature reviews emphasize relevant research
gaps that deserve to be investigated – especially in the context of CIPs. Therefore, the
above-mentioned overarching research question is structured into the subsequent three
sub-questions that each addresses a particular resource category.

2.1

Part I: Material-Resource Investment

As mentioned above, building an IS-defense capability requires the acquisition of materialresource components [27, 278], which in turn requires investment either for buying technologies from the market, or for developing in-house R&D [104, 254]. As organizations
face budget constraints, one of the main challenges is to maximize the efficiency of any
monetary investment in order to acquire IS-defense technologies [38, 104, 254] whose operation aims of providing IS defense [22, 104]. While much of the related research focuses on
private-sector organizations, the findings also apply to CIPs [206]. Hence, the acquisition
of material-resource components that are required in order to build an IS-defense capability
for CIPs is essentially a question of investment in technologies [254, 304].
Prior IS research has produced many quantitative models that propose to optimize such
investment, as well as recommendations to invest in particular technologies (e.g., [38, 131,
148, 178, 261]). These formal approaches are complemented by less formal practitioneroriented discussions [22, 267, 292]. Among all of these approaches, the GL model has
emerged as the most dominant in IS research [37, 104, 105, 106, 109]. By specifying a
security-breach probability function (SBPF) and mobilizing utility-maximization methods,
the GL model attempts to determine an optimal investment amount for acquiring IS-defense
9

technologies (e.g., [29, 107, 176, 189, 295]). Table i.2 on page 19 provides a systematic
literature review of this model and its extensions.
However, the model has two significant limitations. As depicted in this systematic
literature review, the model and its extensions are essentially based on a static, singleperiod setting, and they consider a static context of the technological landscape, implying
that technological evolution over time cannot be captured [104, 254, 295]. However, the
technologies that both attackers and defenders of CIs deploy have become much more
dynamic since the GL model was first published. The fast evolution of information
technology allows attackers to deploy more dynamic attack patterns, such as polymorphic
code6 , adversarial reverse engineering and APTs [7, 182], and the exploitation of zero-day
vulnerabilities.7 At the same time, this evolution allows defenders to deploy more powerful
analytical methods, such as machine learning, deep learning and other technologies made
possible by big-data analytics (BDA)8 , and they can also develop automated defense patterns
based on this analysis. Such technological changes might be considered as disruptive – in
the sense that they could significantly enhance the efficacy and/or efficiency of IS defense
– thus bringing discontinuities in investment. Such discontinuities require dynamic and
multi-period investment models [22, 46, 104, 182, 279]. A dynamization of the GL model in
this sense would help CIPs to appropriately invest in the face of such technological changes
[206]. Yet, to the best of my knowledge, this adaptation has not yet been attempted.
As long as this is not done, CIPs might be unable to adapt their investment policy to
such technological changes. As a result, they might invest too little, too much, or invest
inefficiently, such that their IS-defense capability might be sub-optimal. Therefore, a first
sub-question is:
How, if at all, must CIPs adapt current investment models in order to acquire
material-resource components required to build an IS-defense capability?

2.2

Part II: Human-Resource Recruitment

Building an IS-defense capability also requires the acquisition of human-resource components
[264]. Many studies confirm that the professional skills of organizational members are a
critical input to capability generation and for sustained competitive advantage [8, 113, 114,
185, 297]. Thus, building a specialist IS-defense workforce is highly relevant for innovative
responses to security threats and related IS-defense issues [136, 252].
At the same time, the literature is less prolific when it comes to the problem of not
finding (enough) qualified professionals that are skilled enough for executing specialized
tasks [56]. Much contemporary evidence from both academic research and business practice
suggests that there is a significant shortage of IT specialists, particularly in IT security, and
particularly for highly-qualified staff. For instance, a 2015 report from Frost & Sullivan and
6

A polymorphic code is a code that employs a polymorphic engine in order to mutate while keeping the
original algorithm intact. In other terms, the code changes itself each time it runs, but its semantics – the
function of the code – will not change [87].
7
A zero-day vulnerability is a computer-software vulnerability that is either unknown to or unaddressed
by operators who should be interested in mitigating the vulnerability. Zero-day vulnerabilities enable
hackers to exploit it in order to adversely affect computer programs, networks, and data [137].
8
The term big data refers to data whose complexity impedes it from being processed (mined, stored,
queried and analyzed) through conventional data-processing technologies [168, 182]. The complexity of big
data is defined by three attributes: (1) the volume (terabytes, petabytes, or even exabytes (1018 bytes); (2)
the velocity (referring to the fast-paced data generation); and (3) the variety (referring to the combination
of structured and unstructured data) [168, 182]. The field of BDA is related to the extraction of value
from big data – i.e., insights that are non-trivial, previously unknown, implicit and potentially useful [182].
BDA extracts patterns of actions, occurrences, and behaviors from big data by fitting statistical models
to these patterns through different data-mining techniques (e.g., predictive analytics, cluster analysis,
association-rule mining, and prescriptive analytics) [45, 251].
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ISC 2 states that the worldwide cybersecurity workforce will have more than 1.5 million
unfilled positions by 2020 [230, 302]. Also, a recent survey from CSIS concerning IT
decision-makers across eight countries found that 82% of employers report a shortage of
cyber-security skills, and 71% believe this talent gap causes direct and measurable damage
to their organizations [63, 64]. The Center for Cyber Safety and Education based in the US
states that employers must look to millennials to fill the projected 1.8 million positions that
are estimated to be unfilled by 2022 [258]. Researchers also stated that despite increases
in IT spending, there is an important imbalance between supply and demand of skilled
information-security professionals, which might leave organizations vulnerable to IS-defense
incidents such as security breaches and cyber-crimes [43, 219, 253].
These staffing problems can be considered to be even worse when one considers CIPs
[41, 158]. Privately owned CIs must compete with other firms in the private sector for
skilled personnel [14]. CIPs that operate as part of the public sector might have a limited
ability to mitigate bureaucratic inefficiency, to offer entrepreneurial opportunities, or to
offer bonus pay for exceptional performance, implying they might be perceived as less
prestigious than private sector firms [243].
As the recruitment policy that organizations use to attract human resources is specific
to the particular organization [42], focusing the research on a specific case is required. In
the case of military organizations, such a recruitment problem is particularly salient and
hard to solve. First, military organizations are CIPs themselves as they operate electronic
warfare and cyber-defense doctrines that protect government and fight state actors who
attempt to compromise national security [135, 152, 283]. Research states that there are
several reasons for states to use cyber-warfare. Taking the example of China, researchers
argue that the cyber-space is – and will continue to be – a decisive element in China’s
strategy to ascend in the international system, and this through (1) applying deterrence
through infiltration of any given CI, (2) military/technological espionage to gain military
knowledge, and (3) industrial espionage to gain economic advantage [135, 152]. Examples of
cyber-attacks attributed to China include cyber-intrusions on a US nuclear arms laboratory,
attacks on defense ministries and on the US electric grid, as well as on Google, which proved
to be a small part of a broader cyber-attack that also targeted the US government [135, 277].
The example of China is by no mean isolated. The great majority of developed nations
have structured cyber-defense doctrines [152]. Second, in some cases, military organizations
are responsible for the protection and support of civilian CIPs in order to safeguard CIs
operations [68, 286]. Finally, many military organizations have significant problems to
attract specialists needed for the above activities, particularly so among IT specialists
[181]. According to a 2016 US Air Force Research Institute report, job positions in the US
cyber-warfare operations are only 46% filled [226]. In Switzerland, the high staff of the
armed forces are faced with a similar problem [14]. The same issue also affects the Indian
armed forces [265]. Therefore, one might conclude that attracting highly skilled personnel
for cyber-defense is a significant problem beyond country-specific contexts or particular
military organizations, as private sector organizations represent serious competition when
it comes to attract IT personnel.
Table i.3 on page 20 presents an overview of the literature that studies individuals’
willingness to enlist in the military. It concentrates on many sociological and psychological
factors that might influence this willingness. However, this literature is limited for two
reasons. First, specialists are required for IS defense, and they would enter the military
sector as officers or warrant officers, and there are few studies on enlistment willingness of
specialists. Second, although armed forces worldwide have liberalized service models and
increased pay, under-staffing of specialists persists. The military is – by definition – part of
the public sector, such that opportunities to compete with the private sector on grounds of
monetary or career benefits are limited.
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This context is therefore advantageous to study the acquisition of human resources.
If this problem of under-staffing persists, then military forces would have problems to
produce an IS-defense capability, such that the failure to recruit human specialists can be
related to sub-optimal organizational outcomes. However, if the military can mitigate this
problem despite the limitations it has being a part of the public sector, obstacles to build
an IS-defense capability can be better understood. Moreover, if such solutions work for the
military, they are likely to work among civilian CIPs too, as they face fewer restrictions.
Hence, while human-resource acquisition can be productively studied in the context of
the military, the findings can likely be transferred to other CIPs. Therefore, a second
sub-question is:
How can CIPs attract the human-resource components required to build an
IS-defense capability?

2.3

Part III: Knowledge-Resource Absorption

Finally, building an IS-defense capability requires the acquisition of organizational knowledgeresource components [185, 264]. The knowledge-based view of the firm suggests that such
organizational specialized knowledge is a critical ingredient to any capability production
[100, 113, 114].
Organizations improve their capabilities as existing members of the organization absorb knowledge from beyond the boundary of the firm and thus develop new or improve
existing skills [185, 264]. Therefore, such knowledge transfer is an important precursor of
organizational performance [160, 225].9 Accordingly, prior research confirms the relevance
of such knowledge absorption for capability development [2, 281, 285, 299]. In particular,
additional research on knowledge absorption demonstrates that this knowledge absorption
allows organizations to produce a better level of IS security with the same investment [90],
to reduce duplication of efforts [82], and to increase social welfare [106]. Most notably,
the effectiveness of security solutions improves [227, 248]. Table i.4 on page 21 provides
an overview of this literature. However, once one considers knowledge absorption in a CI
context, there are significant gaps in this literature, and these gaps are problematic as one
wants to study the contribution of knowledge absorption to IS defense in CI organizations.
First, knowledge required to build an IS-defense capability is expert knowledge and
therefore highly tacit – i.e., bound to the individual and professional experience of the
individual that applies it [66, 263]. Such tacit knowledge is not only hard to describe
objectively (e.g., by documentation in manuals or textbooks), but it can also not readily be
transferred among humans unless by intense social interaction between the sender and the
recipient [213]. Still, Table i.4 on page 21 shows that there are no empirical studies of tacit
knowledge absorption in a CI context, except a single study that is close to the subject [195].
Therefore, this lack of knowledge-absorption research constitutes an important research
gap [289].
Second, given the extreme economic and societal damages that can be caused as a result
of insufficient IS defense, both the knowledge about vulnerabilities as well as the knowledge
of how to exploit and neutralize these vulnerabilities can be considered to be classified
and hard to obtain unless by special, non-public channels. A cyber-security context often
requires sensitive and classified information that is unlikely to be shared or disseminated
via such channels for security and reputation concerns [35, 90, 124, 202, 293]. Still, a recent
overview of the related literature by [170] shows that almost all researches on cyber-security
knowledge transfer, exchange, and absorption study a context of knowledge transfer by
public databases or discussion forums (e.g., [248, 299]).
9
One way to ensure knowledge transfer – and thus knowledge absorption – is, for instance, through
information sharing (e.g., [195, 248]).
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As long as these two problems are not solved, it will be very hard to understand how
CIPs can absorb the knowledge required for building an IS-defense capability, what obstacles
they face, and how these might be overcome. Therefore, the third sub-question is:
How can CIPs succeed at absorbing external knowledge that is required to build
an IS-defense capability?

3

Methodology

In this section, a discussion is provided on how and why each of the three chapters of my
thesis contributes to addressing the research gaps and research questions elaborated in the
previous sections.

3.1

Research Directions

In the first chapter dedicated to material resource, I argue that the swift changes in the
technological landscape require novel investment-model assumptions in order to acquire
material resources needed for building an information-systems defense capability. Therefore,
I adapt the well-known Gordon-Loeb model so that it can integrate the dynamic and
discontinuous developments of the technological landscape. This first chapter helps criticalinfrastructure providers to preempt the effect of disruptive technologies on the optimal level
of investment in information-systems defense, and provides a framework in order to select
and invest in the most effective technologies.
In the second chapter dedicated to human resource, I argue that an organization must
emphasize the recruitment of specialist-knowledge providers in order to build an informationsystems defense capability. I adopt an economic approach – based on an opportunity-cost
analysis – for attracting new employees in the context of the Swiss Armed Forces, a critical
infrastructure that suffers from a deficit of staff for monitoring and managing its information
systems.
In the third chapter dedicated to knowledge resource, I argue that the organization
must encourage continuous learning of existing organizational members in order to build an
information-systems defense capability. Taking the case of cyber-risk information sharing
as a means to foster tacit-knowledge acquisition, I propose to investigate why human agents
engage in information sharing. I argue that the extent to which an individual engages in
information sharing is a function of their individual knowledge-absorption expectation –
i.e., the benefit they expect from sharing information.

3.2

Research Focus

The structure of this thesis implies the study of multiple contexts, all of which relate to
decisions that organizations and individuals make as they attempt to acquire resources
in order to build an IS-defense capability. This implies the investigation of three specific
aspects related to material-, human-, and knowledge-resources acquisition. For each chapter,
I study a specific organization that suffers from a specific issue related to resource acquisition.
This approach implies that important choices had to be made. First, the choice of the
overarching methodology employed – i.e., the organizational capability approach – represents
an important focus. Alternatives to this approach could have been, for instance, based on
the use of documented data, such as log-files or incident reports. However, my approach
attempts to respond to the call that the understanding of any capability production is
incomplete unless the ‘black box’ of the organization is pried open [278]. I also follow
recommendations of [10, 11, 12, 38, 89] who argue that organizations and human action
and behavior must be studied in order to reach a deeper understanding of IS security.
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Finally, the organizational focus allows me to explore the three resource categories in great
detail and rich context, whereas any documented data measurement would involve a higher
level of abstraction and hence the loss of much contextual information that is useful to
understand any capability production.
Another decision regarding research focus is the use of three different organizational
contexts to study the three resource categories. An alternative approach would have been
to study all three resource categories in a single organizational context. However, such an
approach would entail to study a single organization and the evolution of its IS-defense
capability. Thus, the generalizability of the findings would be limited. Further, any
profound study of knowledge absorption should involve looking beyond the boundary of
the organization and hence study human interaction; else, knowledge absorption could
only be studied on the receiving end in the particular organization, and much contextual
information about motivations to (not) interact with others in an attempt to absorb
information could not be collected. Finally, a single organization might not experience
problems with respect to all three obstacles related to resources acquisition I emphasized.
For example, an organization might have problems to absorb knowledge but still succeed
at investing efficiently and at hiring specialists. This implies that any single organization
that experiences all three obstacles at a time (inefficient investment, recruitment problems,
knowledge absorption problems) would probably have an insufficient IS-defense capability
and would probably also be unwilling to share data about these shortcomings with any
researcher (due to reputation concerns). Therefore, I decided to mitigate these risks by
studying multiple CIs in various contexts.

3.3

Research Scope

In this thesis, I study three specific problems that are respectively related to material-,
human-, and knowledge-resources acquisition. An alternative approach would have been to
concentrate on just the acquisition of one resource, exploring this one category in greater
detail. However, I have analytically deconstructed an IS-defense capability into three
resource categories, so it is consequential to study all of these. The literature surveyed in
Section 2 suggests quite unanimously that all three resources are required to produce an
IS-defense capability, and I therefore decided to opt for a holistic approach. Further, I argue
that as long as an organization merely has only one or any two of these resources, such
an organization will experience problems with the production of an IS-defense capability.
For example, an organization which invests its funds efficiently for technology acquisition,
but fails to recruit specialists and cannot absorb knowledge, will likely fail to produce
an IS-defense capability – as such defense cannot be organized on the basis of material
investment alone (as I have argued in Section 1.3). By way of analogy, the same applies
to any organization that can recruit specialists but fails at both investing efficiently and
absorbing knowledge. By the same token, an organization that fails to recruit specialists
will be unable to absorb tacit and classified knowledge as recruitment failure implies there
will be no organizational members who could absorb this knowledge. An organization that
invests efficiently and succeeds at recruiting, but not at absorbing knowledge, will not be
able to keep up with contemporary technology evolution and thus implied vulnerabilities,
and it might miss out on receiving the most valuable (tacit, classified) type of information.

3.4

Interdisciplinary and Multi-Method Approach

A central idea of this thesis is to transfer theory and analytical concepts from economics
into the IS domain in order to contribute to research questions that IS research attempts
to address [80]. In doing so, I am following recommendations from the emerging research
field of security economics (also called the economics of information security – e.g., [10, 11,
14

12, 38, 89]).10 This implies my methodological approach is interdisciplinary; it combines
thinking from IS security, microeconomics, and organizational-capability research. An
alternative approach would have been to produce a number of field studies that are specific
to the particular research tradition in any of these fields. But then, again, I would have
missed out on the opportunity to infuse IS research with thoughts from economics, as there
are few studies that span a bridge between these domains [80].
As a result of this interdisciplinary setup, my empirical approach entails the use of
multiple methods. An alternative approach would have been to consistently use a single
method in all three articles while still studying different contexts and resource categories.
For example, as I use formal modeling in the first article of my thesis that studies materialresource investment, I could have specified formal models of specialist staff recruitment
and knowledge absorption. But that again would have meant missing out in-depth insights
coming from different contexts, as human behavior and knowledge absorption can hardly be
captured by formal models [31, 36, 99]. This thesis makes a compromise in this regard as I
study human behavior both formally – by assuming rational choice and utility maximization
of human agents in my second article – and contextually in my third article as I study
knowledge absorption.
The particular methods I chose in each of my articles follow well-established approaches.
The first article uses formal modeling as both the original GL model and all subsequent extensions have been specified formally. The second article responds to the call for opportunitycost analysis to study staffing problems in military organizations as prior research has
merely offered sociological and psychological explanations [156, 232, 291]. Finally, the
third article is also in tradition with prior approaches that study human intent, belief,
behavior, and action. It therefore uses an econometric model to analyze data collected by
a psychometric research design. Such designs are also widely used in the IS domain and
considered to be highly useful as one studies the interaction of human behavior and ICTs
[166, 221, 248, 274, 290].

4

Contributions

In my thesis, I make the following contributions. In Section 2.1, I emphasized the fact
that the GL model and its extensions neither consider discontinuous SBPFs – and thus
cannot capture potentially disruptive technological changes – nor temporal dynamics,
as models are based on a single-period setup [104]. I argued that as long as these two
aspects are not integrated into the model, CIPs might invest inappropriately – investing
too much or not enough, or investing in the wrong context-specific technologies. As a
result, the organization’s IS-defense capability might be sub-optimal [104]. Therefore, the
first article of this thesis proposes a formal extension of the GL model that introduces
these two above-mentioned aspects, namely the discountinuity of any SBPF and temporal
dynamics. Specifically, I develop formulae for a multi-period setup, and I relax an important
assumption of the GL model by allowing the SBPF to be discontinuous. This revised
model helps CIPs to invest more efficiently as they can now consider the effect of disruptive
technologies and temporal dynamics. As all CIPs face the same risk structure [301], the
proposed extension of the model is generalizable to any CIP. Thus, I contribute to IS-defense
capability development by providing a material-resource investment model while avoiding
context-specific approaches.
In Section 2.2, I emphasized the fact that few studies consider recruitment problems of IT
specialists in the context of CIPs, and that an IS-defense capability would be sub-optimally
developed if such IT specialists cannot be attracted and recruited properly [8, 67, 113,
10
Moreover, such recommendations are aligned with the research agenda of the department of Defense
Economics at the Military Academy of ETH Zurich, where I work as a scientific collaborator.
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114, 185, 297]. I exemplified this problem by discussing the case of military organizations,
as past research and evidence from business practice suggests that organizations find it
difficult to recruit IT specialists [14, 181, 226, 265]. Past research based on sociological
and/or psychological factors – that might explain the propensity of individuals to enlist in
military organizations – fall short to explain such a lack of personnel. Yet, officers manage
and control IS of any armed forces and thus organize and/or lead cyber-defense, but both
new candidates and extant personnel are increasingly poached by the private sector [14,
181, 226, 265]. In the case of the Swiss Armed Forces (SAF), a staff deficit persists despite
good pay and a general supportive attitude in the population [273]. This organization has
been having a persistent recruitment deficit of specialist officers since 2012 (at least) [112].
Hence, this particular organization exemplifies the problems set out in Section 2.2. Due
to the lack of scientific explanation for such a recruitment deficit, the second article of
my thesis provides an alternative methodological approach based on an opportunity-cost
analysis. Such an approach aims to shed some light on specialists’ propensity to (not)
enlist in a military organization. I operationalize this analysis by using labor-market data
from Switzerland and data from the SAF. My opportunity-cost analysis reveals that a
career as an IT specialist (who must be an officer in the context of the SAF) is the least
attractive of all service alternatives as opportunity costs vis-à-vis private-sector employment
is prohibitively high. As a result, the SAF have significant problems organizing the defense
of their own IS and carrying out their potentially future missions consisting of protecting
CIs. Based on my results, I develop recommendations concerning how this staffing problem
might be overcome. While the findings were identified in a particular context, they can be
generalized to both different armed forces of different countries and to organizations that
provide cyber-defense.
In section 2.3, I emphasized the fact that the absorption of tacit and classified knowledge
is required for the production of an IS-defense capability [113, 114, 248, 255, 299], and
that failing to absorb this knowledge implies failing to produce an IS-defense capability
[248, 299]. Still, almost no research has studied human-knowledge absorption in a context
where knowledge is tacit and not readily available [170]. Therefore, the third article of this
thesis attempts to study such a context. My analysis studies CIP professionals as they
exchange and absorb knowledge in the non-public setting of the Switzerland’s national
Information Sharing and Analysis Center (ISAC).11 I analyze a unique, restricted and
novel dataset collected from these individuals by a survey I helped design and execute (see
Section 2.2 of the Appendix on page XXXIX). The results show that human beliefs are
associated with individuals’ knowledge absorption for producing cyber-security. Resource
belief, knowledge-absorption belief, and reciprocity belief are associated with knowledge
absorption. To the best of my knowledge, this is the first micro-level empirical study
that analyzes knowledge absorption in a private setting, where tacit knowledge is shared
and absorbed. I thus contribute to the security economics literature by emphasizing that
cyber-security is not only a technical issue, but that a proper understanding of knowledge
absorption requires the use of econometric and psychometric techniques.

11
For a general introduction to the concept of an ISAC and illustrative examples, see [236] and [75]. For
a detailed description of the Swiss ISAC, its organization and history, see [47].
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Part I

Material-Resource Investment

‘The joy of disruption comes from accepting that we all live in a temporal state.’
— Jay Samit
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Abstract

Cyber-security breaches inflict significant costs on organizations. Therefore,
the development of an information-systems defense capability through cybersecurity investment is a prerequisite. The question of how to determine the
optimal amount to invest in cyber-security has been widely investigated in
the literature. In this respect, the Gordon-Loeb model and its extensions
received wide-scale acceptance. However, such models predominantly rely on
restrictive assumptions that are not adapted for analyzing dynamic aspects of
cyber-security investment. Yet, understanding such dynamic aspects is a key
feature for studying cyber-security investment in the context of a fast-paced and
continuously evolving technological landscape. We propose an extension of the
Gordon-Loeb model by considering multi-period and relaxing the assumption of
a continuous security-breach probability function. Such theoretical adaptations
enable to capture dynamic aspects of cyber-security investment such as the
advent of a disruptive technology and its consequences on the aforementioned
investment. Such a proposed extension of the Gordon-Loeb model gives room
for a hypothetical decrease of the optimal level of cyber-security investment,
due to a potential technological shift. While we believe our framework should
be generalizable across the cyber-security milieu, we illustrate our approach in
the context of critical-infrastructure protection, where security-cost reductions
related to risk events are of paramount importance as potential losses reach
unaffordable proportions. Moreover, despite the fact that some technologies are
considered as disruptive and thus promising for critical-infrastructure protection,
their effects on cyber-security investment have been discussed little.
Keywords— information systems; security economics; cyber-security investment; Gordon-Loeb model; security analytics.
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1

Introduction

Cyber-security breaches inflict significant costs on organizations, businesses, and individuals
[7, 13, 23]. As a result, operators of information systems (IS) must develop an IS-defense
capability. In order to build a capability, investing in material resources is a prerequisite
[9, 35, 44]. In the context of cyber-security, such material resources are composed by
processes, products and/or services that are related to the security management of IS in
general and, among others, to cyber-threats monitoring in particular [2, 4, 31, 38, 41] – e.g.,
intrusion-detection systems (IDS).
The cyber-security investment issue has received significant academic attention (for
an extensive literature review, see [38]), and such a literature is often directly related to
practitioners’ needs. For instance, as organizations face budget constraints, an important
challenge for these same organizations is to maximize the efficiency of any monetary
investment in cyber-security processes, products and/or services [12, 21, 38]. Prior IS
research has produced many quantitative models that propose to optimize such investment,
as well as recommendations to invest in particular technologies or systems (e.g., [12, 25, 27,
30, 40]). These formal approaches are complemented by less formal practitioner-oriented
discussions [8, 42, 48]. Among all the available models and approaches, the GordonLoeb (GL) model has received wide-scale acceptance [50]. The GL model is based on
microeconomics – more precisely on the fundamental economic principle of cost-benefit
analysis [21, 22] –, establishing a general setup for determining the optimal level of cybersecurity investment. By specifying a security-breach probability function (SBPF), the
GL model attempts to determine the above-mentioned optimal investment amount for
cyber-security processes, products and/or services (e.g., [10, 21, 22, 29, 49], for an extensive
literature review, see Table i.2 on page 19).
However, the GL model framework evades dynamic issues such as perverse economic
incentives1 and the advent of a disruptive 2 cyber-security technology [21]. Yet, in the
case of the latter, accounting for such dynamic issues could significantly enrich the initial
model by giving supplementary time-related insights concerning the potential consequences
that disruptive technologies might trigger for cyber-security investment. If conventional
cyber-security processes, products and/or services such as IDS are essentially assimilated
to the targeted event-based detection approach [2, 4, 31, 41], the swift evolution of both the
technological landscape and cyber-threats calls for a complementary approach based on
behavior-anomaly detection [2, 15, 19, 31, 36, 41, 45, 47], and its subsequent (potentially)
disruptive technologies.
By extending the original GL model to a multi-period setup, and by relaxing the
assumption of a continuously twice-differentiable SBPF, we create room for additional
insights on cyber-security investment by delivering a theoretical ground that enables to
1

For example, externalities arising when the decisions of one party affect those of others [3].
In economic terms, the notion of disruptive technology [17] refers to a radically innovative technology that
significantly disrupts existing economic structures, markets and value networks, thus displacing established
leading products, processes and/or services [17]. Therefore, a disruptive technology comes from innovation.
However, not all innovations are disruptive, even though they can be revolutionary. For instance, the
creation of the first automobiles in the late XIX th century was revolutionary, but not disruptive. The
reason is that early automobiles were expensive luxury goods, hence only a small portion of the market
share of horse-drawn vehicles was replaced by automobiles. As a result, the market for transportation
essentially remained intact until the beginning of the lower-priced Ford Model T (in 1908) [18]. The mass
production of automobiles, however, was a disruptive innovation, as it radically displaced the established
horse-drawn vehicles, and established automobiles as the type of vehicles that possesses the greater market
share [18]. Similarly, the advent of personal computers (PC) in the IT landscape can be considered as a
disruption. The multi-purpose functionalities of PCs, as well as their relatively small size, their extended
capabilities, and their low price facilitated their spread and individual use. PCs displaced large and costly
minicomputers and mainframes, significantly affecting the lives of individuals and the management of
organizations.
2
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investigate the effect of a disruptive technology on such investment. In this article, we
illustrate the concept of disruptive technologies through the case of big-data analytics3
(BDA) technologies and their related techniques. To the best of our knowledge, our proposed
extension of the GL model is the first approach responding to the need of capturing the
aforementioned time-related insights that a disruptive technology might bring on cybersecurity investment.
The remainder of this article is structured as follows. In Section 2, we contextualize this
research by emphasizing the evolution of cyber-threats monitoring approaches and their
potential disruptive technologies. In Section 3, we present an extension of the GL model
and we provide related propositions in order to create room for capturing the consequences
of disruptive technologies on cyber-security investment. In Section 4, we suggest that
our framework can be applied by critical-infrastructure providers (CIP) in order to help
them optimize their investment in IS defense technologies. In the last section, we discuss
limitations and future work.

2

Cyber-Threat Monitoring Approaches

Cyber-threat monitoring approaches can be divided in two broad classes: (1) targeted
event-based detection and (2) behavior-anomaly detection [2, 31, 41]. Both approaches aim
to detect suspicious events (i.e., related to security concerns such as data breaches) through
IDS [41]. However, technologies related to (2) are rapidly evolving and could disrupt the
cyber-security market [31] and the investment in these technologies.

2.1

The Targeted Event-Based Detection Approach

For the past three decades, scholars, practitioners, and organizations have been developing
numerous conventional technical means to increase cyber-security by using signaturedetection measures and encryption techniques [4, 6]. However, the success of such conventional approaches has been limited [4, 6, 12, 16].
The targeted event-based detection approach essentially relies on signature-detection
measures in which an identifier is attributed to a known threat4 (i.e., a threat that had
been witnessed in the past), so that this threat can be subsequently identified [2, 4, 31, 41].
Examples of targeted event-based detection include network-IDS, access-control mechanisms,
firewalls and pattern-based antivirus engines [2, 4, 31, 41]. For instance, a signaturedetection technology such as an anti-virus scanner might detect a unique pre-established
pattern of code that is contained in a file. If that specific pattern (i.e., signature) is
discovered, the file will be flagged in order to warn the end-user that their file is infected.
[4, 31]. Yet, such an approach is becoming more and more ineffective, as the swift evolution
of cyber-threats is becoming more sophisticated [2, 4, 15, 31, 47]. Over the last decade,
cyber-crimes have rapidly increased because hackers have developed new procedures to
circumvent IS security to gain unauthorized and illegal access to the system [31]. For
3

In this article, the term big data refers to data whose complexity impedes it from being processed
(mined, stored, queried and analyzed) through conventional data-processing technologies [28, 31]. The
complexity of big data is defined by three attributes: (1) the volume (terabytes, petabytes, or even exabytes
(1018 bytes); (2) the velocity (referring to the fast-paced data generation); and (3) the variety (referring
to the combination of structured and unstructured data) [28, 31]. The field of BDA is related to the
extraction of value from big data – i.e., insights that are non-trivial, previously unknown, implicit and
potentially useful [31]. BDA extracts patterns of actions, occurrences, and behaviors from big data by fitting
statistical models to these patterns through different data-mining techniques (e.g., predictive analytics,
cluster analysis, association-rule mining, and prescriptive analytics) [14, 37].
4
Common cyber-risks include malware (spyware, ransomware, viruses, worms, etc.), phishing, manin-the-middle attacks (MitM), (distributed) denial-of-service attacks ((D)DoS), malicious SQL injections,
cross-site scripting (XSS), credential reuse, and brute-force attacks.
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instance, as malware spread from one system to the next, hackers employ polymorphic code 5
techniques in order to (automatically) rapidly modify the pattern [20], thus evading and
circumventing existing detection mechanisms.6 Consequently, such a targeted event-based
detection would be ineffective because of the lag that exists between the development of
signatures and the rapid expansion of cyber-threats [31]. Moreover, zero-day 7 vulnerabilities
cannot be caught with such an approach.
Therefore, an important limiting factor of the targeted event-based detection approach is
that it is intrinsically reactive in nature [2, 4, 31]. Attributing a signature to a cyber-threat
is always preceded by a cyber-incident, which implies that signatures are unable to identify
unknown and/or emerging threats. As a consequence, signature-detection measures can
be rendered almost ineffective by hackers [15, 31, 47]. Such a scenario is even amplified in
the era of extended digitization and big data [31, 41]. The reasons are that (1) the swift
development of computer networks (e.g., the extensive use of cloud and mobile computing)
in the past decades generated new channels that expose data to cyber-attack, thus increasing
the pool of systems to be attacked hence amplifying numerous security issues related to
intrusions on computer and network systems [31, 41]; (2), up to multiple exabytes of
information are being transferred daily, usually impeding the process of the entire set of
security information, e.g., network logs, access records, etc. [31]; (3) the velocity of data
generation makes any type of data processing difficult through conventional computer
hardware and software architectures [31]; (4) the complexity of data also impedes security
information from being processed by conventional computers, e.g., data come from diverse
sources, it is stored in different formats and on different IT. Hence, the damage done
by cyber-threats could be identified only after an attack, giving hackers more efficient
possibilities to access networks, to hide their presence and to inflict damage [16, 31].

2.2

The Behavior-Anomaly Detection Approach

In order to address the drawbacks of the targeted event-based detection approach, research
& development has been focused on a behavior-anomaly detection approach [15, 16, 19,
31, 36, 41, 45, 47]. Such an approach aims to detect suspicious/unusual events through
the extraction of patterns, by using behavior anomalies and/or deviations from behaviors
(actions, occurrences) of entities and/or users of a network, rather than patterns of code
as in the case of the targeted event-based detection [15, 16, 19, 31, 36, 41, 45, 47]. The
targeted event-based detection approach is predominantly based on security analytics 8 and
aims to provide dynamic detection of cyber-threats through techniques derived from BDA
by fitting statistical models on these patterns through different techniques (e.g., predictive
analytics, cluster analysis, association-rule mining, and prescriptive analytics) [14, 37] used
for network forensics, traffic clustering and alert correlation [2]. Some examples have been
developed by [19, 36, 45].
Complementing the targeted event-based detection approach by using signature-detection
measures, such a behavior-anomaly detection approach is envisioned to foster cyber-threats
5

A polymorphic code is a code that employs a polymorphic engine in order to mutate while keeping the
original algorithm intact. In other terms, the code changes itself each time it runs, but its semantics – the
function of the code – will not change [20].
6
Additional techniques such as, sandbox resistance, fast fluxing, adversarial reverse engineering, socialengineering attacks, spoofing, and advanced persistent threats (APT) are continuously evolving and
spreading [2, 31].
7
A zero-day vulnerability is a computer-software vulnerability that is either unknown to or unaddressed
by operators who should be interested in mitigating the vulnerability. Zero-day vulnerabilities enable
hackers to exploit it in order to adversely affect computer programs, networks, and data [26].
8
The field of security analytics aims to detect suspicious events by extracting patterns related to
behavioral anomalies and/or deviations from behaviors (actions, occurrences) of entities and/or users of a
network. In other words, security analytics methods aim to distinguish patterns generated by legitimate
users from patterns generated by suspicious and/or malicious users [16, 31].
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monitoring by increasing its productivity [16, 31]. Examples of security analytics applications are the development of security information and event management (SIEM). SIEM
products and services combine security-information management (SIM) and security-event
management (SEM) [11]. SIEM provide real-time analysis of information-security alerts
generated by applications and network hardware. SIEM are sold as managed services, as
software, or as appliances [11]. These products and services are also used to log security data
and to generate reports for compliance purposes. SIEM products and services are widely
used within information-security operation centers (ISOC) – also called fusion centers – of
organizations. The open-threat exchange platform called AlienVault OTX is an example of
SIEM products and services.9
Cyber-security technologies related to the behavior-anomaly detection approach – and
more precisely related to security analytics – are susceptible to disrupting the cyber-security
market [19, 31, 36, 45, 47]. However, the dynamic (i.e., time related) consequences of
such disruptive technologies on cyber-security investment cannot be analyzed through the
existing GL model and its extensions. They rely on restrictive assumptions that are not
adapted for analyzing dynamic aspects of cyber-security investment [21]. Consequently, a
supplementary extension of the GL model is necessary.

3

Extending the Gordon-Loeb Model

By focusing on costs and benefits associated with cyber-security, the GL model states
that each organization’s objective is to maximize its expected net-benefits in cyber-security
function (EN BIS) [21]. This corresponds to minimizing the total expected cost, equivalent
to the addition of the expected loss10 (vL) due to cyber-security breaches and the expenses
(z) in cyber-security processes, products and/or services implemented and/or undertaken in
order to counter such breaches [21, 22]. Figure I.1 on page 49 illustrates the maximization
of the expected benefits coming from cyber-security expenditures (EBIS).11
In Section 2, we emphasized that the advent of the behavior-anomaly detection approach
– triggered by security analytics and its use of BDA – is bringing to the fore new cybersecurity technologies that have the potential to disrupt the cyber-security market [19, 31, 36,
37, 45, 47] by hypothetically bringing superior returns on investment vis-à-vis conventional
measures related to the targeted event-based detection approach [37]. As a consequence,
the EBIS function might shift to the left. Figure I.2 on page 49 illustrates the potential
maximization of the EBIS function in the context of BDA. Accordingly:
Proposition 1: If BDA is employed in order to provide cyber-threats monitoring, the EN BIS function will shift to the left due to a greater productivity of
BDA compared to conventional technologies.
Consequently, the optimal level of cyber-security investment will decrease from z ∗ to zd∗
(c.f.: Figure I.2 on page 49). For the same level of protection, investment in cyber-security
will decrease – ceteris paribus. Accordingly:
Proposition 2: If BDA is implemented in order to provide cyber-threats monitoring, the EN BIS function will witness a discontinuity in its domain Z due
to a greater productivity of BDA compared to conventional technologies.
9

https://www.alienvault.com/
Wherein v is is the organization’s inherent vulnerability – defined as the probability that a threat, once
realized (i.e., an attack), would be successful – to cyber-security breaches, (P); and L is the potential loss
associated with the security breach, ($). The model description and its assumptions were explained in
detail by [21, 22].
11
In order to simplify the illustration, figures I.1, I.2 and I.3 on pages 49 and 50 depicts the EBIS
function instead of the EN BIS function. The EN BIS function is obtained by subtracting the investment
(z) to the EBIS function.
10
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Figure I.1: Level of Investment in Cyber-Security
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Notes to Figure I.1: The original function of the expected benefits in cyber-security (EBIS0 (z)) has a domain Z that yields a distribution between zero and the monetary value of the expected loss (vL) in the
absence of any cyber-security investment. The monetary value (i.e., costs) of the investment (z), corresponds to the 45◦ line. The optimal level of cyber-security investment (z ∗ ) is obtained when the difference
between benefits and costs is maximized (tangent to EBIS0 (z) – where the marginal benefits are equivalent to the marginal cost of one – yielding a slope of 45◦ , in blue). N.B.: the optimal level of cyber-security investment (z ∗ ) is smaller than the expected loss (vL) in the absence of any investment.

Figure I.2: Left Shift of the Level of Investment in Cyber-Security

vL
#$%&( (z)

EBIS (z)

#$%&' (z)

45°
0

!(* ! ∗

Investment z

Notes to Figure I.2: The new function of the expected benefits in cyber-security (EBISd (z)) has also a domain Z that yields a distribution between zero and the monetary value of the expected loss (vL) in the
absence of any cyber-security investment. The monetary value (i.e., costs) of the investment (z), also corresponds to the 45◦ line. Similarly to Figure I.1, the optimal level of cyber-security investment (zd∗ ) is obtained when the difference between benefits and costs is maximized (tangent to EBISd (z), yielding a slope
of 45◦ , in green). Yet, due to the left shift of the EBIS function (from EBIS0 (z) to EBISd (z)), the
optimal level of cyber- security investment also shifts from z ∗ to zd∗ .

49

Figure I.3 on page 50 illustrates such a discontinuity in the EN BIS function described in
Proposition 2. Yet, as the implementation of a disruptive technology implicitly triggers a
productivity differential over time, we propose to extend the GL model in two distinct but
related ways.
Figure I.3: Left Shift of the Level of Investment in Cyber-Security Over Time
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Notes to Figure I.3: In this graph, the horizontal axis represents both investment (z) and time (t). The red
line represents the function of the expected benefits in cyber-security over time (EBISmix (z)). The red
dashed line represents the discontinuity in the domain Z of the EBISmix (z) function – due to the implementation of a disruptive technology at time t1 . Without the implementation of a disruptive technology,
the function of the expected benefits in cyber-security remains EBIS0 (z) (in blue). With the implementation of a disruptive technology from t = 0, the function of the expected benefits in cyber-security is
∗
EBISd (z) (in green). The optimal level of cyber-security investment is zmix
= zd∗ .

3.1

A Temporal Setup

First, in order to capture the advent of a disruptive technology and its dynamic consequences
on cyber-security investment, a temporal setup has to be implemented. As the GL model
was developed for a single-period, it excludes the fundamental temporal dimension for
analyzing the technological-shift dynamics induced by efficiency improvements. Hence,
the extension of the original single-period model to a multi-period12 setup might bring
significant insight in understanding the dynamic aspects of cyber-security investment that
were originally evaded.
Specifically, we adapt the GL model from [21], such as the maximization of the EN BIS
function is determined by an antidifference operator of this same function, which has the
domain Z ⊆ R≥0 (representing the set of investment possibilities, zi ) at the end of the
specified time horizon T ⊆ N, wherein each period i ∈ [1, n]. This yields:
12

Even though there is still an open debate in the field of mathematics about whether time should be
considered as continuous or discrete [39], in our proposed extension of the GL model, we consider time
as discrete. Such a choice is determined by the fact that any further empirical research that would test
our extension will be essentially conditioned by measuring time as a discrete variable. Consequently, the
following extension is based on an antidifference instead of an antiderivative.
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max ∆−1 EN BIS(zi ) = max
zi ∈Z

( n
X

zi ∈Z

)
[vi − SiI (zi, vi )]Li − zi

(I.1)

i=1

wherein for each period i ∈ [1, n]:
– vi is the organization’s vulnerability 13 to cyber-security breaches, (probability P);
– SiI is the organization’s security-breach probability function (SBPF), defined
as the probability that a cyber-security-breach occurs, (probability P);
– zi is the organization’s investment in cyber-security, (monetary value $);
– Li is the potential loss associated with the security breach, (monetary
value $).

3.2

A Discontinuity in the Security-Breach Probability Function

Second, the presumed technological shift induced by the superior productivity of a disruptive
technology challenges the assumption of a continuously twice-differentiable security-breach
probability function. The original model defines continuously decreasing but positive returns
to scale of cyber-security investment. Yet, this continuously twice-differentiable setup leaves
no room for a discrete emergence of a technological shift brought by a disruptive and more
efficient technology.14 In such a theoretical framework, the elasticity of the protection of
cyber-security processes, products and/or services evades radical technological progress.
However, technological progress induced by the implementation of a disruptive technology –
such as BDA – could considerably reduce cyber-security investment by bringing suggestively
greater returns on investment.15
The investor realizes a Pareto improvement by either obtaining a higher level of
protection for the same investment or by obtaining the same level of protection at a lower
cost; because fewer resources, such as time and human labor, can be largely substituted
by algorithms, and automation might be used. As a result, with the implementation of
BDA, cyber-security investment might be significantly reduced by disruption: BDA would
introduce a discontinuity in the security-breach probability function, hence modifying the
original GL model assumption of continuity. Accordingly, adapting the security-breach
probability function (S I ) from [21], we propose the following security-breach probability
13

In the original GL model [21], the organization’s inherent vulnerability is defined as the probability
that a threat, once realized (i.e., an attack), would be successful.
14
[21] explicitly acknowledge that they ‘abstract from reality and assume that postulated functions are
sufficiently smooth and well behaved’, thus creating favorable conditions for applying basic differential
calculus, hence simplifying the optimization problem of the security-investment phenomenon. Although a
smooth approximation of the security-investment phenomenon done by [21] is a reasonable first approach, in
order to deliver insight concerning the problem of determining an optimal level of cyber-security investment,
such an approach lacks realism. As explicitly mentioned by [21]: [...] ‘in reality, discrete investment in new
security technologies are often necessary to get incremental result. Such a discrete investment results in
discontinuities.’
15
In BDA, an extremely large, fast paced and complex amount of information can be processed in
significantly shortened time frames and at almost zero marginal cost per additional unit of information –
once the fixed development and implementation costs of systems and algorithms for investigating threat
patterns are invested [43]. Furthermore, the real-time analytics provided by big-data algorithms are likely
to neutralize any attacker’s information advantage, such that the probability of a cyber-breach should be
reduced. For example, an attacker can exploit zero-day vulnerabilities by knowing where to attack, whereas
the defender does not know, hence has to protect all potential entry spots. As real-time analytics reveals
both the time and the position of the attack as it happens, the defender can react precisely on the attacked
spot, thus save any unnecessary investment in the protection of spots that are not attacked.
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0

function (SiI ) in order to capture the advent of a disruptive technology by introducing
discountinuity through the parameter di :

0

SiI (zi , vi ) =

vi
(αi zi + 1)βi +di

(I.2)

wherein for each period i ∈ [1, n]:
– αi ∈ R>0 and βi ∈ R≥1 represent productivity parameters of a given cybersecurity technology at period i (i.e., for a given (zi , vi ), the security-breach
0
probability function SiI is decreasing in both αi and βi );16
– di is a discontinuity parameter at period i, and it is represented by a dummy
variable. This dummy takes the value 0 when no disruptive technology is
used, and 1 otherwise.
From equation (I.2), equation (I.1) can be rewritten as:
( n
X
max ∆−1 EN BIS(zi ) = max
[vi −
zi ∈Z

zi ∈Z

i=1

vi
]Li − zi
(αi zi + 1)βi +di

)
(I.3)

Although, in order to extend the original GL model, the multi-period setup and
0
the suggested security-breach probability function (SiI ) constitute the main theoretical
contributions, the application of this contribution to a concrete context is necessary in order
to exemplify and demonstrate their relevancy, and to empirically test them in a further
research.

4

Application for CIPs

A cyber-security breach inflicted on a critical infrastructure (CI) generates massive negative
externalities, especially due to the increasing interdependency and to technical interconnectedness of different CIs [1, 22]. As a result, cyber-security issues are the main challenge
for CIP [5]. Therefore, the issue of cyber-security investment becomes highly relevant in
the context of CIs, and especially so from a social-welfare perspective [22].
In this respect, cyber-security investment is a national security priority for the great
majority of governments (e.g., [34]). For example, on February 12, 2013, the administration
of US President Barack Obama implemented Executive Order 13636 [33] named Improving
Critical Infrastructure Cybersecurity. This executive order stated that ‘The national and
economic security of the United States depends on the reliable functioning of the Nation’s
critical infrastructure in the face of such threats. It is the policy of the United States to
enhance the security and resilience of the Nation’s critical infrastructure and to maintain
a cyber-environment that encourages efficiency, innovation, and economic prosperity
while promoting safety, security, business confidentiality, privacy, and civil liberties’ [33].
Following this trend, on May 11, 2017, the administration of US President Donald Trump
implemented Executive Order 13800 [46], named Strengthening the Cybersecurity of
Federal Networks and Critical Infrastructure. This executive order stated that ‘Effective
16

[21] did not specify α and β. These productivity parameters could be, for instance, the relative
productivity of a given technology when compared to another (α) and the joint productivity of the same
technology when in interaction with a set of already employed technologies in an organization (β).
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immediately, each agency head shall use ‘The Framework for Improving Critical Infrastructure Cybersecurity’ developed by the National Institute of Standards and Technology, or
any successor document, to manage the agency’s cyber-security risk. Each agency head
shall provide a risk management report to the Secretary of Homeland Security and the
Director of the Office of Management and Budget within 90 days of the date of this order ’ [46].
We believe that our suggested extension of the GL model should be generalizable across
any kind of cyber-security concerns, yet we illustrate our approach in the context of CIP as
security-cost reduction related to risk events are of prior importance because potential losses
reach unaffordable dimensions [22]. Despite the fact that BDA is considered a promising
method for CIP, its concrete implications have not been discussed much.
More specifically, our extension of the GL model provides a theoretical framework for
analyzing the impact of the implementation of any given novel technology on cyber-security
investment over time. In this respect, by subtracting antidifference operators of EN BIS,
∆−1 EN BIS(zi ), at two different specified time-span of same duration, (A − B), a potential
decrease in cyber-security investment, ∆Z , can be analyzed – ceteris paribus:



∆Z = ∆−1 EN BIS(zA ) − ∆−1 EN BIS(zB )

(I.4)

where B ⊆ N is a time-span, wherein each period iB ∈ [n, t], and in which a
given novel technology is implemented; whereas A ⊆ N is a time-span, wherein
each P
period iA ∈ P
[1, m], and in which no novel technology is implemented. Note
that ti=n i and m
i=1 i must be equal in order to proceed to the comparison.
From equations (I.1) and (I.4), equation (I.5) can be written as:
(m
) ( t
)
X
X
I
I
∆Z =
[vi − Si (zi, vi )]Li − zi −
[vi − Si (zi, vi )]Li − zi
i=1

(I.5)

i=n

From the original equation of [21], equation (I.5) can be rewritten as:
(m
X
∆Z =
[vi −
i=1

vi
]Li − zi
(αi zi + 1)βi

)
−

( t
X
i=n

vi
[vi −
]Li − zi
(αi zi + 1)βi

)
(I.6)

By controlling for every parameters to remain equal between time-span A and B –
except for the domains Z, wherein ZA 6= ZB –, an organization can determine if any given
novel technology generates a greater EN BIS. If it is the case, the organization might
consider the novel technology implemented in B as disruptive; inversely, if the EN BIS
does not substantially changes, the implemented novel technology cannot be considered as
disruptive. Note that even though equation (I.6) can be used for analyzing the differential in
cyber-security investment between two time-spans, equation (I.3) remains necessary in order
to determine the optimal level of cyber-security investment (zi ) through the maximization
of the EN BIS(zi ) function.
The application of our GL model extension to the context of CIP should provide us
with a relevant and seminal basis on which our arguments can be formally modeled and
simulated. In the case of human-processed information and defense tactics, these issues
would probably make the optimal level of protection difficult to attain or even impossible to
53

finance, as the expected loss would be extreme in the case of cascading failures of CIs; hence
the resulting cyber-security investment would also have to reach extreme levels. However,
with the effects that the BDA technology (or any similar disruptive technology) could have
on investment in cyber-security, the investment needs by CIP could remain at the same
level or even decrease, as these novel threats are neutralized by the superior technology
that BDA offers.

5

Discussion

In this last section, we present our concluding comments, the policy recommendations
resulting from concluding comments, we discuss the limitations of this study and suggest
paths for further research.

5.1

Concluding Comments

In this article, we propose an extension of the GL model by adapting its initial theoretical
framework in order to capture time-related insights related to the consequences that a
disruptive technology can have on cyber-security investment. We propose two important
contributions. First, we argue that a single-period model is not adapted to capture
dynamic aspects of cyber-security investment such as the advent of a disruptive technology.
The extension to a multi-period model is indeed necessary. Second, in the context of
the introduction of a discrete disruptive cyber-security technology, the security-breach
probability function of the original GL model could not be considered as continuously
differentiable. These two arguments enrich the initial model by giving supplementary insight
on cyber-security investment. Through our extended EN BIS function, our proposed
revision of the GL model captures both the financial consequences on the optimal level of
investment and the security productivity of the advent of any given novel (and potentially
disruptive) technology. Although we believe that this reasoning is generalizable across a
wide range of cyber-security concerns, we illustrate our approach in the context of CIP,
for which cyber-security breaches inflict unaffordable social costs that urgently need to be
reduced.

5.2

Considerations for Policy Recommendations

First and foremost, our extension of the GL model is intended to be used for determining
the optimal level of cyber-security investment through the maximization of the EN BIS(zi )
function. The optimal level of cyber-security investment is obtained when the difference
between benefits and costs are maximized – i.e., where the marginal benefits of cyber-security
investment are equivalent to the marginal cost of potential losses due to cyber-security
threats.
Also, our extension of the GL model provides a theoretical framework in order to analyze
the expected net-benefits of the implementation of any given novel technology over time.
By subtracting antidifference operators of EN BIS at two different specified time-spans,
and by controlling for every parameters to remain equal between two time-spans (except for
investment), a potential decrease in cyber-security investment can be analyzed. Throughout
our model, an organization can determine if any given novel technology generates a greater
EN BIS. If it is the case, the organization might consider the novel technology implemented
as disruptive; inversely, if the EN BIS does not substantially changes, the implemented
novel technology cannot be considered as disruptive.
We presented a dynamic analysis for determining the optimal investment level for IS
defense, in the context of potentially disruptive technologies. By conceptualizing a securitybreach probability function that includes productivity parameters (α and β) of a given
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cyber-security technology, practitioners can calculate the optimal level of investment in IS
defense processes, products and/or services, and also select them according to the highest
productivity parameters. Although this work remains theoretical, it gives a systematic
method for optimizing IS defense investment in the context of potentially disruptive
technologies.

5.3

Limitations and Paths for Further Research

Finally, our research design – based on theoretical modeling and utility maximization – has
some limitations that future research could help relax.
First, the productivity parameters (αi and βi ) of a given cyber-security technology
are theoretically conceptualized, but not empirically measured. Such an effort could add
a substantive benefits in terms of validation/refutation of our propositions. However,
researchers might find it difficult to gain access to data as they are substantially difficult to
measure and/or to find [32]. A possible solution in order to measure these productivity
parameters could be derived from equation I.6, by computing the ratio between ZB and
ZA . By doing so, a relative measure of productivity between a technology employed in
∆−1 EN BIS(zA ) and a technology employed in ∆−1 EN BIS(zB ) could be extracted.
Second, the term disruptive technologies [17] has been qualitatively defined, but not
quantitatively delimited. Such a research effort is necessary in order to delimit the dummy
variable di (that takes the value 0 when no disruptive technology is used, and 1 otherwise).
Again, such a quantitative delimitation could be drawn by determining a threshold value in
the aforementioned ratio between ZB and ZA .
Third, and consequently, this article formally modeled an extension to the GL model,
but it did not simulate or empirically test our suggested extension. We decided to leave
this operationalization to future research as we wanted to focus on the generalizability
of the model. Any simulation or empirical operationalization requires a specification of
the above-mentioned productivity parameters αi and βi of each technology considered for
investment, as well as the specification of the dummy variable di for classifying which
technologies are considered disruptive (and when). Such choices make the model more
specific to particular assumptions about technological and productivity contexts. Hence,
we suggest that our model should be operationalized by a series of different simulations
and empirical tests, rather than by one illustrative simulation run. Given the fact that
specifications of such simulations and/or empirical tests would require multiple cases and
thus multiple contexts (and thus multiple articles). Nevertheless, we recommend that future
research simulates, tests and develops further the model we proposed here.
0
Fourth, the security-breach probability function SiI that we employed in this work
can be replaced by many other families of more complex functions. In this research, we
selected the first family of security-breach probability function proposed by [21], namely S I .
However, in reality, adding more families of functions could enrich the analysis (e.g., [29]).
Once the aforementioned points are defined by empirical analyzes and field surveys, further
research could propose to simulate a multi-player and multi-period game (e.g., [24]) that
models the cyber-security for CIP in the era of disruptive technologies. Such research
– by collecting simulated data and quantitatively analyzing them – would contribute to
complement the theoretical approach presented in this article, hence test the intuition of
our theoretical development.
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‘It’s not a faith in technology. It’s faith in people.’
— Steve Jobs
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Abstract

Despite good pay and a generally supportive attitude from the population,
the Swiss Armed Forces – a critical infrastructure of the Swiss government –
suffer from a structural deficit of conscripted officers. Yet, these officers are
essential for monitoring and managing the information-systems defense of the
Swiss Armed Forces. Whereas, prior studies have focused on sociological and
psychological studies of intrinsic and extrinsic motivation, volition, and social
context to explain the under-staffing in the armed forces, we offer an alternative
approach based on opportunity-cost. In this perspective, we model the four
service options related to the conscription duty in Switzerland, taking the
IT-industry employment as the reference point. We then monetize the notcompensated opportunity-costs of fringe benefits, of leisure, and of IT-industry
income. Our results suggest that, in terms of opportunity-cost, serving as a
conscripted officer is the least attractive option. This we believe explains the
persistent staff deficit. We discuss the implications of these findings for the
literature and recruitment policy.
Keywords— security economics; opportunity-cost; military recruitment; Swiss
Armed Forces; information-systems defense; critical infrastructure protection.
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1

Introduction

Critical infrastructures (CI) are commonly defined as organizations that produce and/or
deliver goods and/or services that are vital to the society [1]. This implies that any extended
disruption and/or failure of any CI would strongly affect the functioning of the government,
national security, economic system, public health and safety, or any combination of the
above [1, 17, 40, 64, 66]. In the literature, there is a consensus that the functioning of
modern societies depends – to a large extent – on the operational continuity of CIs (for
extensive literature reviews, see [59, 69]). In this regard, the armed forces constitute a CI
as they provide national security and public safety for the society [55].
Among armed forces, managing and monitoring the development, implementation and
exploitation of an information-systems (IS) defense requires skilled professionals, who
generally endorse an officer1 function. However, in the case of the Swiss Armed Forces
(SAF) – based on a conscription 2 architecture –, conscripted-officer positions suffer from a
structural deficit. As a consequence, the Armed Forces Command Support Organisation
(AFCSO) – which is responsible for information and communication technologies (ICT)
services and electronic-operations (i.e., anti-cyber attack operations, electronic warfare
and cryptology) of the SAF – also suffers from the aforementioned lack of conscripted
officers. The AFCSO is responsible to ensure that the SAF can accomplish their missions,
guaranteeing the command and control under all circumstances: during standard situations,
during crises, and during disasters and conflicts. For this purpose, the AFCSO operates
an independent communications network, which provides a secure medium for all types
of data that are stored in safeguarded computing centers, and are structurally protected
against external influences. The command support brigade (CS Bde 41/SCS) composes the
AFCSO’s military unit, and is composed of 14 battalions (12,000 conscripts). As for other
units, the AFCSO needs to fulfill vacant conscripted-officer positions in order to execute its
missions.
Almost the entire SAF are composed of citizens who are called upon – by conscription –
to serve; as of 2017, the professional personnel constitute less than 2% of the total forces.3
Consequently, the overwhelming majority of officer positions are filled by citizens who
choose to serve as conscripted officers (i.e., non-professional).4 To receive basic military
training, upon entry in the SAF, conscripts first attend boot camp. Then, for the remainder
of the time that they are required to serve, they return for annual training; this time –
measured by the number of service days – is calculated according to rank, function, and
specialty.
Detailed discussions on the philosophy and organization of the Swiss conscription system
are available in [38, 49, 71]. Rather than adding to these general discussions, we point to
a significant recruitment problem the SAF have experienced since 2010 in their attempt
1
An officer is a member of an armed forces who holds a position of authority. In the Swiss Armed Forces,
officers’ ranks are: second lieutenant (OF-1b), first lieutenant (OF-1a), captain (OF-2), major (OF-3),
lieutenant colonel (OF-4), colonel (OF-5), brigadier general (OF-6), major general (OF-7), lieutenant
general (OF-8), and general (OF-9).
2
Conscription – also called draft – is the compulsory enlistment of citizens in a national service (in the
context of this research: the military service).
3
Professional personnel are exclusively hired for basic military training of conscripts (during boot camps),
for some highly specialized functions (e.g., jet pilots), or for high staff leadership positions (from the rank
of one-star general and upwards).
4
Conscripts form a personnel pool called active reserve. However, the SAF also have a passive reserve
composed of former conscripts who do not participate in annual training anymore, but who can be called
by the SAF if necessary. Hence, the SAF is composed by three categories of personnel pools (the active
reserve, the passive reserve, and the professionals). As the deficit of officers is essentially witnessed in the
active reserve, only this pool is analyzed in this article.
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to recruit personnel for conscripted-officers positions. Under the current system, potential
candidates for such positions are identified during boot camp and asked to serve as officers
for the remainder of their service.5 The SAF find it increasingly difficult to fill all officer
positions necessary for executing their missions; a significant and persistent conscriptedofficers deficit existed since at least 2010. Each year, about 15% of all conscripted-officer
positions in the ranks of colonel, lieutenant–colonel, major, and captain cannot be filled.
The greatest deficits are witnessed for the ranks of major and captain. The SAF also lack
junior conscripted officers (i.e., the ranks of first lieutenant, and second lieutenant). As
staff-conscripted officers are recruited exclusively from among junior conscripted officers,
recruitment deficits in this group exacerbate the situation. Figure II.1 illustrates the deficit
(corresponding numbers are available on Table II.1 on page 82).
Figure II.1: Structural Deficit of Conscripts (Required Positions Not Filled)
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Notes to Figure II.1: Nominal reduction of conscripted-officer deficit from 2011 onward is due to an
armed-forces reform that reduced the number of officer positions (whether filled or not) whereas officer
headcount remained almost stable. As a result, the position fill rate nominally improved.

Consequently, existing conscripted officers have to work extra hours, to compensate for
the deficit. This is a highly problematic development, as understaffed armed forces lack the
leadership capability required to execute their missions [8] – e.g., managing and monitoring
the development, implementation and exploitation of an information-systems (IS) defense
for ensuring the command and control of the SAF under all conditions. This recruitment
problem challenges the recruitment efficiency of the conscription model on which the SAF
rely [71].
Psychology and sociology explanations fall short at explaining this structural deficit.
Motivational aspects due to low morale or widespread political opposition against conscription in Switzerland are not corroborated by the literature [73]. Since the existence
of the recruitment deficit, annually conducted nation-wide polls consistently suggest that
Swiss citizens support conscription; they also confirm that the SAF are perceived as useful
and necessary [74]. Moreover, in a 2013 referendum, 73.2% of all Swiss citizens voted in
favor of the conscription model [23]. The deficit is unlikely to be explained by low pay
or irrelevance of military training for subsequent civilian employment. During service
executed by conscripts, the Swiss Federation compensates 80% of the conscripts’ income
earned and pays for fringe benefits. Even if no salary was earned before military service,
a minimum compensation is paid. Additionally, the civilian employer can compensate
the remaining 20% on a voluntary basis. Conscripts officers on duty are entitled to free
5

An extensive account of this identification process is provided in Appendix 2 on page XXXVIII.
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nation-wide first class public transportation. In 2004 and 2009, the SAF have shortened
service duration6 and introduced additional monetary incentives and fringe benefits for
conscripted officers. National trade associations as well as large corporations from all
industry sectors publicly stress that a conscripted-officer training is useful for civilian career
[2, 26]. It could be argued that the conscripted-officers deficit is related to Switzerland’s
civilian low unemployment rate.7 Hence, the conscripted-officers deficit should be inversely
proportional to the unemployment rate (such that, when few attractive jobs in the industry
are available, the deficit would decrease, and vice versa). However, Swiss unemployment
statistics suggest that these two factors are uncorrelated. From 2010 to 2016, unemployment
ranged between 2.6% and 4.2% of the eligible workforce (State Secretariat of Economic
Affairs 2010–16 [28]). During this time, it remains stable at approximately 3%. In contrast,
Table II.1 on page 82 suggests that the conscripted-officers deficit has grown by 60% during
the same time-frame. Therefore, the SAF are currently facing the problem that fewer and
fewer individuals opt for a conscripted-officer career, despite the monetary incentives and
fringe benefits that come with it, and despite a generally favorable reputation.
Extant theory offers little guidance to explain this paradox. Economic studies of
military recruitment have modeled the willingness to prefer a military career over a civilian
one, suggesting that the former is chosen when its utility exceeds that of the latter [3, 43].
The majority of the literature provides sociological and psychological studies of intrinsic
and extrinsic motivation, volition, and social context, looking at how these properties
influence an individual’s decision to enlist for military service (e.g., [22, 24, 62, 75, 79].8
Although the aforementioned researches successfully provided relevant insights on factors
that attract candidates toward a military career, effects that keep potential candidates
away, despite a positive propensity to join, have been studied very little. [8] note that a
propensity to join a military organization does not necessarily imply actual involvement.
Furthermore, these studies do not differentiate between the recruitment of conscripted
officers vis-à-vis other ranks. Their results are not readily applicable to a conscription
system, where military service does not come as a dichotomous choice between military and
civilian life but rather constitutes a temporary yet recurring interruption of an individual’s
civilian career, the extent of which varies according to the service option chosen.
In this study, we therefore, suggest a novel, opportunity-cost-based explanation: Whenever an individual can choose between two or more mutually exclusive options, the
opportunity-cost of an option is the benefit foregone as a consequence of not choosing the
other option(s) [13]. Although the literature has repeatedly called for perspectives that
model an individual’s choice to opt for a military career when presented with service options
[9, 27, 36, 37, 54, 68, 71], such perspectives are still notably missing. Although the analysis
by [53] is helpful in a conceptual way, it does not analyze individual-level decision-making,
while the study by [77] is, to the best of our knowledge, the only contribution where
opportunity-cost considerations are at least discussed. The term ‘opportunity-cost’ is not
consistently applied in these contributions, they unanimously highlight the relevance of
relative cost-benefit calculations in the face of multiple decision options.
We posit that an individual, in a first step, likely charts the different service options by
which the duty to serve (as implied by conscription) can be fulfilled, both within and outside
6

This was the case for the former SAF development called Armée XXI. From January 2019, the new
SAF development called WEA has, in the contrary, significantly augmented service duration in order to
deliver a more complete military training for conscripted non-commissioned officers (NCOs) and conscripted
officers. In this article, the new service duration of the WEA is not taken into account as this present study
has been done in 2017. However, our framework can easily take into account the new service duration of
the WEA in order to actualize the conclusions of this article.
7
We thank an anonymous reviewer for bringing this point to our attention.
8
For a detailed review of the literature, see Table i.3 (on page 20) of the introduction of this thesis.
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the military organization. In a second step, the individual evaluates the opportunity-cost
of each service option and then makes a choice. Using this approach, we respond to
studies from Israel [9], the US [68], and Switzerland [71]; they all suggest that the decision
for a particular military career is at least partially influenced by individual cost-benefit
calculations. Although the relevance of opportunity-cost considerations in a military context
has been noted for decades [5, 11, 27, 45, 46, 50, 58, 61, 76], an empirical cost-calculation
beyond conceptual discussion is, to the best of our knowledge, still missing in the literature.
From an empirical point of view, this article is meant as a first step toward closing this gap.
Our study is set at the individual level. Calculating the opportunity-costs of fringe
benefits, as well as the opportunity-cost of leisure and of IT-industry income, we model
an individual’s choice to opt for a career as a conscripted officer, subject to the relevant
service options they have in the Swiss context. These calculations are stratified by three
typical archetypes of individuals from whom conscripted officers are recruited. Our findings
reveal that the opportunity-cost of a conscripted-officer career vis-à-vis other possible
service options is excessive, irrespective of the archetype considered. We propose that this
significant opportunity-cost disadvantage likely explains the persistent deficit of conscripted
officers in the SAF. Finally, we discuss the implications of these findings for the literature
and for recruitment policy.

2

Service Options

In this section, we present the four mutually exclusive service options that are available for
the individual who has to serve. Also, we discuss the underlying assumption upon which our
analysis relies on – i.e., the individual capacity to rationally evaluate the aforementioned
service options. Finally, as the service option as an officer is the focus of this research,
a brief description of an officer selection criteria is presented in order to compare such a
service option among the three remaining service options available for the individual who is
subject to conscription.

2.1

Four Mutually Exclusive Options

All physically and mentally fit male Swiss citizens9 aged between 18 and 34 years are
required to serve for a specified number of service days in the SAF as either a private,10
an NCO,11 or an officer. Female citizens are exempt from conscription but can volunteer
for all functions. For conscientious objectors, the duty to serve is fulfilled by serving in
the civilian service. All service options are conscription based, i.e., in the specific case of
the SAF, the individual serves each year for a specified time and then returns to civilian
life. All military services imply training in boot camp (consecutive days served, on average
137 service days) followed by annual training that takes between 19 and 28 service days,
depending on rank, function, and specialty. Once these days are served, citizens return to
civilian life and employment.12 The same structure applies to the civilian service, where
conscientious objectors must partition their service days into at least two-time segments, of
9

Although foreign nationals and permanent residents together account for 24% of Switzerland’s population
(as of January 2017), only citizens are eligible to serve in any service option.
10
A private is a soldier of the lowest military rank (equivalent to NATO Rank Grades OR-1 to OR-3
depending on the force served in).
11
The acronym NCO stands for non-commissioned officer, and refers to a group of ranks in a military-type
hierarchy. It is preceded by the group of non-commissioned men (private). NCOs receive direct orders from
officers.
12
A small fraction of conscripts can serve all of their days consecutively, if certain criteria are met and
positions are available. As the overwhelming majority of SAF personnel – and in particular the conscripted
officers – serve in the traditional form by annual training, we do not factor the ‘at a stretch’ service option
into the analysis.
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which the first comprises 180 days served at a stretch. For any service option, the duty is
fulfilled as soon as all days are served.
Whereas, for military service, the particular number of service days depends on rank,
function and specialized training and hence varies between individuals, federal regulation
defines the number of service days in the civilian service to be 1.5 times the number of
days a conscientious objector would have served in the SAF (Federal Law on the Civilian
Service – SR 824.0). Since we assume that he13 would reduce involvement in a military
organization to the bare minimum, we use the lower boundary of service days for a private
as a basis to calculate the number of service days for the civilian service. To simplify the
analysis, the average between the minimum and the maximum number of service days per
service option is used as the basis for all subsequent opportunity-cost calculations. Figure
II.2 illustrates these service days per service option while Table II.2 on page 82 presents
in more detail the four service options: ‘Civilian Service [CivServ]’, ‘Private’, ‘NCO’ and
‘Officer’, and their respective service-day statistics.14
Figure II.2: Number of Service Days per Service Option
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Before proceeding with the analysis, we must clarify the relevant population for whom
this choice is relevant. First, one might argue that the choice between these four service
options cannot be made freely, or that some service options entail higher transaction costs
than others. However, both effects are unlikely in the case of the SAF. As regards the
military functions, with very few isolated cases, neither a conscript nor a volunteer can be
forced to become an NCO or an officer if they refuse. Quite the contrary, the individual
makes that choice autonomously. For example, a conscript can choose to pursue a military
function as an NCO but refuse to become an officer, or they can remain a private for
the entirety of service, despite being asked to become an NCO or an officer. Admission
to the civilian service is non-bureaucratic and administered by the approval of a simple
request. Since 2009, the conscientious objector is no longer required to justify the reasons
for his request. Consequently, transaction costs associated with the choice of any service
option are unlikely to significantly influence the decision. In practice, the four service
options are mutually exclusive. Although, some conscripts object and are assigned to the
13

Female citizens can volunteer for any military function, but not for the civilian service. Hence, admission
to the civilian service is effectively restricted to male citizens, such that it is not a relevant service option for
female citizens. However, as only 0.7% of SAF personnel is female (Swiss Federal Department of Defense
2016 [29]) the analysis is unlikely to be significantly influenced by this imbalance.
14
Under special circumstances, conscripted officers can be required to serve for more than 600 days. As
such additional service days would increase opportunity-cost beyond the rates we calculate, our analysis is
conservative.
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civilian service during and after boot camp, there are very few known cases of privates that
objected during their annual training, and no such cases have been reported among NCOs
and officers at all [29]. Thus, once an individual has chosen a particular option, they are
unlikely to reverse their decision.

2.2

Rational Choice Evaluation

We assume that individuals faced with this choice – i.e., who evaluates which service
option to choose – are ideologically neutral, such that they equitably evaluate each service
option without any reservations. This assumption seems reasonable, as the conscripts or
volunteers who ideologically support military organizations are highly unlikely to choose the
civilian service, even if opportunity-cost is very low compared to all military service options.
Likewise, conscripts opposed to the military for ideological reasons are unlikely to choose any
military-service option, even if the opportunity-cost of the most attractive military-service
option was lower than that of the civilian service. The analysis is thus conceptually limited
to individuals who base their decision on rational (rather than ideological) criteria. Such
individuals trade-off the four service options against each other, estimating the opportunitycost of each service option. Hence, the individual essentially makes an ex ante decision, if
under imperfect information; however, rational decision-making does not necessarily imply
the individual must meet the strict normative assumptions of homo economicus [25]. An
individual can perform rational calculations on the basis of estimates, partial information,
social cues, projections, and assumptions [57]. Furthermore, we believe the choice of a
service option is likely more ordinal than cardinal in nature, such that the decision is based
on relative magnitudes, rather than precise balance, of opportunity-costs.

2.3

Officer Selection Criteria

Serving as a conscripted officer is only open to two subgroups among all conscripts,
specifically students (i.e., those who have not yet obtained an academic degree, and those
who are in an apprenticeship), and skilled professionals (i.e., those who have been issued a
certificate of qualified professional training or a university degree, and who earn a civilian
salary). As detailed in Appendix 2 on page XXXVIII, in the process of officer recruitment, a
conscript is subject to a number of criteria, hence not all conscripts who would like to choose
this service option can. Some of these criteria depend on subjective evaluation: Article 31
of the service regulation 51.013 clearly states that academic studies, an apprenticeship or
a skilled professional degree are objective, indispensable, and non-negotiable criteria for
admission to an officer career. Hence, only candidates who meet these criteria can freely
choose among all four service options.

3

Data and Methods

Categorizing opportunity-costs by using classification criteria is helpful to identity, as
exhaustively as possible, an individual’s trade-off considerations [56]. Therefore, we propose
that total opportunity-cost per service option can be calculated as the global balance
of three cost categories: (1) The opportunity-cost of reduced leisure15 , (2) the negative
opportunity-cost (i.e., profits) of fringe benefits that are available in the civilian and military
service, but not in IT-industry employment, and (3) the opportunity-cost of civilian income
not earned during service days. We stratify the analysis of these cost factors across three
15

Serving in a military organization implies that an individual can no longer freely trade-off work against
leisure hours, according to personal preferences, or control their daily routine. As developed in the following
subsection related to Work Leisure Trade-Off, an individual serving in the SAF will have less time for
leisure.
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socio-demographic archetypes from which conscripted officers in the SAF can be recruited.
The archetype ‘student/apprentice’ is either a student enrolled in full-time tertiary education
and has not yet obtained a degree, or is an apprentice learning a trade before being issued
an official certificate of professional training. The archetype ‘young professional’ has just
completed academic studies or an apprenticeship with a first degree or certificate. They
have no prior job experience and is earning their first professional salary. Finally, the
archetype ‘skilled professional’ has completed academic studies or professional training
and has three years of work experience. As discussions of taxation and social security are
beyond our scope, all figures are gross (i.e., before the deduction of any tax and/or social
security contributions). Furthermore, our calculations focus on only individuals as such, we
do not consider family matters (e.g., opportunity-costs of child care or fringe benefits for
spouse support). All monetary values in all tables are in May 2017 current Swiss francs
and rounded to the next integer.16

3.1

Fringe Benefits

All service options provide an individual with fringe benefits that are not available in
civilian employment (daily allowances/soldier’s pay and supplements, no expenses for public
transport and food, and health insurance subsidies). Figure II.3 on page 73 illustrates these
fringes benefits (corresponding numbers are available on Table II.3 on page 83).
Fringe benefits are provided irrespective of socio-demographic background, education, or
prior income. Hence, they equally apply to all three archetypes, such that stratification is
only required per service options (i.e., according to the number of service days per option).
As all of these benefits are earned only while serving and are lost upon return to their
civilian life, they constitute opportunity-profits (i.e., negative opportunity-costs). Hence,
they are factored into the global opportunity-cost balance with a negative sign. We obtained
data on all fringe benefits from the Swiss Federal Office of Statistics [33], the Swiss Federal
Department of Defense [32] and from the Administrative Office for the Civilian Service [34].
We then monetized opportunity-profits by calculating average daily rates for each fringe
benefit. We then added these to obtain a daily balance and multiplied this balance by the
number of service days for the respective service options.

3.2

Work Leisure Trade-Off

Service in a military organization implies that an individual can no longer freely trade-off
work against leisure hours, according to personal preferences, or control their daily routine.
The extent to which leisure must be sacrificed in the SAF is subject to which of the three
military-service options an individual chooses. We therefore structured our calculation
as follows. First, we obtained data on the range of median weekly work-hours in the
IT-industry sector by using labor-market statistics provided by the Swiss Federal Office of
Statistics [30]. Since in Switzerland, work-hours in the civilian service are set according to
IT-sector workplace regulations, we assume that the median workweek in the civil service
equals the median civilian workweek. Regulatory information and data on the range of
hours worked in the SAF were obtained from the service regulation of the SAF, [14], and
[42]. We then computed the average of each range to obtain the average daily workload
for each service option. Comparing these workloads to civilian employment, we obtained
figures on extra hours worked for each service option. We multiplied these by the respective
number of service days required to obtain the total of extra hours worked per service option.
Figure II.4 on page 74 illustrates these extra hours (corresponding numbers are available
on Table II.4 on page 84).
16
As of May 2017, one Swiss franc is valued at approximately one U.S. dollar in the foreign exchange
market.
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These extra hours were monetized – i.e., we translated them into their corresponding
monetary value [16] – by assuming the value of a marginal unit of leisure is the equivalent
of the marginal income that would have been received if the individual had worked instead
[7, 18, 44, 60]. However, we modified this classic work leisure trade-off model slightly by
assuming a constant, rather than decreasing, return to scale for the work leisure indifference
curve. We did this because there is no empirical data that enables us to estimate its
concavity and because the work leisure trade-off in Switzerland is restricted by labor market
regulations.17 As we assume constant returns to scale, the work leisure trade-off can be
approximated by the median pay per hour. Socioeconomic determinants of median pay per
archetype were obtained from the Swiss earnings structured survey conducted by the Swiss
Federal Office of Statistics [32], as well as from the ’Salarium’ web-based tool.18
The opportunity-cost framework provided in this article is intended to be applied to any
individual who evaluates their career options. However, as previously mentioned, the focus
is put on to the entire pool of the SAF’ active reserve, from which conscripts are recruited.
Moreover, as our analysis is intended to shed some light on acquiring human resources for
building an IS defense capability, the emphasis is put on potential conscripts (specially
officers) who will be incorporated into the SAF department Armed Forces Command Support
Organisation (AFCSO), which is responsible for ICT services and electronic-operations
(i.e., anti-cyber-attack operations, electronic warfare and cryptology). Hence, we take into
consideration the job categories related to programming, ICT consulting, and general IT
activities. This group of professions is clustered by Salarium, and focuses on individuals
that are specialized in computer engineering (generally, individuals who have an applied
sciences degree). Hence, we decided to use the gross median wage of the aforementioned
job categories for the Swiss male citizen (as only 0.7% of total personnel is female). These
procedures yielded a median opportunity-cost value of one extra hour of work of 30.10
Swiss francs for the archetype ‘student / apprentice’, of 42.9 Swiss francs for the archetype
’young professional’, and of 56.6 Swiss Francs for the archetypes ‘skilled professional’.19
Multiplying total extra hours by these rates, we obtained opportunity-cost figures stratified
by archetypes and service options. Table II.4 on page 84 illustrates these calculus.

3.3

Income not Compensated

An individual who serves in any service option is absent from work during service, hence
cannot earn a civilian salary during this time. Therefore, for both the civilian service and
all military services, the Swiss Federation, via the Department of the Interior, provides a
compensatory income-deficit payment of 80% of the current civilian salary earned. This
compensation is paid per calendar day, i.e., also on Saturdays, Sundays, holidays. The
information about minimum and maximum payments, as well as conditions that apply per
service option, were obtained from the Federal Compensation Office [31]. For each archetype
and service option, we analyzed the eligible payments per archetype and calculated averages
of their minimum and maximum values. As for NCOs and officers, payments are higher
for training than for regular service days, weighted averages were calculated using the
percentage distribution data shown in Table II.1 on page 82. We then compared all averages
with the median IT-industry sector income that university graduates earn one and three
years after graduation, respectively, using data provided by the Swiss Federal Office of
17

In Switzerland, an individual’s weekly workload in the IT-industry sector must not exceed 50 hours
(Federal law on work in the industry, crafts and trade – SR 822.11). Note that this regulation does not apply
to the SAF. Although a firm can persuade employees to not record hours worked beyond this threshold
(e.g., consulting, investment banking), such behavior is not only illegal, but also not representative of the
majority of the workforce. We therefore do not consider this effect for our analysis.
18
https://www.gate.bfs.admin.ch/salarium/public/index.html
19
Further procedural description and auxiliary calculation is available from the corresponding author.
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Statistics [35], as well as by the Salarium web-based tool.20 We used a 365-day reference
year to calculate average daily median incomes from these data. Hence, we obtained a
daily opportunity-cost rate that monetizes, for each archetype, the daily civilian income
not compensated per service option. Finally, to obtain total opportunity-cost, this rate
was multiplied by the number of service days per service option. Figure II.5 on page 75
illustrates these calculus (corresponding numbers are available on Table II.5 on page 85).

4

Results

In this section, we present four subsections. In the first three subsections, we present the
results of our analysis for each type of opportunity-cost previously determined – i.e., for
fringe benefits, for leisure, and for income not compensated –, and for each archetype also
previously determined. In the last subsection, we present an aggregate opportunity-cost for
each type of archetype.

4.1

Opportunity-Cost of Fringe Benefits

The (negative) opportunity-costs of fringe benefits are presented in Figure II.3 (corresponding numbers are available on Table II.3 on page 83). They apply equally to all archetypes as
they are earned irrespective of the individual’s socio-demographic background and current
IT-industry sector income.
Figure II.3: Total Avg. Opportunity-Cost of Fringe Benefits
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In the civilian service, a daily lump sum allowance of five Swiss francs per service
day is paid. Depending on the particular rank, privates receive daily soldier’s pay that
ranges between 4 and 5 Swiss francs, NCOs between 7 and 11.50 Swiss francs, and officers
between 12 and 23 Swiss francs. These ranges yield averages of 4.50, 9.30, and 17.50 Swiss
francs, respectively. In addition to this allowance, a daily supplement of 23 Swiss francs
is distributed to all NCOs and all officers ranks up to captain (in order to simplify the
analysis, we assume that all officers receive this supplement, as the total number of officers
with a rank higher than captain is relatively low, compared to the combined number of
20
We assume that these salaries are also earned by those without a formal university degree but materially
equal professional training that provides them with at least the same, if not a superior, level of productivity.
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lieutenants, first lieutenants, and captains). In each service option, these allowances are
paid per service day (including weekends and holidays). Furthermore, during weekdays
(but not when off duty on weekends or holidays), while traveling in uniform, including
private trips made during leave, all soldiers receive free nationwide public transport by
train. (if subject to traveling in uniform and presentation of marching orders, privates
and NCOs travel in second class, officers in first class). They are also provided with free
meals in their respective cantonments or, if travelling, with compensation of expenses. In
the civilian service, expenses for travels costs to and from the workplace, as well as meals,
are compensated during weekdays. To simplify the analysis, we assume that these fringe
benefits have an approximately equal value. Each month a Swiss household spends an
average of 827 Swiss francs for transport and an average of 642 Swiss francs for food and
non-alcoholic beverages [33]. Assuming a single-person household and a 30-day service
month with 22 working days and no holidays, 607 Swiss francs of transport expenses, and
471 Swiss francs of food expenses can be saved during any service, yielding average daily
(negative) opportunity-costs of 21 and 16 Swiss francs, respectively, per service day. Finally,
in all service options, private-health insurance is paid once 60 consecutive or more service
days are served, and this during the entire duration of the respective service option. In
practice, this condition is met during boot camp (for all military-service options, 137 service
days on average) and the first half of the civilian service (180 service days). Given that
a household spends an average of 736 Swiss francs per month on health insurance, and
assuming a single-person household and a 30-day service month, we weighted the expenses
saved by the quotient of compensated vs. total service days.

4.2

Opportunity-Cost of Leisure

The opportunity-cost of leisure, stratified by archetype and service option, is illustrated in
Figure II.4 and presented in Table II.4 on page 84.
Figure II.4: Opportunity-Cost of Leisure
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The range of a median workday in the IT-industry sector is between 8.2 and 9 hours,
which gives an average of 8.6 hours worked per day. Although this workload corresponds to
that of the civilian service (hence, extra hours there are zero, and so is opportunity-cost by
consequence), the real workday in all military-service options is significantly longer, and
the longest workday is for conscripted officers. Work-hours ranges vary between 12 and 18
hours for privates, between 14 and 19 hours for NCOs, and between 15 and 22 hours for
officers. These work-hours correspond to averages of 15, 16.5, and 18.5 hours, respectively.
The work-hours for all military-service options account for the fact that many conscripted
NCOs and all conscripted officers have only one day off per week and often work additional
hours during weekdays and also on weekends. The respective ranges we obtained were
already adjusted for these effects.

4.3

Opportunity-Cost of Income Not Compensated

Finally, Figure II.5 and Table II.5 on page 85 presents data on IT-industry sector incomes
and the extent to which they are compensated, stratified by archetype and service option.
Figure II.5: Opportunity-Cost of Income Not Compensated
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Labor-market data suggest that in the IT-industry sector, an average apprentice earns
an annual median salary of 12,000 Swiss francs while undergoing professional training.
To simplify the analysis, we assume that a student enrolled in tertiary education has a
part-time unskilled job yielding the same income. Concerning the aforementioned job
categories related to programming, ICT consulting, and general IT activities – individuals
that are specialized in computer engineering, generally, who have an applied sciences degree
–, the average annual gross median income for young professionals is 88,584 Swiss francs, and
116,760 Swiss francs for skilled professionals with three years of work experience. Assuming
a 365-day year, we find that these annual salaries correspond to daily incomes of 33 Swiss
francs, 242.7 Swiss francs, and 319.9 Swiss francs, respectively.
Across all service options, and irrespective of prior IT-industry sector income, the
minimum daily compensatory payment is set at 62 Swiss francs, and the maximum is at
196 Swiss francs, thus yielding an average daily compensation of 129 Swiss francs. However,
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two exceptions must be considered. First, as the minimum of 62 Swiss francs is applied
irrespective of prior IT-industry sector income, the archetype ‘student/apprentice’ always
receives this daily compensation as their daily income of 33 Swiss francs is far below this
threshold. For the same reason, students/apprentices cannot receive any compensation
beyond this minimum rate, such that it also constitutes the maximum possible compensatory
payment. Second, while in training and boot camp, NCOs and officers receive a minimum
daily compensation of 111 francs per day, whereas the standard minimum rate of 62 francs
per day is applied during all other days. Weighting these data by the percentage distribution
data shown in Table II.1 on page 82 gives weighted averages of 145 Swiss francs of daily
compensatory payments for NCOs, and 144 Swiss francs of daily compensatory payments
for officers. Finally, a daily opportunity-cost is calculated as the difference between daily
IT-industry sector income and average daily compensation; this difference is then multiplied
by the number of service days per service option. Table II.5 on page 85 illustrates these
calculus.

4.4

Aggregated Opportunity-Cost

Figure II.6 and Table II.6 on page 86 summarizes all three opportunity-cost factors into
global balances.
Figure II.6: Aggregated Opportunity-Cost
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If an individual makes a decision about where to serve solely on the basis of opportunitycost, the civilian service is the optimal choice for all three archetypes. In this service option,
students and apprentices actually realize a profit of 9,750 Swiss francs, as the opportunitycost of leisure is zero, whereas the balance of fringe benefits and compensatory payments
exceeds their IT-industry sector income. Moreover, assuming that today’s students and
apprentices picture themselves to be young and skilled professionals in the future, for them
the civilian service is even more attractive as this service option gives them the possibility
to serve ‘at a stretch’, hence they can fulfill their duty to serve long before they would earn
professional salaries that are only partly compensated. The effect is analogous for young
and skilled professionals, for whom the opportunity-cost of a conscripted-officer post is
prohibitively high compared to all other service options. The higher an individual’s current
or projected IT-industry sector income is, the less that individual would be inclined to
choose any military service, especially, a conscripted-officer career.
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However, the problem set goes beyond a dichotomous competition between the military
and civilian service. If transaction costs for admission to the civilian service were raised
to a point where any military service is economically more attractive than conscientious
objection, all archetypes would choose to serve as a private and refuse to undergo any
further training. If forced to participate in training, all archetypes would refuse to serve as
conscripted officers, instead would prefer to serve as an NCO. As a result, all archetypes
can in fact serve in the SAF and refuse a relatively unattractive conscripted-officer post.
This finding likely explains the paradoxical effect that, despite the good pay the SAF
offer and their generally good reputation among citizens, the conscripted-officer deficit
persists. It also explains why there is a greater lack of officers than of privates and NCOs.
Moreover, the persistent deficit of conscripted officers might not necessarily be due to the
civilian service being more attractive than any other military-service option, rather it is due
to the fact that a conscripted-officer career is the least attractive among all military-service
options. Even if the opportunity-cost of leisure for conscripted officers were reduced to
zero by applying civilian labor-market regulations, the relatively generous fringe benefits
would fail to even offset the lack of IT-industry sector income compensation for the young
professionals and the skilled professionals archetypes. Only if the opportunity-cost of leisure
were to be reduced to zero and income compensation raised to 100%, service as an officer
would be more attractive than any other service option.

5

Discussion

In this last section, we present our concluding comments, the policy recommendations
resulting from concluding comments, we discuss the limitations of this study and suggest
paths for further research.

5.1

Concluding Comments

Using opportunity-cost analysis, we have shown that free-market institutions in the ITindustry sector compete with planned-economy institutions in the public sector, and that
the latter often lose this race. Hence, CIs must find novel ways to recruit specialists as
fixed-state salaries are rarely competitive. At the time we conducted our study, military
units specifically dedicated to cyber-defense did not yet exist as these were only created in
2018. Follow-up studies that could replicate our approach with such specialist troops might
be helpful to either refute or corroborate our conclusions.
Our findings have a number of important implications, both for academicians and
for policy-makers who are interested in acquiring human resources for building an IS
defense capability. To the best of our knowledge, this article constitutes the first attempt
to estimate the actual opportunity-cost structure of a complex, multi-option individual
decision between service options in the context of armed forces. Hence, our model goes
beyond a dichotomous choice between the military and civilian service. In so doing, it
responds to calls for such studies, complementing them with an economic perspective eluded
by many prior contributions that have instead emphasized socio-demographic, intrinsic and
extrinsic motivation factors.
Specifically, with respect to the persistent deficit of conscripted officers in the SAF,
we demonstrated that in terms of opportunity-cost, the conscripted-officers positions
constitute the least attractive service option. Consequently, we suggest that candidates
whose ideological motivation for a conscripted-officer career supersedes opportunity-cost
calculations are no longer numerous enough to compensate for those whose decision is, in
fact, based on such calculations. Hence, without a corresponding opportunity-cost analysis,
studies might overstate an individual’s propensity to join armed forces if they are based
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only on the analysis of intrinsic and extrinsic incentives.
Consequently, in order to acquire human resources for building an IS defense capability
among armed forces, academicians and policy-makers can take into account the following
considerations.

5.2

Considerations for Policy Recommendations

The opportunity-cost framework developed in this article can be adapted for any organization
that seeks to attract and employ IS defense specialists and/or IS defense managers. By
assessing the opportunity-cost that such specialists face whenever they are confronted
with choosing an employer among various alternatives, the framework presented helps
practitioners to evaluate their competitiveness with competitors hence to shed some light
on how competitive they are in terms of hiring conditions. As human resources are
an essential component for developing and securing an IS defense capability, such a
component is undeniably a building block for ensuring the operational continuity of any
given organization/CI.
Specifically for the SAF, the opportunity-cost of the officer-service option is too high
with respect to other service options. Without corresponding opportunity-cost analyzes,
studies tend to overstate an individual’s propensity to join an armed force if they are based
on the analysis of intrinsic and extrinsic incentives alone. In the absence of work leisure
trade-off considerations, service in the military is less attractive the higher an individual’s
IT-industry sector income is. If such trends persist, military recruitment will likely face
adverse selection problems, as military service will be attractive to only those employed in
low-paying industries and/or with a professional education that does not enable them to
compete for higher-paying jobs. This might constitute an important drawback as specialized
human capital is of prior importance in job categories that are necessary for building an
IS defense capability, e.g., computer engineers. In our context, for a conscripted-officer
career, the annual break-even salary is 59,220 Swiss francs for a young professional, and is
64,204 Swiss francs for a skilled professional. Although these might seem substantial on a
nominal basis, they are in fact 59% and 45% below the median salaries these individuals
earn in the IT-industry sector. Consequently, for a conscripted-officer career to become
more attractive, the recruitment policy for officers and specialized positions should target
potential candidates while they are still students or apprentices, even though they will be
undeniably less skilled than individuals that already have a degree.21 The opportunity-costs
of students or apprentices are low and the marginal utility of money is high, as long as they
study or undergo professional training. However, as these individuals enter the working
world, the opportunity-cost of IT-industry sector income quickly grows to a point where a
conscripted-officer career is the least attractive of all available service options.
At the same time, military organizations should caution themselves against the attempt
to counter under-staffing by monetary considerations alone, as these could undermine
intrinsic motivation [10, 47]. In Switzerland, compensatory pay for income was raised by
14% in 2009, but the conscripted-officer deficit still persists. An opportunity-cost perspective
then points to the importance of the opportunity-cost of leisure. In our estimations, such a
cost is generated by the excessive workload that comes with a conscripted-officer career, i.e.,
by a highly disadvantageous work leisure trade-off. In the past, individuals in Switzerland
had little choice but to cope with this workload as a civilian service for conscientious
objectors was not introduced until 1996, and because military service in a conscripted-officer
position was seen as an indispensable requirement for higher management. However, since
1995 elites in Switzerland have gradually become more international, less interconnected,
21

In order to compensate such a lack of skills, we suggest that the SAF must deliver a state of the art
technical training that prioritize essential technical skills related to their command and control missions,
i.e., anti-cyber attack operations, electronic warfare and cryptology.
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and more balanced in terms of gender distribution [2, 15]. Hence, the excessive number of
extra hours a conscripted officer must work are less and less implicitly compensated by the
expectation of positive job-related externalities. The extent to which (if any) this effect
can be compensated monetarily seems questionable. Not only does the globalization of the
economy confront potential officer candidates with expatriate competitors, but the value
system of today’s and tomorrow’s professionals is shifting. The workplace attitude of the
generation born between 1985 and 2000 (‘millennials’) puts greater emphasis on the work
leisure trade-off and assigns less importance to monetary fringe benefits and status [41].
Hence, this generation would emphasize the opportunity-costs of leisure and be relatively
indifferent to increased pay or benefits.
In contrast, non-monetary benefits seem more promising. For example, in the United
States, the GI Bill largely waives the cost of studying for a degree once military personnel
have completed their duty. This program reached record levels in 2009 with nearly 95%
of eligible personnel involved in the program and with 70% of them actually using this
program once they left the military [8]. Empirical evidence suggests that spending a fixed
budget on recruitment rather than on salary increases is a much more efficient way to win
over qualified staff [20].
As suggested in the concluding comments, candidates whose ideological motivation for
a conscripted-officer career supersedes opportunity-cost calculations might not be longer
numerous enough in order to compensate for whose decision is, in fact, based on such
calculations. A solution in order to augment the pool of ideologically motivated potential
conscripted-officers could be to augment the recruitment base that is nowadays limited to
male citizens. In order to do so, policies that include the conscription duty to female and
established foreigners could fill the gap.
Also, once young individuals have joined the armed forces, the structure of the service
with academic or professional agendas should carefully be aligned in order to minimize the
frustration owing to time conflicts, and should be negotiate with colleges and professional
schools for academic equivalents of capabilities created by military training. Furthermore,
conscripted-officers training could become more attractive if military capabilities, such as
leadership, were valued in the industry [71]. However, the extent to which such incentives
reduce perceived opportunity-cost is probably related to the extent to which military
training can indeed substitute professional training and education (e.g., an MBA degree).
Research suggests that significant conceptual and behavioral gaps between business and
military leadership exist, making the transition less than seamless [63, 80].
Finally, military decision-makers should note that the conscripted-officer deficit cannot
readily be explained by conscientious objection or the existence of a civilian service. The
results we have presented here suggest that a conscripted-officer career is the most unattractive among all military-service options, even in the absence of a civilian service. Compared
to privates and NCOs, opportunity-cost for conscripted officers grows exponentially as
individuals enter professional life. Hence, applying ‘raising rival’s costs’ tactics [12, 65]
by making the civilian service more unattractive vis-à-vis the other service options, or by
erecting additional barriers for admission, are unlikely to significantly alter the situation
because they would only shepherd individuals into the second-best service option, i.e.,
serving as a private.

5.3

Limitations and Paths for Further Research

Our attempts to monetize opportunity-costs by using socio-demographic, labor market,
and benefit data provide empirical contributions that implicitly accept assumptions from
economic theory that future research could help relax.
First, an opportunity-cost analysis is framed in neoclassical economic thought; it thus
assumes that individuals maximize individual utility and make rational choices [67]. In
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the context of our research, this ‘homo economicus’ assumption might be questionable for
two reasons. First, when it comes to making personal career choices, individuals might
exhibit bounded, rather than perfect, rationality [25]. Hence, individuals might prefer
imprecise estimates, partial information, social cues, projections, and assumptions over
precise calculation as they evaluate relative magnitudes of costs [57]. Our analysis could be
refined by introducing weights or scaling factors that can take such bounded rationality
into account.
Second, we assumed that IT-specialists are ideologically neutral; implying they would
evaluate and compare service alternatives inside and outside armed forces organizations
as they would consider different career choices in the private sector. However, as both
armed forces and many CIPs operate in a public sector and national-security context,
individuals might have ideological reservations to enlist. On the other hand, using the
reverse argument, a particular type of individuals might enjoy the culture of armed forces
and the public-sector context. Such ideological influence would increase the opportunity
cost of enlistment for the first type, but reduce it for the second type of individuals. Future
research should take this differentiation into account.
Third, although we have collected and analyzed these data in the context of the SAF,
we believe our analysis should be generalizable to many other military organizations.
For example, researches reported numerous and similar cases of under-staffing in armed
forces, e.g., in India [70], the US [39, 48, 52], and Great Britain [19, 21]; both in systems
that must rely on a professional model and in those based on conscription model. The
problem seems to be more of a general nature and less of a context-specific one. Therefore,
an opportunity-cost approach is useful as it can be applied irrespective of cultural and
contextual idiosyncrasies. Even in less liberal systems, where free choice between service
options is suppressed, individuals can still ‘vote with their feet’ [6] by emigrating or by
bribing officials to be granted exemption from service, e.g., in Russia [51] and Kazakhstan
[78]. In other words, even in such systems, the opportunity-cost of not serving in a
particular service option (e.g., harassment at work, risk of state prosecution, expenditure
for emigration) can be assessed and monetized. Our results can also be generalizable as
they likely constitute a lower boundary from a global perspective.
Fourth, additional opportunity-cost factors that are unlikely to materialize in the Swiss
context might have to be considered elsewhere in the world – mortality risks, geographic
mobility, and effects related to job tenure.22 Due to the Swiss state doctrines of neutrality
and non-involvement in international armed conflicts, the SAF have a defensive and
isolationist nature. Switzerland is a member of NATO’s partnership for peace since 1994,
but does not contribute personnel to NATO missions except for two observers at their
headquarters in Brussels. Less than 0.2% of all personnel serve in international, non-combat
peacekeeping missions authorized by the United Nations. As a result, the mortality risk
is almost nil; over the last twenty years, the few isolated cases of injured and deceased
staff were due to either suicide or traffic- and weapon-handling accidents. In contrast, the
U.S. Armed Forces witnessed an annual mortality rate of 71.5 per 100,000 staff between
1990 and 2011 (United States Armed Forces Health Surveillance Center [4]). Hence, an
individual making a decision on the basis of opportunity-cost would likely factor the cost of
increased mortality risk into the equation (e.g., by assuming reduced lifetime income).
Fifth, under the Swiss conscription system, once an individual has passed boot camp,
almost all personnel serve in annual training that take between three and four weeks
per year. Hence, conscripted personnel very rarely relocate during service days, they
rather commute between their home and military sites on weekends. Given the density of
transport infrastructures in Switzerland, the small size of the country, and free transport
22
We thank an anonymous reviewer for drawing our attention to these issues and providing us with
valuable arguments.
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provided during military service, the financial and temporal opportunity-cost of mobility
is low. However, in large territorial states where cross-country travel might take days or
requires air travel (e.g., Russia, India, China, Australia, or the US), the opportunity-cost
of geographic mobility might be significant. Such costs would have to be added to our
estimates. Finally, labor-market research suggests that individuals absent from the civilian
working world during military service experience disadvantages because they miss out on
the positive external effects of professional networking and might take longer to re-adapt [2,
72]. Furthermore, they could be outwitted by expatriate competitors who have no duty
to serve because they do not have citizenship in the said country. As in the SAF, annual
training is relatively short, the impact of these adverse effects is limited for individuals
living in Switzerland. Yet, in countries with long service times served at a stretch (e.g.,
Israel), these opportunity-costs can be significant. Hence, the estimates we present in
this article might constitute only a lower boundary of the actual total opportunity-cost
of any military-service option. Armed forces around the world could therefore take our
estimates as a baseline case and factor in these additional costs, according to their specific
context. Although we consider the estimation of these cost factors to be beyond the scope
of this article, we believe that such an estimation opens up promising paths for future
research that could expand our model. Furthermore, our model assumes that the three
opportunity-cost factors we study are equally important for the individual’s decision. Future
work could conceptualize weights by which the relative importance of particular factors for
an individual can be modeled.
Finally, our analysis could be refined by the consideration of inter-temporal effects
and inflation. Rational individuals could be expected to calculate capital values of global
opportunity-cost by discounting future cash flows or their monetized equivalents to the
present, by observing both inflation expectations and interest rates.
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Table II.1: Structural Deficit of Conscripts a
Staff deficit (required positions not filled)
Swiss Armed Forces census

Privates (%)
−5
2
−1
0
5
9
12

2010
2011
2012
2013
2014
2015
2016

NCOs (%)
−5
−3
−2
−2
−2
−2
−2

Officers (%)
24
23
10
12
15
15
16

a

Nominal reduction of conscripted-officer deficit from 2011 onward is due to an armed-forces reform that
reduced the number of officer positions (whether filled or not) whereas officer headcount remained almost
stable. As a result, the position fill rate nominally improved.

Table II.2: Service Days per Service Option

Service Option

Service days (min.)
Service days (max.)
Service days (avg.)
% service days spent in boot camp and training
% service days spent in practical service
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CivServ

Private

NCO

Officer

390
390
390
46%
54%

260
300
280
54%
46%

400
425
413
64%
36%

600
600
600
61%
39%
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Total avg. opportunity-cost

Avg. daily allowance/soldier’s pay
Daily supplement for NCOs and officers
Free public transport, approx. daily savings
Food and subsistence, approx. daily savings
Health insurance, weighted avg. daily savings
Daily avg. opportunity-cost
Service days
−21.0
−16.0
−12.0
−53.5
280.0
−14 980.0

−21 060.0

−4.5

−5.0
−21.0
−16.0
−12.0
−54.0
390.0

Private

CivServ

NCO

−32 337.9

−9.3
−23.0
−21.0
−16.0
−9.0
−78.3
413.0

Service Option

Table II.3: Opportunity-Cost of Fringe Benefits

−50 100.0

−17.5
−23.0
−21.0
−16.0
−6.0
−83.5
600.0

Officer

Table II.4: Opportunity-Cost of Leisure
Student/apprentice

Archetype considered
CivServ
Avg. daily work-hours, industry
Avg. daily work-hours, service
Avg. extra-hours per service day
Service days
Total extra-hours
Median opportunity-cost per hour
Total opportunity-cost of leisure

Private
8.6
15.0
6.4
280.0
1792.0
30.1

8.6
16.5
7.9
413.0
3262.7
30.1

8.6
18.5
9.9
600.0
5940.0
30.1

0.0

53 939.2

98 207.3

178 794.0

Young professional
CivServ

Total opportunity-cost of leisure

Private

Officer

8.6
15.0
6.4
280.0
1792.0
42.9

8.6
16.5
7.9
413.0
3263.0
42.9

8.6
18.5
9.9
600.0
5940.0
42.9

0.0

76 876.8

139 982.7

254 826.0

Skilled professional
CivServ

Total opportunity-cost of leisure

NCO

8.6
8.6
0.0
390.0
0.0
42.9

Archetype considered

Avg. daily work-hours, industry
Avg. daily work-hours, service
Avg. extra-hours per service day
Service days
Total extra hours
Median opportunity-cost per hour

Officer

8.6
8.6
0.0
390.0
0.0
30.1

Archetype considered

Avg. daily work-hours, industry
Avg. daily work-hours, service
Avg. extra-hours per service day
Service days
Total extra hours
Median opportunity-cost per hour

NCO

Private

NCO

Officer

8.6
8.6
0.0
390.0
0.0
56.6

8.6
15.0
6.4
280.0
1792.0
56.6

8.6
16.5
7.9
413.0
3263.0
56.6

8.6
18.5
9.9
600.0
5940.0
56.6

0.0

101 427.2

184 685.8

336 204.0
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Table II.5: Opportunity-Cost of Income Not Compensated
Student/apprentice

Archetype considered

Daily median income
Daily compensation (min.)
Daily compensation (max.)
Daily compensation (avg.)
Daily avg. opportunity-cost
Nb. of service days
Total avg. opportunity-cost

CivServ

Private

33.0
62.0
62.0
62.0
29.0
390.0

33.0
62.0
62.0
62.0
29.0
280.0

33.0
62.0
196.0
145.0
−112.0
413.0

33.0
62.0
196.0
144.0
−111.0
600.0

11 310.0

8120.0

−46 256.0

−66 600.0

Total avg. opportunity-cost

CivServ

Private

242.7
62.0
196.0
129.0
113.7
390.0

242.7
62.0
196.0
129.0
113.7
280.0

242.7
62.0
196.0
145.0
97.7
413.0

242.7
62.0
196.0
144.0
98.7
600.0

44 343.0

31 836.0

40 350.1

59 220.0

Total avg. opportunity-cost

NCO

Officer

Skilled professional

Archetype considered

Daily median income
Daily compensation (min.)
Daily compensation (max.)
Daily compensation (avg.)
Daily avg. opportunity-cost
Nb. of service days

Officer

Young professional

Archetype considered

Daily median income
Daily compensation (min.)
Daily compensation (max.)
Daily compensation (avg.)
Daily avg. opportunity-cost
Nb. of service days

NCO

CivServ

Private

319.9
62.0
196.0
129.0
190.9
390.0

319.9
62.0
196.0
129.0
190.9
280.0

319.9
62.0
196.0
145.0
174.9
413.0

319.9
62.0
196.0
144.0
175.9
600.0

74 451.0

53 452.0

72 233.7

105 540.0
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NCO

Officer

Table II.6: Aggregated Opportunity-Cost
Student/apprentice

Archetype considered
CivServ
Fringe benefits
Leisure
Income
Total

−32 337.9
98 207.3
−46 256.0

−50 100.0
178 794.0
−66 600.0

−9750.0

47 079.2

19 613.4

62 094.0

Young professional
NCO

Officer

−14 980.0
76 876.8
31 836.0

−32 337.9
139 982.7
40 350.1

−50 100.0
254 826.0
59 220.0

23 283.0

93 732.8

147 994.9

263 946.0

Skilled professional
CivServ

Total

Private

−21 060.0
0.0
44 343.0

Archetype considered

Fringe benefits
Leisure
Income

Officer

−14 980.0
53 939.2
8120.0

CivServ

Total

NCO

−21 060.0
0.0
11 310.0

Archetype considered

Fringe benefits
Leisure
Income

Private

Private

NCO

Officer

−21 060.0
0.0
74 451.0

−14 980.0
101 427.2
53 452.0

−32 337.9
184 685.8
72 233.7

−50 100.0
336 204.0
105 540.0

53 391.0

139 899.2

224 581.6

391 644.0
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Part III

Knowledge-Resource Absorption

‘An investment in knowledge pays the best interest.’
— Benjamin Franklin

93

Knowledge Absorption for Cyber-Security
The Role of Human Beliefs

Percia David Dimitri1,2 ; Keupp Marcus2 ; Mermoud Alain1,2
1
2

University of Lausanne, Faculty of HEC, Department of Information Systems
ETH Zurich, Military Academy, Department of Defense Economics

Journal article under publication in Computers in Human Behavior
– Submitted on January 3, 2019;
– Revised (major revisions) and resubmitted on May 2, 2019;
– Revised (minor revisions) and resubmitted on September 3, 2019;
– Revised (minor revisions) and resubmitted on December 4, 2019;
– Accepted on January 7, 2020.

N.B.: For the purpose of harmonizing some technical notions throughout this thesis, minor
adaptations were implemented.

94

Abstract

We investigate how human beliefs are associated with knowledge absorption
for producing cyber-security. We propose a novel measure of knowledge absorption, by using the individual level of analysis. As organizational learning
requires individual learning, we argue that knowledge absorption should be
apprehended on the individual level and should focus on human interaction.
Following this logic, cyber-security production might be associated with the
extent to which organizations’ members can absorb tacit knowledge required for
this production. Framing this argument in the knowledge-based view of the firm
and transaction-cost economics, we employ psychometric methods for analyzing
a sample of 262 members of an information-sharing and analysis center. The
results show that human beliefs are associated with individuals’ knowledge
absorption for producing cyber-security. Resource belief, knowledge-absorption
belief, and reciprocity belief are associated with knowledge absorption. To the
best of our knowledge, this is the first human-involved empirical contribution
that analyzes knowledge absorption in a private setting, where sensitive information is shared and absorbed for producing the tacit-knowledge of cyber-security.
We contribute to the security economics literature by emphasizing that cybersecurity is not only a technical issue, therefore strengthening the proposition
that economics and psychology are useful for producing cyber-security. Finally,
we define paths for future research.
Keywords— cyber-security, security economics, information sharing, organizational learning, knowledge-based view, tacit knowledge, knowledge absorption.
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1

Introduction

For both public and private organizations, effective cyber-security is required to prevent
business interruption and thus to ensure operational continuity [51, 52, 59, 90, 130, 141].
The production of such cyber-security is a knowledge-intensive task [12, 71].1 Despite
the fact that hardware and software components required for this defense are relatively
homogeneous and readily available at low cost or even for free [2, 68], highly specialist
knowledge is required to combine and deploy these components effectively for organizational
defense – for instance, by designing resilient systems architectures and implementing them
efficiently [41, 84]. Hence, cyber-security is a complex capability that is not readily created
by the purchasing of technological components; rather, it is the skilled knowledge of how
to organize and orchestrate these components that creates the actual defense [2, 68, 148].
Furthermore, due to the swift technological evolution and short technology life-cycles of
these components, knowledge required to produce cyber-security becomes obsolete [21, 26,
92, 153]. Organizations are hence under continuous pressure to update existing and acquire
novel knowledge to keep up with the evolution of cyber-threats [11, 20, 21, 26, 32, 82, 92,
116, 120, 128, 138, 153].
Any organization that has to organize cyber-security might thus be interested in a continuous absorption of such specialist knowledge. Knowledge absorption is an organizational
capability to transfer, integrate, and utilize new knowledge obtained from external sources
[29, 60, 61, 106, 144].2 Prior research suggests that if the organization succeeds at this
knowledge absorption, the investment cost for any given level of information security is
reduced [54], as are inefficient duplications of effort [46]. Furthermore, the effectiveness of
security solutions improves [107, 119].
As organizations can absorb knowledge only by the learning of their existing members
or the recruitment of new members [95, 127], our study of knowledge absorption puts
the individual level of analysis to the fore. After all, it is humans who learn and develop
specialist knowledge, and who use this knowledge to orchestrate the technical components for
effective cyber-defense. Therefore, it is not surprising that recent research has emphasized
1

In this article, the term knowledge refers to the established definition of [91]. In their seminal work,
[91] proposed four different types of knowledge: (1) know-what, (2) know-why, (3) know-how, (4) know-who.
(1) is related to knowledge about ‘facts’, and thus is close to what is generally called an ‘information’ – e.g.,
an individual who knows what a dynamic-programming algorithm is, has a knowledge that is classified
as a know-what [91]. (2) refers to scientific knowledge. This kind of knowledge is central for technology
development. An individual who knows how to develop a dynamic-programming algorithm, has a knowledge
related to a know-why [91]. (3) is related to the capacity (i.e., skills) to do something. An individual
who has a know-why is not necessarily competent when it comes to operationalize such a know-why. The
capacity to translate a know-why into a concrete application is a knowledge that is classified as a know-how,
even though a know-how does not necessarily presuppose a know-why. For instance, an individual who can
successfully implement a dynamic-programming algorithm has a knowledge that is classified as a know-how.
Typically, a know-how is developed and kept within organizations, giving them a competitive advantage
[91]. Finally, (4) is related to social skills (i.e., ‘soft skills’). Know-who is related to information about who
knows what, as well as who knows how to do what. It involves the capacity to develop social relationships
that ultimately enables to get access to and use their knowledge efficiently [91].
2
The concept of knowledge absorption is well established in the literature. As early as 1989, Cohen
and Levinthal proposed that performance differentials between firms can be traced to these firms’ varying
capabilities to absorb knowledge from beyond the boundary of the firm [29]. In a subsequent seminal
article, they developed the concept of knowledge absorption as an organizational capability to ‘recognize
the value of new, external knowledge, assimilate it, and apply it to commercial ends.’ [30]. As a result,
there is now a large and mature theory of knowledge absorption on both the firm and the individual level
of analysis (see [146], for an excellent meta-analysis). Any firm which lacks such a capability to absorb and
integrate knowledge from sources beyond the boundary faces significant impediments as it attempts to
innovate or perform better than the competition [133]. Grant [60, 61] expanded this firm-level argument to
the individual level of analysis when he proposed that organizations can only realize such absorption by the
individual efforts of their members – i.e., by the learning efforts of human beings – or by recruiting novel
members who have specialized knowledge.
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that any understanding of cyber-security is incomplete unless the association of individual
action and cyber-security outcomes is studied [2, 3, 4, 57, 82]. However, few such studies
exist to date. A recent overview of the related literature by Laube and Böhme [82] suggests
that almost all research on cyber-security information exchange (and subsequent knowledge
absorption) is characterized by the following limitations. First, the overwhelming majority
of this literature does not analyze individuals, but analyzes impersonal information such
as log-files [48, 49, 93, 96, 98]. Much literature is also restricted to pure game theory or
simulation [23, 47, 54, 57, 63, 66, 80, 94, 125]. Second, a cyber-security context often requires
sensitive and classified information that is unlikely to be shared or disseminated by public
channels [13, 54, 66, 82, 99, 155]. Third, the knowledge required to build cyber-security is
expert knowledge and hence is highly tacit, i.e., bound in personal experience.3 Such tacit
knowledge is not only hard to describe objectively (e.g., by documentation in manuals or
textbooks), but it can also not readily be transferred among individuals, unless by intense
social interaction between sender and recipient [103, 114, 126]. Although some work on
cyber-security studies the transfer of explicit knowledge that can be documented in forums
and databases (e.g., [158]) and [119]), we are not aware of any empirical work that would
analyze the transfer and absorption of tacit knowledge in a cyber-security context. This
lack of attention constitutes an important research gap [151]. Fourth and finally, even if
the absorption of tacit knowledge requires human interaction, the social process alone does
not necessarily imply that knowledge is actually absorbed. Human interaction can be futile
if the possessor of any knowledge is unable or unwilling to transfer it to other individuals.
To the best of our knowledge, the existing literature focuses on attitudes, motivations
and contexts that influence an individual’s propensity to (not) share information [73, 100,
111, 119, 137, 140, 149, 152, 160]. In contrast, we are not aware of any contribution that
measures the extent to which (i.e., the success with which) actual knowledge absorption for
cyber-security has occurred as a result of social interaction.
The purpose of our paper is to address all of these limitations. We study the extent
to which an individual successfully absorbs knowledge in a private, collaborative setting
in which sensitive, non-public and tacit knowledge required to build cyber-security is
absorbed through information sharing. Hence, both the focus and the unit of analysis are
on the individual level. Recent work has highlighted that the study of such collaborativeinformation sharing should lead to a better understanding of cyber-security [82]. We go
one step further by not only studying elements associated with such information sharing,
but also its outcomes in terms of individual knowledge absorption.
We first build a framework that is anchored in the knowledge-based view of the firm
(KBV), arguing that the absorption of tacit knowledge is associated with human beliefs
(Section 2). Using ordered probit regression, we then test this model with psychometric data
from 262 members of the closed user group of MELANI-net, the national information sharing
and analysis center (ISAC) in Switzerland (Section 3). Our results suggest that resource
belief, usefulness belief, and reciprocity belief are positively associated with knowledge
absorption, whereas belief in hard rewards is not (Section 4). We discuss the implications
of our findings and provide recommendations for future research and managerial practice
(Section 5).
3

A tacit knowledge is distinguished from codified knowledge (i.e., classical knowledge) in the sense that
tacit knowledge cannot be easily transferred through information infrastructures [126]. Codified knowledge
is related to a process of conversion and reduction that simplifies the transmission, storage, verification and
reproduction of knowledge [126]. As such, codified knowledge can be transferred across organizations at
relatively low costs [35, 126]. In contrast with codified knowledge, tacit knowledge is notoriously difficult to
transfer as it does not constitute an explicit kind of knowledge [35, 126]. Typically, the know-how and the
know-who types of knowledge are rather implicit and therefore tacit [35, 126]. The only way to transfer
tacit knowledge is to engage in social/human interaction [114].
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2

Theoretical Framework and Hypotheses

In this section, we present our hypotheses related to potential associations between human
beliefs and knowledge absorption.
The KBV suggests that knowledge is a valuable, scarce, and imperfectly imitable
resource and hence is a significant source of competitive advantage for organizations [9,
50, 60, 61, 77, 102, 110, 131]. More specifically, specialist knowledge is a significant
contributor to processes, products and/or services innovation [60, 61, 121, 122, 139]. Hence,
an organization must continuously absorb specialist knowledge to be able to generate
innovations that can provide cyber-security for its IT components and systems architecture.
Organizational knowledge absorption is the result of individual (i.e., human) learning.
An organization absorbs knowledge only by the learning of its current members, or by
the inclusion of new members [60, 61, 95, 127]. In this article, we focus on the learning
of existing organization members.4 In this perspective, novel organizational knowledge is
created by the individual knowledge absorption of these members [14].
However, for any individual member, knowledge absorption from beyond the boundary of
the organization is not a free activity. Typically, an individual incurs significant transaction
costs before any economic exchange is completed. Such costs include time spent and
financial resources dedicated to receiving information, making decisions, and the process
of interacting with others [156]. In the context of an ISAC, these costs are incurred once
the individual begins to interact with others, as intensive social interaction is required for
a successful transfer of tacit knowledge between any two individuals [78, 103, 114, 135,
136]. Prior research also suggests that if information sharing takes too much time, is too
laborious, or requires too much effort, an individual engages less in knowledge transfer,
and the amount of knowledge transferred is reduced [39, 40, 90, 158]. Furthermore, the
knowledge might be classified or irrelevant from the individual’s perspective. We therefore
propose that before making any specific assessment, the individual might estimate whether
or not the knowledge present in the ISAC is generally worth the transaction cost required
to absorb this knowledge. Unless this assessment is positive, the individual is unlikely to
engage in any profound interaction at all.

2.1

H1: Resource Belief

When individuals must make such considerations, they typically use cues and heuristics
to simplify the decision-making process [53, 109]. By such cues, objective and impersonal
assessment is replaced by a subjective, belief-based assessment of whether or not the
information to be received is useful at all [78, 114, 145]. Whenever such a belief is present,
individuals are more prone to engage in social interactions that precede knowledge absorption
[88]. Hence, knowledge absorption might be positively associated with the extent to which
the individual believes the knowledge available in the ISAC constitutes a valuable, rare,
and imperfectly imitable asset – i.e., a resource [9] – that is worth absorbing (resource
belief). Hence,
H1: Knowledge absorption is positively associated with resource belief.
H1 is therefore related to the individual’s belief that the transaction costs of knowledge
sharing will be outweighed by the benefits that will come from such a social interaction
(i.e., knowledge sharing); such benefits being concertized by knowledge absorption resulting
from knowledge sharing.
4

We consider the discussion of recruiting strategies for novel members beyond our scope, because this
context would transcend both the individual level of analysis and the boundary of the firm. As a recall,
recruiting strategies were analyzed in Part II of this thesis.
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2.2

H2: Usefulness Belief

While this resource belief might induce the individual to interact with others at all, it does
not necessarily imply the knowledge available is directly applicable for the specific job tasks
the individual is charged with. For example, ISAC participants might exchange information
that is useful to the industry or the organization in general, but that information might
offer no specific guidance for any particular job task.
Prior research suggests that individuals do not necessarily act altruistically – i.e., only
in the interest of the organization [101]. Goal-alignment theory suggests that individual
and organizational goals are not necessarily congruent [70, 89]. Consequently, an individual
would not only consider the general usefulness of any knowledge available from other ISAC
members – i.e., whether or not this knowledge constitutes a resource that is worth the
transaction cost – but also the extent to which this knowledge is specifically useful for any
particular job task.
As the job performance evaluation of the individual might be considered as a specific
contribution to organizational cyber-security, the individual has an incentive to study the
specific usefulness of any information with this job-related assessment in mind [45, 90,
101]. Hence, knowledge absorption might be positively associated with the extent to which
individuals believe the knowledge available in the ISAC specifically contributes to fulfilling
their job tasks (usefulness belief). Hence,
H2: Knowledge absorption is positively associated with usefulness belief.
If H1 is related to the individual’s fundamental assessment that determines if engaging
in knowledge sharing is worth it (i.e., the transaction costs of such a social interaction will
be outweighed by the benefits coming from the resulting knowledge absorption in general),
H2 reaches one step further by suggesting that knowledge absorption might be useful for
the individual’s job tasks.

2.3

H3: Reward Belief

Further, goal alignment theory also suggests that the individual might choose to not
disclose the specialist knowledge absorbed to other members of the organization. Typically,
individuals align their behavior with their return goals; hence they expect to be rewarded
whenever they exhibit behavior that is in the organization’s interest [101].
Unless individuals believe that the organization will provide such rewards, they might
choose to exploit their ISAC membership on an individual basis (e.g., by hoarding knowledge
to make oneself irreplaceable in the organization, by starting up a firm or by selling private
consultancy services to the industry). Hence, the individual would not absorb knowledge in
the interest of the organization, but rather in the interest of private business. To solve this
incentivization problem, organizations typically offer ‘hard rewards’ whenever knowledge
is absorbed and shared for the benefit of the organization. Such rewards include job
promotions, greater job security, salary increases, or more power and responsibility in the
organization [14, 24, 74, 118]. For example, Buckman Laboratories distinguishes its 100-top
information-sharers at an annual conference located at a resort [129]. Lotus Development,
an IBM division, rewards employees for information sharing activities [33]. Prior research
suggests that such rewards positively contribute to individuals’ hours worked, dedication,
and performance [38, 55].
Therefore, the more individuals believe they will receive such ‘hard rewards’ for successful
knowledge absorption (reward belief), the more they should be likely to concentrate on
realizing such absorption. Hence,
H3: Knowledge absorption is positively associated with reward belief.
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If H2 is related to the individual’s assessment that determines if engaging in knowledge
sharing will help the fulfillment of their job tasks (i.e., the transaction costs of such a
social interaction will be outweighed by the benefits coming from the resulting knowledge
absorption in terms of job tasks fulfilment), H3 suggests that knowledge absorption might
be fostered if such absorption is compensated by rewards delivered by the organization.

2.4

H4: Reciprocity Belief

Given that knowledge is a valuable, scarce and imperfectly imitable resource [9, 50, 60,
61, 77, 102, 110, 131], the value of a unit of cyber-security knowledge is proportional to
the incremental cyber-security enhancement that this unit is supposed to provide [15, 58].
As individuals are probably aware that any knowledge they share delivers such benefits to
others, they might expect to receive adequate knowledge in return. Typically, humans prefer
such equitable exchanges over any other arrangement [5, 16, 79], and they punish those who
defect from this principle of equity or refuse to reciprocate when another individual provides
something valuable [17, 43, 44, 143]. For example, reciprocal fairness is an important
variable in the design of peer-selection algorithms in peer-to-peer (P2P) networks. As a
result, the operators of such networks have developed ways to remove ‘leechers’ who demand
information without providing any [150]. The extent to which an individual can absorb
tacit knowledge by social exchange might depend on the extent to which this individual is
willing to reciprocate whenever they receive information from others [157].
Therefore, unless the individual believes that original knowledge sharing will be reciprocated (reciprocity belief), they might terminate social interaction with others. As such
interaction is a prerequisite of effective absorption, any prior level of knowledge absorption
would significantly decrease. Hence,
H4: Knowledge absorption is positively associated with reciprocity belief.
The following illustration summarizes the different constructs – i.e., the set of independent
variables and their respective hypothesis –, and emphasizes their association with the
dependent variable, i.e., knowledge absorption.
Figure III.1: Knowledge-Absorption Model
Constructs
1.
2.
3.
4.

Resource belief
Usefulness belief
Reward belief
Reciprocity belief

H1 ⊕
H2 ⊕
H3⊕
H4⊕

Knowledge
Absorption

Notes to Figure III.1: Each construct and its respective hypothesis (H1 to H4) are potentially positively
associated with the dependent variable – i.e., knowledge absorption.

By testing the above-mentioned model, we suggest to explore with which intensity (if at
all) the variable of knowledge absorption is associated with the individual’s beliefs.

3

Data and Methods

In this section, we present the sampling context and population of this study, how we
measured our independent variable, items and constructs, how we implemented the questionnaire in order to measure our items and constructs, as well as how we proceeded with
our analysis.
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3.1

Sampling Context and Population

As our theoretical reasoning focuses on knowledge absorption by social interaction, the sampling context must fit this research interest. We therefore collected our data from the closed
user-group of MELANI-net – the Swiss national information sharing and analysis center
(ISAC). An ISAC is a nonprofit organization that brings together cyber-security managers
in person to facilitate interpersonal information exchange between critical-infrastructure
providers (CIP).5 Both the survey and the related dataset we exploit are identical to those
described in [97].
This setting is particularly useful for our context as individuals in the closed user-group
participate on behalf of their organizations, share highly sensitive and classified information
in a private and exclusive setting, and interact socially as they share and absorb tacit
knowledge. The 424 members of the closed user-group are all managers and specialists
who must provide cyber-security for their respective organizations. They come from both
private and public CIP. They have to undergo government identification and clearance
procedures, as well as background checks before being admitted for ISAC membership.
There is no interaction whatsoever between these members and the public, and no external
communication to the public or any publication of relevant knowledge is made. Hence, this
setting matches our proposition that the knowledge needed to produce cyber-security is not
only classified and difficult to identify, but also tacit and grounded in personal experience,
such that social interaction between individuals is required to transfer it.
Whenever a particular individual has shared information about a threat that is of
interest to other members of this closed user group, individuals can contact each other by
an internal message board. They do so by commenting on the initial information shared,
in order to establish a first contact that then leads to further social exchange between
the individuals. Once contact is made by a short reply about the threat information,
to share detailed security information, the individuals involved in the conversation meet
on their own initiative (e.g., informally over lunch, in group meetings, or small industryspecific conferences, but always from an individual to another). Each individual decides for
themselves if they want to meet, with whom, and by what means. They also freely decide
about the extent of the information shared (if any). MELANI-net officials neither force
nor encourage individuals to interact; both in terms of social interaction in general and
regarding the sharing of any particular unit of information.

3.2

Measures

Our study follows individuals who self-report about their beliefs. We therefore chose a
psychometric approach to operationalize our constructs [104].
Dependent Variable
We introduce a novel ordinal indicator to capture individual knowledge absorption. It asks
respondents to state which amount of exclusive information they receive through security
information exchange with the other participants inside the ISAC. We believe that this
operationalization is congruent with the concept of knowledge absorption for the following
reasons.
Information processing research in both business research, information science and
mathematics suggests that knowledge is created from information. More specifically,
knowledge emerges from information by purposeful combination of such information inside
the individual’s mind [67, 76, 85, 103]. Our construct takes this precedence into account
5
For a general introduction to the concept of an ISAC and illustrative examples, see [115] and [40]. For
a detailed description of MELANI-net, its organization and history, see [22].
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by asking the respondent to concentrate on the specialist information provided by others.
Unless such information is provided by others in the first place (i.e., if absorption fails), the
individual lacks relevant information, such that the desired knowledge cannot be constructed.
In essence, knowledge absorption requires the combination of external, new information
with internal, existing knowledge [154].
Moreover, tacit knowledge – on which our article focuses since it is this type of knowledge
that is primarily required to build cybersecurity – must rely on rare, valuable and ‘hard
to get’ knowledge outside the boundary of the firm. Our construct takes this point into
account by putting ‘exclusive’ information to the fore that cannot be obtained unless by
social interaction with other ISAC participants. We thus capture two important aspects of
knowledge absorption: The knowledge in question is located beyond the boundary of the
firm, and some human activity is required to absorb it.
Finally, our measure incorporates a third important aspect, namely the idea that
absorption must be effective. The respondent states the extent to which they receive
knowledge from others. That implies the transfer has been successful, i.e., the individual
has obtained and understood information. This effectiveness aspect of knowledge absorption
is highlighted by [159] who note that a measure of knowledge absorption should not just
focus on the context and process of absorption – on which the majority of the knowledge
absorption literature concentrates – but should also take the effectiveness of the transfer
into account.
Our empirical measure is an ordinal indicator that can take on five discrete values. The
respondent uses this indicator to estimate the extent to which they have received exclusive
knowledge as a result of interacting with the other participants inside the ISAC. One might
think of this indicator as a percentage calculation: Take all the exclusive information a
given individual receives during a particular time-frame. What percentage of that exclusive
information was obtained as a result of interacting with others inside the ISAC? Hence, it
is not an individual perception, attitude or belief that is recorded, but rather a performance
figure. As our pre-tests suggested that the individual might find it difficult to provide exact
percentage figures, we specified broader value categories instead.
It is worthwhile to note that there is a dearth of empirical measures for knowledge
absorption by individuals in the literature, and therefore we believe that our paper makes
an empirical contribution in this respect. The majority of the literature on knowledge
absorption has focused on organizational absorption, i.e., it has taken the firm as the unit
of analysis. As a result, many extent empirical measures of knowledge absorption are proxy
measures that are detached from individual (human) action. Examples of such measures are
the firm’s R&D intensity [29, 30], patent cross-citation indicators [56, 108], or the number
of engineers the firm employs [72].
The problem with these measures is that they do not take into account that it is human
beings – and not organizations – who absorb knowledge. Even if they do, they focus on
organizational context, disposition, and behavior, but not on realized absorption. For
example, the multi-item scale proposed by Ter Wal et al. [137] focuses on the individual
disposition towards knowledge absorption and the extent to which the individual engages in
social interaction congruent with this disposition. By contrast, this scale does not consider
the extent to which knowledge absorption actually occurs, i.e., the extent to which the
individual actually receives information and realizes actual absorption.
Hence, we believe that while our proposed indicator is far from being perfect or
exhaustive, it can capture individual knowledge absorption and thus can possibly provide a
steppingstone for future researchers who might build on and expand our approach.
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Constructs
To measure the different beliefs we hypothesized, extant psychometric scales were used.
Adaptions of these scales to our population context were kept to a minimum. Table III.1
on page 110 details all constructs, their sources, item composition and wording, dropped
items (if any), factor loadings; and Cronbach alphas.

Controls
To capture respondent heterogeneity, we controlled for gender, age, and education level.
Gender was coded dichotomously (male, female). Age was captured by four mutually
exclusive categories (21-30, 31-40, 41-50, 50+ years). Education level was captured by six
mutually exclusive categories (none, bachelor, diploma, master, PhD, other).6
We further captured the respondent’s hierarchical position in the organization (employee,
chief employee – i.e., intermediary supervisor position –, middle management, management,
member of the board, other), as this position might influence both the propensity of sharing
knowledge as such, and the intensity with which knowledge is actually shared [18].
We also controlled for the number of years the individual had experience with
collaborative-information sharing (prior information sharing experience: not in charge, less
than 1, 1 to 3, 3 to 6, over 6), as such experience is significantly associated with information
sharing intention [83].
Further, the extent to which the respondent can absorb knowledge can co-evolve with
the length of ISAC membership, as individuals gain more insight over time and develop
interpersonal relationships. Hence, we controlled for membership duration and calculated
it as the difference between 2017 and the year the individual became an ISAC member.
Also, individual experience from past social interactions can influence the respondent’s
beliefs [64, 147]. We therefore asked respondents to state whether or not they had already
participated in prior ISAC meetings and events (dichotomously coded yes/no).
Sympathy and antipathy in peer relations might influence the extent to which individuals
interact and learn; hence, the quality of any peer relation might influence the extent to
which knowledge absorption can occur [27, 31]. We therefore asked respondents to rate
their individual perception of the personal relationships they had with their peers among
ISAC members (very friendly, friendly, neutral, unfriendly, very unfriendly).
We also asked respondents to rate their potential individual contribution by indicating
the extent to which they felt they (generally) had much information to share (strongly
agree, agree, neutral, disagree, strongly disagree). We insert this control into the model
as an individual’s intention to share knowledge might be associated with how much the
individual knows already. Further, individuals who have little to share might receive less
information from their peers as these feel less compelled to reciprocate if they receive little
in the first place [25, 34].
Finally, we controlled for the industry heterogeneity (government, banking/finance,
energy, health, all other industries) by logging each respondent’s self-reported affiliation.
This information was used to construct dichotomous indicators (‘dummy variables’) that
group respondents into the five industry categories, government, banking & finance, energy,
health, and all other industries. Each dummy variable takes on the value 1 if a respondent
is affiliated with a particular industry, and has a value of 0 otherwise.
6

For instance, an individual who has a master’s degree has necessarily a bachelor’s degree, and therefore
will be flagged only in the master’s degree category. The term diploma refers to the Swiss CFC, i.e., a
Federal Certificate of Competence, which is a diploma awarded for an apprenticeship of 3 to 4 years and
successful completion of a final examination.

104

3.3

Implementation

Data for all variables was collected from individual respondents by a questionnaire instrument. We followed the procedures and recommendations of Dillman, Smyth, and Christian
[37] for questionnaire design, pretest, and implementation. Likert-scaled items were anchored at ‘strongly disagree’ (1) and ‘strongly agree’ (5) with ‘neutral’ as the midpoint
(3). The questionnaire was first developed as a paper instrument. It was pretested with
seven different focus groups from academia and the cyber-security industry. The feedback
obtained was used to improve the visual presentation of the questionnaire and to add
additional explanations. This feedback also indicated that respondents could make valid
and reliable assessments. Within the closed user-group, both MELANI-net officials and
members communicate with each other in English. Switzerland has four official languages,
none of which is English, and all constructs we used for measurement were originally
published in English. We therefore chose to implement the questionnaire in English to
rule out any back-translation problems. Before implementation, we conducted pretests to
make sure respondents had the necessary language skills. The cover page of the survey
informed respondents about the research project and our goals, and it also made clear that
we had no financial or business-related interests. We followed Podsakoff et al.[112], as far
as this was possible for a cross-sectional research design, to alleviate common method bias
concerns from the onset.
The paper instrument was then implemented as a web-based survey by using the SelectSurvey software provided by the Swiss Federal Institute of Technology Zurich (ETH). For
reasons of data security, the survey was hosted on the proprietary servers of this university.
The management of MELANI-net invited all closed user-group members to respond to
the survey by sending an anonymized access link, such that the anonymity of respondents
was guaranteed at all times. Respondents could freely choose whether or not to reply.
As a reward for participation, respondents were offered, free of charge, a research report
that summarized the responses. Respondents could freely choose to save intermediate
questionnaire completions and to return to the survey and complete it at a later point in
time.
The online questionnaire and the reminders were sent to the population by the Deputy
Head of MELANI-net, together with a letter of endorsement. The survey link was sent in
an e-mail describing the authors, the data, contact details for IT support, the offer of a free
report, and the scope of our study. Data collection began on October 12, 2017 and ended
on December 1, 2017. Two reminders were sent on October 26 and November 9, 2017. Of
all 424 members, 262 had responded when the survey was closed, for a total response rate
of 62%.

3.4

Analysis

Upon completion of the survey, the data were exported from the survey server, manually
inspected for consistency, and then converted into a STATA dataset (Vol. 15) on which all
further statistical analysis was performed. Post-hoc tests suggested no significant influence
of response time on any measure. There was no significant over-representation of individuals
affiliated with any particular organization, thus suggesting no need for a nested analytical
design.
By calculating item-test, item-rest, and average inter-item correlations, the validity
of each construct was tested [65]. The reliability was measured by Cronbach alpha. We
performed iterative principal component factor analysis with oblique rotation until total
variance explained was maximized and each item clearly loaded on one factor. During this
process, four items were dropped because they did not meet these criteria. Table III.2 on
page 111 details the results of this procedure, and Table III.1 on page 110 documents the
105

dropped items. The high direct factor-loadings and low cross-loadings of the final four
factors we identified indicate a high degree of convergent validity [65]. All of these have an
eigenvalue above unity. The first factor explained 19.1% of the total variance, suggesting
the absence of significant common method variance in the sample [113]. To construct the
scale values, individual item scores were added, and this sum was divided by the number of
items in the scale [117, 142].
Our dependent construct is ordered and categorical, therefore we estimated an ordered
probit model. A comparison with an alternative ordered logit estimation confirmed the
original estimations and indicated that the ordered probit model slightly better fit the
data. The model was estimated with robust standard errors to neutralize any potential
heteroscedasticity. For the controls age, industry, and education, a benchmark category
was automatically selected during estimation (cf. footnote b of Table III.5 on page 113).
Consistent with the recommendation of Cohen et al. [28], we incrementally built all models
by entering only the controls in a baseline model first, then, we added the main effects. In
both estimations, we mean-centered all measures before entering them into the analysis.
Model fit was assessed by repeated comparisons of Akaike and Bayesian information criteria
between different specifications.

4

Results

Table III.3 on page 111 provides summarized descriptive statistics . 95% of respondents are
male, 32% are below and 68% above the age of 40. Practitioners without a formal degree
constitute 20% of the sample, whereas 68% have a certificate of competence or a bachelor
degree. Only 4.6% have a master degree or a PhD. The majority of the sample is composed
of two groups: employees or intermediate supervisors (42% of respondents), and middle or
line managers (51%). Only 2.7% are top managers or board members. 43% of respondents
have up to three years of experience with collaborative information sharing, and 48% have
more than three years of such experience. 52% had already participated in one of more
prior ISAC meetings or event.
Since our dependent variable is ordinal, a monotonic correlation analysis is necessary.
Moreover, data for ordinal variables need not be distributed normally. Table III.4 on
page 112 therefore provides Spearman rather than Pearson correlations. For the sake of
brevity, correlates for controls are omitted. Table III.5 on page 113 documents the final
best-fitting model, together with its diagnostic measures.
H1 is supported. Resource belief is positively associated with knowledge absorption at
p < 0.05. This suggests that whenever an individual believes valuable knowledge can be
acquired, they are more willing to invest the transaction cost for tacit knowledge absorption
and are able to absorb such knowledge to a greater extent.
H2 is supported. Usefulness belief is positively associated with knowledge absorption
at p < 0.01. This finding is in line with our theoretical expectation that individuals seek
knowledge absorption not for its own sake, but in order to augment the efficiency and
effectiveness of their cyber-security production.
H3 is not supported. Reward belief is not significantly associated with knowledge
absorption. In context with the above findings for H1 and H2, this signals that the
individual’s decision to participate in a knowledge-transfer process is primarily intrinsically
motivated. Moreover, this non-finding might be due to the fact that Wang and Hou [152]
introduce their measure of reward belief (which we adapted for our study) in the context of
public information-sharing and absorption, implying that in a private setting of knowledge
absorption, intrinsic motivations for absorption might outweigh extrinsic ones.
H4 is supported. Reciprocity belief is significantly associated with the extent to which
106

the individual absorbs knowledge at p < 0.01. This finding is in line with our theoretical
expectation that knowledge absorption is ultimately the result of reciprocated human
interaction.
Although all control variables and industry dummy variables capture variance, only one of
them is significant at p < 0.05. We find that knowledge absorption is not associated with an
individual’s job position, prior information-sharing experience, size of the organization that
employs an individual, quality of peer relationships, potential individual contribution, an
individual’s gender, age, education level, industry affiliation, or length of ISAC membership.
These non-findings do not only alleviate concerns about unobserved heterogeneity among
respondents, but the non-significance of the industry dummies also alleviates concerns of
over-representation of a particular industry or firm among the responses.
The one significant effect we do find suggests that participation in prior ISAC events
(such as group meetings, conferences, and industry-specific talks) is positively associated
with knowledge absorption. This finding suggests that knowledge absorption positively
evolves over time, as individuals build social relationships during such events.

5

Discussion

In this last section, we present our concluding comments, the policy recommendations
resulting from concluding comments, we discuss the limitations of this study and suggest
paths for further research.

5.1

Concluding comments

In this article, we argue that the production of organizational cyber-security is associated
with the extent to which the members of this organization, i.e., human beings, can absorb
the tacit knowledge required for this production. Framing this argument in the knowledgebased view of the firm and transaction cost economics, we empirically show that human
beliefs are significantly associated with the extent to which an individual absorbs knowledge.
To the best of our knowledge, our study is the first empirical contribution that analyzes
knowledge absorption in a private setting, where sensitive knowledge required for cybersecurity products and services is shared and absorbed. Prior to our approach, scholars
analyzed human interaction in the context of cyber-security, but almost exclusively in public
settings. We develop this empirical literature by focusing on tacit knowledge-transfer in a
private setting, thus suggesting this research design corresponds more closely with both
the type of knowledge required to produce cyber-security and the transmission channels by
which this sensitive and classified knowledge is shared.
We also contribute to filling the significant gap that Laube and Böhme [82] note in
their tabulation of the recent literature. Through this research, we help to extend the
literature on the economics of information security by suggesting that cyber-security is not
solely a technical issue. Whereas many technological solutions to cyber-security have been
proposed, few of these are successful unless an economic perspective is adopted [2, 4]. Our
study therefore strengthens the proposition that interdisciplinary approaches which attempt
to integrate thinking from economics and psychology when considering cyber-security are
useful [4, 52]. For the same reason, we suggest that a proper understanding of subjective
human beliefs and behaviors can complement the analysis of objective data such as log
files. We argue that humans consider the transaction costs of knowledge absorption before
they engage in any related activities. We therefore caution future research from depicting
humans as neutral ‘tools’ that work only for the production of a public good or social
welfare [58]. Instead, in this study, we contribute to resolving the paradox that humans are
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often reluctant to provide cyber-security knowledge, despite the fact that they are aware
that the absorption of this knowledge by others is conducive to producing individual and
collective cyber-security [39, 40, 54, 57, 100].
We propose to interpret effective knowledge absorption as the result of a multi-stage
decision-making process. Our findings suggest that individuals first consider the transaction
cost of social exchange that precedes knowledge absorption (resource belief). If this decision
is affirmative, they begin social interaction, absorb some first knowledge elements, and
assess the extent to which these are relevant for their job tasks (usefulness belief). Once they
believe so, they likely adapt their social behavior in order to facilitate further knowledge
absorption, i.e., they reciprocate to maintain the exchange process (reciprocity belief).
As a result, collaborative and collective knowledge sharing perpetuates. While we can
only propose such a process, and while we cannot establish any sequential or causal order
with the data we have, future research might test this proposition from a longitudinal
perspective.

5.2

Considerations for Policy Recommendations

Our results also have implications for ISAC managers. The organizational design of an
ISAC is relevant as it influences the behavior of the participants [124]. ISAC managers can
attempt to increase participation rates by emphasizing that, in their ISAC, transaction
costs of participation are low, participants bring valuable knowledge assets to the table, and
interpersonal exchange is facilitated. At the same time, they should be careful to reduce
transaction costs by only novel, technology-enabled forms of organization. For example,
recommendations to construct distributed ISACs by adopting methods from cryptology
and secure distributed computation (e.g., Ezhei and Ladani [42]) might be useful if the
goal is the quick absorption of explicit knowledge. However, the high demands that tacit
knowledge absorption puts on the intensity of social, i.e., close interactions of individuals
might reduce the value of such technology-based solutions. Hence, and somewhat ironically,
the more sensitive the technological knowledge is to cyber-security, the less likely this
knowledge will be shared inside the cyber-sphere.
Also, the specialists who absorb knowledge by participating in ISAC meetings and other
forms of social exchange do not need to be the same people as those who are generally in
charge of organizing the production of cyber-security. Our results should caution those who
organize the production of cyber-security to not rely on monetary or career incentives as
they attempt to give incentives to the group. Although many organizations have created
reward systems to encourage their employees to share information with others [10], we
find no support for the hypothesis that knowledge absorption is associated with reward
belief. Hence, goal alignment between individual and organizational interests is unlikely
to be produced by the promise of monetary and career rewards. Hence, managers should
concentrate on measures that reduce transaction cost by facilitating social exchange, helping
to establishing long-term human relationships, and emphasizing the usefulness of knowledge
absorption for the individual’s personal job.

5.3

Limitations and Paths for Further Research

Finally, our research design has some limitations that future research could help relax.
First, we studied a single, centrally organized ISAC in one country. Hence, future
research should generalize our approach to alternative models of ISAC organizations and
explore diverse national and cultural settings by replicating our study with different ISACs
and nation states. We believe our approach is conducive to such generalization as neither
our theoretical framework, nor any one of our measurement constructs, nor the empirical
measures we used to operationalize these are context specific to any particular national
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or cultural context. Our measures and the theory in which they are grounded represent
fundamental aspects of human economic decision-making that, in our view, should apply
globally. At the same time, this focus implies a limitation of scope. Our study does not
deliver a multidimensional account of information sharing, nor do we attempt to introduce
dyadic settings. Our perspective is that of an individual who self-reports on the extent to
which they have realized knowledge absorption. Future work could therefore build on our
approach by studying dyadic aspects of knowledge absorption.
Second, much prior research analyzed associations between human attitudes and intentions on the one hand and human behavior on the other hand [73, 111, 119, 152]. Although
this research is useful, our study goes one step further by associating beliefs with a performance outcome on the individual level, i.e., the extent to which an individual has effectively
absorbed knowledge as a result of the social exchange with other ISAC participants. Future
studies could continue our line of work by expanding our setting to the organizational level
of analysis, studying how and why tacit knowledge, individually absorbed, contributes to
the production of organizational cyber-security. Furthermore, the organizational context
could moderate or even impede this production as the ‘not-invented- here’ syndrome could
obstruct the integration of knowledge from beyond the boundary of the firm into the
internal cyber-security production processes [7, 8, 69, 75, 87], as could political divergences,
processual impediments, and organizational bureaucracy. Today, the microfoundations of
the organizational processes by which individually acquired tacit cyber-security knowledge
is combined with other knowledge assets and material resources into actual cyber-security
are largely unknown. Future research might study both the resource configuration and the
combination process of these assets to a greater extent in order to bridge the research gap
between individual knowledge absorption and organizational cyber-security.
Third, the ability of our dependent construct to measure effective knowledge absorption
is limited. While we believe this measure is useful to capture individual absorption, it
is also an ordinal indicator. If knowledge absorption is the organizational (or individual)
capability to transfer, integrate, and utilize new knowledge obtained from external sources
[29, 60, 61, 106, 144], a more profound measurement approach should reflect such terms,
e.g., by considering the transfer, integration, and use of information. Moreover, the
measure represents not an objective performance figure, but an individual perception of a
quantity. Future research should therefore expand and refine our measure. For example,
receiving exclusive information through security-information exchange is a necessary but
not sufficient condition for effective knowledge absorption, as an integration of the newly
absorbed information with prior individual knowledge is required [67, 76, 85, 103]. Future
measures could take such differences between initial absorption and intra-organizational
transfer of knowledge into account. However, as such a multi-step process of absorption
cannot be readily measured by psychometric methods, our dependent measure should be
seen as a first step towards providing such full measurement. Furthermore, we suggest that
any such future measures should be conceptualized on the individual level of analysis, as
individual learning typically precedes organizational learning. While our ordinal indicator
of knowledge absorption is far from being exhaustive, it is worthwhile to note that few
empirical measures study individual absorption. Much work still uses measures defined at
the organizational level, such as R&D intensity [19, 29, 30, 62, 86, 123], patent cross-citation
indicators [56, 108] or the number of engineers the firm employs [72].
Fourth, by adopting a factor analysis and psychometric methodologies that capture
data in a single period, this research is based on a cross-sectional framework, implying we
could only identify associations, but not causal links [6]. Thus, future research should study
the interaction of ISAC members over time, e.g., by using time-series regressions that link
knowledge-absorption outcomes in later periods to interactions in prior periods [1, 36, 132].
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Likert scale

Likert scale

Likert scale

Reward belief
([152])

Reciprocity belief
([81])

Likert scale

Ordered categorical indicator

Type

Usefulness belief
([134])

Resource belief
([105])

Independent

(Novel)

Knowledge absorption

Dependent

Measure
[Publication]

NOR4

NOR1
NOR2
NOR3

HR3
HR4

HR1
HR2

US1
US2
US3

RES1
RES2
RES3
RES4
RES5

n/a

Item

believe
believe
believe
believe
believe

that
that
that
that
that

Very Small
Small
Neutral
Large
Very Large
people in my network give credit for each other’s knowledge where it is due
people in my network respond when I am in need
people in my network use each other’s knowledge appropriately
my requests for knowledge will be answered
people in my network share the best knowledge that they have

I believe that it is fair and obligatory to help others because I know that other people will help me some day
I believe that other people will help me when I need help if I share knowledge with others through MELANI
I believe that other people will answer my questions regarding specific information and knowledge in the
future if I share knowledge with others through MELANI
I think that people who are involved with MELANI develop reciprocal beliefs on give and take based on
other people’s intentions and behavior

I expect to be rewarded with a higher salary in return for sharing knowledge with other participants
I expect to receive monetary rewards (i.e., additional bonus) in return for sharing knowledge with other
participants
I expect to receive opportunities to learn from others in return for sharing knowledge with other participants
I expect to be rewarded with an increased job security in return for sharing knowledge with other participants

SIS would decrease the time needed for my job responsibilities
SIS would increase the effectiveness of performing job tasks
Considering all aspects, SIS would be useful

I
I
I
I
I

*
*
*
*
*

Which amount of exclusive information do you receive through security information exchange with MELANI?

Text

Table III.1: Constructs

0.79

dropped
0.82
0.87

dropped
0.73

0.91
0.90

0.85
0.86
0.64

dropped
0.81
0.82
0.86
dropped

n/a

Fact. l.

0.8

0.81

0.71

0.82

n/a

Cr. α

Table III.2: Final Set of Factor Loadings After Oblique Rotation a
Item

Loading on oblimin-rotated factor
factor 1

factor 3

factor 4

uniqueness

0.91
0.90
0.73

HR1
HR2
HR4
US1
US2
US3
NOR2
NOR3
NOR4
RES2
RES3
RES4

0.85
0.86
0.64
0.82
0.87
0.79
0.81
0.82
0.86

Eigenvalue
Proportion of variance explained
Cumulative variance explained
a

factor 2

2.29
19.10%
19.10%

2.29
19.05%
38.16%

2.22
18.48%
56.64%

0.14
0.18
0.44
0.26
0.22
0.39
0.26
0.21
0.36
0.28
0.28
0.24

1.94
16.20%
72.84%

Blank cells represent factor loadings (x) such as |x| < 0.3.

Table III.3: Descriptive Statistics

Variable

Obs

Mean

Std. Dev.

Knowledge absorption
Resource belief
Usefulness belief
Reward belief
Reciprocity belief
Size of the organization
Quality of peer relationships
Potential individual contribution
Membership duration

260
190
208
195
195
260
260
243
260

3.13
3.82
3.78
2.16
3.89
4.57
3.93
3.07
6.05

0.86
0.52
0.62
0.75
0.61
0.90
0.70
0.91
5.35
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Min
1
1.67
1.67
1
1.67
1
3
1
0

Max
5
5
5
4
5
5
5
5
17
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a

ρ: * p < 0.05; ** p < 0.01; *** p < 0.001.

Knowledge absorption
Resource belief
Usefulness belief
Reward belief
Reciprocity belief

1
0.2860***
0.2779***
0.0258
0.3543***

Knowledge absorption
1
0.2042**
−0.1568
0.3500***

Resource belief

1
−0.0602
0.2489***

Usefulness belief

Table III.4: Correlation Analysis a

1
−0.0001

Reward belief

1

Reciprocity belief

Table III.5: Results of Model Estimation (Ordered Probit Regression) a, b

Knowledge absorption

Constructs

coefficient
0.4256*
0.4167**
0.0973
0.4012**

Resource belief
Usefulness belief
Reward belief
Reciprocity belief

(robust std. error)
(0.1695)
(0.1601)
(0.1203)
(0.1525)

Control variables
Position in the organization
Prior information sharing experience
Size of the organization
Participation in prior ISAC events
Quality of peer relationships
Potential individual contribution
Gender
Age 21-30
Age 31-40
Age 41-50
Education none
Education Master
Education Bachelor
Education PhD
Membership duration
Government
Banking & Finance
All other industries
Energy
Health
Log pseudolikelihood
Pseudo R2
Wald χ2 (24 d.f.)
p>χ2
Observations c

−0.0769
−0.1285
0.0412
0.4267*
0.3066
−0.0377
0.4955
0.0116
−0.3392
−0.3595
−0.2416
−0.0153
−0.1350
−0.4339
−0.0130
0.5862
0.5474
0.5160
0.5717
0.4981

(0.0567)
(0.0934)
(0.0916)
(0.2000)
(0.1706)
(0.1009)
(0.3388)
(0.4230)
(0.2386)
(0.2060)
(0.4354)
(0.4207)
(0.4003)
(0.4700)
(0.0196)
(0.3693)
(0.3486)
(0.3636)
(0.3900)
(0.4362)

−204.23
0.1385
83.95
0.000***
188

a

Two-tailed tests: * p < 0.05; ** p < 0.01; *** p < 0.001.
Age category “above 50”, education category “other” and the IT industry serve as respective control
variable benchmarks.
c
The difference between the number of respondents (= 262) and the number of observations of the
model (= 188) is due to our conservative estimation approach that prefers list-wise deletion over
imputation or modification.
b
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Conclusion

‘If I have seen further, it is by standing on the shoulders of giants.’
— Isaac Newton
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1

Contributions

This section presents the contributions of my thesis under two sub-sections. In the first one,
I emphasize the specific contributions of each article, and I present how they respond to
their respective research sub-question. In the second sub-section, I emphasize some broader
and more general insights related to the joint contribution of my three articles (synthesis).

1.1

Answers to Research Questions

This thesis began with the premise that critical infrastructure providers (CIP) are at risk
whenever the security of their information systems (IS) is threatened, as security incidents
that follow might lead to large-scale economic and societal damages. In the introductory
section, I argued that an effective defense against such IS-security incidents requires an
IS-defense capability – i.e., the organizational ability to purposefully acquire, combine
and deploy resources to neutralize security incidents before they occur or immediately
after they have occurred [2, 70, 94]. I inferred that whenever CIPs have problems related
to security incidents, their IS-defense capability is insufficient. I finally argued that this
insufficiency can be traced to either an inefficient combination of resources or to obstacles
that impede organizations from acquiring these resources in the first place. My thesis
focused on this latter aspect by identifying specific research gaps and related research
sub-questions, attempting to provide some answers to these sub-questions.
Through my three research sub-questions, I explored specific aspects and problems that
organizations would have to overcome as they attempt to acquire material, human, and
knowledge resources – which are all required to build an IS-defense capability [10, 66, 89,
94]. More specifically, I asked how they would acquire each of the resource categories. My
thesis structured this exploration into three separate articles, each of which deals with
a particular approach angle – determined by specific research gaps – in order to acquire
each resource categories. These research angles and their contributions related to specific
resource-categories acquisition are summarized in the three following sub-sections.
Part I: Material-Resource Investment
My first research sub-question focused on how, if at all, CIPs must adapt current investment
models in order to acquire technologies (material resources) required to build an IS-defense
capability. In prior research, such investment was primarily modeled by the informationsecurity investment model of Gordon and Loeb (e.g., [43]; for a systematic literature review,
see Table i.2 on page i.2). This model and its extant extensions provide two contributions:
(1) they calculate an optimal financial amount that an organization should invest in order
to protect its assets (e.g., [12, 44, 62, 67, 97]), and (2) they provide analytical means in
order to recommend a choice of technologies that an organization should invest in [22, 43].
In the introductory chapter, my literature review related to the Gordon-Loeb (GL)
model and its extensions (Table i.2 on page i.2) suggested that while this model is useful,
it also has significant limitations. The works I reviewed assume a single-period setup,
a continuous security-breach probability function (SBPF), or both. I argued that this
static analysis might be inappropriate for environments in which technology evolves (and
obsolesces) fast. I suggested that such an environment requires an investment approach that
can account for technological discontinuity and dynamic – rather than discrete – investment.
To the best of my knowledge, to date, no such model exists in the literature.
Therefore, the first article of my thesis offers an extension of the GL model that considers
multiple investment periods and relaxes the assumption of a continuous SBPF. I determine
the optimal level of IS-security investment through the maximization of the expected net
benefit in information-security function (ENBIS). The optimal level of IS-security investment
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is obtained when the difference between benefits and costs are maximized [43, 45] – i.e.,
where the marginal benefits of IS-security investment are equivalent to the marginal cost of
potential losses due to IS-security incidents. Also, my extension of the GL model provides
a theoretical framework in order to analyze the expected net benefits of the implementation
of any given novel technology over time. Hence, my model allows CIPs to determine if
any novel technology generates a greater ENBIS. If so, CIPs might consider this novel
technology as disruptive and vice versa.
Further, as I conceptualized a SBPF with productivity parameters, CIPs can calculate
the optimal investment that should be used to invest in IS-defense technologies. Finally,
my model allows CIPs to select among such technologies according to their marginal
contribution to IS-security productivity.
All in all, these extensions allow CIPs to adapt their investment to a dynamic environment and discontinuous technology evolution, both in terms of technology selection and
efficiency of investment.
Part II: Human-Resource Recruitment
My second research sub-question focused on how CIPs can attract the human resources
required to build an IS-defense capability. In the introduction of this thesis, I summarized
the economic literature that suggests specialized human staff is required in order to build
an IS-defense capability (e.g., [57, 81]). In particular, the specialist knowledge that new
organizational members bring with them helps organizations to adapt to new IS-incidents
and stay competitive [87]. I exemplified the organizational problems that follow whenever
such specialists cannot be recruited by considering the case of armed forces.
Therefore, the second article of my thesis offers an opportunity-cost analysis of specialistsrecruitment problems in the context of the Swiss Armed Forces (SAF). While this organization provides cyber-defense for the government and secondary support for other critical
infrastructures (CI), it witnesses significant problems to recruit human specialists [7, 92].
Since such specialists are hired as staff and warrant officers, I produced an opportunity-cost
analysis that attempts to explain recruitment problems as a result of economic, rather
than sociological or psychological problems. My systematic literature review on the matter
(Table i.3 on page i.3) presented in the introductory chapter of this thesis suggested that
sociological and psychological analysis fall short to explain these recruitment problems
within the SAF. Therefore, my opportunity-cost analysis added an economic explanation
to this literature.
I modeled decision alternatives both within and outside a military organization, taking
private sector employment of IT specialists as the reference point. I then monetized
opportunity-costs of leisure, fringe benefits, and private sector income not compensated.
The results suggested that the opportunity cost of enlisting in the armed forces vis-à-vis
the private sector employment is prohibitively high for IT-specialists, which explains the
persistent staff deficit. Worse, an officer career is also the least attractive option among all
service alternatives within the armed forces. There is hence a threat of adverse selection
for military organizations, in the sense that enlisting as a specialist will only be attractive
to those employed in low-paying industries or those unable to compete for higher-paying
jobs in the private sector. As a result, the qualification level of human personnel is lower
than required, and hence the IS defense-capability suffers from this situation.
This analysis provides some answers to my second research question, suggesting that
as long as organizations cannot overcome such effects, they cannot properly acquire the
necessary human resources required to build an IS-defense capability. At the same time,
this article makes suggestions on how such obstacles might be overcome, implying that any
IS-defense capability would be strengthened by these suggestions. While such suggestions
are elaborated in the specific context of armed forces, I believe this context provides a
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drastic example of a more general type of problems that any given CIP probably faces. As
civilian CIPs are competing for specialists with the private sector, or within the private
sector, they might face similar recruitment problems, and hence the suggestions I presented
in Part III might be transferable to their contexts.
First, I advise armed forces to accept that the opportunity cost of enlistment grows with
IT-specialists’ age, career development, and professional qualification. Hence, recruiting
policies for IT specialists should target candidates during graduate studies or professional
training as for this cohort, opportunity cost is low while the marginal utility of salary
increases is high. The same issue probably applies to any given CIP, as poaching IT
specialists might be prohibitively expensive once these have begun a career track in the
private sector.
Second, any attempt to counter under-staffing of IT specialists by monetary incentives is
probably unsuccessful as it undermines intrinsic motivation [16, 60]. Further, the generation
born between 1985 and 2000 (‘millennials’) puts greater emphasis on the work-leisure
trade-off and assigns less importance to monetary fringe benefits and status [55]. As a
result, specialists should be attracted by non-monetary opportunities – e.g., technological
challenges not available in the private sector outside a CIP context such as electronic warfare
or cyber-attacks by professionally equipped state actors. Another option would be to offer
subsidized or free tertiary education. For example, in the United States, the GI Bill largely
waives the cost of studying for a degree once military personnel have completed their duty.
This program reached record levels in 2009 as nearly 95% of eligible personnel involved
in the program actually used it once they left the military [15]. Also, empirical evidence
suggests that spending a fixed budget on recruitment rather than on salary increases is a
much more efficient way to win over qualified staff [29].
Third, any attempt to force IT specialists to enlist is de jure impossible for civilian
CIPs, but neither is this a promising option for armed forces. As my study found that an
officer position is also the worst amongst all military service alternatives, applying ‘raising
rival’s costs’ tactics [23, 79] – e.g., making the civilian service more unattractive vis-à-vis
other service options, are unlikely to succeed. Rather, both armed forces and CIPs should
try to broaden the recruitment base – e.g., by relaxing the requirement that only men or
only citizens can serve in the armed forces.
Part III: Knowledge-Resource Absorption
My third research sub-question focused on how CIPs can succeed at absorbing external
knowledge that is required to build an IS-defense capability. I used the theory of the
knowledge-based view of the firm to suggest that tacit and specialist knowledge is a key
ingredient for an IS-defense capability. I further argued that organizational learning often
requires absorbing new knowledge from beyond the boundary of the firm [66, 87], such
that the more an organization succeeds at this absorption, the more effective its IS-defense
capability is (e.g., [32, 36, 74, 77, 78]). Finally, I argued that this knowledge absorption
is particularly difficult in a CIP context as the required knowledge is likely tacit and not
readily available by public channels.
Therefore, the third article in this thesis presents an empirical study that analyzes a
dataset of 262 members of an information-sharing and analysis center (ISAC) who share
highly sensitive and classified information by interpersonal exchange. Using econometric and
psychometric methods, and modeling the absorption problem using the theory of transaction
cost economics, I hypothesize associations between human belief and knowledge-absorption
outcomes.
This analysis provides an answer to my third research question, suggesting that organizations can acquire tacit and specialized knowledge if they can master knowledge absorption
from external sources. As I identified significant associations between knowledge absorption
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and human belief, I suggest that such an absorption does not happen randomly, but that
productive social behavior, in particular reciprocal exchange of information, is required for
such an absorption. I argue that the extent to which an individual engages in information
sharing is a function of their individual knowledge-absorption expectation – i.e., the benefit
they expect from sharing information. Thus, my work extends prior approaches [68] by
not only focusing on describing such a knowledge exchange, but also on describing the
outcomes of such an exchange in terms of knowledge absorbed.
Moreover, these findings have implications for ISACs managers. I framed my study
in transaction cost economics, suggesting that individuals consider the transaction cost of
social exchange that precedes knowledge absorption, and thus this cost likely influences
their decision of whether or not to participate in such an exchange in the first place.
Since the organizational design of an ISAC influences the behavior of its members [84],
ISACs managers should strive to minimize such transaction costs. At the same time, the
absorption of tacit and specialized knowledge requires intensive and interpersonal interaction,
implying that decentralized or automated ways of organizing information exchange are
probably not productive. I join the authors of [68] in predicting that the more relevant
technological knowledge is for IS defense, the less likely this knowledge will be shared inside
the cyber-sphere.
Finally, my results caution organizations to not incentivize their members by monetary
incentives. Although many organizations have created reward systems to encourage their
employees to share information with others [11], I find no support for the hypothesis that
knowledge absorption is associated with reward belief.

1.2

Synthesis

While each of the three articles of this thesis addressed a particular research sub-question,
broader and more general insights can be emphasized by linking the contributions of each
article.
First, I followed the recommendation to pry open the ‘black box’ of organizations as
they acquire and combine resources to produce capabilities [94]. I followed this call by
studying organizations and their members, rather than relying on more objective but
impersonal data analysis of log-files, incident reports, etc. I believe that my approach
is productive as it offers the reader an integrative view of the different resources that
an IS-defense capability requires. Moreover, organizations that are not satisfied with
their current IS-defense capability are offered a structured analytical framework by which
they might spot weaknesses in a particular category that they can then address. For
example, an organization might invest in adopting multi-period settings and technological
discontinuities, and also participate in ISACs meeting, but it might have problems finding
IT specialists. In this case, such an organization would have the necessary material and
knowledge resources, but not the human resources, such that it might use my findings to
develop novel recruitment strategies.
Second, I attempted to generate an integrative view of the different resources needed to
build an IS-defense capability that future research might build on. In particular, future
work might use my thesis as an entry point to further explore each resource category in
greater depth – e.g., by exploring additional aspects of resources acquisition that are not
captured by my three articles. I emphasized that security incidents in IS are at least
as often caused by inappropriate organizational design and human behavior as they are
caused by inefficient IT design [6]. My thesis partially addresses this problem from the
onset by adopting the definition of IS as socio-technical systems (STS) that integrate
technologies (material resources), human agents who employ such technologies (human
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resources) and their tacit and specialist knowledge (knowledge resources) [13, 38]. I have
therefore explored the acquisition of each of these resources through targeted aspects related
to research gaps. While this approach certainly has limitations as to the depth with which
each resource category was studied, it also offers the advantage of greater generalizability.
As future research follows the above call of [94], a closer focus on any resource category
implies that the influence of the organizational context grows and hence makes results more
context-specific to the particular organization that was studied. I therefore believe that my
approach should go ahead with a study that looks at all resource categories and that focus
on identifying generalizable results before each category is explored in greater detail.
I therefore designed the three articles with a focus on generalizability rather than
specificity. In the first article, the extension to the GL model I proposed is derived by
formal modeling. Neither this technique nor the results are bound to the idiosyncrasies
of any particular organization or investment policy. This approach is consistent with the
recommendation that an investment model should be generalizable to any context [82].
In the second article, I study a particular armed-forces organization, but I believe that
my findings are also generalizable to other armed forces, and to CIPs in general. First,
my opportunity-cost estimates probably represent a lower boundary of actual opportunity
cost, as due to the Swiss goverenment doctrines of neutrality and non-involvement in
international armed conflict, the SAF have a defensive and isolationist nature. This implies
that other armed forces might have to take into account additional opportunity costs that
are unlikely to materialize in the Swiss context – e.g., mortality risk, geographic mobility,
or effects related to job tenure. As a result, my study probably represents a baseline case
that many other armed forces can employ, taking into account their particular additional
cost factors on top of my estimates. Moreover, while I do study armed forces, I believe
the findings are also applicable to other CIPs as both types of organization face significant
competition from the private sector. The solutions to this recruitment problem I proposed
are not context-specific to armed forces, but they rather strive to influence IT-specialists’
decision at a time where their opportunity cost is still low.
In the third article, I studied a particular ISAC, but none of the constructs I used
to operationalize and test my hypothesis is specific to any industry, cultural or national
context. On the contrary, I used well-established constructs from the prior literature
(Table III.1 on page 110) that represent fundamental aspects of human belief and human
interaction. As these are rooted in human nature and psychology as such, rather than
in the behavior of any particular cohort of human beings or social groups, I believe my
findings can be considered representative for a wide range of ISACs. These might certainly
differ with respect to organization, language, and membership rules; yet, I suggest that
human interaction inside any particularly ISAC might reproduce the transaction-cost
considerations I have set out in my third article.
Third, all in all, my thesis focuses on IS defense in the context of CIs, in which any security
breach might lead to significant economic and societal losses that far exceeds losses in
the private sector due to IS incidents. If the measures I proposed in this context help
organizations to acquire each of the three resource categories, they might be also useful in
a context that faces less extreme risks.
Fourth, from a broader perspective, my thesis attempted to respond to the call that
IS research should be enriched with both theoretical concepts and empirical methods
from economics. I emphasized that building an IS-defense capability requires more than
technology development, thus responding to the call that the study of IS defense requires
an approach that should integrate economic perspectives and go far beyond technical
design. Further, methodologically, much of the literature on IS defense has focused on risk
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management and operations research methods [98]. While this approach is productive, it
can be strengthened by complementing it with methods of economic analysis [3, 6, 21, 35,
78, 96]. My thesis therefore applies microeconomic theory and formal modeling in the first
and second articles, and transaction cost economics and econometric analysis in the third
article.

2

Limitations

The overarching framework of this thesis – as well as each of the three articles that compose
it – have inherent limitations related to the respective approaches and the methodologies
employed. Such limitations are already described either in the introduction or in the
respective discussion sections of each article. However, these limitations are also listed here
as reading them successively helps to emphasize the overall limitations of this thesis.

2.1

Overarching Framework

The choice of the overarching methodology – i.e., the organizational capability approach –
on which this thesis is based represents an important choice of focus. Alternatives to this
approach could have been to pursue the extension of the traditional literature – namely a
risk-management approach and/or a operations-research approach – of IS defense for CIPs.
However, my approach attempts to respond to the research call that the understanding of
any capability production is incomplete unless the ‘black box’ of the organization is pried
open [94]. Also, I followed recommendations of [3, 5, 6, 21, 35] who argue that organizations
and human action and behavior must be studied in order to reach a deeper understanding
of IS security. The organizational capability framework allows me to explore the three
resources components in great detail, whereas extending the traditional literature would
involve a higher level of abstraction and hence the loss of much contextual information that
is useful to understand any capability production – especially when this latter is related to
human action and behavior.
Also, as argued in the introduction of this thesis, the acquisition of material, human,
and knowledge resources is a necessary – yet not sufficient – condition in order to build
an IS-defense capability. Such an acquisition of the above-mentioned resources might be
studied under different aspects. In this thesis, the study of material-resource acquisition
was investigated under an investment focus and by a utility-maximization methodology,
the study of human-resource acquisition was investigated under a recruitment focus and
by an opportunity-cost framework, and the study of knowledge-resource acquisition was
investigated under a knowledge-absorption focus and by a factor analysis and a psychometric
methodology. However, the study of the acquisition of the three resources mentioned above
might have been done by other approaches and methodologies. For instance, materialresource acquisition might have been studied by focusing on R&D instead of investment and
studied with alternative methodologies such as the risk-based return on investment and/or
net-present value (e.g., [9]), game-theory (e.g., [36]) or simulation (e.g., [54]). Also, the
study of human-resource acquisition might have been made under a focus based on intrinsic
and extrinsic motivation factors and with methodologies coming from social psychology (e.g.,
[93]), or by focusing on socio-demographic factors related to enlistment in an organization
(e.g., [40]). Finally, the study of knowledge-resource acquisition might have been made under
the focus of impersonal information analysis using game theory or simulation (e.g., [61], or
log-files analysis (e.g., [37]), or through other channels than inter-organizational contexts
and with alternative methodologies that do not imply knowledge absorption. Consequently,
I do not pretend that I adopted a framework that captures the whole problematic of
resources acquisition. Rather, I focused on targeted aspects of resources acquisition that
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were determined by the nature of the respective research gaps found in the literature. The
fact that targeted aspects of resources acquisition were investigated – and not the whole
problematic of resources acquisition in general – is a limitation that should be emphasized.
Also, I study three specific aspects related to material-, human-, and knowledge-resources
acquisition. An alternative approach would have been to concentrate on just the acquisition
of one resource, and thus exploring this one category in greater detail. However, the
deconstruction an IS-defense capability into three resources-requirements categories implies
that it is consequential to study all of these. The literature I cited in Section 2 suggests quite
unanimously that all three resources are required to produce an IS-defense capability, and I
therefore decided to opt for a holistic approach. Therefore, a complete understanding of this
capability requires the study of all resources. I then argue that as long as an organization
merely has only one or any two of these resources, such an organization will experience
problems with the production of an IS-defense capability.
Another decision regarding research focus is the use of three different organizational
contexts to study the three resource categories. An alternative approach would have
been to study all three resource categories in a single organizational context. However,
such an approach would have entailed to study a single organization and the evolution
of its IS-defense capability. Thus, the generalizability of the findings would have been
limited. Further, any profound study of knowledge absorption should involve looking beyond
the boundary of the organization and hence study human interaction; else, knowledge
absorption could only be studied on the receiving end in the particular organization, and
much contextual information about motivations to (not) interact with others in an attempt
to absorb information could not be collected.
Additionally, a central idea of this thesis is to transfer theory and analytical concepts
from economics into the IS domain in order to contribute to research questions that IS
research struggles to answer [5, 6, 21, 31, 35]. This implies that my methodological
approach is interdisciplinary; it combines thinking from IS security, microeconomics, and
organizational-capability research. An alternative approach would have been to produce a
number of field studies that are specific to the particular research tradition in any of these
fields. But then, again, I would have missed out on the opportunity to infuse IS research
with thoughts from economics, as there are few studies that span a bridge between these
domains [31]. As a result of this interdisciplinary setup, my empirical approach entails
the use of multiple methods. An alternative approach would have been to consistently use
a single method in all three articles while still studying different contexts and resource
categories. For example, as I use formal modeling in the first article of my thesis that
studies material-resource investment, I could also have specified formal models of specialist
staff recruitment and knowledge absorption. But that again would have meant missing
out in-depth insights coming from different contexts, as human behavior and knowledge
absorption can hardly be captured by formal models [14, 20, 42]. This thesis makes a
compromise in this regard as I am studying human behavior both formally – by assuming
rational choice and utility maximization of human agents in my second article as I study
staffing problems – and under a human action and behavior perspective – providing much
contextual information about actual human behavior in my third article as I study knowledge
absorption.

2.2

Part I

My first article formally modeled an extension to the GL model, but it did not simulate or
empirically test my suggested extension. I decided to leave this operationalization to future
research as I wanted to focus on the generalizability of the model.
Any empirical operationalization requires a specification of the productivity parameters
αi and βi of each technology considered for investment [69]. Moreover, decisions must be
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made about which technologies are considered disruptive (and when), implying that a value
threshold for the dummy variable di (that takes the value 0 when no disruptive technology
is used, and 1 otherwise) must be determined.1 Such choices make the model more specific
to particular assumptions about technological and productivity contexts. Hence, I suggest
my model should be operationalized by a series of different simulations instead of empirical
tests – as they require the specification of productivity parameters αi and βi and the dummy
variable di .
Given the fact that (1) specifications of such simulations and/or empirical tests would
require multiple cases and thus multiple articles, and given the fact that (2) the research
scope that I wanted to provide in this thesis is based on all three resource categories,
such simulations and/or empirical tests are too ambitious to be explored in a single thesis.
Nevertheless, I recommend that future research simulates, tests and develops further the
model I proposed. For instance, it would be relevant to run a Monte Carlo simulation using
equation I.2 by: (1) defining the domain of possible inputs of this equation – including the
not numerically-defined thresholds of αi , βi and di , (2) randomly generating inputs from
a probability distribution over the domain, (3) performing a deterministic computation
on the inputs, (4) aggregating the results for both the productivity parameters αi , βi and
the dummy variable di . With an increasing level of sampling complexity (e.g., path-spaces
models with an increasing time horizon), proposition 1 and proposition 2 of the third article
of my thesis could be tested. Therefore, such a simulation could determine respective
thresholds and numerical values of αi , βi and di in order to determine (1) the conditions for
a decrease in the optimal amount of investment in cyber-security, and (2) the conditions
for a discountinuity in the SBPF.

2.3

Part II

My second article implicitly accepts assumptions from economic theory that future research
could help relax.
Any opportunity-cost analysis is framed in neoclassical economic thought; it thus
assumes that individuals maximize individual utility and make rational choices [86]. In
the context of my research, this ‘homo economicus’ assumption might be questionable for
two reasons. First, when it comes to making personal career choices, individuals might
exhibit bounded, rather than perfect, rationality [41]. Hence, individuals might prefer
imprecise estimates, partial information, social cues, projections, and assumptions over
precise calculation as they evaluate relative magnitudes of costs [71]. My analysis could be
refined by introducing weights or scaling factors that can take such bounded rationality
into account – e.g., by adopting a conjoint-analysis methodology. Such weights or scaling
factors require an extensive field survey in order to determine how individuals make their
career decisions – i.e., what factors are predominantly important in shaping their decisions.
Second, I assumed that IT specialists are ideologically neutral; implying they would evaluate
and compare service alternatives inside and outside armed forces organizations as they
would consider different career choices in the private sector. However, as both armed forces
and many CIPs operate in a public sector and a national-security context, individuals might
have ideological reservations to enlist. On the other hand, using the reverse argument, a
particular type of individuals might enjoy the culture of armed forces and the public-sector
context. Such ideological influence would increase the opportunity cost of enlistment for
the first type, but reduce it for the second type of individuals. Future research should
take this differentiation into account through the implementation a field survey in order
to determine how the ideology of individuals influences their respective opportunity costs
related to the enlistment in the military.
1
Concerning the aforementioned productivity parameters and the dummy variable, please refer to
equation I.2 on page 52.
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2.4

Part III

My third article is a cross-sectional study, implying I could only identify associations,
but not causal links [8]. Therefore, future research should study the interaction of ISAC
participants over time – e.g., by using time-series regressions that link knowledge-absorption
outcomes in later periods to interactions in prior periods [1, 28, 90].
Also, I proposed a novel measure of knowledge absorption that puts individual absorption
to the fore, as much prior research used measures that aggregate individual absorption into
organizational measures, such as R&D intensity [24, 26, 49, 64, 83], patent cross-citation
indicators [39, 75], or the number of engineers the firm employs [58]. While I believe this
measure is useful to capture individual absorption, it is also an ordinal indicator and hence
its ability to measure effective knowledge absorption is limited. If knowledge absorption
is the organizational (or individual) capability to transfer, integrate, and utilize new
knowledge obtained from external sources [25, 46, 48, 73, 95], a more profound measurement
approach should reflect such terms – e.g., by considering the transfer, integration, and use
of information. Moreover, the measure represents not an objective performance figure, but
an individual perception of a quantity. Future research should therefore expand and refine
my measure by measuring the knowledge differential before and after enlisting in an ISAC –
while controlling for all other factors related to knowledge absorption.
Also, receiving exclusive information through security-information exchange is a necessary but not sufficient condition for effective knowledge absorption, as an integration
of the newly absorbed information with prior individual knowledge is required [56, 59,
63, 72]. As those specialists who absorb knowledge by participating in ISAC meetings
and other forms of social exchange do not need to be identical to those who are generally
in charge of organizing the production of IS defense. Future measures could take such
differences between initial absorption and intra-organizational transfer of knowledge into
account. However, as such a multi-step process of absorption cannot be readily measured
by psychometric methods, my dependent measure should be seen as a first step towards
providing such full measurement.

3

Paths for Further Research

My thesis has merely explored the very first point (labelled ‘Element 0’ in Figure IV.1) of a
line of elements that stretches from the acquisition of resources required for an IS-defense
capability to the effectiveness of IS defense. Figure IV.1 provides a visual overview of
this line, and structures my ideas with respect to how my results might lead to a research
agenda.

3.1

Element 1: Orchestration Process

In the introductory section of my thesis, I argued that problems encountered with an
IS-defense capability can be due to a lack of required resources. However, I also noted
that even if an organization has (or has access to) all required resources, it might still fail
to combine/orchestrate them. As resources endowment precedes resources combination,
I focused on the former question. This implies that I addressed the very first ‘box’ of
the line that Figure IV.1 defines; and future research could now focus on the second
concern (labelled ‘Element 1’ in Figure IV.1). The resource-orchestration process – i.e.,
purposeful combination of resources by organizational routines – is a prerequisite for any
organizational capability [18, 27, 47, 52, 88]. This implies that once a CIP has secured
all three resource categories, this organization must orchestrate them in order to build an
IS-defense capability. Such orchestration is specific to the organization, in particular, its
135

Figure IV.1: Proposed Research Agenda
Element 3
Innovation
process

Element 1
Orchestration
process

Resources
Material
Human
Knowledge

IS-defense
capability

Element 0
Acquisition

Element 2
Evolution
process

IS-defense
products

Effective
IS defense

Element 4
Effectiveness-testing
process

Notes to Figure IV.1: Each element (ranging from 1 to 4) is a proposed research project (c.f., the following
paragraphs). In my thesis, I explored targeted aspects of ‘Element 0’.
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organizational processes and governance [10, 65]. The processes by which this orchestration
happens are termed microfoundations in economics research; their study focuses on what
managers do inside organizations as they orchestrate resources. Microfoundations are
hence an aggregation of individual-level routines and interactions by which a capability is
actually created [10, 33]. Hence, a study of human actions and social interactions associated
with building an IS-defense capability could expand my findings by focusing more on the
individual (micro) level of analysis. As my thesis emphasized generalizability, it did not
study such combination processes, but future research might apply a more detailed focus.
For example, both longitudinal qualitative studies of particular organizations as well as
more abstract simulations of resource-combination processes could be carried out (see [99,
100] for illustrations of such methodological approaches).

3.2

Element 2: Evolution of IS-Defense Capability

Organizational capabilities are not static, they evolve as organizations, products, markets,
and customer demand change [51, 53]. This implies that an IS-defense capability is
also changing as technologies evolve and both attackers and defenders alternate their
strategies and actions. Resources combination is therefore not a singular activity, rather,
resources bases must be reconfigured continuously as the organization adapts to changing
environments. This adaption requires both investing into novel and extant resources as
well as changing organizational processes [80, 85]. My thesis has a static research concept
and therefore does not take such dynamic or evolutionary perspectives into account. Hence,
future research should dynamize my perspective, studying how organizations acquire and
adapt their resources base over time as they adapt their IS-defense capability to changing
threat environments and customers demand.

3.3

Element 3: Innovation Process

Organizational capabilities are a central prerequisite for the development of innovative
processes, products and/or services [46, 48, 91, 94]. It is these processes (e.g., threat
detection processes such as intrusion-detection systems (IDS), and handling procedures such
as multi-modal bio-metric authentication of systems’ users), products (e.g., technological
applications such as hard- and software) and/or services (e.g., early warning services based
on technologies such as machine learning) that provide the basis for actual defense [4].
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Prior research described many of these processes, products and/or services [98], but the
link between resources inputs and products outputs is still missing. I therefore predict that
organizations that can acquire the three types of resources and orchestrate them efficiently
will outperform other organizations in terms of IS-defense effectiveness. I invite future
research to test this prediction.

3.4

Element 4: IS-Defense Effectiveness

My thesis began with the construction of an overarching argument that links resources
endowments to performance outcomes: organizations must acquire three types of resources
and orchestrate them in order to be able to develop innovative processes, products and/or
services, which provide actual defense for the organization’s IS. A test of this proposed link
requires linking resources endowments to IS-defense performance differentials. Therefore,
both operationalizations of IS defense (e.g., number of attacks defended, time by which
breaches are neutralized) and inter-organizational studies of performance differentials are
required. I suggest that organizations with a low level of IS-defense effectiveness probably
experience difficulties at acquiring one or more of the constitutive resources components that
I analyzed. Future work could build on my decomposition by associating different resources
endowments with different capability levels in an attempt to understand how and why
such differences give rise to different IS-defense capabilities, and, as a result, performance
differentials between organizations [10, 94]. Prior research argued on conceptual grounds
that differences in organizational capabilities should be associated with differences in
organization performance [19, 30]. For example, [17] found superior IT capabilities to be
associated with high-profit ratios. Hence, stronger IS-defense capabilities can be associated
with superior performance as these capabilities mitigate the systemic risk of IS failure
and hence economic losses. I believe that future research regarding this overarching link
is productive since much prior work suggests that CIPs differ significantly as to their
IS-defense capability [34, 50, 76, 98]. As both organizations and academic research strive
to find ways and means to improve IS defense, they should study the reasons for such
performance differentials.
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Supplement to the Introduction

inter-

Brief Description
Software tool. Analysis of interdependent infrastructure networks, including political, military, economic and social aspects. Athena incorporates several sophisticated reasoning
algorithms that allow to study the dependence between nodes.
Software tool. Estimates times and costs required to restore
a part or the whole set of critical infrastructures in order to
return to normality, after an operational interruption.
Software tool. Geo-referenced simulation scenarios, to perform sensitivity analysis in decision-making. It facilitates
assess risks of infrastructure, including policies, regulations
and response plans.
Software tool. Allows comparing the effectiveness of strategies
to reduce the probability of a risk, based upon the study of
scenarios that represent the impacts. The model is designed
to help analysts and policy makers in the evaluation and
selection of the most effective strategies in reducing risk,
taking into account the potentially affected infrastructure,
the measures of impact and likelihood of an incident.

Acronym
ATHENA

Critical infrastructure protection de- CIP/DSS
cision support system

Critical infrastructure modelling sys- CIMS
tem

Critical
infrastructures
dependencies Integrator

Platform

Table a.1: Description of Platforms Developed for Defending IS of CIPs

The following table has been retrieved from Yusta et al., 2011, and recompiled according to IS defense for CIP.

1

Argonne National Laboratories

Idaho National Laboratories.
Sponsored by U.S. Air Force
Laboratories.

Argonne National Laboratories

On Target Technologies, Inc.
Sponsored by National Laboratories for the U.S. Air Force.

Development Entity

XXXIV
EMCAS

FINSIM

Financial system infrastructure

DEW

Distributed engineering workstation.

Electricity market complex adaptive
system

COMM-ASPEN

Agent-based simulation model of the
U.S. economy

EAR-PILAR

CISIA

Critical infrastructure simulation by
interdependent agents

Procedimiento informatico-logico
para el analisis de riesgos

Acronym

Platform
Software tool. Simulation through a set of interdependent
agents with non-linear relationships. It analyzes the shortterm effects of decisions on infrastructure, in terms of propagation of faults and performance degradation of the system.
Very useful in the analysis of origin and response to emergencies.
Software tool. Agent-based simulation of the effects of both
market decisions and interruptions of telecommunications
infrastructure in the economy.
Software tool. Intended for asset management, operating
procedures, events, planning in short and long term. Suited
for spotting and analysis of inter-dependencies in large power
systems. There are also applications in hydraulic systems of
ships.
Software tool. Characterisation of the assets (spotting, clustering, rating and analyzing dependencies), characterisation
of risks, evaluation of safeguards. The tool assesses impact
and risk, as well as cumulative, potential and residual effects
by enabling the analysis of these risks.
Software tool. Simulation through agents, to investigate
potential operational and economic impacts on the electrical
system, as affected by various external events.
Software tool. Allows representation of U.S. economic services, functioning as complex system decentralised, with autonomy from the interaction of multiple decision nodes, or
agents. It applies to scenarios of crisis affecting the banking
payment system, the use of plastic money, the federal funds
market and the interactions between these entities.

Brief Description

Table a.1 continued from previous page

Argonne National Laboratories. Sponsored by ADICA
Consulting
Los Alamos National Laboratories. Sponsored by U.S. Department of Homeland Security

National Cryptology Centre
Spain

Electrical Distribution Design,
Inc. Sponsored by DOE and
the U.S. Department of Defence

Sandia National Laboratories

University of New Brunswick
(Canada)

Development Entity

XXXV

Fault tree analysis

FMEA-FMECA

Failure modes and effects analysis

Brief Description

Development Entity

Working Methodology. Set of procedures for analyzing potential failures in a system, based upon the severity or the
effect of system failures. It is widely used by manufacturing
organizations at various stages of product life cycle, and it
is also used in the service industry. FMECA is a variant of
FMEA.
FORT-FUTURE
Software tool. It runs multiple dynamic simulations, evaluating a set of alternatives. Additionally, it is supported on
GIS with applications to transportation systems, electricity,
water systems, etc.
FTA
Working Methodology. This deductive technique focuses on
a particular accidental event (risk) and provides a method to
determine the causes leading to the manifestation of a risk
within a system. It provides qualitative results by searching for quantitative critical paths in terms of probability of
components failure in a system.
Software tool. It allows to spot the most critical resources University of New Brunswick
GORAF
within an infrastructure. It proposes metrics that represent (Canada)
the economic losses and strategic metrics with the outcome
of malfunctioning of a resource (usually combined with the
tool CISI).
CERT
Govern- Working Methodology. The teams in these initiatives are
ment Initiatives
directly related to the defence ministries in countries where
they are deployed. Some cases of successful implementation
of these programs are available on the GOVCERT.nl (Netherlands), COLCERT (Colombia), CERT.br (Brazil), Es-CERT
(Spain), etc.

Acronym

Platform

Table a.1 continued from previous page

XXXVI

HAZOP

IIM

Hazardous operations

Inoperability input– output model

MARGERIT

MIA

Metodologia de ana lisis y gestion de
riesgos de los sistemas de informacion

Methodology for inter-dependencies
assessment

LUND

INTEPOINT VU

Acronym

Platform
Working Methodology. Set of risk identification techniques
based on inductive assumption that the risks, accidents or
operations problems, occur as a result of misuse of process
variables with respect to the normal operating parameters in
a given system and a particular stage.
Software tools. Suite of analytical models to determine the
impact of an attack on an infrastructure and the cascading
effects on all other interconnected infrastructures (in economic
and operating issues). The tool allows representing a system
recovery after an attack or event and also allows a temporal
analysis in recovery mode.
Software tool. Allows analysis of planning responses to intentional and unintentional events in infrastructure, taking
into account the social and behavioural patterns of the population. (Multi-agent system, combined with a geographical
information system of the area being analyzed).
Working Methodology. Sets the relationships between each
of the nodes that make up a system of roads or rail interconnected transport infrastructure. (Grounded Network theory).
Working Methodology. Focused on digital information, data
networks and computer systems protection, in order to determine how much value is at stake and the importance of
protecting information.
Working Methodology. Used to identify critical interdependencies of the systems that are subject to vulnerabilities.

Brief Description

Table a.1 continued from previous page

European Commission

University of Lund (Sweden).
Sponsored by the International
Energy Agency
Higher Council for Electronic
Administration of Spain

Intepoint LLC. Sponsored by
U.S. Department of Defence

Sandia National Laboratories
and Los Alamos National Laboratories. Sponsored by U.S.
Department of Homeland Security

Development Entity

XXXVII

Acronym

Urban infrastructure suite

Risk maps

Network security risk assessment
model

UIS

NSRAM

Multi-network interdependent criti- MUNICIPAL
cal infrastructure program for analysis of lifelines

Platform
Software tool. Allows understanding adverse events that
affect the interdependence of civil infrastructure as well as
responses to events of termination of the provision of health,
safety and economic welfare of its citizens. (Databases with
information on critical infrastructure connection, and geographic information system).
Software tool. Simulation and analysis of large networks in
terms of failures or structural damage. It accurately simulates
the severity of network failures, and considers the repair
variables (time, cost and repair priorities).
Working methodology. Allows carrying out an inventory
risk, in an orderly and systematic. For this purpose, risks are
analyzed and described along with their possible consequences.
This methodology is widely accepted in the spotting of risks
due to its simplicity and adaptability to all sectors.
Software tools. Represents the behavioural simulation of
urban infrastructure, its inhabitants, the effects of interdependencies, and the dynamics of their interconnections.

Brief Description

Table a.1 continued from previous page

Los Alamos National Laboratories. Sponsored by U.S. Department of Homeland Security

James Madison University

Rensselaer Polytechnic Institute (US)

Development Entity

2
2.1

Supplement to the Articles
Officer Selection-Process Related to Part II

The following description details how conscripted-officer candidates are identified in the
SAF.
The candidate’s potential for a conscripted-officer career is analyzed with respect to the
prerequisites of the future function. To be nominated for further selection procedures, a
candidate must meet the following conditions:
(A) Has good qualifications in the areas of personal skills and social skills;
(B) Is personally aware of future officer duties;
(C) Has a military performance evaluation score of at least 3 (out of maximum of 5);
(D) Has a physical fitness score of at least 3 (out of maximum of 5);
(E) Shows exemplary attitude and behavior;
(F) Possesses official certification for any current or completed academic studies or
professional training.
With very few exceptions, candidates who meet these criteria are identified during boot
camp by senior officers. Eligible candidates who accept to serve as an officer are then invited
to an assessment-center-based qualification procedure that tests the candidate’s leadership
capabilities, personals skills and development capacity, as well as their social, instructive and
technical competence. Any candidate could be subject to extensive background screening
and long-term security checks. Once the qualification process is complete, results are
assessed by senior unit leaders who then make proposals to the SAF’s head of recruiting in
order to decide which candidates to recruit for officer careers. These candidates are then
sent to the Military Academy for further academic studies, language courses, and military
training.

XXXVIII
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Incentives and Security Information Sharing
This study is endorsed by :

You can verify the authenticity of this study and the identity of the authors on the official website of their institutions
Pascal Lamia (Swiss Confederation)
Marcus Matthias Keupp (Military Academy at ETH Zurich)
Alain Mermoud (Military Academy at ETH Zurich)
Or by calling MELANI +4158 46 34506
Dear member of the MELANI closed circle,
Sehr geehrte Mitglieder des "Geschlossenen Kundenkreises" (GK),
Chers membres du cercle fermé,
We are doing a research study in the domain of human aspects of security information sharing in organisations. We
would like to understand your incentives and barriers to cybersecurityrelevant information sharing with the Swiss
Reporting and Analysis Centre for Information Assurance (MELANI). Your responses will be extremely valuable to
build a safer and more resilient Cyberspace. Please find below some information on:
The authors
 This survey is being conducted by the military academy at ETH Zurich with the support of MELANI
 Data collection is led by PD Dr. Marcus M. Keupp and his assistant Alain Mermoud, who is a PhD candidate at the
University of Lausanne
The data
 All your responses are collected in Switzerland and treated strictly anonymously
https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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 The collected data will be deleted after all analyses have been performed
 This survey is purely academic and has no financial or businessrelated interest
Your reward
 You will receive a free study which will support your organisation in the security information sharing process
 Upon request, you will be delivered with a precise picture of how your organisation compares to others. If you
decide to receive this reward, only your email address will be disclosed to the study leader.
The questionnaire
 The template is responsive, but we strongly recommend to answer the survey on a desktop or laptop with a
trustworthy Internet connection
 The questionnaire takes about 1520 minutes to complete
 The questionnaire is only available in English, but the study leader can support you in French and German
 Please direct any questions directly to alain.mermoud@milak.ethz.ch or +4158 484 82 99
Definition and scope
 Security information sharing is an activity consisting of sharing cybersecurityrelevant information between
cybersecurity stakeholders. For the sake of brevity, we will refer to this activity as “security information sharing”
(SIS) throughout the questionnaire
 Organisations typically exchange information on vulnerabilities, phishing, malware, and data breaches, as well as
threat intelligence, best practices, early warnings, and expert advices and insights (Luiijf & Klaver, 2015)
 Please note that this study attempts to capture your SIS activities with MELANI only. Please ignore other SIS
activities, such as SIS with other Information Sharing and Analysis Centers (ISACs) or bilateral SIS
 The unit of analysis is yourself. Please answer the questions based on your personal experiences, and not
on behalf of your organisation!

Incentives and Security Information Sharing
Controls
Control variables are necessary to eliminate distortions.

Please answer the questions based on your personal experiences, and not on behalf of
your organisation!
1.

Gender*
Male

Female

Other, please specify

2.

What is your mother tongue?*
German

French

English

Italian

Other, please specify

3.

What is your age group?*
Below 21

4.

21 to 30

31 to 40

41 to 50

above 50

Which education level did you achieve?*
No education

Diploma

Bachelor

Master

PhD

Other, please specify

5.

What is your position in your organisation?*
Employee

Chief employee

Middle management

Management

Member of the board

Other, please specify

6.

In which field does your organisation operate?*
Chemical / Pharmaceutical

https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=

XL

2/10

07/12/2017

Last page
Banking & Finance
Administration
Energy
Telecommunication / IT
Insurance
Transport and logistic
Industry
Health
Other, please specify

7.

Fow how many years have you overseen Security Information Sharing (SIS)?*
Not in charge

8.

less than 1

1 to 3

3 to 6

over 6

What is the workload related to SIS in your organisation (in fulltime equivalent)?*
0
01
12
23
over 3

9.

How would you rate your general level of IT knowledge*
Excellent

Good

Neutral

Fair

Poor

10. How many people work in your organisation?*
1

1  20

20  100

100  250

over 250

11. In which year did your organisation become a member of MELANI?*

12. Have you participated in MELANI workshops / events?*

13. What is the level of IT outsourcing in your organisation?*
Very Significant

Significant

Neutral

Insignificant

Very Insignificant

14. What is the level of internationalisation of your organisation (shareholding, clients, subsidiaries, etc.)?*
Very Significant

Significant

Neutral

Insignificant

Very Insignificant

15. What is your level of satisfaction with MELANI services?*
Very Satisfied

Satisfied

Neutral

Dissatisfied

Very Dissatisfied

16. How are your personal relationships with your peers (other MELANI participants)?*
Very Friendly

Friendly

Neutral

Unfriendly

Very Unfriendly

17. Which amount of exclusive information do you receive through SIS with MELANI?
Very Small

Small

Neutral

Large

Very Large

Incentives and Security Information Sharing
Frequency
https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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Please answer the questions based on your personal experiences, and not on behalf of
your organisation!
18. Generally, I have a lot of information to share*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

19. I frequently share my experience about information security with MELANI*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

20. I frequently share my information security knowledge with MELANI*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

21. I frequently share my information security documents with MELANI*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

22. I frequently share my expertise from my information security training with MELANI*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

23. I frequently talk with others about information security incidents and their solutions in MELANI workshops*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

24. I share a new information with other participants*
Never
Rarely, in less than 10% of the chances when I could have
Occasionally, in about 30% of the chances when I could have
Sometimes, in about 50% of the chances when I could have
Frequently, in about 70% of the chances when I could have
Usually, in about 90% of the chances I could have
Every time

Incentives and Security Information Sharing
Intensity
Please answer the questions based on your personal experiences, and not on behalf of
your organisation!
25. How often do you comment on shared information?*
Never
Rarely, in less than 10% of the chances when I could have
Occasionally, in about 30% of the chances when I could have
Sometimes, in about 50% of the chances when I could have
Frequently, in about 70% of the chances when I could have
Usually, in about 90% of the chances I could have
Every time
26. How intensely do you react to the comments of other participants?*
Not at all
Little
Moderate
Significant
Always
27. I often react to comments in the community*

https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Disagree

Strongly Disagree

Disagree

Strongly Disagree

Disagree

Strongly Disagree

Disagree

Strongly Disagree

Disagree

Strongly Disagree

28. I often use the community to provide comments*
Strongly Agree

Agree

Neutral

29. I comment in the community as much as possible*
Strongly Agree

Agree

Neutral

30. I am very interested in sharing knowlege with MELANI*
Strongly Agree

Agree

Neutral

31. I usually spend a lot of time reacting to comments*
Strongly Agree

Agree

Neutral

32. I usually actively share my knowledge with MELANI*
Strongly Agree

Agree

Neutral

Incentives and Security Information Sharing
Value of information
Please answer the questions based on your personal experiences and not on behalf of your organisation!

33. I believe SIS is a useful behavioral tool to safeguard the organization's information assets*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

34. My SIS has a positive effect on mitigating the risk of information security breaches*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

35. SIS is a wise behavior that decreases the risk of information security incidents*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Disagree

Strongly Disagree

Neutral

Disagree

Strongly Disagree

Neutral

Disagree

Strongly Disagree

36. SIS would decrease the time needed for my job responsibilities*
Strongly Agree

Agree

Neutral

37. SIS would increase the effectiveness of performing job tasks*
Strongly Agree

Agree

38. Considering all aspects, SIS would be useful*
Strongly Agree

Agree

39. I can’t seem to find the time to share knowledge in the community*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Disagree

Strongly Disagree

40. It is laborious to share knowledge in the community*
Strongly Agree

Agree

Neutral

41. It takes me too much time to share knowledge in the community*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

42. The effort is high for me to share knowledge in the community*

https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Incentives and Security Information Sharing
Reciprocity
Please answer the questions based on your personal experiences and not on behalf of
your organisation!
43. I believe that it is fair and obligatory to help others because I know that other people will help me some day*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

44. I believe that other people will help me when I need help if I share knowledge with others through MELANI*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

45. I believe that other people will answer my questions regarding specific information and knowledge in the future if I
share knowledge with others through MELANI*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

46. I think that people who are involved with MELANI develop reciprocal beliefs on give and take based on other
people's intentions and behavior*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

47. I expect to be rewarded with a higher salary in return for sharing knowledge with other participants*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

48. I expect to receive monetary rewards (i.e. additional bonus) in return for sharing knowledge with other
participants*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

49. I expect to receive opportunities to learn from others in return for sharing knowledge with other participants*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

50. I expect to be rewarded with an increased job security in return for sharing knowledge with other participants*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

51. My acts of knowledge sharing and seeking strengthen the ties of obligation between existing participants*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

52. My acts of knowledge sharing and seeking create the obligations with other members within MELANI*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

53. My acts of knowledge sharing and seeking expand the scope of my association with other members within MELANI*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

54. My acts of knowledge sharing and seeking will encourage cooperation among MELANI participants in the future*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

55. My acts of knowledge sharing and seeking create strong relationships with members who have common interests
within MELANI*
Strongly Agree

Agree

Neutral

Disagree

https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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Incentives and Security Information Sharing
Institutional design
Please answer the questions based on your personal experiences and not on behalf of your organisation!
56. A centralized sharing model  such as a relational database like a forum  would allow me to engage in more SIS
activities*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

57. A decentralized sharing model  such as a distributed database like blockchain  would encourage me to engage in
more SIS activities*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

58. Formalization would allow me to engage in more SIS activities*
Formalization is the extent to which work roles are structured in an organization, and the activities of the employees are governed by rules
and procedures.

Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

59. Standardization would allow me to engage in more SIS activities*
Standardization is the process of implementing and developing technical standards based on the consensus of different parties.

Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Neutral

Disagree

Strongly Disagree

Disagree

Strongly Disagree

Disagree

Strongly Disagree

Disagree

Strongly Disagree

60. SIS is of value in my organization*
Strongly Agree

Agree

61. The management appreciates employees for their SIS*
Strongly Agree

Agree

Neutral

62. The management awards employees for their SIS*
Strongly Agree

Agree

Neutral

63. The management encourages employees to utilise SIS*
Strongly Agree

Agree

Neutral

Incentives and Security Information Sharing
Reputation
Please answer the questions based on your personal experiences and not on behalf of your organisation!
64. Sharing knowledge can enhance my reputation in the community*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

65. I get praises from others by sharing knowledge in the community*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

66. I feel that knowledge sharing improves my status in the community*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

67. I can earn some feedback or rewards through knowledge sharing that represent my reputation and status in the

https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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community*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

68. My colleagues respect me when I share my information security knowledge*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

69. The others have a positive opinion when I share my information security knowledge*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

70. The management asked me to help others in terms of information security*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

71. Employees have a positive image about me due to their evaluation of my information security knowledge*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Incentives and Security Information Sharing
Trust
Please answer the questions based on your personal experiences and not on behalf of your organisation!
72. I believe that my colleague's information security knowledge is reliable*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

73. I believe that my colleague's information security knowledge is effective*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

74. I believe that my colleague's information security knowledge mitigates the risk of information security breaches*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

75. I believe that my colleague's information security knowledge is useful*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

76. I believe that my colleagues would not take advantage of my information security knowledge that we share*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

77. I believe that people in my network give credit for each other's knowledge where it is due*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Disagree

Strongly Disagree

78. I believe that people in my network respond when I am in need*
Strongly Agree

Agree

Neutral

79. I believe that people in my network use each other's knowledge appropriately*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Disagree

Strongly Disagree

80. I believe that my requests for knowledge will be answered*
Strongly Agree

Agree

Neutral

81. I believe that people in my network share the best knowledge that they have*
Strongly Agree

Agree

Neutral

Disagree

https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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Incentives and Security Information Sharing
You are almost at the end of the survey
Please answer the questions based on your personal experiences and not on behalf of
your organisation!
82. SIS satisfies my desire for acquiring information security skills*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Neutral

Disagree

Strongly Disagree

83. SIS satisfies my sense of curiosity*
Strongly Agree

Agree

84. I enjoy it when I gain knowledge about information security through knowledge sharing*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

85. I feel pleasure when I share my knowledge about information security*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Agree

Neutral

Disagree

Strongly Disagree

86. I am interested in SIS*
Strongly Agree

87. I have the necessary knowledge about information security to share with the other staff*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

88. I have the ability to share information security knowledge to mitigate the risk of information security breaches*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Neutral

Disagree

Strongly Disagree

89. SIS is an easy and enjoyable task for me*
Strongly Agree

Agree

90. I have the useful resources to share SIS with the other employees*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

91. I am willing to share my information security knowledge because of its potential to reduce cyber risks*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

92. I will share my information security experiences with my colleagues to increase their cyber threat awareness*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

93. I will inform the other staff about new methods and software that can reduce the risk of information security*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

94. I will share the report on information security incidents with others, in order to reduce the risk*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

Incentives and Security Information Sharing
https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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07/12/2017

Last page

Last page
Please answer the questions based on your personal experiences and not on behalf of your organisation!
95. According to your experience, the number of participants in the MELANI closed circle is*
Very Small

Small

Neutral

Large

Very Large

96. I prefer to engage in SIS activities that involves participants from the entire Critical Infrastructure closed circle
("Geschlossene Kundenkreis" / "cercle fermé")*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

97. I prefer to engage in SIS activities that involves participants from my industry*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

98. I prefer to engage in SIS activities that involves participants from the MELANI staff only*
Strongly Agree

Agree

Neutral

Disagree

Strongly Disagree

99. Do you want to leave a general comment on this study?
For instance, you can describe your personal incentives and barriers to engage in SIS activities or your favorite service provided by
MELANI.

100. Upon request, you will be delivered with a precise picture of how your organisation compares to others. If you
decide to receive this reward, please enter your email address below. It will only be disclosed to the study leader.

Again, thank you very much for your cooperation! Best regards,
Alain Mermoud, PhD candidate
Study leader
alain.mermoud@milak.ethz.ch
+4158 484 82 99

https://www.selectsurvey.ethz.ch/Print.aspx?SurveyID=78L24661&Title=Y&Breaks=N&AllPages=Y&Pages=
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Other Related Scientific Contributions

Related scientific contributions that are intrinsically linked to my PhD, but not explicitly
discussed in this manuscript, are presented here. They are related to (1) additional
scientific publications that I co-authored, (2) the blind reviewing of scientific works, and
(3) assistantship and supervision of academic research.

3.1

Additional Publications

During the last four years, I have co-authored four publications related to securityinformation sharing (SIS) research projects. As presented in Part III of this manuscript,
SIS constitutes an effective means for an organization to learn from its members. Such
a learning process is related to the acquisition of cyber-security-relevant information for
protecting critical infrastructures (CIs). SIS is therefore an interesting subject of study that
helps us to defend IS of CIPs. These additional four publications are presented hereunder,
and are based on the same online questionnaire that I analyzed in Part III of this thesis.
Journal Paper: Journal of Cybersecurity
The following journal paper was first published in the post-proceedings of the 17th Annual
Workshop on the Economics of Information Security, held in Innsbruck, Austria, on June
18-20, 2018. This paper was later readapated, revised and resubmitted for publication in
the Journal of Cybersecurity on February 28, 2019:
Mermoud, A., Keupp, M. M., Huguenin, K., Palmié, M., & Percia David,
D. (2019). To Share or Not to Share: A Behavioral Perspective on Human
Participation in Security-Information Sharing, Vol. 5, No. 1. Journal of
Cybersecurity (in print).

Abstract

Security-information sharing (SIS) is an activity whereby individuals exchange information that is relevant for analysis in order to prevent cyber-security
incidents. However, despite technological advances and increased regulatory
pressure, human individuals still seem reluctant to share security information.
To date, few contributions have addressed this research gap. We adopt an interdisciplinary approach, and we propose a behavioral framework that theorizes
how and why human behavior and SIS can be associated. We use psychometric
methods to test these associations, analyzing a unique sample of 262 human
Information Sharing and Analysis Centre (ISAC) members who share real security information. We also provide a dual empirical operationalization of SIS by
introducing the measures of SIS frequency and intensity. We find significant
associations between human behavior and SIS. Thus, we contribute to clarifying
why SIS, though beneficial, is underutilized by pointing to the pivotal role of
human behavior for economic outcomes. Hence, we add to the growing field of
the economics of information security. By the same token, we inform managers
and regulators about the significance of human behavior, as they propagate
goal alignment and shape institutions. Finally, we define a broad agenda for
future research on SIS.
Keywords— security-information sharing; psychometrics; economics of information security; behavioral economics; behavioral psychology.
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Conference Paper and Post-Proceedings: WEIS 2018
The following conference paper was presented at the 17th annual Workshop on the Economics
of Information Security (WEIS 18), held in Innsbruck, Austria, on the June 18-20, 2018:
Mermoud, A., Keupp, M. M., Huguenin, K., Palmié, M., & Percia David, D.
(2018). Incentives for Human Agents to Share Security Information: A Model
and an Empirical Test. In Proceedings of the 17th Workshop on the Economics
of Information Security (WEIS), Innsbruck, Austria.
This paper was accepted as a full paper, among 22 other full paper reviewed and selected
from a total of 57 submissions.

Abstract

In this paper, we investigate the role of incentives for security-information
sharing (SIS) between human agents working in institutions. We present an
incentive-based SIS system model that is empirically tested with an exclusive
dataset. The data was collected with an online questionnaire addressed to all
participants of a deployed Information Sharing and Analysis Center (ISAC)
that operates in the context of critical infrastructure protection (N=262). SIS is
measured with a multidimensional approach (intensity, frequency) and regressed
on five specific predicators (reciprocity, value of information, institutional
barriers, reputation, trust) that are measured with psychometric scales. We
close an important research gap by providing, to the best of our knowledge,
the first empirical analysis on previous theoretical work that assumes SIS to be
beneficial. Our results show that institutional barriers have a strong influence
on our population, i.e., SIS decision makers in Switzerland. This lends support
to a better institutional design of ISACs and the formulation of incentivebased policies that can avoid non-cooperative and free-riding behaviours. Both
frequency and intensity are influenced by the extent to which decision makers
expect to receive valuable information in return for SIS, which supports the
econometric structure of our multidimensional model. Finally, our policy
recommendations support the view that the effectiveness of mandatory securitybreach reporting to authorities is limited. Therefore, we suggest that a conducive
and lightly regulated SIS environment – as in Switzerland – with positive
reinforcement and indirect suggestions can “nudge” SIS decision makers to adopt
a productive sharing behaviour.
Keywords— security-information sharing; incentives; psychometrics; economics of information security; behavioral economics.
Conference Paper and Post-proceeding: CRITIS 2018
The following conference paper was presented at the 13th International Conference on
Critical Information Infrastructure Security (CRITIS 2018), held in Kaunas, Lithuania, on
October 24-26, 2018:
Mermoud, A., Keupp, M. M., & Percia David, D. (2019). Governance Models
Preferences for Security-Information Sharing: An Institutional Economics Perspective for Critical Infrastructure Protection. In Lectures Notes in Computer
Science (pp. 179-190). Springer, Cham.
L

This paper was accepted as a full paper, among 16 other full papers and 3 short papers
reviewed and selected from a total of 61 submissions.

Abstract

Empirical studies analyzed the incentive mechanisms for sharing security
information between human agents, a key activity for critical infrastructure
protection. However, recent research shows that most Information Sharing
and Analysis Centers do not perform optimally, even when properly regulated.
Using a meso-level of analysis (i.e., information sharing organizations), we close
an important research gap by presenting a theoretical framework that links
institutional economics and security-information sharing. We illustrate this
framework with a dataset collected through an online questionnaire addressed
to all critical infrastructures (N=262) that operates at a Swiss Reporting
and Analysis Centre for Information Security. Using descriptive statistics, we
investigate how institutional rules offer human agents an institutional freedom
to design an efficient security-information sharing artifact. Our results show
that a properly designed artifact can positively reinforce human agents to share
security information and find the right balance between three governance models:
(a) public–private partnership, (b) private, and (c) government-based. Overall,
our work lends support to a better institutional design of security-information
sharing and the formulation of policies that can avoid non-cooperative and
free-riding behaviors that plague cyber-security.
Keywords— economics of information security; security-information sharing;
new institutional economics; information sharing and analysis center; critical
infrastructure protection; information assurance.
Conference Paper and Post-Proceedings: CRITIS 2016
The following conference paper was presented at the 11th International Conference on Critical Information Infrastructure Security (CRITIS 2016), held in Paris, France, on October
10-12, 2016. It has been later published in the post-proceedings of the aforementioned
conference:
Mermoud, A., Keupp, M. M., Ghernaouti, S., & Percia David, D. (2016). Using
Incentives to Foster Security-Information Sharing and Cooperation: a General
Theory and Application to Critical Infrastructure Protection. In International
Conference on Critical Information Infrastructures Security (pp. 150-162).
Springer, Cham.
This paper was accepted as long paper among 22 other full papers and 8 short papers
reviewed and selected from a total of 58 submissions.

Abstract

There is a conspicuous lack of investment in cyber-security. Various measures have been proposed to mitigate this. Investment models theoretically
demonstrate the potential application of security-information sharing (SIS) to
critical-infrastructure protection (CIP). However, the free-rider problem remains
a major pitfall, preventing the full potential benefits of SIS from being realized.
We closed an important research gap by providing a theoretical framework that
LI

links incentives with voluntary SIS. We apply this framework to CIP through a
case study of the Swiss Reporting and Analysis Centre for Information Security,
and we use the SIS model to analyze the incentive mechanisms that most
effectively support SIS for CIP. Our work contributes to an understanding of
the free-rider problem that plagues the provision of the public good that is
cyber-security, and we offer clues to its mitigation.
Keywords— cyber-security economics; free-rider problem; security-information
sharing; information assurance.

3.2

Reviewer for a Scientific Journal

The second article presented in Part II of this manuscript was published in Armed Forces
& Society. Given the military recruitment aspects of this publication, I was asked to blind
review a manuscript that was submitted for publication in this same journal.

3.3

Assistantship and Supervision

Working in parallel with my research projects, I was also involved in the assistenship of a
lecturer, the editing of two books and one supervision of one’s bachelor thesis.
PhD Assistant at the University of Lausanne
During the autumn semester of 2017, I was a PhD assistant for the lecture entitled
Cybercrime and Cyberpower given by Prof. Dr. Solange Ghernaouti. This lecture is part
of the Master of Law in Legal Issues, Crime and Security of Information Technologies.
During this semester, I lectured five sessions and assisted the students in their seminars
and presentations.
Assistant Editor of the Book The Security of Critical Infrastructures
As a scientific collaborator and researcher at the Military Academy of ETH Zurich, I assisted
the editor PD Dr. Marcus Matthias Keupp in the coordination and editing of the book
The Security of Critical Infrastructures, published by Springer in late 2019. In this respect,
various synergies were developed with the experts in the domain of CIP, which helped me
to shape the structure of my thesis.
Assistant Editor of the Book Defense Economics
Before assisting the coordination and editing of the the book The Security of Critical
Infrastructures, my efforts were directed also editing the book entitled Defense Economics
published by Springer in early 2019. The application of the capability theory in the defense
and security domains were developed in this book, which eventually helped me apply the
same theory to IS defense for CIP.
Bachelor Thesis Supervision
During the autumn semester of 2018 and the spring semester of 2019, I supervised the
bachelor’s thesis of Florain Mauri, a student at the Military Academy of ETH Zurich. His
bachelor’s thesis was methodologically related to the research project presented in Part II
of this manuscript.
Research subject– As part of its commitments/support to third parties, the Swiss Army
supports various events such as the 2016 Federal Wrestling Festival in Estavayer, the
LII

Patrouille des Glaciers and other events. In the context of such a service, the diversity of
costs, their extent and aggregation are only rarely identified and analyzed. Consequently,
there is a lack of overall vision, transparency, and clarity regarding the impact of such costs
on public finances.
These various costs are of a direct or indirect nature, borne by the Swiss Army and/or
generated by it and involving municipalities, cantons or other departments. These costs are
divided into different types: operational and/or logistical. They also involve Loss of Earnings
Insurance (APG/EO) and generate competition for local companies, thus causing them to
lose revenue (opportunity-cost). The wide range of costs of such a commitment/support
to third parties thus far exceeds the costs of the rehearsal courses and the company’s
accounting.
To our knowledge, a global vision of finance and a rigorous approach to cost accounting,
as well as a systematic review of the various costs generated by such commitments to/support
of third parties, have never been the subject of a scientific study. By studying the case of
the 2016 Federal Wrestling Festival in Estavayer, this bachelor’s thesis sheds light on the
opportunity-cost that such a commitment to/support of third parties generates for public
finances – at the three political levels: municipal, cantonal, federal.
Research question(s)– In order to investigate the research topic described above, it is
necessary to address the following question:
What is the aggregate cost – borne by public finances, and considered as a
opportunity-cost – of the commitment to/support of third parties that the Swiss
Army generated during the 2016 Federal Wrestling Festival in Estavayer?
From this main question flow the following underlying questions:
– What are the different costs generated by the commitment to/support of
third parties provided by the Swiss Army for the 2016 Federal Wrestling
Festival in Estavayer? And which public finance bodies are involved?
– What is the cost and opportunity borne by local companies as a result of
the fact that they are not used to provide the services as they are performed
by the engagement to/support of third parties offered by the Swiss Army?
– What is the cost and opportunity borne by companies that employ militiamen
absent during military service?
– By cascade effect, what is the opportunity-cost borne by the tax offices on
these first two opportunity costs (lack of tax revenue)?
– What is the opportunity-cost borne by the three political levels: communal,
cantonal, and federal?

4

Research Dissemination

During the last two years of my PhD research, I took the opportunity to disseminate
my research through diverse occasions: Three positions as an invited lecturer at Swiss
universities, two talks for practitioners, and six white papers gave me the occasion to spread
my research results among students and practitioners.

4.1

Invited Lecturer, Swiss Federal Institute of Technology (ETHZ)

During the autumn semester of 2018, I was invited as a lecturer for the lecture entitled
Defense Economics II, at ETH Zurich. This lecture is part of the bachelor degree in political
science and is a prerequisite for professional military officers of the Swiss Armed Forces.
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The theme of my lecture was entitled Geopolitics and Geoeconomics of Information
Systems. I analyzed central concepts related to the III rd and IV th industrial revolutions
such as its novel means of production, systemic risks, CIP, numerical sovereignty, numerical
hegemony strategies and the Power to Coerce (P2C). The focus was then put on how to
acquire and maintain political and/or economic power in the Information Age.

4.2

Invited Lecturer, University of Lausanne (UNIL)

During my assignment as a PhD assistant at the Department of Information Systems (HEC
Lausanne) in the autumn semester of 2017, I gave three lectures inspired by the academic
field of the Economics of Information Security. This lecture is part of the Master of Law in
Legal Issues, Crime and Security of Information Technologies.
My lecture was entitled What can Economics bring to the Security of Information
Systems. I analyzed the central concepts related to the alignment of incentives between
principals and agents, what is takes for designing efficient information systems under a
socio-technical perspective, and some aspects related to the numerical footprint and privacy
concerns.

4.3

Invited Lecturer, University of Geneva (UNIGE)

I was also invited as lecturer for the MAS Sécurité globale et résolution de conflits at the
Univesity of Geneva at three different occasions in 2018 and 2019.
My lecture was entitled Smart Power in the Information Age. Similarly to the lecture
I gave at ETH Zurich, I analyzed the central concepts related to the III rd and IV th
industrial revolutions, such as their novel means of production, systemic risks, CIP, numerical
sovereignty, numerical hegemony strategies and the Power to Coerce (P2C). The focus was,
however, put on what it takes for governments to apply economical, political and diplomatic
pressure in order to acquire and maintain political and/or economic power through smart
power methods related to the Information Age.

4.4

Invited Talks

During my four years as a PhD candidate, I was also invited to give a few talks related to
my research projects:
– On February 17, 2016, for the Höhere Stabsoffiziere (HSO) Seminar, gathering all
senior staff officers of the Swiss Armed Forces – in the rank of brigadier (one-star
general), major general (two-star general), or lieutenant general (three-star general)
–, held in Bern, Switzerland;
– On December 6, 2016, in French, for the Association suisse de la sécurité de
l’information (CLUSIS) held in Geneva, Switzerland;
– On December 13, 2016, for the 30th De Nouvelles Architectures pour les Communications (DNAC 2016) held at Télécom ParisTech, in Paris, France;
– On October 19, 2017, for the 1st Cyber-Security in Networking Conference (CSNet’17)
held in Rio de Janeiro, Brazil.
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4.5

Practitioners’ Magazines and Newspapers

During these four years, I also had the opportunity to write several vulgarized articles for
information professionals and security experts:
– Percia David, D. & Mermoud, A. (2016). La LRens, pour réduire le vide stratégique
numérique, in Le Temps (21.09.2016);
– Mermoud, A., & Percia David, D. (2016). L’intelligence économique : Du renseignement militaire au renseignement privé, in Revue Militaire Suisse (RMS+), No
4;
– Percia David, D. & Mermoud, A. (2016). L’attractivité du service militaire : garantie
d’un système sécuritaire efficace, in Revue Militaire Suisse (RMS+), No 6;
– Keupp M.M., Mermoud, A., & Percia David, D. (2017). Pour une approche économique
de la cybersécurité, in Military Power Revue, No 1;
– Keupp M.M., Mermoud, A., & Percia David, D. (2018). Teile und herrsche: Cybersicherheit durch Informationsaustausch, in Allgemeine Schweizerische Militärzeitschrift
(ASMZ), No 7;
– Keupp M.M., Percia David, D. & Mermoud, A. (2018). Teile und herrsche: Cybersicherheit durch Fusionszentren, in Allgemeine Schweizerische Militärzeitschrift
(ASMZ), No 13;
– Percia David, D., & Mermoud, A. (2018). La souveraineté du renseignement : un
besoin stratégique grandissant, in Revue Militaire Suisse (RMS+), No 6;
– Mermoud, A., & Percia David, D. (2018). Produire du renseignement grâce au partage
d’information, in Revue Militaire Suisse (RMS+), No 6;
– Percia David, D. & Mermoud, A. (2018). Les fusion centers: le renseignement sous
stéroïdes?, in Revue Militaire Suisse (RMS+), No 6.
– Percia David, D. & Mermoud, A. (2019). Canvas pour le développement d’une capacité
de cyberdéfense, in Revue Militaire Suisse (RMS+), No 6.
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