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Abstract
A new European Union regulatory framework for the telecom sector has been under 
a process of transposition to national laws by its member states that should have 
been completed by the end of 2020, notwithstanding some delays. A core purpose of 
the regulatory framework is to guarantee that most citizens will have access to very 
fast Internet connections, capable of 100 Mbps download link speed, regardless of 
where they live. According to this new framework, in areas where the market does 
not deliver, governments are to launch public tenders for the deployment, mainte-
nance, and operations of network infrastructure as well as services, and public 
funds should be used to support the deployment of these broadband networks in less 
densely populated areas. Needless to say, public tenders of this nature are subject 
to different criteria when it comes to candidate evaluation. In this paper, we present 
a decision model for the selection of operators to deploy and maintain broadband 
networks in scarcely populated areas, taking into consideration infrastructure costs, 
the technical quality offered by the solutions, and the credibility of the candidates. 
We suggest an integrated multi-stakeholder multi-criteria approach and demon-
strate how it can be used in this complex area and find that in the example provided, 
taking a relevant set of criteria into the analysis, optical fibre networks hold much 
higher chances to be used in these public tenders compared to networks based on the 
broadly favoured 5G technology.
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1  Introduction

Over the years, the European Union (EU) has addressed the equality of access to 
technological benefits among its citizens, where social welfare has been emphasised 
in the sense that no EU citizens should be left behind from a communications per-
spective. Previous regulatory frameworks granted citizens in unprofitable areas (typ-
ically rural) access to basic services in the framework of universal service obliga-
tions (e.g. narrowband Internet access and fixed telephone services) only. However, 
in 2016, the European Commission proposed a new regulatory framework for the tel-
ecom sector–the European Electronic Communications Code – which was adopted 
in late 2018 by the Council and the European Parliament and should have been 
transposed to national laws by the member states by December 21, 2020, at the lat-
est (by 2025, the Directive and universal service are to be evaluated and reviewed).1 
The objective is to guarantee that most citizens will have access to very fast Internet 
connections with a download capacity of 100 Mbps, regardless of where they live 
(European Parliament 2018). The EECC thus aims to reduce or eliminate the digi-
tal divide2 by setting in motion the European Commission’s (EC) ambitious goal of 
providing 100 Mbps broadband mass coverage also in areas or regions of the Union 
in which operators do not have commercial incentives for deploying networks capa-
ble of such a throughput. There will, therefore, be a governmental responsibility in 
cases where the market does not deliver to use public funds to support investment in 
these areas incentivising economic efficiency with the enforcement of a set of rules 
and policies. Governments can use financial instruments such as those available 
under the European Fund for Strategic Investments and Connecting Europe Facility, 
as well as public funding from the European structural and investment funds (recital 
229 of the EECC). Governments should use EU funding alongside national public 
budgets to fully fund the deployment of the infrastructure, even when the deploy-
ment begins before the end of 2025.

During this process, public decision-makers are expected to launch public tenders 
to select one network operator per region, which is then free to offer any technology 
as long as it is capable of delivering a 100 Mbps connection for that particular area 
or region. The subsidised monopolistic operator must operate under regulated tar-
iffs, or under tariffs agreed with the service providers, eventually defined by the gov-
ernment in case of lack of agreement. In this case, governments or regulators should 

1  Directive (EU) 2018/1972 of the European Parliament and of the Council, of 11 December 2018, 
establishing the European Electronic Communications Code, henceforth EECC.
2  The “digital divide” is a term used to describe the disparity between those who have Internet access 
and those who do not. Nowadays, communications in general, and Internet in particular, are very impor-
tant at a socio-economic level, particularly in education, government, health and business transactions 
and operations. Inaccessibility of fast Internet access can put a person or organisation at a disadvantage, 
since only those who have access to this can take benefit from it and the ones who do not benefit from 
it are in clear disadvantage when compared to the ones with swift access. This may cause repercussions 
such as less autonomy and sustainability in general, lower efficiency of institutions, or lower competitive-
ness of businesses.
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announce the regulatory rule to be used in the future to set the prices of access to the 
subsidised networks, cf. (Araújo et al. 2018b).3

Note that, despite the network costs being publicly subsidised, the optimal net-
work technology for the tender is not necessarily the least costly solution for the 
government. It also depends on the relevant concept of public interest that is formed 
during the decision-making process. For instance, if it is considered to be in the 
public interest that technology should be as “future-proof” as possible to avoid the 
hypothetical necessity of replacing recently built networks in the near future, the 
solution should have a quality criterion alongside a cost criterion. The credibility of 
the candidate might be assessed as well (this includes, for example, concerns regard-
ing the quality and track record of the candidate). There is also a strong case for a 
democratic approach to the issues discussed. There are information asymmetries and 
problems of collective action and the public decision-makers should follow a pro-
cess of negotiation with local interest groups, making it clear how their contributions 
would influence the decision (e.g. the weight given to the position of a given indus-
try might be proportional to its share of local employment). In any case, in the legal 
framework of EU telecom regulation participation of all stakeholders is required for 
most decisions involving electronic communications services. Any measures using 
state aid to promote broadband development in specific areas should be adequately 
publicised and the stakeholders invited to comment.4 In general, national authorities 
should ensure that interested parties are given the opportunity to comment on draft 
measures in electronic communications markets within a reasonable period, consid-
ering the complexity of the issues.5 Furthermore, a consultation mechanism involv-
ing consumers, manufacturers, and service providers should be implemented by 
national authorities to ensure that due consideration is given to consumer interests.6 
The objective is to try to ensure that the process of formation of the public interest 
should be reasonably transparent. That is why open decision models may contribute 
to the protection of public interest and to transparency in decision-making.

Since the European framework is not yet implemented, we have only included 
a fictitious example to demonstrate the model. Three main criteria are used in this 

3  Another option would be to use the prices of network access, to be charged to the service providers, 
as a decision variable in the process of selection of the operator. For instance, if the price was the only 
decision variable in the public tender, the winner would be the operator committing to charge a lower 
price. This process would avoid regulation, because the regulated price would be an outcome of the 
selection process. However, there are some well-known empirical problems in the implementation of this 
approach, in particular when there is some uncertainty about the scope of services to be provided over 
the years, and their respective prices, as well as about the proper ways of comparing prices if there are 
multiple services to be provided or in the case of multi-part tariffs and this option has been found to have 
some serious shortcomings (Viscusi et al. 2018). Because of this, price will not be considered a decision 
variable here, although the suggested approach could be extended to include prices as decision variables 
(which may be interesting if a decision maker has enough information to do it and the resources to moni-
tor the operators’ pricing policies).
4  Communication from the Commission EU Guidelines for the application of State aid rules in relation 
to the rapid deployment of broadband networks (2013/C 25/01).
5  Art. 23, EECC.
6  Art. 24, EECC.
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paper for the purpose of the simulations presented. Nevertheless, we argue for why 
these are natural to include in a basic document to be presented to the stakehold-
ers either early in the decision-making process or later in the design of draft deci-
sion documents subject to public consultations: net costs of the solution, technical 
quality of the solution, and credibility of the candidate, where each of these criteria 
might then have various sub-criteria. Thereafter, having selected the public interest 
criteria, in a process involving local interest groups, there should be negotiations 
with the potential service providers, which we formally account for by introducing 
a method from option theory to be able to balance the need for rapid development 
while still allowing for technical advances and actual testing.

In the next section, we provide the research context followed by some basic real 
options terminology in Sect. 3. Section 4 discusses the components involved in the 
multi-criteria decision-analytic model for evaluating the candidates and their rela-
tionships and the results are illustrated in Sect. 5. Finally, Sect. 6 provides conclud-
ing remarks and suggests some directions for future research.

2 � Research context

The problem in this paper is thus a multi-criteria problem involving stakeholders, 
potentially with conflicting objectives. Multi-criteria models have, not surprisingly, 
been applied to various aspects of telecommunication, cf. (Clímaco and Craveirinha 
2019). More particularly, there are some previous applications aimed at the deploy-
ment of telecommunications infrastructure in rural areas. AHP (the Analytical Hier-
archical Process), including its variant ANP (the Analytic Network Process), where 
hierarchies are replaced by networks enabling the modelling of feedback loops, is 
a popular method for decision analysis of rural telecommunications deployment. 
(Andrew et  al. 2005) proposed an AHP based method (Saaty 1980) for the selec-
tion of communication technologies for rural areas considering uncertainty to 
some extent. Likewise, AHP has been used in considering cost and network qual-
ity indicators (e.g. connection speed) by, e.g., (Sasidhar and Min 2005) and (Nepal 
2005). Applications of ANP can be found in (Gasiea et al. 2009, 2010). The AHP 
method has well-known problems with rank reversal (Bana e Costa and Vansnick 
2008; Dyer 1990; Belton and Gear 1983; Whitaker 2007). Theoretically, this can 
be avoided by including all possible technologies and criteria at the beginning of 
the AHP exercise, and not add or remove technologies. However, for our practical 
application, this is not feasible since the public tenders can start up to 2025 and by 
that time new technologies and alternatives can appear and thus, the decision model 
must be flexible enough to add or subtract technologies as time moves forward. In 
any case, as demonstrated in (Danielson and Ekenberg 2016), the CAR method that 
we use here should generally be a preferred option. There are also other pairwise 
comparison methods, such as MACBETH (Bana e Costa and Vansnick 1994), that 
express preference strengths on a semantic scale for value increments.

Except for the frequently used AHP (family), there is a manifold of possible can-
didates for procurement situations in the wide and ever-expanding field of MCDA/
MCDM, and we have benchmarked a number of them in, for instance, (Danielson 
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and Ekenberg 2014, 2015, 2016, 2017a, 2017b). Methods based on Multi-attribute 
Value Theory, MAVT, and Multi-attribute Utility Theory, MAUT, cf., e.g., (Keeney 
and Raiffa, 1976), are commonly used for a wide variety of applications. In these 
methods, the relative importance of each criterion is assessed as well as the value 
functions over the alternatives under the respective criteria, after which the over-
all values of the alternatives are calculated. There are also other, for our purpose, 
less suitable families of methods including outranking methods, of which the most 
widely used are ELECTRE (Roy 1996) and PROMETHEE (Brans et  al. 1986). 
There are further methods based on distances to ideal points, such as (Malczewski 
1999), and so on.7 In this paper, we need to combine quantitative and qualitative 
information for the evaluations under uncertainty, including interval estimates and 
relations within the same framework integrated with an option theory component, 
rendering the more classical methods not entirely suitable for our purpose. Inde-
pendent of the approach chosen, a problem is that complete information about the 
situation to be analysed is unavailable. Regarding the issue of representing this situ-
ation, there have been many suggestions on how to modify the strong requirements 
for decision-makers when it comes to the provision of precise information. Some 
approaches are based on capacities, sets of probability measures, upper and lower 
probabilities, interval probabilities (and utilities), evidence and possibility theo-
ries, as well as fuzzy measures (see, for example, (Danielson and Ekenberg 2007; 
Dubois 2010; Dutta 2018; Rohmer and Baudrit 2010; Shapiro and Koissi 2015)). 
Most of them are, however, more focused on representation than on the (potentially 
significant) computational aspects of evaluations. In the model proposed here, for 
the evaluation parts, we will use a MAVT-type suggestion from (Danielson et  al. 
2021), where we combine uncertain weights, probabilities, and values in an inte-
grated approach. By doing so, we can take all relevant criteria and alternatives as 
well as quantitative data and qualitative preferences into consideration, while still 
being able to model and analyse the uncertainties involved. The theory has been 
implemented in the software tool DecideIT which was specifically developed for 
analysing problems with underlying imprecise background information, cf. (Daniel-
son et al. 2019). We will also augment this method with a module for integrating 
real options as a conflict resolution instrument in the dialogues between service pro-
viders and the government.

3 � Real Options in Procurement

In many cases, large-scale procurements should include a negotiation component for 
making the process more flexible and efficient. In our case, we allow for this by 
including a possibility to delay the full-scale implementation. In particular, since the 
abstaining possibility exists for the bidding Internet providers, an option theoretical 
analysis could therefore be a part of the input for the governments for estimating the 

7  See, for instance, (Riabacke et al. 2012) for a more thorough discussion of a variety of MCDM meth-
ods and their respective advantages and shortcomings.
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rationales behind a suggested solution as well as the plausibility that the suggested 
solution will finally be realised. From the government perspective, the commence-
ment of commercial operations, as well as the possibilities to realise the project, 
should be important criteria. A pure discounted cash flow analysis from a potential 
provider would have a serious flaw in that the investment projects would be assumed 
to be riskless. To avoid neglecting the project risks in the bids, a requirement of an 
account of the bidders’ background financial analysis is suggested.

To attract a larger pool of candidates in a public tender and increase the possibil-
ity of an efficient solution, the government could offer the bidders an option to defer 
the investment decision for a period of time for a fee, i.e. a possibility of waiting for 
up to one year to decide whether to start the project. This introduces a challenge-
driven component in the procurement process, in which the bidders can purchase 
the right to look for another solution that fits the tender call even better (and thus 
delivers an overall more suitable solution). For the candidate, one reason for waiting 
might, for instance, be that they believe that OPEX and CAPEX costs are going to 
decrease in the near future, which will allow them to have higher returns in a shorter 
time if they delay the start of the project.8 Nevertheless, the government’s interest is 
still that the project starts as soon as possible meaning that for two competing candi-
dates in the public tender, the one who starts commercial operations at the first pos-
sible instance has a better value under this sub-criterion. Another factor is to stipu-
late the fee that should be paid for this option. Here, a theory of real options could 
be a component.

A real option is the right, but not the obligation, to take action concerning an 
investment project (e.g., deferring, expanding, contracting, or abandoning) at a 
predetermined cost, for a predetermined period of time (Copeland and Antikarov 
2003). It can be seen as a generalisation of a financial call option, in which the 
option holder has a choice between making an investment upfront (time t0) or gather 
more information while deferring the investment until a time t1 in the future where 
more information is available and thus some of the uncertainties connected to the 
investment have been reduced or eliminated. Since the call option (and all of options 
theory) originates from financial options markets, the mapping of preconditions can 
be more or less complicated. While some researchers have mapped the value of a 
real option onto financial options theory (i.e. contingent claims analysis, see, e.g., 
(Trigeorgis 1993)), others have made a case for using decision analysis when the 
mapping is rough to the point of obfuscating the original preconditions for the solu-
tion to the option pricing problem. In our case of telecommunications investment 
projects, there are quite a few assumptions of the financial option that render an 
option analytic approach problematic, not least the fact that many of the parameters 
are hard to determine with accuracy and that the underlying assumption of a random 

8  There is a balance to be stricken between the government’s desire to have operational networks and 
the operators’ desire to have more information on rural areas prior to committing. The investment costs 
could go down and the behaviours of rural customers could be probed. A reasonable compromise, which 
does not infer substantially with either intentions or calculations, is to allow decision deferment for up to 
one year from the stipulated desired stating date.
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process is hard to justify. Researchers such as (Smith and Nau 1995) argue for the 
use of probabilistic decision analysis wherein a real option can be valued in cases 
where the generalisation and mapping become complicated.

The options analysis can be used either by the government to set a price for the 
call option, or by a bidding company as an instrument to assess whether they should 
buy the option. Whether the company buys the option is given a weight in the deci-
sion model. This will be further discussed in the next section. Since the option by 
itself can leave the government without a supplier if the option holder decides not 
to start the project, this factor must be offset. Thus, for each rural area contract, an 
option will only be issued if there is a second bidder (that placed slightly lower in 
the assessment procedure) that is willing to build the network (fulfil the contract) at 
that later time, should the situation occur. This second party will then, as an incen-
tive to enter into this backup agreement, be awarded the fee paid by the first contrac-
tor for its option.9

4 � The Evaluation Process, Model, and Criteria Structure

We will now discuss the decision structure and suggest how to assign weights to 
some relevant criteria as well as how to evaluate potential candidate infrastructure 
providers under the criteria. Thereafter, we evaluate the entire decision problem.

Figure 1 shows the overall structure of the decision problem that we are consider-
ing, modelled in a criteria hierarchy including the main criteria and the sub-criteria 
of relevance. The service providers are evaluated under each of the sub-criteria, 
and thereafter the entire governmental decision problem is evaluated. The details 
regarding the criteria assessments and the valuation of the providers will be further 
explained in the forthcoming sections.

Note that Fig. 1 – with only these three criteria – is merely illustrative. As stated 
in Sect. 1, an a priori negotiation process with local interest groups takes place with 
the purpose of i) defining additional criteria (and possibly sub-criteria) and ii) define 
the importance rank of each criterion. As an example, one of these interest groups 
could be the local municipality and they might suggest adding a sub-criterion called 
Jobs to the Delivery criterion. This Jobs sub-criterion would have a certain value 
assigned to it that would vary according to the number of permanent jobs that the 
network solution from the candidate would bring to the local county. The rank of 

9  This can, of course, be viewed as the second bidder issuing a put option to the government, allow-
ing the government the right but not the obligation to start the project with this second bidder within 
a year. The fee that the government pays for acquiring this put option is in this framework equal to the 
fee paid by the winning contractor. Thus, the fee is not a source of income for the government but rather 
an instrument to facilitate a procurement mechanism. It is outside the scope of the article to analyse the 
theoretical value of this put option. The aim is instead to introduce and demonstrate the use of options as 
a tool for a challenge-driven procurement process, in which bidders are encouraged to find even better 
solutions for a shorter time period after having been awarded the contract to establish the network in a 
certain area.
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this sub-criterion (comparatively to the Time, Tech, and Finance sub-criteria) would 
be assigned through a group negotiation process.

4.1 � Process

A multi-stakeholder decision is generally complicated to manage in a purely formal 
way and eliciting stakeholder values is likewise filled with complications, not least 
when it comes to more technically elaborated issues. A more inclusive step-by-step 
description of the overall procedure can be briefly described as:

1.	 Determine the adequate group of stakeholders in the decision process;
2.	 Provide an overview of the situation, identifying options for relevant criteria and 

sub-criteria for the stakeholders;
3.	 Discuss the criteria and sub-criteria with the stakeholders in various formats 

(questionnaires, interviews, workshops, etc.);
4.	 Collection of stakeholder feedback on criteria and sub-criteria.
5.	 Having defined criteria and sub-criteria discuss the ranking of each criterion and 

sub-criterion with stakeholders.
6.	 Collection of stakeholder feedback on the rankings.
7.	 Rank the criteria and sub-criteria.
8.	 Valuation of providers under the respective criteria, i.e.,

a.	 Estimate deployment costs for each applicable technology;
b.	 Obtain the key performance indicators of each technology, e.g., speed, 

latency, jitter, and packet loss, and define value functions.
9.	 Calculate the overall values based on the criteria and sub-criteria weights and 

values.

Steps 1 to 7 correspond to the definition of the relevant concept of public interest 
to be pursued in a project. They set constraints on public decision makers’ discretion 
on the definition of the public interest.10 The objective is to make sure that the public 
interest is captured from an aggregation of stakeholders’ preferences on criteria and 
weights. A well-known problem in this process is to define the aggregation method.

For instance, a democratic approach, meaning citizens’ voting on criteria and 
rankings, would probably have serious shortcomings related to the lack of voters’ 
information (public sessions to inform citizens about technology are not likely to 
attract widespread participation) and to the design of the voters’ options. Another 
idea would be to follow a utilitarian approach and select criteria and rankings based 

10  Defining the public interest involves well-known problems and there are several imperfections in pub-
lic decision-making processes (Weimer and Vining 2011). Public decision makers thus may have sub-
stantial discretion on the elicitation of the public interest and on the final outcomes. The intention with 
regulation practices, involving extensive consultation with stakeholders, should be to limit discretions 
and increase the chances that the interests of the stakeholders are considered.
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on the willingness to pay by residential and business consumers. This might pos-
sibly be in the spirit of the EECC if we read it as implying that lack of universal 
access is a market failure. Calculation of the willingness to pay might be feasible 
using discrete choice experiments (McFadden 2015). However, the outcome might 
be jeopardised again by residential and business users’ imperfect information on the 
services to be provided. The eventual need to adjust the estimated willingness to 
pay to the impact of the income distribution would add a layer of public decision 
maker’s discretion to the final decision.

A third approach might be to understand this as a problem of negotiation between 
different interest groups and undertake substantive consultations with these inter-
est groups. The basic point here would be to ensure that the problems of collective 
action are solved for all interest groups and to engage them in the process. This is 
usually associated with “good” regulation (Baldwin et al. 2012). The focus of the 
public decision-makers is on the participation of all stakeholders and not on the final 
outcomes – these are endogenous to the regulatory process. An identification of all 
interest groups and of the weights to be given to their preferences in the final deci-
sion is required. This approach is consistent with public interest theories of regu-
lation based on a procedural political approach. The objective is to ensure that a 
dialogue takes place between different stakeholders about the desirability of a given 
outcome (Prosser 1989; Morgan and Yeung 2007).

The method we suggest supports the various phases of this process, but the focus 
in this paper is on the negotiation process between the service providers and the 
authorities responsible for the selection by introducing an option theory model in a 
multi-criteria framework. Conflicts of a fundamental nature will, in this case, possi-
bly appear between the providers and the authorities and if so, the option instrument 

Fig. 1   The overall multi-criteria decision structure
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can be used to trade off some disagreements. A general process for the actual 
stakeholder consultation part in an interactive format has been employed in, e.g., 
(Komendantova et  al. 2018) which turned out to be quite useful to focus the dis-
cussion, not the least regarding contested issues. Furthermore, the use of deliberate 
imprecision in the form of intervals provides a possibility to model preference sets. 
The model suggested in this paper is complementary to the general process sug-
gested there.

For qualitative assessments, we will use rankings and utilise the CAR method for 
providing surrogate weights and values. The latter is discussed and benchmarked 
against other candidates in (Danielson and Ekenberg 2016), where it was found to be 
more versatile than other candidates. Assuming an ordering of N criteria, we use > i 
to express the strength in the rankings between criteria and measures, where > 0 is 
the usual ordinal ranking > . For instance, in a criteria ranking, we get a user-defined 
ordering w1>i1

w2>i2
…>in−1

wn . This is transformed into an ordering containing the 
symbols = and > by introducing auxiliary variables x(ki):

This defines a new Euclidian space defined by the simplexes constrained by 
the new orderings and we obtain a computationally meaningful representation of 
the strengths. Now the number transformation of the criteria ranking is given by 
assigning a number to each position in the complete ordering, starting with the 
most important position as number 1. Each criterion i then get the position p(i) ϵ 
{1,…,Q}, where Q is the total number of positions. For every two adjacent cri-
teria ci and ci+1, whenever ci>si

ci+1 , where si =| p(i + 1) – p(i) |. Position p(i) thus 
represents the relative criteria importance from the stakeholder consultation pro-
cess. The weights are then obtained by

The transformation of the mitigation value orderings is analogous. In sum-
mary, the process is then simple:

1.	 For each criterion in turn, rank the alternatives from the worst to the best outcome. 
The strength is expressed in the notation with ‘ > i’ symbols.

2.	 For each criterion in turn, rank the importance of the criteria from the least to the 
most important. The strength is expressed in the notation with ‘ > i’ symbols.

wk >0 wk+1iswa = wb

wk >1 wk+1iswa > wb

wk >2 wk+1iswk > xk(1) > wk+1

wk >i wk+1iswk > xk(1) > … > xk(i−1) > wk+1

(1)wCSR
i

=

1∕p(i) +
Q+1−p(i)

Q

∑N

j=1

�

1∕p(j) +
Q+1−p(j)

Q

�
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3.	 The weighted overall value is calculated by multiplying the centroid of the weight 
simplex with the centroid of the alternative value simplex.

Thus, the transformation of the rankings does not introduce and computational 
difficulties. In this model, the winner of the tender is the candidate i who scores 
the highest value according to the formula

where wj is the weight of criterion j and wjk and vijk are respectively the weights and 
normalised values of the sub-criterion k to criterion j for a particular candidate i.11

The actual evaluation in DecideIT is computationally demanding. We allow 
statements where the weights and values are represented using interval variables 
in order to consider the inherent uncertainties. The general expected value can 
then be expressed as (2) above, given the distributions over the variables, i.e. cri-
teria weights and alternative values.

To evaluate this, we use methods from (Danielson et  al. 2020), taking into 
account that there are only two evaluation operators of relevance, multiplication and 
addition. The addition case is covered by ordinary convolution, i.e. assume that h is 
the distribution over a sum z = x + y associated with the distributions f(x) and g(y). 
Then the resulting distribution h(z) is

The multiplication case is quite similarly handled. With the same assumptions as 
above, the cumulative multiplied distribution h(z) is derived by first defining

where G is a primitive function to g, Γz = {(x,y) | x∙y ≤ z}, and 0 ≤ z ≤ 1. Then let h(z) 
be the corresponding density function:

Thus, the addition of the products is the standard convolution of two densities 
and the multiplication part is handled by a slightly more computationally compli-
cated operation. Combining these two operations, we straightforwardly obtain the 
distribution over the expected utility.

The results of the process will be a detailed analysis of each option’s performance 
compared with the others, and a sensitivity analysis to assess the robustness of the 

(2)Vi =
∑

j

wj

∑

k

wjkvijk

(3)h(z) =
d

dz

z∫
0

f (x)g(z − x)dx

(4)H(z) = ∬
Γx

f (x)g(y)dxdy =
1∫
0

z∕x∫
0

f (x)g(y)dxdy =
1∫
z

f (x)G(z∕x)dx

(5)h(z) =
d

dz

1∫
z

f (x)G(z∕x)dx =
1∫
z

f (x)g(z∕x)

x
dx

11  It is worth noting that (2) is based on (1), but it is not true that (1) is always used for normalisation.



398	 M. Araújo et al.

1 3

result. During the process, the entire range of alternatives across all criteria can be 
analysed as well as how plausible it is that a provider would outrank the remaining 
ones, and thus provide a robustness measure for the stability of the respective strate-
gies. This will be demonstrated later and a detailed explanation of the method is 
provided in (Danielson et al. 2020).

4.2 � Main Criteria

According to, e.g., (Handfield et al. 2009), three obvious criteria are commonly used 
to evaluate candidates in a public tender, viz. the cost (or price), the quality, and the 
delivery. (Choi and Hartley 1996) performed a study in which they reached the same 
conclusion. (Chen 2011; Tahriri et al. 2008; Min 2003) have performed studies in 
which they broke down a criterion into smaller sub-criteria and ranked them. They 
noted also that quality criteria generally outrank delivery criteria. Following these 
findings, we will use the main criteria Costs, Quality, and Delivery below and make 
an overall assumption that wcosts > wquality > wdelivery.12 We will discuss the respective 
criteria and their sub-criteria in more detail below.

We thus have three ranked main criteria, Costs, Quality, and Delivery, where 
the Quality criterion has four sub-criteria and the Delivery criterion has three 
sub-criteria.

4.3 � Delivery

The studies of Chen (2011), Tahriri et al. (2008) and  Min (2003) identified some 
criteria (and sub-criteria) that compose the delivery criteria of the candidate. These 
can be very broad and include items such as “managerial organisation”,“discipline
”,“communication system”,“warranty”, etc. The three studies have in common the 
criteria "time delivery”,“technical capability”, and “financial situation”, which they 
rank accordingly:

•	 Time delivery > Technical capability > Financial situation (Chen 2011)
•	 Time delivery > Financial situation > Technical capability (Tahriri et al. 2008)
•	 Time delivery > Technical capability > Financial situation (Min 2003)

Analysing these studies, “time delivery” is always the most important and “tech-
nical capability” is second most of the time (but not always). This results in the fol-
lowing ranking (1 is better, 4 is worst in terms of importance):

Using Eq. (1) it is possible to estimate their weights because, from the data pre-
sent in Table 1, we know that N = 3, Q = 4, p(time delivery) = 1, p(technical capabil-
ity) = 3, and p(financial situation) = 4. This yields the following weights:

12  This is actually a significant dilemma in procurement processes since the weights must be indicated 
already during the tender call, making a fair scale calibration virtually impossible. This issue is further 
discussed in (Danielson et al. 2019).
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4.3.1 � Financial situation

We rate the candidates according to their S&P rating (S&P 2009) under the finan-
cial situation criterion.

If a candidate has chosen to not be rated by a rating agency, it should esti-
mate and supply a synthetic rating when bidding in the public tender, cf., e.g., 
(DePamphilis 2019). It furthermore seems reasonable to exclude candidates that 
do not fall within the “investment grade” category (rating BBB– or higher) from 
the public tender. In terms of values, we know that (using S&P rating nomencla-
ture): VAAA > VAA +  > … > VBBB–

So, if we were to rank these weights in order of importance (1 is better, 10 is 
worst):

The cardinal ranking (CAR method) is normalised to a proportional [0,  1] 
value scale according to the following equation (Fasth et al. 2018):

where vj is the value of criterion j associated with the position p(i) ϵ {1,…,Q}, 
where Q is the total number of positions. For example, if the candidate has rating 
AA–, the value v is (10 – 4) / (10 – 1) = 2/3.

4.3.2 � Time Delivery

Recall that the candidate has the possibility of purchasing an option, correspond-
ing to the possibility to wait up to one year before deciding to invest. Since the 
government’s best interest is that the candidate starts and finishes the project as 
soon as possible, it is reasonable to assume that the government is to rank higher 
a candidate that chooses to not buy this option over one who does:

4.3.3 � Technical Capability

The technical capability of the candidate refers to its competence to successfully 
execute the project from an engineering point of view. This can be assessed in 
terms of the candidate’s past experiences:

A.	 The candidate has practical field experience, in the deployment of the exact net-
work technology it proposed in its public tender bid (e.g. the candidate is apply-
ing for 5G deployment and it has practical experience in the deployment of 5G 
networks)

B.	 The candidate has practical field experience, in the deployment of a similar net-
work technology it proposed in its public tender bid (e.g. the candidate is apply-
ing for 5G deployment and it has practical experience in the deployment of 4G 
networks, but not in 5G)

(6)vj =
Q − p(j)

Q − 1
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C.	 The candidate has practical commercial experience regarding service provisioning 
and operations in the exact network technology it proposed in its public tender;

D.	 The candidate has practical commercial experience regarding service provisioning 
and operations in a similar network technology it proposed in its public tender;

A and B are mutually exclusive. Likewise, C and D are also mutually exclusive. 
Ranking them, we obtain:(Tables 2, 3, 4, 5, 6).

4.4 � Quality

The quality criterion should act as an indicator of how “future proof” a technol-
ogy is. In telecommunications, we can see this as an aggregation of several quality-
of-service (QoS) indicators. The ITU-T G.1011 and ITU-T E.800 recommendations 
(ITU 2017) refer to four important KPIs13 (key performance indicators) for the QoS 
– data transmission speed, latency, jitter, and packet loss – and their relative impor-
tance in the range from one (very relevant) to four (less relevant) regarding six appli-
cation types, see Table 7.

Considering this table, e.g. ‘web browsing’, we have that data transmission speed 
is equally important as packet loss, but more important than latency. And latency in 
turn is more important than jitter.

Considering that our input data are already in the form of a ranking, we estimate 
the weights using the CAR – CArdinal Ranking – methodology from (1):

From Table 8, we can derive the weight of each KPI, see Table 9 from (Schulze 
and Mochalski 2009).

Table 10 shows the overall weights of the sub-criteria, derived from Table 8 and 
Table 9 (e.g. for data tr. speed, 0.369 = 0.329 × 25.83% + … + 0.137 × 0.58%).

Thus, we have identified our four sub-criteria and their respective weights. Now 
we need to estimate their values for technologies capable of delivering a steady 
100 Mbps connection. The currently feasible technologies were officially identified 
by (EU Commission 2013) as being optical fibre directly to the end-user’s home 
(FTTH), optical fibre to a cabinet followed by DSL (copper telephone lines) from 
the cabinet to the end-user’s home (FTTC), and mobile 5G. From (EU Commis-
sion 2012) we can obtain the mean values of DSL/FTTC. From (Ofcom 2017) we 
obtain the mean values of FTTH, and from the 3GPP technical note TS22.261 the 
5G requirements. These are shown in Table 11.

Table 1   Ranking scale for the 
delivery criterion

Time delivery Technical capability Financial situation

1 3 4

13  Latency refers to the delay of the transmission signal and jitter to the variation of that delay. Packet 
loss is the percentage of data transmission packets that do not reach their final destination for some rea-
son.
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The scale calibration is a significant problem as discussed thoroughly in (Daniel-
son et al. 2019), but to go into the details regarding this and suitable elicitation meth-
ods is beyond the scope of this article. Keeping this in mind, we will use a simplified 
method-based normalisation, of which there exist several candidates, cf. (Jahan et al. 
2016). More precisely, by using Eq. (7) below, in the event that the highest value is 
the best one (for example, in the data transmission speed, the highest value is the 
best value) and by Eq. (8), in the event that the lowest value is the best value (for 
example, in latency, where the lowest value naturally is the best one).14

The normalisation is thus split into two kinds: “the best value is the highest” 
is used for data transmission speed; and “the best value is the lowest” is used for 
latency, jitter, and packet loss. xij represents the value x (before normalisation) of cri-
terion j of alternative i. For example, for j = jitter and i = 5G, we have from Table 11 
that xij = 1 μs. Finally, rij represents the normalised value of xij. Table 12 illustrates 
the data from Table 11 after being normalised.

Note that data transmission speed has the same normalised value for all three 
technologies. The rationale for including this sub-criterion in the model is that 
expectations may change in the future. For example, a particular government can 
change the rules of the procurement process and postulate “a connection of at least 
100 Mbps” instead of “a connection of 100 Mbps”. If so, a candidate could propose 
an FTTH solution of 200 Mbps instead that would put it in an advantageous position 
against an FTTC candidate that can only supply 100 Mbps. So, by including this 
sub-criterion, and despite that this part of the assessment is the same for all candi-
dates, the model can easily be adjusted.15

4.5 � Cost

The cost for the government is how much they must subsidise (above the EU fund 
which is an EU resource). According to the EU bureau of statistics,16 we know that:

(7)
rij =

xij
�

∑m

i=1
x2
ij

(8)
rij = 1 −

xij
�

∑m

i=1
x2
ij

15  In the evaluation of the example in Sect. 5, this criterion is given zero weight since the values are the 
same. But in another calculation with different values, the criterion’s weight would remain unchanged.
16  https://​ec.​europa.​eu/​euros​tat/

14  This strategy is motivated by (Chakraborty and Yeh, 2009) that demonstrates them to perform better 
than several others in terms of sensitivity and consistency index, particularly against normalisation tech-
niques that yield 0 or 1 values such as the max–min normalisation technique. For example, this would 
imply a zero in the FTTH jitter value, despite that this jitter is only 1 ms more than FTTC which is basi-
cally negligible from a telecommunications engineering perspective.

https://ec.europa.eu/eurostat/
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•	 During the period 2014‒2020, the rural broadband funding was six billion euros 
(6×109).

•	 Only 16% of the households in rural EU have access to a 100 Mbps connection.
•	 The EU has 466 million inhabitants, of which 28% live in rural areas.

The funding is expected to be roughly the same amount for the next funding 
period, so given the above, this yields an average funding of 126€ per house from 
the EU fund.17 Thus, the cost for the government is the difference between the actual 
infrastructure deployment price and this EU fund. For the sake of simplicity, we will 
assume that the funding is the same, no matter which technology is chosen.

As we mentioned above, we will furthermore assume that in order to attract a 
larger pool of candidates in the public tender, the government could, for a fee, pro-
vide a possibility of waiting for up to a year to decide on starting the project. Thus, 
the government may also receive an optional fee, F, for something analogous to a 
call option, where we assume that the fee the government will charge equals the 
option valuation. One of the most well-known methods for estimating the value of 
an option is the binomial model (Cox et al. 1979), which is the same as the DecideIT 
tool uses18:

Take the three circles in Fig. 2 as an illustrative example of how the tool esti-
mates the value of the option. The red circle shows the value that the project would 
have if it were to increase in value every two months for a total of one year (i.e. 
12 months in total). The same goes for the brown circle, except only for 10 months. 
The purple circle shows the value that the project would have if it were to increase 
in value for the first ten consecutive months and then decrease in value in the last 
two months of the one-year period. As already mentioned, DecideIT is based on the 
binomial model of (Cox et al. 1979) in which u is a number greater than 1 reflecting 
a proportional increase in the project value given a certain investment risk σ, and d 
is a number smaller than 1 reflecting a proportional decrease, given by:

u = e�
√

Δt

Table 2   Weights of the delivery 
sub-criteria

Time delivery Technical capability Financial situation

0.60 0.25 0.15

17  Assuming that a network capable of providing a 100 Mbps broadband connection is passed in 100% 
of the houses in currently underserved areas of the EU (because the EU commission clearly states that 
the objective is to have 100% of the houses covered by 2025); otherwise it would be necessary to estab-
lish an upper limit to the EU funding, equal to the deployment cost (because the funding must not exceed 
the costs) times the maximum percentage that EU typically allocates to a project of this nature.
18  We enter the following values into DecideIT, for demonstration purposes of this figure: an NPV (Net 
Present Value) of 368∈ (per house), alongside with a risk-free of r = 2.77% and a project risk value of 
σ = 6.43%. As previously explained, the option is valid for one year, thus M = 1 (i.e. 12 months). We have 
furthermore used a time-step of n = ∈ (evaluation every two months) which results in Δt = 1/6.
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where Δt is the time-step interval of the analysis for a total of n time increments 
until the option maturity M. Take for example the purple circle, where a project 
risk of σ = 6.43% and an NPV (Net Present Value) of 368  (per house) are assumed 
(the risk can be estimated using e.g. a Monte Carlo simulation, c.f. (Araújo et  al. 
2019a)). Its value is simply NPV × u4 × d1 = 368 × exp(6.43% × √1/6)4 × exp(–6.43
% × √1/6)1 = 430.8 (this is the value that DecideIT shows in dark blue inside the 
purple circle). The light blue/green value inside the purple circle (62.77ϵ) is equal to 
max (0; 430.8 – NPV) = max (0; 430.8 – 368) = 62.77.

The procedure to calculate the values in dark blue colour in the various branches 
of the tree is always the same, but for the light blue/green values of the tree, this 
procedure only works for the last column of the tree. Take, for example, the brown 
circle: NPV × u4 = 419.6€, which is the same value as shown in dark blue colour 
inside the brown circle; and 419.6 – NPV = 51.6, which is different from the light 
blue/green value of 53.31€ inside the brown circle.

To complete the tree, in the first step we first calculate all the dark blue values 
for the whole tree. In the second step, we calculate the light blue/green values only 
for the last column. And then, in the third and final step, we work backward. Let p 
be the probability of an upward movement on the project value. From the binomial 
model of (Cox et al. 1979), we have

where r is the risk-free rate (for example, a 10-year German treasury bond). The 
option value of a tree node at position i is

where j is the option value of the node in the next upward position and k is the 
option value of the node in the next downward position. Take the brown circle as an 
example: the next upward position is the red circle (whose light blue/green value is 
62.77€) and the next downward position is the purple circle (whose light blue/green 
value is 40.74€). Thus:

Proceed to do this for every node backward until the light blue/green value in the 
NPV node (i.e., the first node) is obtained. This will be the value of the option. In 
Figure 2 we can see that the option is valued at 14.78€ (per house/installation).

d = 1∕u

(9)Δt =
M

n

(10)p =
erΔt − d

u − d

(11)i =
jp − k(1 − p)

erΔt

i =
jp − k(1 − p)

erΔt
=

62.77p + 40.74(1 − p)

erΔt
= 53.31
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Table 4   Ranking scale of the 
financial situation sub-criterion

S&P Moody’s Ranking

AAA​ Aaa 1
AA +  Aa1 2
AA Aa2 3
AA– Aa3 4
A +  A1 5
A A2 6
A– A3 7
BBB +  Baa1 8
BBB Baa2 9
BBB– Baa3 10

Table 5   Ranking scale of the 
time delivery sub-criterion

Condition fulfilled Ranking

The candidate starts the project immediately 1
The candidate wishes to wait up to a year to probe future 

technology and market conditions before deciding to 
start the project

2

Table 6   Ranking scale of the 
technical capability sub-
criterion

Condition fulfilled Ranking

Candidate fulfils A and C 1
Candidate fulfils A and D 2
Candidate fulfils B and C 2
Candidate fulfils B and D 3
Candidate fulfils only A 3
Candidate fulfils only C 3
Candidate fulfils only B 4
Candidate fulfils only D 4

Table 7   Application ranking per 
criteria type

Application type Data tr. speed Latency Jitter Packet loss

Web browsing 1 2 3 1
Downloading files 1 3 4 1
Transactions 4 2 4 1
Streaming media 1 3 4 3
VoIP 3 1 1 3
Gaming 3 1 2 1
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Table 8   Sub-criteria weights per 
application type

Application type Data tr. speed Latency Jitter Packet loss

Web browsing 0.329 0.205 0.137 0.329
Downloading files 0.375 0.156 0.094 0.375
Transactions 0.118 0.294 0.118 0.470
Streaming media 0.480 0.200 0.120 0.200
VoIP 0.147 0.353 0.353 0.147
Gaming 0.137 0.329 0.205 0.329

Table 9   Application type 
proportion in Europe

Application type The class 
proportion in 
Europe

Web browsing 25.83%
Downloading files 60.39%
Transactions 0.10%
Streaming media 11.25%
VoIP 1.85%
Gaming 0.58%

Table 10   Weight per sub-
criterion within the quality 
criterion

Data tr. speed Latency Jitter Packet loss

0.369 0.178 0.114 0.339

Table 11   Values before 
normalisation for the Quality 
criterion

Data tr. speed Latency Jitter Packet loss

FTTC​ 100 Mbps 40 ms 1 ms 7∙10–3

FTTH 100 Mbps 15 ms 2 ms 3∙10–3

5G 100 Mbps 1 ms 1 μs 10–5

Table 12   Values after 
normalisation for quality 
criterion

Data tr. speed Latency Jitter Packet loss

FTTC​ 0.577 0.317 0.592 0.323
FTTH 0.577 0.744 0.184 0.710
5G 0.577 0.983 0.999 0.999
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4.5.1 � 5G infrastructure Deployment Costs

In a 5G access network, a significant cost is the number of required base stations. 
Let the intended coverage region have a total of H houses dispersed within an area 
of A m2. If each base station offers a connection with throughput equal to T Mbps, 
then the maximum distance d that the signal can travel in meters is the largest value 
of d that satisfies19:

Then, to provide 5G coverage a region with an area of A m2, a total of B base sta-
tions will be required:

(12)
270A log2

(

10[8.15−2.31 log10 (d)]
)

2.6HT
≥ 2.6

H

A
d2

0 < d < 1800

(13)B =
A

2.6d2

Fig. 2   Real options valuation

19  For more details regarding the cost formulas, see (Araújo 2020; Araújo et  al. 2018a; Araújo et  al. 
2019b).
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The (EU Commission 2017) estimates that each 5G base station will cost around 
40.000€ in rural areas.

4.5.2 � Optical Fibre Infrastructure Deployment Costs

Two optical fibre-based solutions are available. FTTH (Fibre-to-the-Home) is a pure 
optical fibre-based solution. The second solution, FTTC (Fibre-to-the-Cabinet), is 
one where there are optical fibre links between the central office and the street cabi-
nets. From the street cabinet towards the subscribers’ homes, the cables are of the 
old copper type:

Let the intended coverage region have a total of H houses dispersed within an 
area of A m2. If each house link offers a connection with throughput equal to T 
Mbps, then the network’s infrastructure cost is given by (14) for the FTTH scenario:

And by (15) for the FTTC scenario:

where F represents the fibre feeder capacity (a typical value would be e.g. 10 Gbps). 
The network equipment costs are provided by (Wang et al. 2017) and illustrated in 
Table 13:

For example, for FTTH, using (14) with H = 10 × 103, T = 75 (mean simultaneous 
broadband usage of 75% total capacity) and A = 25 × 106, yields a deployment cost 
of 430€ per house (Tables 14, 15, 16).

A simulation using these equations, for an area of 25 km2 with 10,000 houses, 
yields the following deployment costs per house: 362€ for FTTC, 430€ for FTTH, 
and 1148€ for 5G. Thus, assuming the average funding of 126€ per house as estab-
lished at the beginning of this section:

And after applying the normalisation formula (lower cost entails a higher value 
for the government):

4.6 � Summary of Weights and Values

We can now evaluate the entire decision situation based on the sub-evaluations 
above. As mentioned earlier, we will assume that wcosts > wquality > wdelivery. By (1) we 
then get:

And including all the sub-criteria:

(14)HT

F
O +

H

64
S +

(

4HT

F
+ 3

)

√

FA

2.6HT
L

(15)HT

10000
(C + O) +

√

45AHT

130000
L
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Since the values of all alternatives under the sub-criterion Data transmission 
speed are equal in this example, that sub-criterion has its weight modified to zero 
and the other sub-criteria under the Quality criterion are modified accordingly. This 
leads to Table 17 being modified into Table 18 for this particular example.

The values under the costs and quality criteria are technology dependent 
(Table 19):

5 � Results

Using the decision analysis tool DecideIT, we evaluated 24 synthetic contenders 
(bidders) in a tender with the following characteristics (Table 20) as an illustrative 
example of the methodology.20 Note that (2) is applied to the sub-criteria time deliv-
ery, technical capability, and financial situation respectively.

Take, for example, candidate T which has an overall value of

The weights are summarised in Table  18 and the values are summarised in 
Table 19, except for the delivery criterion and its sub-criteria. For these, we apply 
Eq. (2) to Tables 4–6 to obtain the overall values. Thus, the value of candidate T is:

Taking all this together, the overall results are shown in Fig. 3. The higher the bar 
is for a candidate, the better it is from the government perspective (less government 
funding), given the background information. The robustness of the results is colour-
marked, where a green square means that there is a significant difference between 
the bidders (contenders) and that there must occur substantial input changes before 
the ranking changes (Fig. 4).21

In the presentation above, it is worth noting that for options with high-cost 
weights, the low normalised value of the 5G option (Table 15) practically eliminates 
the A-H candidates. We have used a precise representation for demonstrational pur-
poses. In an actual situation, the scenario is far from that clear-cut. This is, however, 

VT = wcostsv
T
costs

+wquality

(

wspeedv
T
speed

+ wlatencyv
T
latency

+ wjitterv
T
jitter

+ wp.lossv
T
p.loss

)

+wdelivery

(

wtimev
T
time

+ wtechv
T
tech

+ wfinancev
T
finance

)

V
T
= 0.522 × 0.722

+0.304(0.000 × 0.577 + 0.282 × 0.744 + 0.181 × 0.184 + 0.537 × 0.710)

+0.173(0.600 × 1 + 0.250 × 0.667 + 0.150 × 0.556) = 0.7243

20  As an important note, it is worth to mention that there are hitherto no examples in the literature or real 
life because the decision model that we are suggesting is based on the Telecommunications Directive of 
the EU that became law in December 2020, thus the absence of real-life examples. Previous EU direc-
tives did not allow such a model as this one to be used by governments.
21  An extended explanation of the semantics regarding the bars and the colour markings are provided in 
(Danielson et al. 2019).
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not a limitation of the model or the tool and it can straightforwardly be extended to a 
more realistic analysis.

For instance, if the CAR weights still are considered to be too precise for the 
weight representation or if there is an actual conflict in the group which we want to 
investigate the significance of, we can assert them in a more imprecise format and 
investigate the effects. Assume that some participants in the process still consider 
costs to be more important than quality, which in turn is more important than deliv-
ery, but that they consider that the differences between the sub-criteria sometimes 
are too small for differentiating between them, e.g. that speed and packet loss are 
equally important, but still significantly more important than latency and jitter and 
that delivery time is more important than the technical and financial aspects. We can 
then incorporate this and re-evaluate the situation (now in more imprecise terms) 
and get the representation in Fig. 5 as well as the results in Fig. 6.22

A yellow square means that there is still a noticeable difference, but it is more 
sensitive to input data. A black square implies that there is no significant difference 
between the candidate providers. The result is now slightly different from Fig. 3 and 
some sub-rankings have even been reversed. We do not take any firm position here 
and this is only to demonstrate the various possibilities to further expand this analy-
sis and include a similar procedure for the actual valuations of the respective candi-
date providers under the different criteria where all these uncertainties and possible 
conflicting views are taken into account. Significant conflicts can be modelled sepa-
rately and discussed from a more informed perspective when the effects are visible 
in this way. A detailed account of systematic conflict resolution in such an extension 
is, however, outside of the scope of this article whose main purpose is to demon-
strate the model and its possibilities.

6 � Concluding Remarks and Future Research

The main idea in this article is to suggest an alternative candidate to the prevailing 
procurement models in the telecommunications field which have some major draw-
backs in the lack of embracing elasticity in technology changes over time. A further 
advantage of our approach lies in its transparency and flexibility regarding current 
market trends as well as societal and technological needs. The framework that we 
propose is a multi-stakeholder multi-criteria evaluation one, allowing for a chal-
lenge-driven procurement process in which the bidding operators also are offered 
a shorter time period for providing better solutions, for instance to be able to use 
technological development or do a pilot to test different solutions before making a 
full-scale implementation. This facilitates the implementation of a transparent group 

22  Recall that the weight of the sub-criterion Data transmission speed is set to zero in the calculations in 
this example due to all alternatives having the same value under this sub-criterion. In general, though, it 
should participate in the calculations.
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negotiation and decision process. The model is aimed at governmental agents and 
national regulatory authorities for the procurement of internet infrastructure, with 
a focus on rural areas. An important component herein is an element of challenge-
driven procurement to allow contract contenders (bidders) to acquire an option to 

Table 13   Network deployment 
costs for optical fibre solutions

Equipment Symbol Cost (EUR)

Per central office (FTTH) O 32,500
Per splitter (FTTH) S 5000
Per cabinet (FTTC) C 10,000
Per metre of fibre (both) L 10

Table 14   Cost in euros per technology for the cost criteriona

a The cost estimates do not contain the profit margins sought by the proposing operators, since they are 
assumed to have similar requirements on the return-on-investment which then to a large degree cancel 
out in the comparisons.
b There is a small administrative cost for the government in case the winning bid includes the option. This 
cost covers both added contractual complexity and the expected administrative cost in case the second 
(back-up) bidder has to be called into action because the winning contactor decides to exercise its right 
not to start the project. The cost is estimated to 5€ per house.

FTTC​ FTTH 5G

Candidate does 
not purchase 
option

(362–126) € (430–126) € (1148–126) €

Candidate 
purchases 
optionb

(362 + 14.78)–(126–5) € (430 + 14.78)–(126–5) € (1148 + 14.78)–(126–5) €

Table 15   Normalised value per 
technology for the cost criterion

FTTC​ FTTH 5G

Candidate does not 
buy option

0.784 0.722 0.064

Candidate purchases 
option

0.779 0.717 0.060

Table 16   Ranking scale and 
respective weights of the criteria

Criterion Weight

Cost 0.522
Quality 0.304
Delivery 0.173
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defer the decision to build the network for a shorter period of time. Since such areas 
are not normally targeted by providers, it includes an external funding mechanism 

Table 17   Weights of the criteria and their sub-criteria

Criterion name Sub-criterion name Criterion weight Sub-criterion 
weight

Global weight

Costs 0.522 0.522
Quality Data trans. speed 0.304 0.369 0.112

Latency 0.178 0.054
Jitter 0.114 0.035
Packet loss 0.339 0.103

Delivery Time delivery 0.173 0.600 0.104
Tech. capability 0.250 0.043
Financial situation 0.150 0.026

Table 18   Weights of the criteria and their sub-criteria

Criterion name Sub-criterion name Criterion weight Sub-criterion 
weight

Global weight

Costs 0.522 0.522
Quality Data trans. speed 0.304 0.000 0.000

Latency 0.282 0.086
Jitter 0.181 0.055
Packet loss 0.537 0.163

Delivery Time delivery 0.173 0.600 0.104
Tech. capability 0.250 0.043
Financial situation 0.150 0.026

Table 19   Values of the technologies under the criteria/sub-criteria per technology for costs and quality

Criterion name Sub-criterion name FTTC​ FTTH 5G

Costs if candidate purchases option 0.779 0.717 0.060
Costs if candidate does not buy option 0.784 0.722 0.064
Quality Data trans. speed 0.577 0.577 0.577

Latency 0.317 0.744 0.983
Jitter 0.592 0.184 0.999
Packet loss 0.323 0.710 0.999
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that is already decided by the EC and that will be distributed to the local govern-
ments. The model is based on an integrated decision analytical method, developed 
for situations where the background information is not easily quantifiable, due to 

Table 20   Characterisation of the contenders’ technologies and delivery capacities

Candidate Technology Time delivery rank-
ing (Table 5)

Technical capability 
ranking (Table 6)

Financial 
situation ranking 
(Table 4)

A 5G 2 1 1
B 5G 1 4 3
C 5G 1 3 4
D 5G 1 2 5
E 5G 1 4 6
F 5G 1 3 7
G 5G 1 2 8
H 5G 1 1 9
I FTTC​ 2 1 1
J FTTC​ 1 4 3
K FTTC​ 1 3 4
L FTTC​ 1 2 5
M FTTC​ 1 4 6
N FTTC​ 1 3 7
O FTTC​ 1 2 8
P FTTC​ 1 1 9
Q FTTH 2 1 1
R FTTH 1 4 3
S FTTH 1 3 4
T FTTH 1 2 5
U FTTH 1 4 6
V FTTH 1 3 7
W FTTH 1 2 8
X FTTH 1 1 9

Fig. 3   FTTC solution
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various uncertainties and the presence of qualitative data, such as decision-makers’ 
preferences. In such contexts, the decision-makers can normally neither assign ade-
quate criteria weights nor values for different service providers in such procurement 

Fig. 4   Evaluation results – Costs (light grey), Quality (blue), Delivery (dark grey)

Fig. 5   A refined decision tree
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situations. Despite this, the bidders can be ranked by the government in an effi-
cient and effective way. Further, sensitivity analyses are easy to carry out in the 
framework.

Since this new telecommunications framework was made into law only in 
December 2020, a real-life application has hitherto been unfeasible, but it will be the 
next natural phase. In particular, we will investigate how the criteria set should, in 
collaboration with the stakeholders, be formed to capture a wider span of perspec-
tives. In this work, we have only included the most obvious ones that are usually 
discussed (at best), but such an extension is straightforwardly made in the suggested 
framework, provided that we are able to elicit information from relevant stakehold-
ers in an interactive process.

Funding  Open access funding provided by Stockholm University.

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International License, 
which permits use, sharing, adaptation, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, provide a link to the Creative 
Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line 
to the material. If material is not included in the article’s Creative Commons licence and your intended 
use is not permitted by statutory regulation or exceeds the permitted use, you will need to obtain permis-
sion directly from the copyright holder. To view a copy of this licence, visit http://creativecommons.org/
licenses/by/4.0/.

References

Andrew TN, Rahoo P, Nepal T (2005) Enhancing the selection of communication technology for rural 
telecommunications: an analytic hierarchy process model. Int J Comp Syst Sign 6:26–34

Fig. 6   Evaluation results introducing weight uncertainty – Costs (light grey), Quality (blue), Delivery 
(dark grey)

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/


416	 M. Araújo et al.

1 3

Araújo M, Ekenberg L, Confraria J, Danielson M (2019b) A real options approach to decision making 
in broadband technology selection. Int J Multicrit Decis Mak 8:184–210. https://​doi.​org/​10.​1504/​
IJMCDM.​2019.​106917

Araújo M, Ekenberg L, Confraria (2018a) J Rural networks cost comparison between 5G (mobile) and 
FTTx (fixed) scenarios. In: IEEE 29th annual international symposium on personal, indoor and 
mobile radio communications (PIMRC), Bologna, Italy. pp 259–264. doi:https://​doi.​org/​10.​1109/​
PIMRC.​2018.​85809​81

Araújo M, Ekenberg L, Confraria J (2018b) A utility based price model for high capacity rural networks 
in the European Union. In: IEEE international symposium on personal, indoor and mobile radio 
communications, Bologna, Italy.

Araújo M, Ekenberg L, Confraria J (2019) Risk assessment in 5G infrastructure deployment: an aid tool 
for estimating spectrum auction prices. In: IEEE wireless communications and networking confer-
ence, Marrakech, Morocco.

Araújo M (2020) Infrastructure deployment in unprofitable areas, A techno-economic model for multi-
ple criteria decision analysis under the European Union telecommunications regulatory framework. 
PhD thesis – Stockholm University

Baldwin R, Cave M, Lodge M (2012) Understanding regulation theory strategy and practice Oxford. 
Oxford University Press, Chennai

Bana e Costa CA, Vansnick JC (1994) MACBETH - an interactive path towards the construction of cardi-
nal value functions. Int Trans Oper Res 1:489–50

Bana e Costa CA, Vansnick JC (2008) A critical analysis of the eigenvalue method used to derive priori-
ties in the AHP. Eur J Oper Res 187:1422–1428

Belton V, Gear T (1983) On a shortcoming of Saaty’s method of analytic hierarchies Omega:228–230
Brans JP, Vincke PH, Mareschal B (1986) How to select and how to rank projects: the PROMETHEE 

method. Eur J Oper Res 24:228–238
Chakraborty S, Yeh C-H (2009) A simulation comparison of normalization procedures for TOPSIS. 

Paper presented at the international conference on computers & industrial engineering, Troyes, 
France,

Chen YJ (2011) Structured methodology for supplier selection and evaluation in a supply chain. Inf Sci 
181:1651–1670

Choi TY, Hartley JL (1996) An Exploration of Supplier Selection Practices across the Supply Chain Jour-
nal of Operations Management 14:333–343

Clímaco J, Craveirinha J (2019) MCDA/M in telecommunication networks. In: Ben Amor S, Teixeira 
de Almeida A, de Miranda JL, Aktas E (eds) Advanced studies in multi-criteria decision making. 
Chapman and Hall/CRC, Florida

EU Commission (2012) Quality of broadband services in the EU
EU Commission (2017) Connectivity for a competitive digital single market - towards a european 

gigabit society
Copeland T, Antikarov V (2003) Real options: a practitioner’s guide
Cox JC, Ross SA, Rubinstein M (1979) Option Pricing: A simplified approach. J Financ Econ. https://​

doi.​org/​10.​1016/​0304-​405X(79)​90015-1
Danielson M, Ekenberg L (2016) The car method for using preference strength in multi-criteria deci-

sion making. Group Decis Negot 25(4):775–97
Danielson M, Ekenberg L (2007) Computing upper and lower bounds in interval decision trees. Eur J 

Oper Res 181:808–816
Danielson M, Ekenberg L (2017b) A Robustness study of state-of-the-art surrogate weights for 

MCDM. Group Decis and Negot 26:677–691. https://​doi.​org/​10.​1007/​s10726-​016-​9494-6
Danielson M, Ekenberg L (2019) An improvement to swing techniques for elicitation in MCDM 

methods. Knowl-Based Syst 168:70–79
Danielson M, Ekenberg L (2014). Rank ordering methods for multi-criteria decisions, proceedings of 

14th group decision and negotiation – proceedings of GDN, Springer, Cham
Danielson M, Ekenberg L (2015). Using surrogate weights for handling preference strength in multi-

criteria decisions, outlooks and insights on group decision and negotiation, B. Kaminski, G.E. 
Kersten, and T. Szapiro (Eds.), Springer, Dordrecht, The Netherlands pp 107–118

Danielson M, Ekenberg L (2017a). Trade-offs for Ordinal Ranking Methods in Multi-Criteria Deci-
sions. In: Bajwa D., Koeszegi S., Vetschera R. Eds. Group Decision and Negotiation. Theory, 
Empirical Evidence, and Application. GDN 2016. Lecture Notes in Business Information Pro-
cessing, Springer

https://doi.org/10.1504/IJMCDM.2019.106917
https://doi.org/10.1504/IJMCDM.2019.106917
https://doi.org/10.1109/PIMRC.2018.8580981
https://doi.org/10.1109/PIMRC.2018.8580981
https://doi.org/10.1016/0304-405X(79)90015-1
https://doi.org/10.1016/0304-405X(79)90015-1
https://doi.org/10.1007/s10726-016-9494-6


417

1 3

A Multi‑Criteria Approach to Decision Making in Broadband…

Danielson M, Ekenberg L, Larsson A (2020) A second-order-based decision tool for evaluating deci-
sions under conditions of severe uncertainty. Knowl-Based Syst. https://​doi.​org/​10.​1016/j.​kno-
sys.​2019.​105219

Danielson M, Ekenberg L, Larsson A (2019) DecideIT 3.0: Software for second-order based decision 
evaluations. Paper presented at the ISIPTA’19: Proceedings of the eleventh international sym-
posium on imprecise probability: Theories and applications, proceedings of machine learning 
research

Danielson M, Ekenberg L, Larsson A (2021) Evaluating multi-criteria decisions under strong uncertainty, 
to appear in A. de Almeida, L. Ekenberg, P. Scarf, E. Zio, M.J. Zuo, Multicriteria Decision Mod-
els and Optimization for Risk, Reliability, and Maintenance Decision Analysis - Recent Advances. 
Springer

DePamphilis DM (2019) Mergers, acquisitions, and other restructuring activities (Tenth Edition)
Dubois D (2010) Representation, propagation, and decision issues in risk analysis under incomplete prob-

abilistic information risk. Analysis 30:361–368
Dutta P (2018) Human health risk assessment under uncertain environment and its SWOT analysis. Open 

Public Health J 11:72–92
Dyer JS (1990) Remarks on the analytic hierarchy process. Manage Sci 36:249–258
Fasth T, Larsson A, Ekenberg L, Danielson M (2018) Measuring conflicts using cardinal ranking: an 

application to decision analytic conflict evaluations. Adv Oper Res. https://​doi.​org/​10.​1155/​2018/​
82904​34

Gasiea Y, Emsley M, Mikhailov L (2010) Rural telecommunications infrastructure selection using the 
analytic network process. J Telecommun Inform Technol 2:28–42

Gasiea Y, Emsley M, Mikhailov L (2009) On the applicability of the analytic network process to rural 
telecommunications infrastructure technology selection. In: Proceedings of the international sympo-
sium on the analytic hierarchy process (ISAHP).

Handfield RB, Monczka RM, Giunipero LC, Patterson JL (2009) Sourcing and supply chain manage-
ment, 4th edn. South-Western, Australia

ITU (2017) Quality of service regulation manual
Jahan A, Edwards K, Bahraminasab M (2016) Multi-criteria decision analysis for supporting the selec-

tion of engineering materials in product design
Keeney R, Raiffa H (1976) Decisions with multiple objectives: preferences and value trade-offs. Wiley, 

New York, NY, USA
Komendantova N, Ekenberg L, Marashdeh L, Al Salaymeh A, Danielson M, Linnerooth-Bayer J (2018) 

Are energy security concerns dominating environmental concerns? evidence from stakeholder par-
ticipation processes on energy transition in jordan. Climate 6(4):88

Malczewski J (1999) GIS and multicriteria decision analysis. Wiley, New York
McFadden D. (2015). Direct elicitation of indirect preferences. Society for economic measurement 

annual conference (Paper 144)
Min H (2003) Multi-criteria supplier selection using fuzzy AHP. Logist Inf Manag 16:382–394
Morgan B, Yeung K (2007) An introduction to law and regulation. Cambridge, Cambridge University 

Press, Text and Materials
Nepal T (2005) Evaluation of rural telecommunications infrastructure in South Africa. Prob Nonlinear 

Anal Eng J 3:138–149
Ofcom (2017) UK home broadband performance
European Parliament (2018) European electronic communications code
Prosser T (1986) Nationalized industry and public control: legal, constitutional and political issues. 

Blackwell, Oxford
Riabacke M, Danielson M, Ekenberg L (2012) State-of-the-art in prescriptive weight elicitation. Adv 

Decision Sci. https://​doi.​org/​10.​1155/​2012/​276584
Rohmer J, Baudrit C (2010) The use of the possibility theory to investigate the epistemic uncertainties 

within scenario-based earthquake risk assessments. Nat Hazards 56:613–632
Roy B (1996) Multicriteria methodology for decision aiding. Kluwer Academic Publishers, Dordrecht
Saaty TL (1980) The analytic hierarchy process. McGraw-Hill
Sasidhar M, Min KJ (2005) Decision support models for the selection of internet access technologies in 

rural communities. Telemat Inform J 22:201–219
Schulze H, Mochalski K (2009) Internet study 2008/2009. Ipoque
Shapiro AF, Koissi MC (2015) Risk assessment applications of fuzzy logic. casualty actuarial society, 

Canadian institute of actuaries, Society of actuaries

https://doi.org/10.1016/j.knosys.2019.105219
https://doi.org/10.1016/j.knosys.2019.105219
https://doi.org/10.1155/2018/8290434
https://doi.org/10.1155/2018/8290434
https://doi.org/10.1155/2012/276584


418	 M. Araújo et al.

1 3

Smith J, Nau R (1995) Valuing risky projects: option pricing theory and decision analysis. Manage Sci 
41:795–816

S&P (2009) Standard and poor’s guide to credit rating essentials
Tahriri F, Osman MR, Ali A, Yusuff RM, Esfandiary A (2008) AHP approach for supplier evaluation and 

selection in a steel manufacturing company. J Indust Eng Manag 1:54–76
Trigeorgis L (1993) The nature of option interactions and the valuation of investments with multiple real 

options. J Financ Quant Anal 28:1–20
Viscusi H, Sappington (2018) Economics of regulation and antitrust. The MIT Press, Cambridge
Wang K, Machuca CM, Wosinska L, Urban PJ, Gavler A, Brunnström K, Chen J (2017) Techno-eco-

nomic analysis of active optical network migration toward next-generation optical access. IEEE Opt 
Commun Netw 9:327

Weimer D, Vining A (2011) Policy analysis. Longman, Boston
Whitaker R (2007) Criticisms of the analytic hierarchy process: why they often make no sense. Math 

Comput Model 46:948–961

Publisher’s Note  Springer Nature remains neutral with regard to jurisdictional claims in published 
maps and institutional affiliations.

Authors and Affiliations

Marco Araújo1 · Love Ekenberg2,1 · Mats Danielson1,2 · João Confraria3

	 Love Ekenberg 
	 lovek@dsv.su.se

	 Mats Danielson 
	 mats.danielson@su.se

	 João Confraria 
	 jcfs@clsbe.lisboa.ucp.pt

1	 Department of Computer and Systems Sciences, Stockholm University, P.O. Box 7003, 
164 07 Kista, Sweden

2	 International Institute of Applied Systems Analysis, IIASA, Schlossplatz 1, 2361 Laxenburg, 
Austria

3	 Católica Lisbon School of Business & Economics, Palma de Cima, 1649‑023 Lisboa, Portugal


	A Multi-Criteria Approach to Decision Making in Broadband Technology Selection
	Abstract
	1 Introduction
	2 Research context
	3 Real Options in Procurement
	4 The Evaluation Process, Model, and Criteria Structure
	4.1 Process
	4.2 Main Criteria
	4.3 Delivery
	4.3.1 Financial situation
	4.3.2 Time Delivery
	4.3.3 Technical Capability

	4.4 Quality
	4.5 Cost
	4.5.1 5G infrastructure Deployment Costs
	4.5.2 Optical Fibre Infrastructure Deployment Costs

	4.6 Summary of Weights and Values

	5 Results
	6 Concluding Remarks and Future Research
	References




