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1 Introduction 
As the information society all over the world is growing, regions with limited 
access to infrastructure will became less and less comprehensive comparing to 
others with better infrastructure. In fact existing local infrastructure often is a 
key criterion for companies while making decision on localisation their investments, 
because they don’t want to meet any unnecessary exogenous limitations. 
It is becoming more and more important for local government not only to invest 
in infrastructure, but also to do it in a reasonable way. That’s why finding an 
evolution path for developing infrastructure (and in particular Internet infrastructure) 
is so important. It’s obvious, that traditional Internet providers will also 
invest in infrastructure, but their motivations are different than local government 
may have. They concentrate only on cost analysis, they want to maximise their 
profits (or sometimes just minimise costs). But it may lead to increasing gap 
between highly developed regions (where investing from provides point of view is 
reasonable) and rural regions will increase. This may become a problem for local 
government. Their purpose is to have sustainable regional development, what of 
course means investing, or at least supporting investments in rural regions. 
Recently there is a great opportunity to change it while local government can 
get founds from European Union. But it also leads to the problem of choosing 
technology or technologies in which they should invest, and how to reasonably 
use available money in few years period. It’s not an easy task, while simple 
optimisation based on costs is not what they really need. It won’t lead to the 
result they expect. There are also other aspects (economical, technological, market 
and social) that should be taken into account while deciding, so problem is 
multicriterial in it nature. 
While deciding whether to invest local government should remember, that all 
investments in infrastructure and new technologies made in region will finally pay 
back: by increasing tax incomes, by attracting other investors, and by improving 
effectiveness of contacts between companies, local government and people. 
Decision local government has to make are not that simple also because are 
taken in a turbulent and full of uncertainties environment. Technology is changing 
so rapidly, that it’s difficult to say how it will develop in next few years. Which 
technologies will be given up, and what new one can appear. Forecasting future 
costs for existing technologies can give false view of how it will really look like in 
few years, and it’s even more difficult to say anything about production costs and 
time to reach the market of some equipment based on brand new technologies. 
Additional, and very important source of uncertainty is forecast of demand. We 
have to describe how will it change in time during the planning period, especially 
that for new services for which no past data is available, and development of new 
services is still going on. That is why analysis with a scenario for demands and 
cost factors are needed. 
A lot of the existing studies concentrate only on an economic analysis for a given 
time period without consideration of market and social aspects of investments. 
Analysis of strategy for network evolution should be done with various demand 
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types and equipment costs. In this article, I focus on the problem of selecting an 
optimal evolution path for a broadband access network. 
In section 2, I describe actual situation in a region, which was chosen for 
analysis, and where the results will be used. Additionally, I describe what existing 
technologies and services were taken into account in this study. In section3, I 
present the most crucial parameters in model. Section 4 presents what criteria 
were used, and section 5 shows what were the constraints. In section 6, results of 
computational experiments are shown. Two final section contain conclusion and 
further work. 

2 Services and technologies 

2.1 Actual situation 
In Poland even ten years ago Internet was not so popular, and existing infrastructure 
is not sufficient for new services. Most of people still use narrowband dial-up 
modem connections, where maximum transfer speed is 56kbps. This is because 
of two main reasons: there is no infrastructure for broadband Internet, and even 
if such infrastructure exists, costs for end users are relatively expensive. It’s 
because In Poland still exist one big telecommunication company, that has monopolist 
position on the market. Especially in the rural regions. In urban regions 
it is slightly better, because people have possibility to use Internet connection by 
cable TV providers. But still it is not a true competitive market. Development of 
infrastructure is necessary to create truly information society, and will also result 
in general development of an region. Analysis and developed model  will be applied in Lodz 
region, which is situated in the center of Poland. Map of this region is shown below. 
On map (Figure 1) parts of region, where Asymmetric Digital Subscriber 
Line (ADSL) connection is nowadays available are shown in green. Yellow parts 
respond to places, where ADSL connection is just planned. 
It’s easy to notice, that in many parts of region still only possible connection 
to Internet is by using analog telephone lines (dial-up connections). And 
the situation won’t change quickly, while plans concerning developing infrastructure 
made by providers are very general, and don’t have fixed schedule. In fact 
provider don’t have any economical motivation to invest in those regions, so those 
plans may never be realised. 
In urban parts of region most people have possibility to use ADSL (Asymmetric 
Digital Subscriber Line) connections, which is offering up to 6Mbps downstream 
connections. But a lot of them are still using dial-up model connections 
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Figure 1: Availability of ADSL connection in region Lodz 

 
while cost of broadband Internet access is for them to high. ADLS seems to 
be a connection good enough for now, but it will be to slow for new services 
that are about to come, like video on demand (VoD). It may also be to slow for 
commercial use, while nowadays more and more businesses base on Internet. 

2.2 Technologies 
Internet access technologies can be divided into two categories: narrowband access 
using dial-up modem technology and broadband access such as cable-modem, 
DSL, and wireless technology. Broadband access technologies will eventually replace 
the dial-up modem narrowband access technology in the future Internet access 
market. However, dial-up narrowband access is still dominant in the Poland 
Internet access market and will be for the foreseeable future especially in rural 
areas. To change this and build high-speed backbone and access networks 
investments made by local government are necessary. 
 

For broadband services, different types of technologies have arisen based on 
copper cable, optical transmission, wireless technologies, and satellite systems. 
Among these technologies, there is no dominant alternative in terms of economic 
and technological advantages. Let me roughly introduce some of them. 
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Cable modem allows to have the maximum speed of 30Mbps, however, most are 
connected at about 1Mbps. Because the cable networks are shared by users, 
access speeds may decrease, depending on the number of people accessing the 
network. In addition, network sharing raises concerns over the security of the 
connections employed. 
 
Digital subscriber line (DSL) - this technology uses existing copper wires for 
high-speed data service. High-speed data connections can be maintained over the 
existing phone line, which allows for simultaneous use of the phone and Internet 
connection speeds do not decrease as more users enter the network, but the major 
drawback of this technology is that the quality degrades the farther the user is 
from the central switching office. 
Fixed wireless broadband is referred to as Local Multipoint Distribution Service) 
(LMDS) and operates in the 28 and 31GHz bands. The data transmission rates 
can reach 1.5 Gbps, but actually average at 38 Mbps. MMDS operates in the 
2.5GHz band and can reach speeds up to 27 Mbps. In the past few years, the 
popularity of these services has increased, but fixed wireless broadband is lagging 
behind cable modems and DSL access. 
 
Fiber-optic lines that go directly into users homes and businesses (FTTH - 
Fiber-to-the-home / PON - Passive Optical Networks) present another alternative 
to broadband access. The speed of Internet connection over fiber optic lines 
far exceeds the speed of broadband available today via DSL or cable modem. 
 
The set of alternative access technology architectures (T) used in computations 
were: 

·  cable modem (CM); 
·  enhanced copper pairs (namely xDSL); 
·  fixed wireless (WiMax); 
·  fibre to the home (FTTH/PON). 

 
It may seems that the best way to provide broadband services in an access 
network is to set up an optical fiber cable to each user. However, this requires a 
huge investment to install the fiber transmission system. With a limited budget it 
is not so easy to decide which technology should be used, so this kind of analysis 
are necessary. Alternatively for optical fiber, some broadband architectures based 
on upgrading the existing access network can be suggested. 
 

2.3 Services 
Demand on certain quality of Internet connection strongly depend on the way it 
is going to be used. Services based on the Internet are penetrating various areas, 
such as an entertainment, education, electronic commerce, etc., and the demand 
for each service is changing gradually from narrowband service to broadband 
by the growth of information technology. Additionaly reliabitity of connection 
(sometimes called quality of service) is becoming more important. 



 7 

All broadband services can be divided into four groups, as classified by Antunes 
et al. [1]. Set of service categories (S) is created in the following way: 
 

·  ES - enhanced services, such as those presently oered by narrowband basic 
rate ISDN; it includes plain old telephone services, fax delivery, and the 
transmission of short images; 

·  ASB - asymmetric switched broadband services, capable of providing at 
least 2 Mbps downstream and 16 Kb/s upstream; which include video on 
demand (VoD), file downloads, and high-speed Internet access; 

·  SSB - symmetric switched broadband services, capable of providing at least 
2 Mbps symmetrically; services like on-line education, large-sized file transfer, 
and remote medical services can be hear included; 

·  AS - switched broadband advanced services, generally asymmetric; having 
the capability to offer more bandwidth than ASB or SSB for example 
interactive TV, HDTV, and CATV can be a typical services for AS. 
 

According to the service types, Internet service delivery requires various rates 
of speed. In this article, to estimate traffic volume, we assume that the average 
rates of services for ES, ASB, SSB, and AS are 100 kbits, 2 Mbits, 10 Mbits, and 
40 Mbits, respectively. 
Several alternative architectures and technologies have been suggested for providing 
broadband services on an access network. All services can be provided by 
few different technologies, I consider CM, xDSL, WiMax, FTTH (as described 
in previous section), but not all of them by each technology. Better technologies 
can satisfy demand for lower demanding services, but not the other way. Possible 
connections are shown on the Figure 2. We see, for example, the services of ES 
or ASB can be provided by any technology, but the employment of an advanced 
technology or an upgrade of the existing network to offer SSB or AS services is 
necessary. Those kind of possible connections between service types and technologies 
are implemented in the model. One of the important factors for selecting 
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Figure 2: Possible connection between technologies and services 

 
a broadband access network technology is the demand types, along with their 
volume for broadband services. Demand forecast for Internet connection will be 
created for each service separately. 

3 Model parameters 

3.1 Costs 
To create a model some assumptions have to be made. One of them concerns 
costs. It’s difficult to preciously forecast how costs of existing technologies can 
change in time, and what new technologies may appear. First of all we have to 
divide costs into fixed and variable. First of them concerns installation or extension 
of net capacity with certain technology. It means not only costs of laying 
cables (materials and labour) of backbone networks, but also cost of providing 
to the end users (access networks). Variable costs consists of maintenance cost 
operational costs and costs of necessary repairs. 
Both kinds of cost will change in time. In general, with technology improvement, 
facility costs may decrease over time; it is very difficult to estimate this 
decreasing rate for each technology. We assume that costs should decrease by the 
wi rate each year as the technology is developed., and there will be no rapid 
change in production technology, which will cause unpredictable change in costs. 
Maintenance costs tend to gradually increase for existing facilities over time, by 
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i rate as the probability of repairs is increasing with time. For these reasons, it 
is extremely difficult to select the best architecture and technology for an access 
network in terms of accommodating broadband service among several competitive 
alternatives. 
Very general finding can be made, that better technologies have higher installation 
costs, but maintenance is less expansive than for worst technologies, so in 
time investing in better technologies should pay off. The only limitation is, that 
sometimes budget constraints are so strong, that investing in better technologies 
is impossible. 
However, even if a technology is proved to be optimal for the current environment, 
it can be deteriorated by the elapse of time or the advent of new 
challenging technologies in the future. That is why in this analysis, we concentrate 
on the selection of an evolution path for broadband access networks. 
For computational experiments values of costs and decrease/increase rates 
were based on article [1]. In further experiments and practical use of proposed 
model actual data about costs will be used. 

3.2 Demand forecast 
For creating the model demand forecast is needed. It is defined as desired demand 
level for each service type and for each time period. Demand forecast has to be 
made separately (it and was not a part of this research) and it is a big source of 
uncertainty. I assumed to have it’s values and for computational experiments I 
use values given for Korea in [1]. In later work real data will be used. Demand 
forecasts for chosen region will be estimated by National Institute of Telecommunication, 
Advanced Information Technologies Department. It will base on data 
concerning actual situation in the region. It will use values like: 
 

·  Information about the area ( area size, population , number of small companies, 
number of medium companies, number of large companies, number 
of schools, number of municipality offices, number of households ) 

·  Services and their demanded capacity ( minimal demanded capacity, downstream 
capacity, upstream capacity, capacity) 

·  Services to use by various types of clients ( individual clients/ office staff, 
intensive individual clients, management, management of large company, 
office security/ company security, school staff) 

·  Information about companies ( percent of various types of clients in various 
companies, percent of small companies which want to have Internet access, 
percent of medium companies which want to have Internet access, percent 
of large companies which want to have Internet access) 

·  Information about clients ( percent of households with computer, percent 
of households which want to have our broadband Internet access, percent 
of households with intensive users) 

·  Congestion rate ( congestion rate for individual clients, congestion rate for 
companies, congestion rate for security) 

The only possibility to reduce uncertainty of demand forecast is to use more 
detail data about the region. To have those data questionnaire should be done, 
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but it would create additional costs. So it’s a kind of trade off between uncertainty 
and costs. Decision what is more important belongs to local government. 
 

4 Criteria 
As the goal of investments planned be local government is sustainable regional 
development, it is significant to find a way of measuring it, and evaluating if 
those measures can be used in model (as a criteria). To choose criteria experience 
from UNDERSTAND European project (European Regions UNDER way 
toward STANDard indicators for benchmarking information society) where taken 
into account. But as we don’t have such detail data on actual situation in the 
region using similar criteria is impossible. There need to be used higher level of 
aggregation. Additionally having such detail data would give too many criterion, 
and analysis of the model would be difficult. It’s clear, that having those kind of 
analysis at the beginning and at the end of planning period would give significant 
information on the results on investments, but it can not be used to create model. 
 
To formulate optimization problem, I define following variables: 
 SDt

is - Satisfied demand for service s at time t by technology i 

UsDt
s - Unsatisfied demand for service s at time t 

Z t
i  - Supply of technology i at time t (cumulated capacity of technology i at 

time t) 
Yt

i - Amount of technology i installed at time t 
In created model chosen criteria are: 
 

1. Maximum unsatisfied demand - the maximum in time difference between 
demand forecast (trajectory) and satisfied demand. This criterion will be 
counted both for each service separately and for all services together. With 
3 services it gives 5 criteria (4 + 1). Maximum unsatisfied demand should 
be minimised (satisfied demand should follow trajectory of forecasted demand). 

 
It is represented for each service as:  

 

(1) 

 
and for all services together: 

  

(2) 

where UsD denotes unsatisfied demand. 
 

2. Participation of technologies with higher possible capacities in total amount 
of available subscriber lines. It can be also treated as the degree of modernisation, 
as a surrogate for the quality of service quantifying the number 
of lines supporting new services and weighted by a desirability coefficient. 
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With every technology i we associate a coefficient mi describing level of 
technological advancement for technology. This parameter additionally may 
represent preferences of decision-makers. This gives possibility for sensitivity 
analysis for different preferences of local government. This criterion is 
to be maximised. 

 

  

 
(3) 

 
3. Total costs, which should be minimised. Even with given budget costs 

should be minimised. Having them as a criterion allow us to change their 
aspiration and reservation levels, what gives answer to the question how 
will other parameters change with the change of budget. Total cost is composed 
of fixed cost, variable cost, and the compensation cost of unsatisfied 
demand. The compensation cost for unsatisfied demand corresponds to the 
demand not supplied by the appropriate technology at the request time 
owing to the shortage of capacity. We have to consider the trade-off between 
the investment cost for accommodating a few broadband demands 
and the compensation cost for unsatisfied demands in the network evolution 
plan. When unsatisfied demand occurs, it may negatively affect the 
regional development. fs denotes cost coefficient for unsatisfied demand. 
 

 

 
(4) 

5 Constrains 
The experiments I carried out considered several constrains. Some of them come 
out of the problem representation, and some respond to physical or logical limitations 
of technologies or investments. 
One of the very basic but important constrain is that once technology i is 
selected at year t, it should last for the planning period T. Other important 
constraint, that is not given directly, is possible combination of technologies and 
services. 
Satisfied demand for all services s by certain technology i can not exceed 
available capacity (existing and possible extension) of this technology in that 
time period. This means that there must be enough capacity of technology, to 
satisfy demand, or demand will be unsatisfied. 

  

 
(5) 

 
Capacity of technology can be extended by a certain amounts of subscribers 
circuits (ICi - unit installation capacity), or it’s multiple. This constrain is to 
avoid too small investing, because for small investments installation costs are 
much higher, and it doesn’t make much sens to lay for example 10m of cable to 
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extend technology for few more users. It can be written as: 
 

  
(6) 

 
where IC is installation capacity, Zpi  is cumulated capacity from previous 

time period, and Yti  is the amount of technology i that is being invested in time t. 
Installation and extending technology takes time, so in every time period there 
is a limitation on how much can be certain technology extended. 

  
(7) 

 
where MaxExti  is maximum extension of technology i in one time period. 
With every investment plan there is associated budget constrain. We assume 
that total cost can not exceed certain level, but for analysis we set higher budget 
what we actually have. It is because sometimes additional funding can be found. 
Real limitation can be done by setting appropriate aspiration and reservation 
levels, as total cost is one of the criteria. Then reservation point represents funds 
local government will have for sure, and aspiration level represents all possible 
funds, including any possible additional resources. 

 

(8) 

 

6 Results 
Simulations were made with Multi-Criteria Model Analysis Tool (MCMA) [3], 
while input file with model specification and parameters was prepared with use 
of Structured Modeling Technology Framework (created in IIASA in Integrated 
Modeling Environment project). Necessary parameters like costs and demand 
were based on [1]. In near future analysis on real and actual data are planned. 
Preliminary results are shown on the figure bellow (Figure 3). 
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Figure 3: Results of analysis with MCMA (ISAAP) 

 
For each of those graphs represents achievement function. Values from the 
range (0,1) can be interpreted in terms of the fuzzy membership functions. Those 
values represents whether certain point belongs to aspiration (value 1) or reservation 
level (value 0) in the space of criteria. Initial values of those points are an 
Utopia and approximation1

 of Nadir points by creating vectors composed of the 
best and the worst values of the criteria in the efficient set. For criteria that are to 
be minimised curve is decreasing, and increasing for maximisation. During model 
analysis reservation and aspiration points can be moved, to suit preferences of 
decision-makers. Pareto solution is marked as a white dot for every criterion. 
                                                 
1while finding real Nadir for problems with more than two criteria is difficult, if possible 
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Figure 4: Results of analysis with MCMA (ISAAP) - changing aspiration and reservation points 
 
Preliminary analysis were carried out with changing each criterion separately, 
to analyse sensitivity of Pareto-solution to it, and were shown on Figure 4. Point 
number 0 responds to Pareto-solution before any of initial aspiration and reservation 
points was moved. First reservation point for total cost was set to 500000$. 
Point number 1 responds to this situation. As you can notice this change resulted 
in large decrease in modernisation degree (ModLvl), and maximum unsatisfied 
demand grown dramatically. It’s consistent with intuition. Similarly was when 
then reservation point for modernisation degree was moved to value 5000 (points 
number 2). Costs and maximum unsatisfied demand significantly increased. Interesting 
results were when reservation level for maximum unsatisfied demand 
for all services were moved to 100 (points number 3). Only relatively decrease 
in modernisation degree and slightly higher total cost gave a big improvement in 
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maximum unsatisfied demand for all services. 
Of course in practical use aspiration and reservation points for all services will 
be changed in the same time, according to the preferences of decision-makers (in 
this case local government of region Lodz). 
Additionally very basic sensitivity analysis for changes in technology costs 
where done. Pareto solution to the same problem, but with higher costs of 
FTTH technology were compared to the previous ones. Result is shown in the 
table below. 

time CM xDSL WiMax FTTH 
1 0 0 0 12 
2 0 0 0 7 
3 0 0 0 7 
4 0 0 0 4 
5 0 0 0 5 
6 0 0 0 2 
7 0 0 0 1 
8 0 0 0 0 
9 0 10 20 0 

 
Table 1: Investments in technologies in time 

 
Values in tables represent amounts of unit installation capacities to be build 
in specific year. In both cases budgetary limitations were not strong, so it was 
possible to invest in FTTH. It is significant that no matter the cost it is reasonable 
to invest in the best available technology, and only at the end of the planning 
period invest in other technologies, to satisfy the rest of demand. But higher cost 
of certain technology result in smaller investments in this technology. It would 
definitely change with stronger budgetary limitations. 

7 Conclusions 
Biggest advantage of my model comparing to models described literature is that 
not only costs are taken into account while finding Pareto solution. Additional 

time CM xDSL WiMax FTTH 
1 0 0 0 19 
2 0 0 0 0 
3 0 0 0 0 
4 0 0 0 0 
5 0 0 0 0 
6 0 0 0 0 
7 0 0 24 0 
8 0 23 29 0 
9 70 50 30 0 

Table 2: Investments in technologies in time with higher cost for FTTH 
 
parameters can help in selecting solution for local government. 
From the results I recived I can say that model is corect, and with the real data 
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it can be used in practice. For selecting the technology for a broadband access 
network, the most important factors are the demand for broadband services and 
the facility costs for the selected technology. As exact values of those factors are 
not known, and they can be only forecasted based on actual data it is significant 
to make sensitivity analysis for each of them. Reducing those uncertainties would 
envolve additional costs. 
The development of an optimization tool to analyze the evolution path for a 
broadband access network is required to aid in the selection of the best technologies 
under uncertain demand and facility costs varying with time. Preliminary 
results of computational experiments showed FTTH would be the best alternative 
technology to connect end users to Internet. Although FTTH is the most efficient 
means to deliver broadband service, it requires a massive investment cost 
and lengthy time to complete the network. With a limited budget investing only 
in FTTH may be for local government infeasible, so other technologies can be 
suggested as an alternative. But true decisions should be done by local government, 
as they can confront their needs and expectance with analysis made with 
this model. 
 
The model has been developed in collaboration with IIASA.   
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A Appendix - SMT model documentation 
 
Internet evolution path model 
Acronym: model mks 
Author: Magdalena Kaska, email: kaska@iiasa.ac.at (login: kaska) 
Model status: imported 
Created on: 19-AUG-06 05.39.04.055000 PM 
Last modified on: 20-AUG-06 02.50.25.571000 PM 
Model specification generated on: Sun Aug 20 19:14:51 2006 
 

A.1 Indices and Sets 

A.1.1 Indices 
i - Index of technology 
s - Service index 
t - Time index 
p - Previous time period (alias of the index t) 

A.1.2 Non-indexed sets 
I , composed of indices i - Index of technology 
T , composed of indices t - Time index 
S , composed of indices s - Service index 
T0 , composed of indices t - t = 0 
Tb0 , composed of indices t - t ne 0 

A.1.3 Indexed sets 
ISi Í  S , composed of indices s - Possible services s for certain technology i 

TTpt Í  T , composed of indices t - Previous time period 

SIs  Í  I , composed of indices i - Possible technologies i for service s 

A.2 Entities 

A.2.1 Constants 
zero = 0.00e+00 - value of zero 
one = 1.00e+00 - value of one 
infty = 1.00e+37 - a representation of infinite number 
� infty = -1.00e+37 - a representation of negative infinite number 
tol6 = 1.00e-06 - a typical tolerance 
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A.2.2 Parameters 
Dst - Demand (desired level) 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  Dst  (9) 
 
ICi - Installation capacity 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  ICi  (10) 
 
budget - Given budget 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  budget  (11) 
 
MaxExti - Maximum possible extension of technology i in one time period 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  MaxExti  (12) 
 
gi - Installation cost 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  gi  (13) 
 
hi - Maintenance cost for technology i 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  hi  (14) 
 
fs - Compensation cost for unsatisfied demand for service s 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  fs  (15) 
 
mi - Modernisation level (parameter) associated with technology i 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  mi  (16) 
 
Z0i - Supply of technology i at time 0 
Zero tolerance: 1.00e-06, type: integer 
Bounds: 

0.0 £  Z0i  (17) 
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A.2.3 Decision variables 
Yit - Amount of technology i installed at time t 
Zero tolerance: 1.00e-06, type: integer 
Bounds: 

0.0 £  Yit, i Î  I, t Î  Tb0  (18) 
 

A.2.4 Outcome variables 
TC - Total cost 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  TC (19) 
 
MaxUsDs - Maximum unsatisfied demand for service s 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  MaxUsDs, s Î  S (20) 
 
ModLvl - Degree of modernisation associated with the availability of service 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  ModLvl  (21) 
 
MMaxUsD - Maximum unsatisfied demand 
Zero tolerance: 1.00e-06, type: real 
Bounds: (none) 

MMaxUsD (22) 
 

A.2.5 Decision-outcome variables 
(none) 

A.2.6 Auxiliary variables 
SDist - Satisfied demand 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  SDist, i Î  I, s Î  S, t Î  Tb0 (23) 
 
UsDst - Unsatisfied demand 
Zero tolerance: 1.00e-06, type: real 
Bounds: (none) 

UsDst, s Î  S, t Î  Tb0  (24) 
 
Zit - Supply of technology i at time t 
Zero tolerance: 1.00e-06, type: real 
Bounds: 
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0.0 £  Zit, i Î  I, t Î  T  (25) 
 
UsDplusst - Non negative unsatisfied demand 
Zero tolerance: 1.00e-06, type: real 
Bounds: 

0.0 £  UsDplusst, s Î  S, t Î  Tb0  (26) 
 

A.3 Complex relations 

A.3.1 Assignments 
def1st - Unsatisfied demand (difference between desired and satisfied demand) 
Zero tolerance: 1.00e-06 

 

(27) 

def2 - Total cost definition 
Zero tolerance: 1.00e-06 

 

 
(28) 

 
def3 - Definition of degree of modernisation 
Zero tolerance: 1.00e-06 

 

 
(29) 

 

A.3.2 Constraints 
constr1it - There must be enough capacity of technology, to satisfy demand 
Zero tolerance: 1.00e-06 

 

 
(30) 

 
constr2itp - Supply of technology capacity 
Zero tolerance: 1.00e-06 

 

(31) 

 
constr3it - Max. possible extension of technology i at time t 
Zero tolerance: 1.00e-06 



 22 

 

(32) 

constr4 - Budget constrain 
Zero tolerance: 1.00e-06 

TC £  budget  (33) 
 
constr5st - Maximum unsatisfied demand for service s 
Zero tolerance: 1.00e-06 

0.0 £  MaxUsDs � UsDst  s Î  S, t Î  Tb0  (34) 
 
constr6s - Definition of MMaxUsD 
Zero tolerance: 1.00e-06 

0.0 £  MMaxUsD � MaxUsDs   s Î  S  (35) 
 
nonNegUsDst - Max (0, UsD) 
Zero tolerance: 1.00e-06 

0.0 £  UsDplusst � UsDst   s Î  S, t Î  Tb0  (36) 
 
constrZ0it - Initial value of Z (time = 0) for each technology i 
Zero tolerance: 1.00e-06 

Zit = Z0i i Î  I, t Î  T0 (37) 
 

A.3.3 Implied constraints 
Piece-wise linear functions 
(none) 
MIN/MAX operators 
(none) 
 


