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During the last few decades, Decision Support Systems (DSS) have shifted from a theoretical
concept to a practical matter essential for most organizational and business processes. Along
with Pervasive Computing, DSS becomes an indispensable tool for solving fuzzy and
ambiguous problems, such as Green Information & Communication Technology (Green ICT)
and sustainability issues. DSS helps Green ICT to reach its goal, i.e. to minimize the negative
impact of ICT and to increase people’s awareness about this question. The current master
thesis research focuses on a particular sustainability problem which can be solved with the
application of DSS, and as a study case, the smart waste management case was chosen. The
main idea of the project is to link together citizens, garbage truck drivers’ coordinator and
drivers themselves, using DSS as a tool for choosing the optimal route for garbage collection
based on the various influential factors, such as truck capacity, distance between garbage bins
and garbage collection cost. As soon as the trash bin is full, a special bin sensor sends a signal
to the system. The system collects all the notifications from the bins, and shows them on the
driver’s map, proposing the route to follow for the garbage collection. Within the Design
Science framework, a DSS described above is developed and modeled in order to increase the
effectiveness of municipal waste management.
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1 INTRODUCTION

In the last few decades (huffingtonpost.com, 2015), the population of the Earth
became more and more aware of the sustainability concepts and issues. People take into
account the consequences of their actions and try to minimize the possible negative outcomes
of their decisions. Sustainability concepts are now included in almost all fields of humans’
lives.

Sustainability questions are usually ill-structured and unpredictable, so Kersten et al.
(2000, p. 13) suggest that “Any discussion ... for decision-making in different domains should
consider a holistic approach to human problem-solving, the concrete environments in which
Decision Support Systems (DSSs) will be used, and the acceptance of the system by the
user”. The same source defines the area of the DSS application domains, such as land and
water management, pollution control, environmental management, education population
growth control and others; so, the focus is on the environmental questions, and waste
management and disposal is one of the emerging issues.

Usually, the researchers are mostly focused on the solid waste management. Starting
from 1996, there is a growing number of articles and publications concerning this topic.
Some of them are focused on the development of economic-based optimization model, the
others develop DSS tools that help to assist and educate managers in identifying and
recognizing the type of solid waste needed for its disposal (Bani et al., 2009). However, not
only the recycling part should be taken into account, but also the disposal issue, since people
are producing garbage in tremendous amounts, and without a proper treatment the cities will
be just flooded with the waste.

Nowadays smart waste management is an integral part of the smart city management
since the world is moving towards the development of the smart cities (Schaffers et al.,
2011). The general definition of “the smart city” focuses mostly on the word “smart”, stating
that “a city may be called ‘smart’ when investments in human and social capital and
traditional (transport) and modern (ICT) communication infrastructure fuel sustainable
economic growth and a high quality of life, with a wise management of natural resources,
through participatory government” (Schaffers et al., 2011, p.432). This Master thesis research
is dedicated to the exploration of one of the waste management issues using the DSS as a tool
for solving the problem.

1.1 Background
Sustainable development is a complex process which requires a unique and individual

approach to every question. In order to promote the sustainability across the world, the
following policies and goals need to be satisfied (Kersten et al., 2000):



Maximization of the resource usage and energy efficiency;

Mitigation of environmental impacts;

Avoidance/improvement of social impacts;

Promotion of green technologies usage and smooth transition to the renewable energy
sources.

PowphpRE

According to the most well-known definition of the sustainable development,
“Sustainable development is the development that meets the needs of the present without
compromising the ability of future generations to meet their own needs” (United Nations
General Assembly, 1987). Although this definition remains the most popular and widely-
known, there are some controversies hidden inside. For example, how can “the needs of the
future generations” be defined? For some people, these needs only include the possibility to
have clean water and safe place to sleep, for other categories of citizens it is necessary to be
able to purchase expensive goods, travel and continue with self-fulfillment.

At the same time, we need to consider the other part of “future needs” concept. When
does this “future” end? In 10, 20 or 1000 years? How should we plan our actions and possible
rebound effect of our decisions? For the moment, we are still looking for the answers, and
one of the available and recognized means for this purpose is strategic planning.

Initially, strategic planning has been introduced to fulfill the needs of big corporations
in the 1960s, but now it becomes one of the most widely-known activities for any type of
organization or institution. According to Mintzberg and Quinn (1996), strategic planning
involves several stages, such as defining the strategy, or the direction of the process, and
making decisions about available resources to achieve the predefined goals. On the other
hand, it is widely known that decision-making process is much more sophisticated than it was
one hundred or even fifty years ago. More influential factors appeared, and thanks to the
modern technologies people are capable now of managing and solving extremely complicated
questions. At this point, the need for DSS is enormous.

There are several definitions of DSS; for example, Sprague (1980), DSS are defined
by their characteristics:

1. DSS tends to be aimed at the less well structured, underspecified problem that upper-
level managers typically face;

2. DSS attempts to combine the use of models or analytic techniques with traditional
data access and retrieval functions;

3. DSS specifically focuses on features which make them easy to use by non-computer
people in an interactive mode; and

4. DSS emphasizes flexibility and adaptability to accommodate changes in the
environment and the decision making approach of the user.

Druzdzel and Flynn (2002) explain DSS as “interactive, computer-based systems that
aid users in judgment and choice activities. They provide data storage and retrieval but
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enhance the traditional information access and retrieval functions with support for model
building and model-based reasoning. They support framing, modeling, and problem-solving.”

To put it together, DSS is an indispensable tool while solving fuzzy problems, and
sustainability questions are exactly from this category. The sustainability issues are usually
ill-structured, with numbers of possible solutions which depend on the prevalent influential
factor. In most of the cases, the human factor is also added to the set of influential factors,
and this makes the decision-making process even more complex and sophisticated since it is
very difficult to predict the results of the human-nature interaction. Also, the processes
occurring in smart cities tend to rely more and more on the data coming from smart sensors,
and sometimes this data could be uncertain due to different reasons (ex. data coming from
different sources, thus not being standardized; the volume of the data might be difficult to
process using standard equipment. One of the examples of such issues is the data related to
the traffic in the city, and the solutions for smart car parking) (Shrestha et al., 2014).

1.2 Motivation

Waste management remains a big challenge for the whole population of the Earth.
Waste production could be totally considered as a human process, because there is no such
thing as waste existing in nature; everything produced by natural processes or organisms
becomes a building material for the new nature processes. In other words, the humanity is
completely responsible for all waste production.

According to the statistics from Eurostat (ec.europa.eu, 2016), in 2014 only in Europe
Zone (28 countries) it was produced more than 2.5 billion kilograms of waste. What is
important, only 4 countries out of 28 were capable to recycle more than 50% of their
municipal waste. In fact, the average recycling rate in the European Union is 32%. Taking
this information into account, we can say that municipal waste management stays one of the
biggest issues for the authorities, and should be done with maximum possible effectiveness.

In October 2013 an article published by the (World Bank, 2013) claims that “By 2100,
..., the growing global urban population will be producing three times as much waste as it
does today.” This means that the need for the proper waste management treatment system is
exceptionally high. At the same time, local governments and municipalities are usually the
only institutions to provide waste management services. Municipality uses big garbage trucks
which are not efficient anymore because of the increased traffic congestion in big cities due
to economic, business and social growth: big trucks tend to be the source of a traffic jam, so
their use is not reasonable during rush hours and in busy areas. These are all evidences that
new waste management systems need to be investigated. And since the waste management
task is a complex multicriteria issue, one of the solution is brought by the usage of DSS for
solving the arising issues.
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There are several reasons why the usage of DSS for solving sustainability problems
has numerous advantages. Firstly, they were designed to solve the complex multicriteria
problems with the maximum efficiency. According to decision-making-confidence.com
(2015) “DSS reduce training times because the experience of experts is available within the
program’s algorithms”. Also, DSSs help to reduce the time taken to solve problems and,
therefore, to save the costs. DSS allows taking into consideration several strategic goals, and
in the case of sustainability, the global goals are reducing of the negative outcome of any type
of human action, and simultaneously improving the quality of life for the Earth population.
Finally, DSS promotes learning and increase organizational control within any type of
company or institution.

1.3 Problem definition

So far, there are not so many studies on the application of DSS for solving
sustainability issues (Kubler et al., 2016). The current project aims to fill in this gap and to
provide a DSS tool for solving a particular sustainable development task, and this is the
problem of waste management in smart cities (in particular, garbage collection route planning
and optimization).

The reasons for choosing the waste management study case are described in Section
1.2, however, it might be useful to make a brief recapitulation. Firstly, the population of Earth
increases dramatically, and now when there are more than 8 billion people, and the majority
of them are located in big urban communities, the waste production is at its peak since the
1960s (ec.europa.eu, 2017). Secondly, waste management is a multicriteria problem, and it
requires a proper treatment and a proper multicriteria decision analysis. In order to provide
the proper analysis of the task, the Design Science (DS) problem-solving paradigm will be
applied in order to create and manage tool for solving a real use case. The other reason for
choosing this particular study case is that the waste management remains a huge challenge for
a municipality, and since the world is moving towards the concept of smart cities, the projects
which include the usage of smart technologies are of a great interest.

Now, let us describe in more details the overall concept of the DSS tool, its target
auditory, and the benefits of the tool usage. The main idea of the project is to link together
citizens (trash-makers), coordinators of the garbage truck drivers and drivers themselves
(trash-takers). It is worth saying that, usually, municipality hire special workers, i.e. garbage
truck drivers, for collecting garbage, and even if these workers emptied all the garbage bins
in their area, they are still receiving salary basically for doing nothing, as in most of the cities
and regions municipality pays the salary for the whole working week or month, but not for
working hours. The goal of the current project is to improve this situation and suggest a way
of saving money for the municipality, and also of involving citizens in a social movement.

The DSS plays a key role in this project. This DSS will be developed for the
coordinator and will propose the predefined optimal route for garbage collection based on the
capacity of the truck (i.e. how many kilograms of garbage the truck can carry), type of the
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truck and start and end location of the path. As soon as the trash bin is full or needs to be
emptied (i.e. somebody put stinky garbage there), the special sensor from the trash bin will
send a signal to the system. The system collects all the notifications from the bins, and shows
them on the coordinator’s map, proposing the route to follow for garbage collection.

At the end, we have a vehicle or a set of vehicles designed to serve the needs of the
citizens. Those vehicles may have different capacities, and since the goal is to find an optimal
path for a particular truck, there is a modified heterogeneous vehicle routing problem (VRP),
which is well-known and well-studied.

1.4 Scope and limitations

The scope of the current Master thesis is to explore the opportunities of the DSS
application to sustainable development, and to suggest a practical solution which can improve
the current situation in the smart waste management domain. The Design Science (DS) was
chosen as a research methodology; the literature selection methodology will be described in
Chapter 2.

The objectives of the project are as follows:

- To provide an overview of existing DSS methods, models and tools for
sustainability (since the current Master thesis project is a part of “Horizon 2020 bloTope
— Building an 10T Open Innovation Ecosystem for Connected Smart Objects” (biotope-
project.eu, 2017), this overview is intended to be as full as possible in order to be used in
the future by ITMO research team);

- To propose an architecture for model-based DSS for smart waste management
based on this overview;

- To develop the mathematical model for the heterogeneous VRP in nthe context
of smart city;

- To evaluate this model by simulating scenarios, as well as against the Green IS
framework (Malhotra et al., 2016) aiming to provide the practical solution for climate
change mitigation.

The current research work does not take into account the dynamic route planning for
the garbage truck, including the consideration of traffic jams since it is outside of the scope of
the project. We are providing the DSS tool based on the graph algorithm for finding the
optimal path, i.e. we include the constraints of starting/ending point (the start point is
considered the current location of the truck, and the end point is necessarily the incinerator
where the garbage should be delivered).
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1.5 Thesis structure

The following Chapters are organized as follows: in Chapter 2 we describe the
published papers and existing solutions in the area of DSS for sustainability and particularly
for smart waste management; Chapter 3 introduces the Design Science paradigm for solving
the study case, Chapter 4 describes the implementation of DSS tool for waste management; in
Chapter 5 we will evaluate the solution and provide the test setup to make sure the research
questions from Section 1.3 have been solved; and Chapter 6 concludes the current research
project and suggests the opportunities for the future work.
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2 RELATED WORK

This chapter summarizes the publications and case studies in the area of DSS for
Green ICT and sustainability, focusing on smart waste management, as well as the existing
DSS tools and companies for smart waste management. It also provides the overview of the
existing problems and possible solutions for the heterogeneous capacitated VRP.

To provide the related work overview, an extensive research was carried out using the

9 (13 9 13

key phrases such as “DSS for sustainability”, “sustainable decision-making”, “smart cities
garbage collection”, “smart waste management”, “DSS for smart waste management”, “waste
management garbage collection optimization”. The search was aimed to find these key
phrases in titles of articles, research papers and published scientific books in such libraries
and databases as Springer, ScienceDirect, ResearchGate, John Wiley, and IEEE. After the
primary search proceeded with selection, it was decided to virtually divide all the papers into
the categories “sustainable decision-making” (which includes DSS methods and tools for
sustainable development), “smart waste management” (as part of smart cities ecosystems),
“route planning and optimization” (including Travelling Salesman Problem (TSP) and
Vehicle Routing Problem (VRP), as well as the algorithms and software for providing a
solution for such problems).

2.1 Sustainable decision-making

While talking about the DSS for sustainability, one should start from the consideration
of sustainable decision making. Sustainable decision-making means “... a decision making
which contributes to the transition to a sustainable society” (Hersh, 1999, p. 395).
Sustainability issues usually represent a combination of three pillars: Economic, Social and
Environmental (Klimova et al., 2016), and the decision-making approach should be able to
take into account all three of them. In addition, those issues might be lacking essential data,
or have multiple (sometimes controversial) goals, or different stakeholders, which brings us
to the idea of internal conflicts. DSS are widely known as one of the best tools for solving
such controversies, but at the same time the decision-making process itself should be a
combination of two main approaches based on classical and naturalistic decision-making
theory. According to Hersh (1999, p. 396), “Naturalistic decision making is based on intuitive
strategies... and “...is intended to model the behavior of real decision makers”, while classical
theory is a more analytical approach, and targeting the decision event, not the decision
process. This brings us to a point, where a particular sustainability problem should be
represented as “... a mixture of qualitative and quantitative, subjective and objective, precise
and imprecise data”.

So far, there is a range of DSS tools developed to deal with conflicting goals or

requirements. These tools are widely used for solving sustainability questions. In a broad
sense, these tools and methods can be divided into three categories: Economic,
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Environmental and Social. In the subsections below we provide an overview of the Decision
Methods and Tools based on this categorization.

2.1.1 Economic Methods and Tools for Sustainable Decision-Making

“EnviroAtlas” (Epa.gov, 2014) is one of the most universal tools and it was developed
by United States Environmental Protection Agency. This tool provides the geospatial
information, and also analysis the relationship between various ecosystem services.
“EnviroAtlas” allows different user categories to obtain the information about the
classification of ecosystem goods and services, such as air cleanliness assessment, natural
hazard mitigation, biodiversity conservation, recreational opportunities; and at the same time
this tool incorporates a set of sub-applications for measuring the value of ecosystems.

The other tool, “CANARY Event Detection Software” (Cfpub.epa.gov, 2013) was
developed for the detection of water contamination. It collects the information from water
quality sensors, and provides an immediate analysis of the contamination level in the region.
This type of decision-making tool is important for the assessment of drinking water quality,
and might be of a great use in some developing African countries, where the problem of
drinking water quality is one of the most important. In addition, this tool might be also
classified as Social one, since it directly aims to help people.

2.1.2 Societal Tools for Sustainable Decision-Making

To start with, let us consider the DASEES - Decision Analysis for a Sustainable
Environmental, Economy and Society (Stockton at al., 2012). This is a prototype of a
framework developed for solving complex economic, environmental and social problems,
risk assessment, environmental modeling. This framework allows user to define context,
identify objectives, formulate alternatives, evaluate and decide among alternatives, and as a
final step to implement the solution. This framework uses Drivers-Pressures-States-Impacts-
Response (DPSIR) conceptual approach for problem modeling and framing. At the end, the
particular decision-maker is capable of creating its own decision-making tool model while
using interactive tools incorporated in DASEES, to generate graphs and charts, and to get the
statistical analysis of the input data.

The other societal tool for Sustainable Decision Making is GLIMPSE (Epa.gov, 2017)
model. This model is used for the planning and developing of the scenarios which include air
quality measurement, ecosystem protection, and climate change mitigation goals. The model
estimates the greenhouse gas emissions and carbon footprint of the technologies, and allows
decision-makers to adjust their scenarios accordingly, in order to maximize the human health
benefits. The GLIMPSE model also considers a possible trade-off while a particular scenario
is being implemented (for example, the increasing usage of electric cars may change reduce
the carbon dioxide emissions, but at the same time it increases the methane emissions, and
both of these gases are greenhouse gases).
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It might be also useful to look into the exposure assessment model which is known as
Virtual Beach (Epa.gov, 2012). The model was developed for the beach managers or just
people who are responsible for beach closing due to some contamination. Virtual Beach
provides statistical analysis of the pathogen level (including the level of E.coli bacteria), and
makes predictions based on wind speed, wind direction and other influential factors. The
model uses Multiple Linear Regression, Partial Least Squares Regression and Gradient
Boosting Machine as analytical techniques.

2.1.3 Environmental Tools for Sustainable Decision-Making

The next chapter is dedicated to the existing environmental models and tools for
sustainable decision making.

The first model to consider is the VELMA (Visualizing Ecosystems for Land
Management Assessments) (Epa.gov, 2012) model. This model is interesting in a way that it
brings together a land surface hydrologic model with a terrestrial biogeochemistry model, and
this combination results in a simulation of changes in five particular ecosystem services, such
as greenhouse gas regulation, carbon footprint, water quality & quantity measurement, and
timber production. The developers also target to incorporate this model with a flexible
decision support platform Envision, which would result in an improved approach to the
decision-making in the current context.

The next model is called Storm Water Management Model (SWMM) (Epa.gov, 2015),
and it was designed for analyzing the stormwater runoff. The SWMM is a simulation model,
and as criteria it takes the flow rate, flow depth, and quality of water in the pipes, and based
on the collected data it can also predict the impact of the stormwater on rural areas or
infrastructures. In addition, the model can estimate the level of polluting substances brought
along with the stormwater, and the user can estimate the level of possible impact, and take the
necessary actions.

The last model to be discussed in this subchapter is called WEPPCAT (Water Erosion
Prediction Project Climate Assessment Tool) (Epa.gov, 2012), and it represents an online tool
for the impact of climate changes on the sediment loading. This tool is suitable for long-
planning and strategic assessment of possible climate changes on the water quality and
aquatic organisms. As a criterion, WEPPCAT takes into account the changes in water
temperature, air temperature, water quality (including pollution and pH levels) and water
quantity. According to experts, the increase in temperature leads to the increasing amount of
precipitation, which results in soil erosion, so this tool is of a great importance for the
agricultural experts, researchers and ordinary farmers.

To summarize these three subsections, the overview of the societal, economic and
environmental models discussed before is given in the Table 1. Among the criteria
represented in the Table 1 it was chosen to use “GHG emission” criterion for the smart waste
management route optimization model as the most relevant among the described ones. In
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particular, the CO2 emissions rate will be considered, as it can be calculated only using the
information about distance, truck type and amount of petrol used.

It is impossible to distinguish the most important domain among three sustainability
pillars, however, we cannot omit the fact that most of the researchers try to focus on
economic perspective of sustainable decision making, since the humanity moves towards the
urban lifestyle, and, moreover, towards the development of smart cities with smart
infrastructure. On the other hand, even if all the processes and infrastructures in a smart city
are optimized in the most “green” and sustainable way, the waste production cannot be
stopped, and as long as the human population exists, the waste will be produced. Thus, to
narrow down the economic perspective of sustainable decision making, the next subsection
will be dedicated to the waste management process in smart cities, or, as researchers say, the
smart waste management.
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Table 2.1 The overview of the existing tools for sustainable decision-making

Tool Category Description Target Users Decision criteria
EnviroAtlas Economic | The science-based information about clean | Public, academia, Example: level of carbon
air and water, natural hazard mitigation, Non-profit monoxide and percentage
biodiversity conservation, food, fuel, and organizations ultrafine particles
materials, recreational opportunities, and (NPO), government
cultural and aesthetic value.
CANARY Event Economic Detection of hazardous contaminants, or Water quality Example: changes of chlorine
Detection Software abnormal water quality conditions, in managers signal and pH level
drinking water with the usage of sensors.
GLIMPSE Social Scenarios for measuring air quality, Air quiality offices, Example: Greenhouse Gas
ecosystem protection, and climate change researchers Emissions (GHG) (carbon
mitigation goals. footprint, methane emissions)
Virtual Beach with Social Identification of the need for a local beach Beach managers Example: pathogene level
watershed model to be closed due to bacteria or virus (E.coli, bacterias etc)
framework contamination
VELMA (Visualizing Environ- Identification of the best management Federal land Example: GHG emissions
Ecosystems for Land mental practices for ecosystems. Visualization tools managers,
Management are provided to assess how alternative community
Assessments) decisions impact the sustainability of vital regulators,
ecosystem services. watershed councils
Storm Water Environ- Identification of the effective management Researchers, Example: flow rate, flow depth,
Management Model mental ways for stormwater runoffs and sanitary stormwater control quality of water in each pipe
(SWMM) sewer flows within urban drainage systems.
WEPPCAT (Water Environ- Assessment of different climate change Agricultural people, | Example: temperature, level of
Erosion Prediction mental | scenarios for agricultural soil erosion model. watershed precipitation, water quality and
Project Climate modelers, farmers quantity
Assessment Tool)
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2.2 Smart waste management

Smart waste management theory was introduced within the framework of Internet of
Things (1oT) and smart cities in particular. Zygiaris (2013, p. 218) defines “smart city as “... a
certain intellectual ability that addresses several innovative socio-technical and socio-
economic aspects of growth. These aspects lead to smart city conceptions as “green” referring
to urban infrastructure for environment protection and reduction of CO2 emission,
“interconnected” related to revolution of broadband economy, “intelligent” declaring the
capacity to produce added value information from the processing of city’s real-time data from
sensors and activators, whereas the terms “innovating”, “knowledge” cities interchangeably
refer to the city’s ability to raise innovation based on knowledgeable and creative human

capital ™.

At the same time, it is worth to mention the dimensions of a smart city, or in other
words, “features” or aspects that altogether make a city smart. Lombardi et al. (2012), Albino
et al. (2015) have described such features as follows:

Table 2.2 Dimensions of a smart city and related aspects of urban life (adapted from
Lombardi et al., Albino et al)

Dimension of a smart city Related aspect of urban life
Smart economy Industry
Smart people Education
Smart governance e-Democracy & e-Governance
Smart mobility Logistics & Infrastructures
Smart environment Efficiency & Sustainability
Smart living Security & Quality

The current master thesis research focuses mainly on 2 dimensions of the smart city:
smart environment and smart mobility. However, even if the current project focuses mainly
on logistics and route optimization, the related work about smart waste management can be
divided into three categories: Smart Sensors for Garbage Bins; Solid Waste Management
Solutions, and Route Planning & Optimization for Waste Management Systems. The next
subsections will highlight the existing models, solution and tools for Smart Waste
Management.
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2.2.1 Smart Sensors for Garbage Bins

The idea of smart waste management starts from the usage of 10T devices, and smart
sensors in particular. So far, there are several industrial companies producing such type of
equipment.

One of the pioneering companies in the domain of smart sensors for waste
management was Urbiotica (Urbiotica.com, 2008), who started the production of sensors in
2008. The company designs and sells the wireless networking systems, which allows to
capture and collect real-time data from sensors and use this information for sustainable
purposes. However, now the company decided to stop the support of their Urbiotica waste
management platform, and concentrate solely on parking and noise pollution 10T solutions.

In 2003 a company was founded in order to deal with one of the most challenging
environmental issues - waste collection. The company’s name is BigBelly (Bigbelly.com,
2003), and the first garbage bin equipped with smart sensor was installed in Needham,
Massachusetts, USA. Since that time, the company grew and currently operates in 47
countries all over the world. BigBelly offers a cloud-based web application called CLEAN,
which collects the information from the smart garbage bins, brings it to the cloud, provides an
analysis about the fullness of the bin, volume, costs and location of the bins. All the smart
bins equipped with sensors are connected to the cloud, and this makes possible to use real-
time data for user’s purposes.

The first company to introduce the concept “InternetOfTrash” was Smartbin company
(Smartbin.com, 2010). Smartbin provides wireless smart sensor for measuring the fill-level of
the garbage bin. At the same time, the real-time data extraction from the sensors, monitoring
and route planning and optimization are also possible within the framework of SmartBin Live
solution. The most efficient route for garbage collection is sent directly to the drivers, which
helps to optimize logistics and reduce delivery costs by eliminating over-filling and
emergency call-outs. In addition, the paper about SmartBin system was published in IEEE
Xplore in 2015. Folianto et al. (2015) describe the process of data collection from the smart
sensors, and delivery through the wireless network. Authors also tested the system outdoors,
and experimentally showed the reduction of power consumption and optimization of
operational time.

At the same time, the 10T solutions market grows, and new companies appear. In 2010
Enevo company (Enevo.com, 2010) was founded in Finland, and to date it has raised over 26
million USD. This company offers analytic sustainable solutions for waste management
process, including monitoring of waste generation, prediction of fill-level of the garbage
container, and real-time reporting of waste collection process. The company uses ultrasonic
wireless devices for analyzing the fill-level of the bin, as well as the temperature tilt and
acceleration of the particular garbage bin.
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One of the growing companies that offer solutions for smart waste management is
ECube Labs (Ecubelabs.com, 2011). The company was established in 2011 and now is
headquartered in Seoul, South Korea, ECube Labs is trying to expand their business
worldwide by providing smart waste management system, which consists of the Clean CUBE
(a smart solar-powered garbage bin that compresses the trash up to 8x times), the Clean CUP
(a smart ultrasonic level-fill sensor) and the Clean City Networks (an integrated web-based
cyber-physical system which processes the information from Clean CUBE and Clean CUP).

The other one to mention in this section is Sintelur solution (Wairbut.com, n.a.) by the
Wairbut company. Wairbut company is a consultancy company, however, they developed a
solution for smart management system, which is a M2M system for the telemetry of the
control of bins’ fill-level. Sintelur incorporates hardware & software elements to control the
fill-level of garbage container, as well at the software for route planning for garbage
collection based on real-time information from small smart sensors.

One of the companies which deal with urban smart waste management is Citibrain
(Citibrain.com, n.a.). Again, as its competitors, Citibrain offers the placement of sensors with
low energy consumption for the garbage bins, and monitors the security level of the container
as well as the it detects the anomalies about any part of the solution. Because of the wireless
communication between sensors, the data is collected and then used for the contribution to
the sustainability and improvement of citizen’s quality of life.

A particular company to describe in this subsection is Compology company
(Compology.com, 2012), which doesn’t produce or install smart sensors, but only provides
users with WasteOS. Waste OS is a Software-as-a-Service, and this operation system is
cloud-based, so there’s no need to install any software or setup a server. Instead, the
dashboard is available online from any device which is connected to the Internet, and can be
scaled from the size of a particular city to a nationwide network.

It is also worth to mention the FP7 research project (Eurescom.eu, 2014), which is
developed for optimizing waste collection in Berlin. The project suggests the usage of
Outsmart sensors which can measure the fill-level of the garbage in a bin, and then show this
information on the driver’s map. The project also emphasizes the age issue among the
workers involved in waste collection, making it easier for the employees since they don’t
have to stop near each garbage bin and check whether it needs to be emptied. The project also
collects the statistical data about garbage collection, and thus gives the possibility for the
municipality to better plan the location of garbage bins, increasing their quantity in busy
areas and reducing in less busy districts.

A relatively new company AcoRecycling (Acorecycling.com, 2016) was established
in Turkey. The company is mostly focused on the recycling part of waste management
regulation (for this purpose, the AcoRecycling company introduced a Smart Reverse Vending
Machine, which separates non-recyclable and recyclable garbage), but one of the products is
SmartWas which is a smart waste management system for tracking the data about the garbage
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bin. This data is managed with the help of the web-based software; this software is also
capable of tracking the estimated waste collection periods while operating in both Driver and
System Operator modes.

One of the fast-growing waste management companies in Northern Europe is
NordSense (nordsense.com, 2015). Established in Copenhagen, NordSense offers a full range
of waste management services, including small wireless sensors for any type of garbage bin
(even those who use plastic bags), and a special software which operates real-time data and
provides dynamic route planning and route optimization for garbage collection. This software
could be also installed at driver’s tablet and smartphone, and send the information about all
vehicles and waste collection process to the system coordinator, who is also capable to
calculate the trip duration and cost estimation for every garbage truck.

Waste management solutions, as a part of other 10T solutions for smart cities, are also
provided by Nebulae company (Nebulae.io, n.a.). Their smart waste management technology
integrates sensors in any type of garbage bins, and collects real-time data information about
the garbage level. The system logs continuous data, and based on it plans the optimal path for
garbage collection and estimates the costs for every waste pick-up.

The last two companies to discuss are Waste:IT (Wasteit.sk, 2012) and its follower
SENSONEO (Sensoneo.com, 2014). Waste:IT was born as a start-up and a part of Brain:IT
company in 2012 in Slovakia. The Waste:IT company provides a set of built-in sensors for
fill-level estimation of the garbage level, and supports the waste management solution via
software which operates in 3 modes: the local resident level (in this mode, the user has access
to the location of the garbage bins in the area and their fill-level in order to be able to decide
which one is the most suitable for putting in the garbage), the communal service driver mode
(this mode provides the route planning for garbage pick-up), and communal service operator
(the main purpose is to monitor the pick-up process, drivers’ location and level of waste in
the containers). At the same time, SENSONEO provides basically the same functionality,
with minor differences in equipment configuration and pricing range for sensors’ installation
and data monitoring.

The overview of the tools and the software features is performed below in Table 2.

To summarize this subsection, one can notice that sensors play an extremely important
role in the smart waste management: there’s no more need to monitor the fill-level of the
garbage manually, to send workers for the check and, therefore, to waste employer’s time,
and fuel for driving a truck to the non-empty garbage bin. For this Master thesis research
project, it was decided to make a simulation for the sensors which not only gives the
information about the fill-level of the bin, but shows the amount of garbage in the bin. When
the garbage level reaches 80%, the system gives a notification that the bin needs to be
emptied, thus giving some time for emptying of the bin and avoiding the overfilling.
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The next subsection provides an overview of the existing DSS for waste management,
since the data from sensors is useless without a proper governance, and the appropriate
solutions for smart cities of how to plan the optimized waste management according to the
principles of sustainability
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Table 2.3 — The overview of the existing solutions for smart waste management

: . . Software support
. L Senso| Fill- | Tempera Historical | Power Special _pp_ Route
Company Website Description GPS . & communication .
rs |level | ture analysis source features planning
technology
i CLEAN Cloud-
. http://bigbelly.c |Waste management
BigBelly RIOIGRETY : g Yes | Yes No Yes Yes Solar based Management No
om/ solutions
Console
Internal
communications
enabling reports;
Measures tilt;
.| https://www.sm [Waste management Measurement | SmartBin Live -
SmartBin D . . g Yes | Yes No Yes No Battery . Yes
artbin.com solutions supto7.5m route planning
in depth software; sends
routes directly to
drivers, also allows
to track drivers
Predict when .
http://www.enev [ Waste management and where Wireless
Enevo ' : : g Yes | Yes Yes Yes Yes Battery . communications; No
o.com/ solutions containers are .
. real-data collection
filling up;
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http://bigbelly.com/
http://bigbelly.com/
https://www.smartbin.com/
https://www.smartbin.com/
http://www.enevo.com/
http://www.enevo.com/

Software support

. L Senso| Fill- | Tempera Historical | Power Special . Route
Company Website Description P GPS . P & communication .
rs |level| ture analysis source features planning
technology
Waste management
solutions; Clean .
Clean City
CUP as a sensor,
Networks (CCN) -
http://ecubelabs Clean CUBE as a Compresses sends and receives
ECube Labs ' “| smart bin; Clean | Yes | Yes No Yes Yes Solar |trash up to 8x . Yes
com/ . . real-time data from
City Networks as a times .
. sensor devices on
waste collection
. the ground
optimization
platform
RAPID platform
(allows
http://www.wair . .| reprogramming of
P The device is eprogramming o
but.com/we- such data as
M2M system for capable of
do/products/sma i measurement
e the telemetry of the simultaneousl .
. rt-cities/sintelur/ . completion and
Sintelur : control of Yes | Yes No Yes Yes Battery |y controlling s Yes
http://www.wair e . submitting
. containers' filling multiple .
but.com/_adj ed levels ultrassonic times, change of
/productsheet_si direction of the
Sensors
ntelur.pdf platform,
filling warning
distance)
https://compolo Cloud-based
Compology D D WasteOS Yes | Yes No Yes No Battery No WasteOS Yes

gy.com
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http://ecubelabs.com/
http://ecubelabs.com/
https://compology.com/
https://compology.com/

Software support

. L. Senso| Fill- | Tempera Historical | Power Special .. Route
Company Website Description P GPS . P & communication .
rs |level| ture analysis source features planning
technology
Smart Waste
Management
System; glacement Acceleromete
http://www.citib y : . r for motion Wireless
; of sensors with low . .
Citibrain rain.com/en/solu ener ves | Yes Yes Yes No Batter detection; communications: Yes
tions/smart- gy y Ultrasounds | SigFox/GPRS/NB-
consumption and
waste/ . el or Infrared loT;
high durability in SENSOrS
the traditional trash
bins.
Dynamic
Route
lanning;
aIsF; measgres Cloud-based
http://www.nord | Waste management ) application; for
Nordsense D : g Yes | Yes No Yes Yes Battery | the fill-level PP : Yes
sense.com/ solutions . coordinator &
of containers .
. drivers
equipped
with plastic
bags
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http://www.citibrain.com/en/solutions/smart-waste/
http://www.citibrain.com/en/solutions/smart-waste/
http://www.citibrain.com/en/solutions/smart-waste/
http://www.citibrain.com/en/solutions/smart-waste/
http://www.nordsense.com/
http://www.nordsense.com/

Software support

. L Senso| Fill- | Tempera Historical | Power Special . Route
Company Website Description P GPS . P & communication .
rs |level| ture analysis source features planning
technology
Logs continuous
data from sensor,
http://www.neb Detects rovides a war
ulae.io/SmartW | 10T solutions for inflammable P i
Nebulae . Yes | Yes Yes Yes No Battery room view of Yes
asteManagemen smart cities waste .
. operations and
t dumping o
generates optimized
routes
Consists of 3 levels:
http://www.wast Intellicent waste Measureswas app for citizens, for
Waste:IT | eit.sk/EN/index. g. . Yes | Yes No Yes Yes Battery . communal service Yes
monitoring te weight .
html provider and for
drivers
http://www.sens Fire alarm
SENSONE ' ) Waste level and vertical | Citizen level and
oneo.com/riesen . Yes | Yes No Yes No Battery .\ . Yes
O . monitoring position Driver mode
ie.html
sensor
Smart Waste
Management
Solutions; Smart CO emissions| SmartWas - Smart
AcoRecycli | http://www.acor | Reverse Vendin tracking with | Waste Management
yel | R 7°NAING | ves | Yes| No | Yes No Battery g gem Yes
ng ecycling.com/ Machines SmartWas | System; dynamic
(separates Sensors route optimization

recyclable & non-

recyclable trash)
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http://www.nebulae.io/SmartWasteManagement
http://www.nebulae.io/SmartWasteManagement
http://www.nebulae.io/SmartWasteManagement
http://www.nebulae.io/SmartWasteManagement
http://www.wasteit.sk/EN/index.html
http://www.wasteit.sk/EN/index.html
http://www.wasteit.sk/EN/index.html
http://www.sensoneo.com/riesenie.html
http://www.sensoneo.com/riesenie.html
http://www.sensoneo.com/riesenie.html
http://www.acorecycling.com/
http://www.acorecycling.com/

Software support

. .. Senso | Fill- [ Tempera Historical | Power Special L Route
Company Website Description P GPS ] P & communication .
rs |level ture analysis source features planning
technology
https://www.eur
escom.eu/news-
n -
and- FP7 research
gvents/eurescom . ) .
messade/euresc project about smart Data collection via
Eurescom waste Yes | Yes No Yes Yes Battery Internet; mobile fill- No
OM-MeSsage-2- | - hagement: level application
2014/smart- g ' PP

waste-bins-on-
the-streets-of-
berlin.html

OutSmart sensors
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https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html
https://www.eurescom.eu/news-and-events/eurescommessage/eurescom-message-2-2014/smart-waste-bins-on-the-streets-of-berlin.html

2.2.2 Decision Support Systems for Waste Management

So far, there are several works dedicated to the DSS for Waste Management. One of
the earliest papers in this area is by Reuter et al. (2000). It was published in 2000, and
describes the In2ReWaMan (Infrastructure for integrated Resource and Waste Management)
DSS for managing the dynamics of waste management. Authors suggest the systemic view of
the resource and waste management infrastructure, and describe the In2ReWaMan DSS as “...
a tool, which can assist policy- and decision-makers at various organizational levels to
properly manage the problems associated with sustainable waste management and make them
aware of the spectrum of system opportunities” (Reauter et al., 2000).

The next case to consider is the The DeCyDe-4-Sustainability Case (Loizidou and
Loizides, 2012). This is a policy-oriented decision support method developed in 2012, “...
which integrates logical processes and established scientific knowledge and local data,
together with local knowledge and experience, in a highly participatory way to give a
numerical value to a problem or issue that is considered subjective or difficult to quantify
(Loizidou and Loizides, 2012, p. 1). The motivation for the development of such a method is
the difference in academic competencies of the decision-makers, while some of the decision-
making tools are designed in a very complex and sophisticated way. The DeCyDe-4-
Sustainability consists of four steps (building a database, defining indicators and parameters,
weighting, and facilitated participatory decision-making as a final step), and was
implemented in Kouklia, Cyprus in order to let the citizens evaluate the state of sustainability
in the city.

One of the overviews about existing waste management models was provided by
Morrissey and Browne (2004). This paper was published in 2004, and reviews the existing
types of models used for municipal waste management; mostly these models are DS models,
and authors divide them into 3 categories - “those based on cost-benefit analysis, those based
on life cycle assessment (LCA) and those based on multicriteria decision making” (Morrissey
and Browne, 2004, p. 297). It was shown in the paper that based on the literature overview,
the multicriteria methods are the most suitable for decision-making for waste management
since they can solve any complex problem with any criterion such as economic, social etc.,
while LCA application is limited by the environmental area. It was also shown that among all
the MCDA methods ELECTRE Il was considered as the most commonly used for the waste
management decision-making so far, with AHP ranked the second most popular MCDA
method. For the current Master thesis research, we will follow the DS models’ classification
suggested above.

2.2.2.1 Cost Benefit Analysis (CBA)

CBA approach is in use for waste management practices. In 2016, Dobraja et al.
(2016) developed an integrated waste-to energy system, which covers such aspects as waste
management, energy production and waste-to-energy process. This system suggests the usage
of biodegradable waste as a source of biogas production, and further utilization of the
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biomethane for the logistics/transport applications. As a case study, the city of Valmiera in
Latvia was chosen, and CBA was performed showing the benefits of the developed model in
terms of fuel consumption and GHG emissions reduction.

Since 2004, after the review paper of Morrissey and Browne (2004), CBA is not
considered as a common approach for solving waste management issues.

2.2.2.2 Life Cycle Assessment (LCA)

LCA is also applicable while talking about waste management. An integrated LCA
and Multicriteria Decision Making Approach (MCDM) approach for Municipal Solid Waste
Management (MSWM) was proposed by Jovanovic (2016). Authors performed an analysis
for choosing the optimal local system for MSWM for the city of Kragujevac, Serbia. The
integration of LCA and MCDM was suggested in order to solve the current task.

The other works on MSWM with the application of LCA include Reich (2005),
Kirkeby and Christensen (2005), Zhao et al. (2009), Cherubini et al. (2008), Hong et al.
(2010), Miliute and Kazimieras Staniskis (2010), Hanandeh and El-Zein (2010), Fernandez-
Nava et al. (2014), Schlukhter and Rybaczewska-Btazejowska. (2012), Mahmoudkhani at al.
(2014), Kulczycka et al. (2015), Bieda and Tadeusiewicz (2008).

2.2.2.3 Multicriteria Decision Making Approach (MCDM)

Several MCDM models were developed since the paper by Morrissey and Browne
(2004). In 2007, Hung et al. (2007) introduced a new decision-making model for MSWM as a
combination of MCDM and consensus analysis model (CAM). The CAM allows to quantify
the degree of consensus among stakeholders, and therefore, to find a compromise solution of
the problem. The degree of consensus is defined as “... the degree of similarity of preference
between stakeholders, and the “consensus results” signifies the average preference of all
stakeholders” (Hung et al., 2007, p. 210). As a practical implementation of the model, the
food waste management problem in Taipei, Taiwan was discussed, with the government,
experts, NGOs and business as stakeholders, and incineration, landfill, composting, hog
feeding and anaerobic digestion as the alternatives for food waste treatment.

It is also worth to mention the paper by Manah et al. (2008) UrusSisa: An intelligent
system for integrated solid waste management. Even though UrusSisa represents an expert
system for recycling, composting, incineration and sanitary landfill (excluding any route
planning for waste pick-up), this system assists decision-makers while applying the modified
Analytical Hierarchy Process (AHP), which is a MCDM method. The other works on
MSWM with the application of MCDM include Vucijak et al. (2016), Zeng and Trauth
(2005), Vego et al. (2008), Achillas at el. (2013), Pires et al. (2011), Xi et al. (2010).

To summarize this section, the MCDM remains the most popular decision-making
method, so for the current research it was chosen to use the MCDM for smart waste
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management study case, and to investigate the solutions for VRP since the waste collection
problem is one of the particular cases of the heterogeneous VRP. Most of the researchers
address smart waste management as multicriteria problem, however, MCDM techniques
allow the decision-maker is dealing with discrete decision spaces and predetermined or a
limited number of choices, while TSP and VRP are an NP-hard problem, and the need for
Multi-Objective Decision-Making Techniques arise. This issue will be as well addressed in
Chapter 6.

2.3 VRP as an extension of TSP and its modifications and existing solutions

The TSP remains one of the most common and well-studied problems in Operational
Research. This problem was formulated by Applegate et al. (2011, p. 1) as follows: “Given a
set of cities along with the cost of travel between each pair of them, the traveling salesman
problem, or TSP for short, is to find the cheapest way of visiting all the cities and returning to
the starting point.”. Yet this problem remains one of the most challenging issues for the
researchers due to its NP-hardness (which means it is really difficult to find a global optimal
solution in polynomial time).

The extension of TSP is VRP, which firstly was discussed by Dantzig and Ramser.
They (Dantzig and Ramires, 1959, p. 81) define the problem as “What is the optimal set of
routes for a fleet of vehicles to traverse in order to deliver to a given set of customers?”. The
main goal is to minimize the routing costs.

In our case, there are multiple pick-ups (emptying of garbage bins) and only one
delivery (to the incinerator or big garbage collection truck). Since the truck depot is usually
located in the city center, and the incinerators due to environmental issues are placed outside
of the city area, the starting and ending point for the vehicles are different. This brings us to
the modification of TSP and VVRP problems.

Another paper on waste collection was published by Mes (2012). Author describes the
simulation for dynamic waste collection for the big underground garbage containers equipped
with sensors. This dynamic simulation problem is the modification of VRP and is called
Inventory Routing Problem (IRP), i.e. the system needs to provide the answers to the
following questions: “At which point in time should a customer be delivered to fill up its
stock? How much ought to be delivered in this situation? What is the best order and therefore
route to deliver the set of selected customers?” (Mes, 2012, p. 281). As an example, author
took the city of Twente in the Netherlands, and described both models for static and dynamic
route planning and optimization.

So far, there are few different modifications of VRP (Kumar and Panneerselvam,
2012):
- Dynamic Vehicle Routing Problem (DVRP), when some of the orders arrive
dynamically during the serving time;
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- Capacitated Vehicle Routing Problem (CVRP), when all the trucks are identical with
the predefined truck capacity;

- Vehicle Routing Problem with Time Windows (VRPTW), when in addition there are
multiple time windows for pick-up and delivery; as variations, there are VRPTW with
hard time window, i.e. it cannot be violated, or so called VRPHTW, and VRPTW
with soft time window, or VRPSTW, when the time window can be violated.

Since VRP is considered as NP-hard problem, the most successful algorithms for
finding the optimal route are heuristic algorithms. One of the most common approaches while
dealing with VRP and its modifications is “ruin and recreate” principle, when the chosen
heuristic algorithm builds the solution, then some of the nodes are taken away from the
solution, and then the other heuristic rebuilds a new solution by adding the excluded nodes
(Schrimpf, 2000). Ropke and Pisinger (2007) developed an Adaptive Large Neighborhood
Search (ALNS) algorithm based on “ruin and recreate principles”. The algorithm operates in
3 steps: firstly, the number of heuristics build the solution, then at each iteration the current
solution is partially destroyed, and then repaired using the other type of heuristics. Authors
performed the practical evaluation of the ALNS, and proved its robustness, adaptivity and
suitability for different sizes of instances (being trapped in a local minimum is one of the
issues while solving VRP).

For solving the smart waste management problem, the two main options were
discussed: the usage of MiniZinc modelling language, or JSPRIT open-source toolkit.
MiniZinc was developed at Monash University in 2015, and breaks any problem into two
parts - “what” and “how” (minizinc.org, 2015). The “what” part represents a set of model
constraints for optimization process, and as soon as all the constraints are described, the
special solver which represents the “how” part solves the task using Large Neighborhood
Search (LNS) algorithm. However, the solution process with MiniZinc might take the
indefinite amount of time, since the amount of iterations is indefinite, and if the researcher
stops the iteration process manually, the local minimum of the solution might be given
instead of the global minimum of the value function.

The second option, the ALNS was implemented by the commercial company called
Graphhopper (2014) in Munich, Germany. The Graphhopper team provides APIs for routing
and route optimization, geocoding, map matching, matrix APl and isochrone API
(Graphopper, 2014). Also, the company developed an open-source java toolkit JSPRIT for
solving TSP and VRP; at the same time, JSPRIT provides a java library for route
optimization. Based on the comparison by Medvedev et al. (2015) of different open-source
tools and libraries for solving VRP, the open-source JSPRIT library was chosen as the main
library for project realization of the current Master thesis research.

The last question to be discussed in this section is the issues of effectiveness of
different routing scenarios. Traditionally, every model or simulation of smart waste
management system considers the incinerator or the recycling facility as the end point of the
route. Usually such facilities are located outside of the city, and the route from the last
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collected bin to the recycling factory is long and fuel-consuming. Anagnostopoulos et al.
(2015) suggested an innovative approach to the optimizing vehicle routing by including in the
model High Capacity Trucks (HCTs) and Low Capacity Trucks (LCTs). LCTs are meant to
collect the garbage from the streets, and HCTSs play the role of the storage unit inside the city,
so the LCTs don’t have to go to the incinerator or recycling facility outside of the city, they
can simply bring all the collected garbage to the HCT location and unload it, saving fuel costs
and therefore reducing CO2 emissions. In the paper authors experimentally prove the
efficiency of HCTs usage, therefore, for the current Master thesis project, the scenarios with
the usage of HCTs only will be investigated.
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3 METHODOLOGY

3.1 The overview of Design Science Research Methodology within application to the
existing problem

According to the first fundamental paper in the field of Design Science published by
March and Smith in 1995, in a broad sense DS is a type of research that —... attempts to
create things that serve human purposes. It is technology-oriented. Its products are assessed
against criteria of value or utility - does it work? is it an improvement?” (March and Smith,
1995, p. 253). Design Science tends to solve the problems in the field of Information
Technologies (1S), where new challenges arise dramatically, and these challenges require a
new innovative approach.

Design Science is about creating the new artifacts for solving real-world problems.
The notion artifact is a core matter of the IS field. Artifact is explained as ... innovations that
define the ideas, practices, technical capabilities, and products through which the analysis,
design, implementation, management, and use of information systems can be effectively and
efficiently accomplished” (Denning, 1997, p. 132). For the current project, we have waste
management study case as the IS, so we will need to find out the solution of the research
problem created in the form of the artifact.

In order to get familiar with the problem-solving process within the framework of DS,
let us consider the DS Research Cycles scheme, suggested by Hevner et al. (2007). In this
paper, authors describe the IS research scheme in the form of three inherent cycles.

Environment Design Science Research Knowledge Base
Application Domain Foundations
. Build Design *® Scientific Theories
People Artifacts & & Methods
* Organizational Processes
Systems ® Experi
. . perience
® Technical /Relevance Cycle Rigor Cycle & Expertise
Systems ) Design ¥ di
* Requirements Cycle rounding
* Field Testing * Additions to KB
® Problems
& Opportunities s Meta-Artifacts
(Design Products &
Design Processes)

Figure 3.1 Design Science Research Cycles

The Relevance Cycle usually establishes and identifies problems and challenges
existed in the current environment. During this cycle, the requirements should be gathered,
and also the question about the innovative part of the research is asked, whether the designed
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artifact brings any improvement to the application environment. In addition, the field testing
of the artifact is conducted during this cycle, trying to identify any contradictions while the
requirements gathering, and if so, to run the iteration process again.

During the Rigor Cycle the knowledge about the previous research in the current
application domain is discovered, and the final goal is to have a knowledge base of the papers
and articles related to the topic, and to make sure that the developed artifact doesn’t represent
an unrealistic or already existing entity. Also, as some authors note, “It is the rigor of
constructing IT artifacts that distinguishes Information Systems as design science from the
practice of building IT artifacts” (Jarvinen, 2007, p. 38).

The central cycle, the Design Cycle, is the core of the whole process; during this cycle
the construction of an artifact, its evaluation, and subsequent feedback to refine the design
occur. Since it is an iterative process, it is important to keep in mind the balance, since the
iterations of the Design Cycle is the output for the Relevance and Rigor Cycles. The
execution of too many iterations may results in overperformance and may slow down the
whole DS process.

The main distinctive feature of the Design Science Research Methodology (DSRM) is
that the methodology is practical and provides to the researcher a well-defined solution of the
problem. In his paper Hevner et al. (2007) propose a set of guidelines aimed to help the
artifact creation process. The seven guidelines described further are introduced in relation to
the smart waste management use case (see Table 1).

The first guideline, Design As an Artifact, shows that the artifact in the form of
mathematical model for the description of the use case has been produced. According to the
Guideline No. 2, Problem Relevance, the technology-based solution should be proposed in
order to solve important and relevant business problems. It is clearly shown by the usage of
sensor technology for measuring the level of garbage in a particular garbage bin. The
Guideline No. 3 identifies the necessity of well-designed methods of evaluation.

The next half of the Guidelines is dedicated to the evaluation of the research
contribution and rigor, as well as to the examination of communication in research. The
Guideline No.4 highlights the importance of the clear contribution of the DSR; in the current
research project, the developed mathematical model plays the role of an innovative artifact.
The research rigor by the Guideline No. 5 will be discussed in the next chapters of this
section. The Guideline No. 6 suggests seeking the balance between the available means for
reaching the DSR goal and the laws in the problem environment. The last Guideline No. 7
expects the design-science research to be presented effectively to both technology- and
management-oriented audience groups.
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Table 3.1 Design Science Research Guidelines (adapted from Hevner et al, 2004)

Guideline

Explanation

Implementation

Guideline 1: Design as an
Artifact

Design-science research must
produce a viable artifact in the
form of a construct, a model, a
method, or an instantiation.

Mathematical model for smart
waste management process
optimization

Guideline 2: Problem
Relevance

The objective of design-science
research is to  develop
technology-based solutions to
important and relevant business
problems.

Model is developed for the
coordinator of the garbage
truck drivers to help with the
route planning for garbage
collection

Guideline 3: Design Evaluation

The utility, quality, and
efficacy of a design artifact
must be rigorously
demonstrated via well-executed
evaluation methods

The evaluation against theory

Guideline 4: Research
Contributions

Effective design-science
research must provide clear and
verifiable contributions in the

An extension to the existing
waste management collection
models is introduced via the

areas of the design artifact, [ consideration of  various
design  foundations, and/or | scenarios.
design methodologies.

Guideline 5: Research Rigor Design-science research relies | The articles and  papers

upon the application of
rigorous methods in both the
construction and evaluation of
the design artifact.

published in reliable journals

Guideline 6: Design as a
Search Process

The search for an effective
artifact ~ requires  utilizing
available means to reach
desired ends while satisfying
laws in the problem
environment.

The consideration of case
studies allows the search of the
most efficient scenario.

Guideline 7: Communication of
Research

Design-science research must
be presented effectively both to
technology-oriented as well as
management-oriented
audiences.

The thesis was presented using
the appropriate terminology
from the ICT domain, and with
the sufficient explanation of
any specific definition.
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It is important to follow the set of Guidelines in order to perform the reliable and
trustworthy DSR. However, without a proper methodology the smooth process of DSR
cannot be guaranteed. Peffers et al. (2007) developed a methodology for conducting a DSR,
and as a result they present a process model which consists of six activities needed to be
executed for a successful completion of DSR. The model is given below (see Fig. 3.2), and is
adapted for the smart waste management system.

The process iteration starts with ldentify Problem & Motivate step, following by
Define Objectives of a Solution, Design and Development, Demonstration, Evaluation, and,
finally, Communication steps. Particularly, the Define Objectives of a Solution step is
represented by a set of criteria for the current model based on the literature review; these
criteria will be discussed in Chapter 5.

It should be mentioned that this sequence of steps shouldn’t be necessarily in the
order described above. The researchers identify some possible entry points for different
objectives: for example, if the industry requires an objective-centered solution, then the
process starts from the Activity 2, and design- and development- centered solution would
rather start from the Activity 3. Finally, since the current Master thesis project focuses mainly
on the particular Green ICT problem, for research purposes and better understanding of the
problem it was decided to follow all the iterations in the sequential order suggested by Peffers
et al. (2007).

The next section provides a system architecture view of the current research project.
The system architecture links together different parts of the DSS, as well as the actors taking
part in the current activity. The short-term and long-term DSS will be discussed as well,
focusing on different target users and different objectives.
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Figure 3.2 Process iteration
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3.2 Smart waste management system architecture

The DSS for Smart Waste Management is a complex system which consists of several
building blocks. The overall structure is represented by the Figure 3.5. The core of the system
is the DSS itself, which provides the optimized garbage collection route. The developed
system allows to provide the short-term planning (in this case, the stakeholder is the
coordinator of the truck drivers) and long-term planning as well (the municipality as a
stakeholder is able to use the gathered data from sensors, and the results from the short-term
DSS such as statistical data about the frequency of emptying the bins).

The global system architecture for smart waste management use case starts with the
garbage smart bins equipped with sensors. The DSS receives the information from the
sensors, and after processing it (using the ALNS algorithm), supply the garbage truck drivers’
coordinator with the optimal path for garbage collection. The coordinator then assigns the
particular path to a particular driver, and with the help of the mobile application the driver
can follow this path, report about the collected bins or any troubles experiencing while
executing the assigned job. The scenario described above is a part of the short-term planning,
and short-term DSS (Fig. 3.3).

Sensors
ALNS algorithm

\Jnm from sensors /

Data management Model management

Short-term DSS

Graphical User Interface

Decision Maker

(Drivers’ supervisor)

Figure 3.3 Short-term DSS
At the same time, there’s an opportunity to have a long-term DSS aiming for the

municipality as a stakeholder (Fig. 3.4). In this case, it is possible to use not only ALNS, but
any other LNS or meta-heuristic algorithm.
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Figure 3.4 Long-term DSS

Both the data from sensors and the results of short-term DSS usage will be used in
order to perform the statistical analysis based on the historical data as well. The opportunities
for long-term DSS will be discussed in more details in the Chapter 6.

The next section addresses the evaluation issue in DSR. The main artifact in the
current DSR is a smart waste management mathematical model, so it is necessary to find a
proper way for rigorous model evaluation. The traditional evaluation methods will be
discussed, as well as the particular framework for evaluating a paper or a research related to
the Green Information System (IS).
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3.3 The evaluation in DSR

It is extremely important to be able to evaluate the outcomes of the design-science
research, and a rigorous DSR is impossible without a proper evaluation of the DSR output. It
is also of a great importance to have a framework that allows researchers to estimate the
results of their work. According to Venable et al. (2012, p. 425),” without evaluation we only
have an unsubstantiated design theory or hypothesis that some developed artifact will be
useful for solving some problems or making some improvement”.

However, in order to evaluate such complex problems with controversial
requirements, there’s a need for an additional special framework which allows examining the
contribution of the model to the sustainability and mitigation of the negative impacts of ICT,
especially in terms of climate change. One of such frameworks was developed by Malhotra et
al. (2013), and got a further development by Gholami et al. (2016). Malhotra et al. performed
a review of the papers dedicated to the IS for environmental sustainability from 2008 to 2013,
and based on this classified the existing models and articles into 4 categories: “conceptualize”
(performed mostly by review papers), “analyze” (case studies, quantitative analyses), “design
oriented” (Design Science), and “impact oriented” (practical implementation). Their work
was extended by Gholami et al, who classified the papers from 2013 to 2016.

Green IS
Bengtsson and Agerfalk (2011
Benitez-Amado and Walg (2012)
Berthon and Donnellan (2011) Bolivar (2009)
Butler (2011) Bose and Luo 1)

Dao et al. (2011)
Davis et al. (2010) Erlingdgen and Markard (2012)
Elliot (2011) ebel (2013)

Melville (2010) Gorsevski et al, (2013)

Pitt et al. (2011) Grant et al. (2010)

Watson, Boudreau, and C Jenkin et al. (2011)

Zapico et al. (2010) Morhardt (2010)

Petrini and Pozzebon (2009)
Romer et al, (2012)

Watson et al. (2011)

Value 0

DesAutels and Berthon (2011)
Peagam et al. (2013)

Repke et al. (2010)

Sadorsky (2012)

Weber et al. (2010

Loveday et al. (2008

Zhang et al. (2011)

Figure 3.6 Green IS framework (adapted from Malhotra et al. (2013)
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Both Malhotra et al. and Gholami et al. papers’ highlight the gap in the “design
oriented” and “impact oriented” sections. The need for the practical implementation of the
sustainable solutions is huge, and usually researchers focus firstly on the theoretical part of
the project. Gholami et al. describe this issue among the other barriers to Green IS research,
such as data analysis poverty, incentives misalignment and identification of the proper
research scope. In summary, authors suggest any Green IS research to be solution-focused in
order to perform a quick response towards emerging climate changes. This 4-sections
framework will be applied to the current Master thesis project in the Chapter 5.

The evaluation plays a key role in the process of model design & development.
Without a proper criterion for the evaluation process, the scientific value of the model might
be easily lost. According to Bryman and Bell (2007), the three most important criteria for the
research process are reliability, replicability, and validity. Reliability and replication are
easily to be mixed up: reliability criteria is about the question whether the results are
repeatable, while replicability deals with the idea of the study being capable of replication.

At the same time, authors claim the internal and external validity to be the most
important criterion of research. “Internal validity is concerned with the question of whether a
conclusion that incorporates a causal relationship between two or more variables holds water”
(Bryman and Bell, 2007, p. 41). In other words, “If we suggest that x causes y, can we be sure
that it is x that is responsible for variation in y and not something else that is producing an
apparent causal relationship?”. External validity tries to identify the extent to which the
results of the research could be generalized. The issue of internal and external validity of the
model will be discussed in more details in the Chapter 5.

The next section is dedicated to the implementation toolkit chosen for the current
Master thesis research project. Medvedev et al. (2015) provided an overview of the existing
solutions for the smart waste management route planning and optimization, and proved the
JSPRIT open-source Java library and toolkit to be the most appropriate and useful one.

3.4 Implementation Toolkit

For the current Master thesis research, the JSPRIT Java toolkit was chosen. This
toolkit is open-source, and it offers a solution for the following problems
(Jsprit.wordpress.com, 2013):

— Capacitated VRP;

— Multiple Depot VRP;

— VRP with Time Windows;

— VRP with Backhauls;

— VRP with heterogeneous fleet;

— Time-dependent VRP;

— VRP with Pickups and Deliveries;
— Dial-a-Ride Problem;
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— Travelling Salesman Problem.

The JSPRIT documentation provides the user with the description of meta-heuristic
algorithm used for solving VRP; this “ruin and rebuild” algorithm is based on the work by
Schrimpf et al. (2000), and was extended with some strategies suggested by Ropke and
Pisinger (2007). At the same time, there’s no documented list of methods which allow user to
write the code from the scratch, instead, authors suggest exploring the set of examples of
different VRP problems, and thus to create the own solution based on those examples.
However, the set of methods provided by JSPRIT library allows solving the heterogeneous
VRP with a set of constraints such as predefined start and end location, truck capacity and
garbage specialization. The following Section will provide the description of the smart waste
management mathematical model, and will introduce the constraints and criteria used for
problem solving and optimization.
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4 IMPLEMENTATION

In this section, the trivial mathematical model of smart waste management collection
task will be described.

4.1. Mathematical model description

From the beginning the number of compartments in the garbage truck ¢ = 3 (bio,
recycle, other garbage). The path starts at starting point (P, is different for each iteration),
and ends at Py, - the location of HCT or incinerator. The simulated path is shown at Fig. 4.1,
and it is worth mentioning that for research purposes only 5 houses are served with LCT,
while for real practical implementation it was decided to choose 100 houses.

HCT = Py O
@ . @ of .|
i - Ps /
A 080 2880
~ ~ ,H/' @ bio

@ recycle
/ # 080
3 O other
w \
P2 L. @

(80 4
0O A A 080

O8O A ~
P A o8D
CH0

6F’“ 080 Ceof

Figure 4.1 Simulation of the garbage collection process described by the
mathematical model

Number of houses in the area is N, and volume of the garbage truck is ¥V, m3. The
amount of bio, plastic and other waste in the i-building is equal to B;, P;, and Z; m3
respectively (i = 1, N). At the same time, 3 * N is total number of garbage bins in the area,
and N is the number of bio/recycle/other bins in the area. K is equal to the number of full
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garbage bins in the area, and gy, q,, q, are the numbers of full garbage bins of different

types (bio, plastic, other respectively). According to the common sense, the number of the
full garbage bins shouldn’t be greater than the number of houses/garbage bins of the special

type:

K<3%N (1)
Therefore,

qp+qp +qo <3 *N, 2)
and

a+49p +q, =K. (3)

The distance d between the house i and house d;; =d;; (i = 1, N,j = 1, N). M - total

amount of nodes in the system; M < N including the starting location of the truck and the
location of an incinerator or HCT).

In order to calculate the costs of garbage collection, the fuel consumption (liters/100
km) as f and cost of 1 liter of fuel, EUR as W should be known. Therefore, the cost of
collecting garbage R

R=Wxf*¥L i dy, (4)

and as a value function R — min. At the same time, the amount of collected garbage U —
max, taking into account the following constraint:

U=(Bl*qb+Pl*qp+Zl*qo)SV (5)

As it might be difficult to distinguish the full garbage bin because each house
possesses 3 different garbage bins, the Boolean variable A that describes the fill-level of the
garbage bin was introduced: A= {0; 1} ( 0 if the bin is not full, and 1 if the bin is full).
Therefore, the equation for the garbage truck volume is represented as follows:

YM (BixAj+PixA+Z;xA) S V. (6)

Finally, we have two contradictory value functions: the cost of collecting garbage
R — min and the amount of collected garbage U — max. The final system of equations and
constraints is as follows:
R=Wxfx Zlivi1,j=1dij'
U= Bi*qp+Pixqp+Z;xq,) <V (7)
M A*Bi+P+Z)<V
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This model was pratically implemented for solving the heterogenoius VRP for smart
waste management, and the next section clarifies how the necessary secondary garbage
volume data was obtained and calculated. In Chapter 5 the numerical results of the
implementation of two different scenarios based on the current mathematical model are
represented.

4.2 The secondary garbage volume data sources and calculations

For research purposes, it was decided to choose the example of Melbourne, Australia
as a data source about the type of garbage bins and the fleet of garbage trucks. Figure 4.2
shows three different types of garbage bins.

L

Lake Macquarie A Lake Macgonric 5 Lake Macqorie
\ e meil -

Qity Gewnell

Figure 4.2 Three types of garbage bins (Example of Melbourne, Australia)

According to the information from the City of Melbourne Council
(melbourne.vic.gov.au, 2017), the usual volume of the garbage bin is 120 or 240 liters. Since
the sensors display the fill-level of the garbage in the container, it was decided to schedule
the pick-up when the garbage bin is 80-100% full, i.e. when the amount of garbage is in the
range from 96 to 120 liters and from 192 to 240 liters. Figure 4.3 represents the overfilled
garbage bin.
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Ph. 9261 5050

Figure 4.3 Overfilled garbage bin

The Melbourne City Council (melbourne.vic.gov.au, 2015) provides the following
information about the capacity of garbage trucks: the fleet consists of medium rigid vehicles
(MRV), and the maximum load of such vehicles is 24 tones. However, for the purposes of the
current research we will consider the fleet of small rigid vehicles, and the load capacity of
such type of the vehicle is 4 tones (moretonbay.qld.gov.au, 2017).

In order to calculate the maximum load of the specialized LCT, we need to know the
density of the particular type of garbage. As it was discussed before, we have 3 types of
waste: bio (food), recyclable (plastic, aluminum cans, cardboards, paper, glass), and all other
garbage. The EPA provides the table with all the densities of different garbage types (see
Appendix 1). In order to calculate the average density for the recycling waste, we will take
into account only the recycling materials. For the calculation of the density of other waste we
will exclude from the table the recyclable items, as well as the biodegradable waste.

Considering that the medium density of compacted bio waste is 1029 kg/m3, recycling
(excluding batteries and electronics) is 340 kg/m3, and other garbage is 501 kg/m3 (average
value of all other types of garbage) (epa.vic.gov.au, 2017), it means that a specialized bio
garbage truck can collect approximately 3887 liters of garbage, a specialized plastic &
cardboard collection truck - 11765 liters, other garbage - 7984 liters (the calculations were
made using a website thecalculatorsite.com). For further implementation, the volume of the
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“bio” garbage bin is considered to be 4000 liters, “plastic” — 12000 liters, “other” — 8000
liters.

To conclude this chapter, it might be noted that the developed mathematical model
can be easily extended to the consideration of more than 3 different garbage types. Besides,
the idea of a new garbage truck type was introduced. So far, a truck with moving inner
compartments doesn’t exist (wasteadvantage.com, 2017); however, the moving compartment
allows collecting different types of garbage, and in case if one particular type of garbage
prevails over others, to move the compartment so to create an additional space for the
garbage of the prevailing type. The numerical results for this scenario and the comparison
with the ordinary garbage truck type is performed in the next Chapter.
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5 RESULTS, EVALUATION AND DISCUSSION

The evaluation of the current model will be done in a few consequent steps. Firstly, we
are going to evaluate the model via the consideration of two scenarios: the first one simulates
the situation without considering the data from smart sensors, which means serving all the
garbage bins no matter whether they are full or not. The second scenario describes the usage
of specialized LCTs, where LCT can pick up only special type of garbage — bio, plastic or
other. The third scenario will consider the usage of the new garbage vehicle type -
unspecialized LCTs, i.e. where the LCT is equipped with the moving inner walls, making
LCT capable of picking up every sort of garbage. All the scenarios were run using the
NetBeans software, hardware: processor Intel Core i5-7200U 2.50 GHz, RAM 8 GB.

Secondly, the internal and external validity of the model will be checked in order to
verify whether the model satisfies the threats to internal and external validity. And the last
part of the evaluation process of the current model will be the comparison to the existing
green IS framework suggested by Gholami et al. (2016).

5.1 Scenarios implementation

5.1.1 Scenario 1: Without the usage of smart sensors
It was decided to consider N = 150 garbage bins. This scenario considers the usage only
of the special LCTs, so the garbage truck can collect only the special type of garbage: either

plastic, or bio, or other. The locations of garbage bins are described in the Table 5.1.

Table 5.1 The description of garbage bins’ capacity and location

Garbage Bin Capacity Location
newlInstance("1") addSizeDimension(0, 98) setLocation(22, 22)
newlInstance(""150") addSizeDimension(0, 21) setLocation(45, 92)

Table 5.2 presents characteristics of the garbage truck. In addition, each garbage bin
was tagged with “bio”, “recycle” or “other” label, so to help the truck while collecting the
particular type of garbage. For the garbage trucks, it was decided to take into account the
capacity of the truck (the average truck capacity is 8000 liters according to the calculations
made in the previous chapter), the cost of fuel per distance, the start and the end location of

the LCT.
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Table 5.2 The description of garbage trucks characteristics

TrucklD Capacity CostPerDistance StartLocation EndLocation
11 4000 1.1 (20,20) (100,100)
12 4000 1.1 (20, 20) (100,100)
2.1 12000 1.1 (40, 60) (100,100)
31 8000 1.1 (80, 60) (100, 100)

This scenario describes the situation, when the garbage bins are not equipped with the
smart sensors, and garbage truck drivers should pass through all the bins without knowing
whether they are full or not. The resulting paths are shown by Figure 5.1, while the numerical
results of all three Scenarios simulation are represented by Table 5.3.

jobs 150 costs 2710748 routes 4

Figure 5.1 Scenario 1 execution results (150 bins, 4 trucks)
The results of the Scenario 3 execution are shown in the Table 5.4 (see the subsection
5.1.4 “Results summary”) and Figure 5.1. With 2000 iterations, the execution time is 15.757
seconds.
5.1.2 Scenario 2: Specialized LCTs
This scenario considers the usage only of the special LCTs, while the data about fill-

level of the garbage bin is now taken into account. In total, there are N = 100 bins needed to
be emptied. The locations of garbage bins are described in the Table 5.1 (however, only the
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80-100% full bins are considered), while the characteristics of the garbage truck are also
shown in the Table 5.2.

jobs 100 costs 2203524 routes 4

Figure 5.2 Scenario 2 execution results (100 bins, 4 trucks)

The results of the Scenario 2 execution are shown in the Table 5.4 (see the subsection
5.1.4 “Results summary”) and Figure 5.2. With 2000 iterations, the execution time is 7.11
seconds.

5.1.2 Scenario 3: Unspecialized LCTs
The JSPRIT library implies penalties for each unassigned job (i.e. for each uncollected
garbage bin), so experimentally it was discovered we need 3 LCTs of the average capacity of
8000 liters to collect 100 full garbage bins. Below is the table with the initial conditions for

running the scenario.

Table 5.3 The description of garbage trucks characteristics

TrucklD Capacity CostPerDistance StartLocation EndLocation
11 8000 1.1 (20,20) (100,100)
2.1 8000 1.1 (40, 60) (100,100)
31 8000 1.1 (80, 60) (100, 100)
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100 costs  1006,525

routes 3

Figure 5.3 Scenario 3 execution results (100 bins, 3 trucks)

The results of the Scenario 3 execution are shown in the Table 5.4 (see the subsection
5.1.4 “Results summary”’) and Figure 5.3. With 2000 iterations, the execution time is 13.786

seconds.

5.1.4 Results summary

The numerical results of the execution of all three scenarios are shown by the Table 5.4.
For the research purposes and the comparison of the CO2 emissions for both scenarios, the
Distance Units were chosen to be represented in kilometers. The average fuel consumption
for such type of vehicle is 5 liters/100km; an average CO2 emission is 2640 grams per liter
diesel (ecoscore.be, 2017). The final number for the CO2 emission are shown by Table 5.4.

Table 5.4 Numerical results of scenarios’ simulation

Scenario | Truck Capacity | Distance | Costs Total Total CO2
ID distance, | costs, emissions,
distance | costs kg
units units
Scenario |11 4000 391 430 2465 2711 325
1 12 4000 458 503
2 1 12000 810 891
31 8000 806 887
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Scenario | Truck Capacity | Distance | Costs Total Total CO2
ID distance, | costs, emissions,
distance | costs kg
units units
Scenario |11 4000 325 358 2085 2294 275
2 12 4000 356 391
2 1 12000 705 776
2 2 8000 699 769
Scenario |11 8000 422 464 915 1006 121
3 2 1 8000 235 259
31 8000 258 283

To summarize this section, the third scenario was considering the unspecialized
LCTs, which means the truck is capable of collecting all sorts of garbage. In terms of CO2
emissions, the whole journey of 915 km produces around 121 kg of CO2. The second
scenario, where only the LCTs are in use, takes 2085 km, and around 275 kg of CO2 in terms
of CO2 emissions. It is clearly seen that the third scenario shows more than two times less
CO2 emissions than the second one. Also, the third scenario uses only 3 garbage trucks with
the total capacity of 24000 liters to collect every bin, while the same volume is not enough
for the second scenario (4000 liters of “bio” truck capacity + 12000 liters of “plastic” truck
capacity + 8000 liters of “bio” truck capacity is equal to 24000 liters, but the same aggregated
volume is not enough since each truck is capable of collecting only particular type of
garbage. So, for the second scenario the additional “bio” garbage truck had to be added).
Both these facts prove the efficiency of the unspecialized LCTs usage, and the need of
introducing this type of the garbage truck for the market.

Although the current project takes into account the usage of traditional garbage trucks
for garbage collection, these trucks use fuel as the source of energy, and the optimization
process was also based on the reduction of distance covered by these trucks, therefore,
reduction in fuel consumption and CO2 emissions as well.

At the same time, there’s an emerging trend of using all-electric cars (EVs) that run
only on the electricity (fueleconomy.gov, 2017). These cars are energy efficient and
environmentally friendly, since they are only dependent on the energy consumption, and
don’t use any type of fuel. Even if it is still challenging to use such type of vehicles in
everyday life due to its battery-related challenges, the experts consider a very bright future
for the electric cars (ndrc.org, 2016). Therefore, at some moment we might need to reconsider
the criteria for the smart waste management optimization process, since now it is based only
on the reduction of the CO2 emissions, which is not the case for electric vehicles.

5.2 Model validation

While developing a model, one cannot be sure about the model validity without
verifying it. The three main ways of determining validity in research studies are “internal

%% <¢ 99 ¢

validity”, “face validity” and “construct validity”.
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Face validity” means that the current research method or model makes sense for a
non-researcher. In the context of the current Master thesis research, it is shown that the model
was developed and implemented with the respect to the general model development rules, as
well as the common sense (absence of irrelevant information or variables). The “construct
validity” refers to the idea and tries to prove that model is actually models what it is
predefined to model. In our case, the mathematical model as a DS artifact models the process
of route planning using the special value function and a set of constraints, and results in the
simulation of the two practical scenarios. Finally, the “internal validity” refers to the
causality, whether the event/factor X causes the event/factor Y to happen. In the smart waste
management study case, the change in the garbage truck type leads to the change in the
amount of time spent for garbage collection, and covered distance as well. Also, there is a
linear dependency between the amount of garbage needed to be collected, and the distance
covered by the garbage truck.

Among the other types of model validity there’s an external validity, or as it is called
sometimes, generalizability. This concept is related to the idea of the extent to which a model
can be generalized. The current mathematical model for garbage collection considers only 3
types of garbage — bio, plastic and other, however, it is easy to extend for more garbage
types. Also, the model allows to test garbage trucks of a different capacity, and it was
performed while executing scenarios for heterogeneous VRP using JSPRIT open-source
library.

5.3 Evaluation towards Green IS framework

As it was mentioned in Chapter 3, the complex sustainability questions need a special
evaluation framework. Malhotra et al. (2013) developed such a framework, and Gholami et
al. (2016) continued working on it.

Cooper and Molla (2016)
Hasan et al (2016)

Henfridsson & Lind (2014)
Hedman & Henningsson (2016)
Marett et al, (2013)

Maolla (2013)
Seidel et al, Corbett (2013) Loock et al, (2013)
(2013)
Conceptualize> Analyze > Design > Impact >
Low High v

Potential value for tackling climate change

Figure 5.3 Green IS framework (adapted from Gholami et al. (2016)

- 55 -



To make a brief recapitulation, the framework suggests the categorization:
- Conceptualize (review papers and conceptual frameworks);

Analyze (quantitative empirical analysis and case studies);

Design-oriented (design science), and

Impact-oriented (implementation and direct sustainability impact).

Also, the authors highlight the fact that there are many papers and published articles
that can be categorized as “conceptualize” or “analyze”, and very few in “design-oriented”
and “impact-oriented” section, and encourage the researchers to try fulfilling this gap.

Following this categorization, the current Master thesis research project can be put
into the category “analyze” by considering two different scenarios for garbage collection. At
the same time, taking into account the idea of the unspecialized LCT usage (and in particular
with different compartments and moving inner walls) and direct positive sustainability effect
expressed in terms of CO2 emissions reductions, the current project possesses the features of
the impact-oriented research, and could be placed in the “impact-oriented” category
respectively.
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6 CONCLUSIONS AND FUTURE WORK

The current Master thesis research project focuses on the usage of DSS for Sustainable
Development. As it was denoted in the Chapter 2, there’s a gap in the DSS application for
solving the ill-structured questions of Green ICT and Sustainability. As the example use case,
the smart waste management case was chosen. The idea of the project was to create a
decision support tool for the coordinators which allow the drivers of the garbage trucks to
choose the optimal path for collecting garbage.

It was also shown with the help of the different scenarios consideration that the modern
way of garbage collection requires new and innovative solutions, and the modification to the
garbage truck was suggested to improve the garbage collection process. By introducing such
modifications, we have received more than 50% savings in the distance covered, and more
than 50% reduction in CO2 emissions.

The project has a potential to be developed and has its growth in the future. Firstly, the
data collected from sensors and then processed by the DSS, can be used by the municipality
for the prediction of the garbage bins fill trends. One can notice that, for example, during the
week-end the chances to have an informal family gathering event are much higher than on
week-day, and, therefore, they might require their garbage bin to be emptied sooner. At the
same time, there’s an opportunity to use the data from DSS as the basic one for deciding
where to build an incinerator and of which type. For example, offices in the city center
usually don’t produce much bio waste, while the amount of paper and plastic waste is quite
high. It might be reasonable to have the incinerator for plastic and paper somewhere not far
from the office part of the city, so to reduce the distance HCTs would cover to bring the
garbage to the incinerator.

At the same time, the current model doesn’t explicitly consider the end-user preferences
(such as driver’s opinion etc.). It is possible to combine the MCDM technique with Multi-
Objective Decision-Making (MODM) techniques in order to prioritize one criterion over
another depending on the external factors (such as traffic jam criterion over distance criterion
while holidays, or “bio garbage to be picked up first during summertime” criterion over the
“shortest path” criterion). An AHP approach might be used to tackle this issue, as it allows to
organize criteria hierarchically, prioritizing one over another when necessary.

Also, the emerging trend of blockchains usage might be connected with the current
research. When the citizens are ready to bring their garbage to the garbage bin, they can just
notify the system using mobile application, and pay a certain amount of money via mobile
application. The driver of the LCT comes to pick up the garbage, and when he collected all
the garbage at the locations proposed by DSS, again a certain amount of money will be
transferred to his account. All the payments might be made using blockchains as a modern
and safe way to transfer and receive money. The prototypes of the applications mentioned in
the previous paragraph are shown at Figure 6.1, Figure 6.2 and Figure 6.3.
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Figure 6.3 Web application for long-term planning (prototype)

The application for the garbage truck driver should contain the map with the predefined path
proposed by DSS, the checkboxes where the driver could check out the bins that have been emptied,
the “Report problem” button for reporting to the coordinator if there’s any issue, and the “Finish”
button which will redirect the driver to the page for getting the salary. The coordinator’s web
application should show the map with all the routes for garbage collection, as well as the
characteristics of all trucks. Also, the application for the municipality can be developed, in order to
help with planning the scheduled garbage truck trips based on the amount of garbage being produced
in every district during fixed amount of time (daily/weekly/monthly).

Overall, the project was evaluated against Green IS framework, and was categorized as
“impact-oriented”, which means the direct impact on climate change mitigation. Indeed, the reduction

in CO2 emissions in more than 2 times shows the opportunity for the introduced idea of the new

garbage truck type with moving inner compartments to be industry successful.
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APPENDICES

Appendix 1. Waste Materials - Density Data (adapted from epa.vic.gov.au, 2017)

Waste Material Density - kilograms per cubic metre Garbage Type
Low Medium Compacted
Paper 76 152 228 Recyclable
Cardboard - Compacted Dry 130 130 130 Recyclable
Cardboard - Compacted Wet 260 260 260 Recyclable
Cardboard - Loose Dry 55 55 55 Recyclable
Cardboard - Loose Wet 190 190 190 Recyclable
Cardboard - Waxed 55 92 130 Recyclable
Food - Kitchen 343 514 1029 Bio
Food - Dense 514 1029 1029 Bio
Vegetation - Garden 91 227 445 Other
Garden - Grass 91 227 445 Other
Garden - Trees 150 450 900 Other
Wood - Timber 156 156 156 Other
Wood - Pallets 156 156 156 Other
Wood - Furniture 160 170 400 Other
Wood- Fencing 170 170 170 Other
Wood - MDF 156 156 156 Other
Wood - Posts 900 1000 1100 Other
Leather - Textiles Furniture 90 100 450 Other
Leather - Textiles 91 91 240 Other
Leather - Textiles Car 100 150 350 Other
Mattress 50 50 50 Other
Foam 30 30 90 Other
Tyres Rubber 200 200 400 Other
Other Rubber 200 200 400 Other
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Waste Material Density - kilograms per cubic metre Garbage Type
Low Medium Compacted

Glass 411 411 411 Recyclable
Glass Jars 250 250 411 Recyclable
Plasticbags 39 78 156 Other
Plastic - Hard 72 72 72 Recyclable
Polystyrene 14 21 28 Other
Garbage Bags 87 170 348 Other
Metal Ferrous 120 120 120 Other
Metal NonFerrous 139 139 139 Recyclable
Low Level contaminated Soil 922 922 922 Other
Cleanfill / Soil 950 950 950 Other
Rubble 1048 1048 1048 Other
Clay 1150 1150 1150 Other
Concrete 830 830 830 Other
Tiles 900 1500 2000 Other
Bricks 828 828 828 Other
Sand 1000 1000 1000 Other
Asphalt 680 680 680 Other
Plasterboard 227 227 227 Other
Linoleum 100 150 350 Other
Insulation 60 100 350 Other
Clinical Waste 227 227 227 Other
Electronics 105 113 120 Recyclable
Whitegoods 105 113 120 Other
Batteries 900 1000 1500 Recyclable
Fluorescent Tubes 285 285 285 Other
Sawdust 250 300 350 Other
Cement Sheets 830 830 830 Other
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Waste Material Density - kilograms per cubic metre Garbage Type
Low Medium Compacted

Hospital 87 170 348 Other

Appendix 2. The description of garbage bins’ capacity and location
Garbage Bin Capacity Location Bin type Scenario
newlnstance("1") addSizeDimension(0, 98) | setLocation(22, 22) |(*bio™) Scenario 1, 2, 3
newlnstance(*'2") addSizeDimension(0, 96) | setLocation(122, 23) |("other™) Scenario 1, 2, 3
newlnstance("3") addSizeDimension(0, 111) | setLocation(22, 21) |(*recycle") Scenario 1, 2, 3
newlnstance("4") addSizeDimension(0, 230) | setLocation(145, 35) |(*bio") Scenario 1, 2, 3
newlnstance("5") addSizeDimension(0, 221) | setLocation(45, 34) |("recycle") Scenario 1, 2, 3
newlnstance("6") addSizeDimension(0, 196) | setLocation(33, 34) |(*bio™) Scenario 1, 2, 3
newlnstance("7") addSizeDimension(0, 215) | setLocation(33, 35) |("other") Scenario 1, 2, 3
newlnstance("8") addSizeDimension(0, 96) | setLocation(75, 45) |(*recycle") Scenario 1, 2, 3
newlnstance(""9") addSizeDimension(0, 99) | setLocation(26, 59) |(*bio") Scenario 1, 2, 3
newlnstance(*'10") addSizeDimension(0, 106) | setLocation(126, 60) |(*bio") Scenario 1, 2, 3
newlnstance("11") addSizeDimension(0, 107) | setLocation(55, 56) |("other™) Scenario 1, 2, 3
newlnstance(*'12") addSizeDimension(0, 116) | setLocation(55, 55) |(*bio™) Scenario 1, 2, 3
newlInstance(*"13") addSizeDimension(0, 212) | setLocation(55, 54) |(*recycle") Scenario 1, 2, 3
newlInstance(*'14") addSizeDimension(0, 231) | setLocation(62, 57) |(*recycle) Scenario 1, 2, 3
newlInstance(*'15") addSizeDimension(0, 208) | setLocation(62, 56) |(*bio™) Scenario 1, 2, 3
newlnstance(*'16") addSizeDimension(0, 199) | setLocation(21, 36) |("other") Scenario 1, 2, 3
newlnstance(*"17") addSizeDimension(0, 200) | setLocation(33, 44) |("other") Scenario 1, 2, 3
newlnstance(*'18") addSizeDimension(0, 213) | setLocation(33, 45) |("bio") Scenario 1, 2, 3
newlnstance(*'19") addSizeDimension(0, 215) | setLocation(33, 46) |(*recycle") Scenario 1, 2, 3
newlnstance(*'20") addSizeDimension(0, 222) | setLocation(66, 14) |(*bio™) Scenario 1, 2, 3
newlnstance("21") addSizeDimension(0, 113) | setLocation(66, 15) |(*recycle) Scenario 1, 2, 3
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Garbage Bin

Capacity

Location

Bin type

Scenario

newlnstance("'22")

addSizeDimension(0, 114)

setLocation(36, 41)

("bio™)

Scenario 1, 2, 3

newlnstance(*"23")

addSizeDimension(0, 110)

setLocation(36, 40)

("other™)

Scenario 1, 2, 3

newlInstance(*'24")

addSizeDimension(0, 236)

setLocation(35, 45)

("recycle™)

Scenario 1, 2, 3

newlInstance(*'25")

addSizeDimension(0, 220)

setLocation(45, 30)

("other™)

Scenario 1, 2, 3

newlnstance(*'26")

addSizeDimension(0, 234)

setLocation(45, 31)

("bio™)

Scenario 1, 2, 3

newlnstance("'27")

addSizeDimension(0, 198)

setLocation(30, 20)

("bio™)

Scenario 1, 2, 3

newlnstance(*'28")

addSizeDimension(0, 210)

setLocation(35, 15)

("other™)

Scenario 1, 2, 3

newlnstance("29")

addSizeDimension(0, 208)

setLocation(35, 16)

("bio™)

Scenario 1, 2, 3

newlnstance("30")

addSizeDimension(0, 240)

setLocation(49, 76)

("bio™)

Scenario 1, 2, 3

newlnstance("31")

addSizeDimension(0, 233)

setLocation(49, 77)

("recycle")

Scenario 1, 2, 3

newlnstance("32")

addSizeDimension(0, 100)

setLocation(49, 18)

("recycle")

Scenario 1, 2, 3

newlnstance(*'33")

addSizeDimension(0, 120)

setLocation(31, 42)

(""bio")

Scenario 1, 2, 3

newlnstance(*'34")

addSizeDimension(0, 235)

setLocation(31, 43)

("other™)

Scenario 1, 2, 3

newlnstance(*'35")

addSizeDimension(0, 99)

setLocation(23, 51)

(""bio")

Scenario 1, 2, 3

newlnstance("36")

addSizeDimension(0, 110)

setLocation(51, 16)

("other™)

Scenario 1, 2, 3

newlnstance("37")

addSizeDimension(0, 229)

setLocation(51, 15)

("recycle™)

Scenario 1, 2, 3

newlnstance("38")

addSizeDimension(0, 114)

setLocation(10, 36)

("other™)

Scenario 1, 2, 3

newlnstance(*'39")

addSizeDimension(0, 118)

setLocation(10, 35)

(""bio")

Scenario 1, 2, 3

newlnstance(*'40")

addSizeDimension(0, 231)

setLocation(10, 34)

("recycle™)

Scenario 1, 2, 3

newlnstance("'41")

addSizeDimension(0, 223)

setLocation(29, 77)

("other™)

Scenario 1, 2, 3

newlnstance("42")

addSizeDimension(0, 100)

setLocation(29, 78)

("bio™)

Scenario 1, 2, 3

newlnstance(*'43")

addSizeDimension(0, 193)

setLocation(51, 42)

("bio™)

Scenario 1, 2, 3

newlnstance(*'44")

addSizeDimension(0, 193)

setLocation(51, 43)

("recycle™)

Scenario 1, 2, 3

newlnstance(*'45")

addSizeDimension(0, 193)

setLocation(23, 61)

("recycle™)

Scenario 1, 2, 3

newlnstance("'46")

addSizeDimension(0, 199)

setLocation(51, 26)

("other™)

Scenario 1, 2, 3

newlnstance("47")

addSizeDimension(0, 198)

setLocation(51, 25)

("bio™)

Scenario 1, 2, 3

newlInstance(*'48")

addSizeDimension(0, 199)

setLocation(10, 76)

("bio™)

Scenario 1, 2, 3

newlnstance(*'49")

addSizeDimension(0, 120)

setLocation(10, 75)

("other™)

Scenario 1, 2, 3
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Garbage Bin Capacity Location Bin type Scenario

newlnstance(*'50") addSizeDimension(0, 210) | setLocation(10, 74) |(*recycle") Scenario 1, 2, 3
newlInstance("51") addSizeDimension(0, 218) | setLocation(102, 22) |(*recycle") Scenario 1, 2, 3
newlInstance(*"52") addSizeDimension(0, 226) | setLocation(122, 23) |(*bio™) Scenario 1, 2, 3
newlnstance("53") addSizeDimension(0, 110) | setLocation(122, 22) |(*recycle") Scenario 1, 2, 3
newlnstance(*'54") addSizeDimension(0, 230) | setLocation(145, 35) |(*bio™) Scenario 1, 2, 3
newlnstance(*'55") addSizeDimension(0, 210) | setLocation(145, 34) |("other") Scenario 1, 2, 3
newlnstance(*'56") addSizeDimension(0, 199) | setLocation(133, 34) |(*bio™) Scenario 1, 2, 3
newlnstance("57") addSizeDimension(0, 215) | setLocation(133, 35) |("other™) Scenario 1, 2, 3
newlnstance("58") addSizeDimension(0, 216) | setLocation(75, 45) |("other™) Scenario 1, 2, 3
newlInstance("59") addSizeDimension(0, 120) | setLocation(126, 59) |(*bio") Scenario 1, 2, 3
newlnstance(*"60") addSizeDimension(0, 116) | setLocation(126, 60) ((*recycle") Scenario 1, 2, 3
newlnstance(*'61") addSizeDimension(0, 237) | setLocation(95, 56) |(*bio™) Scenario 1, 2, 3
newlnstance("'62") addSizeDimension(0, 216) | setLocation(95, 55) |(*recycle") Scenario 1, 2, 3
newlnstance("63") addSizeDimension(0, 120) | setLocation(95, 54) |("other") Scenario 1, 2, 3
newlInstance(*'64") addSizeDimension(0, 131) | setLocation(62, 57) |(*bio") Scenario 1, 2, 3
newlnstance("65") addSizeDimension(0, 99) | setLocation(62, 56) |("other™) Scenario 1, 2, 3
newlInstance("66") addSizeDimension(0, 96) | setLocation(91, 36) |("bio") Scenario 1, 2, 3
newlnstance("67") addSizeDimension(0, 200) | setLocation(93, 44) |("other") Scenario 1, 2, 3
newlnstance(*'68") addSizeDimension(0, 213) | setLocation(93, 45) |(*recycle") Scenario 1, 2, 3
newlInstance(*"69") addSizeDimension(0, 115) | setLocation(93, 46) |(*bio™) Scenario 1, 2, 3
newlInstance(*'70") addSizeDimension(0, 120) | setLocation(16, 14) |("other") Scenario 1, 2, 3
newlnstance(*'71") addSizeDimension(0, 113) | setLocation(16, 15) |("bio") Scenario 1, 2, 3
newlnstance(*'72") addSizeDimension(0, 224) | setLocation(76, 41) |("other") Scenario 1, 2, 3
newlnstance(*'73") addSizeDimension(0, 100) | setLocation(76, 40) |((“recycle™) Scenario 1, 2, 3
newlnstance(*'74") addSizeDimension(0, 232) | setLocation(35, 15) |(*bio™) Scenario 1, 2, 3
newlnstance("75") addSizeDimension(0, 220) | setLocation(45, 90) |(*bio™) Scenario 1, 2, 3
newlnstance(*"76") addSizeDimension(0, 234) | setLocation(45, 91) |("other") Scenario 1, 2, 3
newlnstance("77") addSizeDimension(0, 219) | setLocation(30, 120) ((*“recycle™) Scenario 1, 2, 3
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Garbage Bin Capacity Location Bin type Scenario
newlnstance(*'78") addSizeDimension(0, 221) | setLocation(35, 115) |("other") Scenario 1, 2, 3
newlInstance("79") addSizeDimension(0, 108) | setLocation(35, 116) |(*bio™) Scenario 1, 2, 3
newlnstance(*"80") addSizeDimension(0, 120) | setLocation(149, 76) |(*bio™) Scenario 1, 2, 3
newlnstance("81") addSizeDimension(0, 113) | setLocation(149, 77) |("other") Scenario 1, 2, 3
newlnstance(*'82") addSizeDimension(0, 210) | setLocation(149, 18) |(*recycle™) Scenario 1, 2, 3
newlnstance(*'83") addSizeDimension(0, 212) | setLocation(31, 142) |("other") Scenario 1, 2, 3
newlnstance(*'84") addSizeDimension(0, 235) | setLocation(31, 143) |(*bio™) Scenario 1, 2, 3
newlInstance(*'85") addSizeDimension(0, 99) | setLocation(23, 11) |(*bio") Scenario 1, 2, 3
newlnstance(*'86") addSizeDimension(0, 110) | setLocation(51, 116) ((*recycle") Scenario 1, 2, 3
newlnstance("87") addSizeDimension(0, 120) | setLocation(51, 115) |(*bio") Scenario 1, 2, 3
newlInstance(*'88") addSizeDimension(0, 114) | setLocation(110, 36) ((*recycle") Scenario 1, 2, 3
newlnstance(*'89") addSizeDimension(0, 199) | setLocation(110, 35) |(*bio™) Scenario 1, 2, 3
newlnstance(*'90") addSizeDimension(0, 111) | setLocation(10, 134) |(*recycle") Scenario 1, 2, 3
newlnstance(*'91") addSizeDimension(0, 223) | setLocation(29, 177) |("other") Scenario 1, 2, 3
newlnstance("92") addSizeDimension(0, 230) | setLocation(29, 178) |(*recycle™) Scenario 1, 2, 3
newlnstance("93") addSizeDimension(0, 200) | setLocation(51, 92) |("other™) Scenario 1, 2, 3
newlnstance("94") addSizeDimension(0, 120) | setLocation(51, 93) |(*recycle™) Scenario 1, 2, 3
newlnstance(*'95") addSizeDimension(0, 219) | setLocation(73, 61) |(*bio™) Scenario 1, 2, 3
newlnstance(*'96") addSizeDimension(0, 219) | setLocation(51, 126) |("other") Scenario 1, 2, 3
newlInstance("97") addSizeDimension(0, 119) | setLocation(51, 125) |(*recycle") Scenario 1, 2, 3
newlInstance(*'98") addSizeDimension(0, 118) | setLocation(10, 96) |(*bio™) Scenario 1, 2, 3
newlnstance(*'99") addSizeDimension(0, 112) | setLocation(10, 95) |("other") Scenario 1, 2, 3
newlnstance(*'100") addSizeDimension(0, 221) | setLocation(10, 94) |(("recycle™) Scenario 1, 2, 3
newlnstance("101") addSizeDimension(0, 18) | setLocation(102, 23) |("other") Scenario 1
newlInstance("102") addSizeDimension(0, 26) | setLocation(21, 37) |(*bio™) Scenario 1
newlnstance("103") addSizeDimension(0, 10) | setLocation(133, 33) |(*recycle") Scenario 1
newlnstance("104") addSizeDimension(0, 30) | setLocation(33, 33) |(*recycle") Scenario 1
newlnstance("105") addSizeDimension(0, 10) | setLocation(49, 78) |("other") Scenario 1
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Garbage Bin Capacity Location Bin type Scenario

newlnstance("106") addSizeDimension(0, 99) | setLocation(23, 59) |(*bio™) Scenario 1
newlnstance("107") addSizeDimension(0, 15) | setLocation(23, 60) |("other") Scenario 1
newlnstance("108") addSizeDimension(0, 16) | setLocation(35, 46) |("other") Scenario 1
newlnstance("'109") addSizeDimension(0, 20) | setLocation(29, 176) |(*bio™) Scenario 1
newlnstance("110") addSizeDimension(0, 16) | setLocation(36, 39) |(*recycle") Scenario 1
newlnstance("111") addSizeDimension(0, 37) | setLocation(75, 46) |(*bio™) Scenario 1
newlnstance("112") addSizeDimension(0, 16) | setLocation(91, 35) |(*recycle") Scenario 1
newlnstance("113") addSizeDimension(0, 20) | setLocation(51, 44) |("other™) Scenario 1
newlnstance("114") addSizeDimension(0, 31) | setLocation(51, 127) |(*bio") Scenario 1
newlnstance("115") addSizeDimension(0, 49) | setLocation(30, 118) |("other™) Scenario 1
newlnstance("116") addSizeDimension(0, 36) | setLocation(35, 117) (("recycle") Scenario 1
newlnstance("117") addSizeDimension(0, 50) | setLocation(23, 49) |("other") Scenario 1
newlnstance("118") addSizeDimension(0, 13) | setLocation(23, 10) |(*recycle") Scenario 1
newlnstance("119") addSizeDimension(0, 15) | setLocation(35, 47) |(*bio™) Scenario 1
newlnstance("'120") addSizeDimension(0, 20) | setLocation(23,9) |("other™) Scenario 1
newlnstance("121") addSizeDimension(0, 13) | setLocation(31, 144) |(*recycle™) Scenario 1
newlnstance("122") addSizeDimension(0, 24) | setLocation(31, 44) |(*recycle™) Scenario 1
newlnstance("123") addSizeDimension(0, 60) | setLocation(16, 16) |(*recycle") Scenario 1
newlnstance("124") addSizeDimension(0, 32) | setLocation(30, 21) |("other") Scenario 1
newlnstance("125") addSizeDimension(0, 20) | setLocation(30, 119) |(*bio™) Scenario 1
newlnstance("126") addSizeDimension(0, 34) | setLocation(26, 61) |(*recycle") Scenario 1
newlnstance("127") addSizeDimension(0, 19) | setLocation(23, 50) |(*recycle™) Scenario 1
newlnstance("128") addSizeDimension(0, 21) | setLocation(91, 34) |("other") Scenario 1
newlnstance("129") addSizeDimension(0, 28) | setLocation(30, 22) |(*recycle™) Scenario 1
newlInstance("130") addSizeDimension(0, 20) | setLocation(149, 20) |(*bio™) Scenario 1
newlnstance("131") addSizeDimension(0, 13) | setLocation(149, 19) |("other") Scenario 1
newlnstance("132") addSizeDimension(0, 10) | setLocation(73, 62) |(*recycle") Scenario 1
newlnstance("133") addSizeDimension(0, 12) | setLocation(73, 63) |("other") Scenario 1
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Garbage Bin Capacity Location Bin type Scenario

newlnstance("134") addSizeDimension(0, 35) | setLocation(102, 24) |(*bio™) Scenario 1
newlnstance("135") addSizeDimension(0, 9) setLocation(51, 17) |(*"bio™) Scenario 1
newlnstance("136") addSizeDimension(0, 10) | setLocation(29, 76) |(*recycle") Scenario 1
newlnstance("137") addSizeDimension(0, 20) | setLocation(51, 91) |(*bio™) Scenario 1
newlnstance("138") addSizeDimension(0, 14) | setLocation(110, 37) |("other") Scenario 1
newlnstance("139") addSizeDimension(0, 49) | setLocation(10, 136) |(*bio™) Scenario 1
newlnstance("140") addSizeDimension(0, 11) | setLocation(10, 135) |("other") Scenario 1
newlnstance("141") addSizeDimension(0, 23) | setLocation(49, 17) |("other™) Scenario 1
newlnstance("142") addSizeDimension(0, 30) | setLocation(149, 78) (("recycle") Scenario 1
newlnstance("143") addSizeDimension(0, 20) | setLocation(22, 20) |("other™) Scenario 1
newlnstance("144") addSizeDimension(0, 20) | setLocation(21, 35) |(*'recycle") Scenario 1
newlnstance("145") addSizeDimension(0, 19) | setLocation(76, 39) |(*bio™) Scenario 1
newlnstance("146") addSizeDimension(0, 19) | setLocation(51, 117) |("other") Scenario 1
newlnstance("147") addSizeDimension(0, 19) | setLocation(51, 24) |(*recycle") Scenario 1
newlnstance("148") addSizeDimension(0, 18) | setLocation(49, 16) |(*bio") Scenario 1
newlnstance("149") addSizeDimension(0, 12) | setLocation(33, 44) |("other™) Scenario 1
newlInstance("150") addSizeDimension(0, 21) | setLocation(45, 92) |(*recycle™) Scenario 1
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