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Abstract

AHP evaluation of Smart Traffic Light
Technologies as a Key Policy Element In
Intersection Traffic Conditions with a
Positive Spill over in GHG Emissions

Heiner Camacho
Technology Management Economics and Policy
College of Engineering — ITTP

Seoul National University

Climate change has become a critical issue around the world. Rising global temperatures
caused by pollution, specifically noxious gas emissions, is threatening the survival of all
living species, particularly humans, who will number more than 7.9 billion by 2022. This
contamination proclivity dates back to the first industrial revolution and reached a tipping
point with the implementation of gasoline additives by the automotive industry. Nowadays,
the vehicular sector is the world's first source of pollution and the primary cause of rising
global temperatures and the subsequent consequences of climate change.

Scientific literature analyzes transportation dynamics and finds that critical moments in
emission boost are during the traffic congestion hours when the vehicles are obligated to
transit at the most efficient fuel consumption speed. Based on this, it is determined that
road intersections are the most common source of traffic congestion due to lack of real-
time responsive technologies or devices to handle vehicular traffic demand. Middle-upper
and high-income nations have been working on implementing several modern technologies
along with city infrastructure upgrades on the back of transportation and urban policies to
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reduce vehicular traffic congestion through large investments in the digital transformation
of traffic management systems and moving the cities towards smartification.

The problem arises when low- or low-middle-income governments are required to
prioritize the needs of their populations and allocate budgets to projects, positioning climate
change far behind food, housing, health, education, security, and transportation. Thus,
structural problems related to the transportation field continue, resulting in Green House
Gas (GHG) contamination. In this scenario, no matter whether the contamination is reduced,
diminished, increased, or augmented, the final effect is accounted for as a global
temperature change.

To delve deeper into these issues, the current study poses two research questions: If a
relationship between increasing GHG-Co2 emissions and vehicular traffic congestion
levels at intersections exists? Using a systematic literature review (SLR) as the
methodology, over 135 documents related to Smart Traffic Light (STL) and GHG
emissions were categorized and filtered, yielding a total of 13 key papers. From the SLR
papers’ database, a keyword extractor was implemented to identify and extract the
architecture, platforms, frameworks, simulators, sensors, methods, and algorithms from
each entry. A total of two hundred forty-one STL related technologies were identified, by
using a normalization word cloud method it was reduced the total to one hundred thirty-
five terms. In a second stage the results were limited to twenty-seven STL terms using a
categorization tree map the related or closely related technologies were examined.

The research question was addressed by the SLR identification of studies by Lu Jie,
Watson, Bates, and Kennedy, Towojua and Felix Isholab, (Table 1). All these studies
provide different methods for identifying the correlation between traffic jams and
congestion and increasing GHG emissions.

Table 1 Traffic and GHG literature evidence

RELATION BETWEEN TRAFFIC CONGESTION AT INTERSECTIONS AND GHG

A. Towojua and Felix A. Isholab 2020 A case for the internal combustion engine powered vehicle

Deborah Gordon 2010 The Role of Transportation in Driving Climate Disruption Energy and Climate Program

EPA 2022 Overview of Greenhouse Gases

FAO 2017  Livestock's role in climate change and air pollution - 3.1 Issues and trends

LuJie's 2011 Environmental Effects of Vehicle Exhausts

Watson, AY, Bates, and Kennedy 1989 Global and Local Effects; Air Pollution, the Automobile, and Public Health

Mohammed Al-Turki 2020  On the Potential Impacts of Smart Traffic Control for Delay, Fuel Energy Consumption, and Emissions: An NSGA-II-Based Optimization Case Study from Dhahran, Saudi Are
Muhammad Ehsan Munawer 2018  Human health and i of coal ion and post- ion wastes

W. Addy Majewski 2012 What Are Diesel Emissions




SLR's intensive technology description, extraction, and normalization resulted in a clear
identification of smart traffic light-related technologies, architectures, and frameworks,
allowing the creation of a STL technology map, which is intended to be one of the critical
steps in the Analytical Hierarchy Process (AHP) by providing an alternative layer or
dimension.

The second research question is: Based on the SLR’s identification of STL system
technologies, which of these technologies are the most suitable to be implemented as an
element of the traffic infrastructure at intersections (traffic lights) under budget constraints,
targeted at improving traffic flows and reducing GHG-Co2 emissions? This was studied
under a multicriteria decision analysis (MCDA), based on an (AHP), aimed to allow
decision-makers and policymakers to determine which were the most suitable Fourth
Industrial Revolution (4IR) technologies related to vehicular traffic congestion
management at intersections.

Developed by Professor Thomas Saaty in the 1970s, the AHP methodology is a
multicriteria decision process that helps in choosing from among many alternatives based
on a number of selection criteria or variables that are typically hierarchical and frequently
at odds with one another. Choosing the selection criteria and sub-criteria carefully, defining
them correctly, and ensuring that they are mutually exclusive are issues that were addressed
by the SLR technologies. Identification and categorization are essential components of the

process. The Saaty Fundamental Scale is used in the survey to perform a paired comparison.

The hierarchical structure is top-down: the subject of this method is Objectives>
Dimensions (STL Functions, STL Costs, and Traffic Emissions)> Criteria> Alternatives,
which allows the transformation of qualitative aspects into quantitative ones, significantly
facilitating a comparison between the various alternatives and producing more objective
and reliable results.

According to an AHP analysis which was based on an expert survey questionnaire, the
cost dimension is the most important factor in implementing STL technologies for
upgrading existing traffic light infrastructure at 45.79 percent, followed by the efficiency
dimension (41.61 percent). At the alternatives level, experts identified that Inductive Loop
Sensors were the best technology for upgrading the intersections and obtaining traffic flow
improvements along with a GHG reduction with 23.67 percent agreement, followed by
Video Vehicle Detection at 15.02 percent, and GPS-based technologies at 13.37 percent.
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The current study aims to address low-income governments' financial constraints which
prevent them from investing in digital transformation or smartification. The study uses a
SLR to identify the smart technologies, Internet of Things (IoT), and Artificial Intelligence
(Al) related to STL state of art to find a correlation and scientific evidence between the
traffic at road intersections and the increase in GHG emissions. However, in addition to
identifying and providing scientific evidence, the research goes further by evaluating those
technologies from the perspective of traffic management experts and practitioners,
providing a high degree of reliability of the outcomes. Thus, both decision-makers and
policymakers can base their policies on the present study to determine that the Inductive
Loop Sensor is the best smart technology for improving traffic flows at intersections and
feeding traffic lights with real-time information, despite the high initial investments, which
can be understood as a high cost in the short-run but with benefits in terms of efficiency in
the long run.

Keywords: STL, Traffic Congestion, Intersections, GHG, Co2, ICE, Sensors.
Student Number: 2020-25828
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Chapter 1. Introduction

1.1 Research Background

1.1.1 Environmental background

The level of GHG emissions and its effect on climate change and global warming has
become a main concern for governments which are committed to the reduction of
contaminating industries by subscribing to international agreements. How GHG emissions
will be controlled by the implementation of emerging clean technologies from the fourth
industrial revolution fostered by governmental strategies and policies is a key factor in the
outlining of future policies.

There have been numerous studies, such as (Jie, 2011; Munawer, 2018; Towoju &
Ishola, 2020; US EPA, 2022; Watson et al., 1988) and (FAO, 2017; Gordon, 2010; Khair
& Majewsky, 2006) developed in the 18th, 19" and 20th centuries showing that the
emissions of gases by vehicle combustion engines contain a high component of residues
(nitrogen, oxygen carbon, dioxide, CO, NOx, Sox, hydrocarbons, aldehydes soot, and benz
(a)-pyrene (Sassykova et al., 2019) that directly affect global warming, the ozone layer,
and human health. However, despite the results of these investigations, the development of
the oil industry has driven the consumption of petroleum derivatives in the industrial sector
and the consumption of gasoline or diesel-based vehicles to historical high levels pushing
for a competition for economic leadership boosted by developed countries since the first
industrial revolution. This has also been exacerbated by the latecomers BRICS (Brazil,
Russia, India, China, and South Africa) countries led by China and India in the third and
fourth technology revolutions. Energy industry information, disclosed by the US Energy
Information Administration - EIA concerning to petroleum consumption. By 2018 United
States was the first oil consumer with a share of the world total consumption at 21 percent
followed by newcomers like China, India, Russia, and Brazil in the 2nd, 3rd, 5", and 7th
positions respectively (EIA, 2021).

The world environmental situation had led governments to agree with targets set for the
middle-run to engage their economies, industry, and governments in the most ambitious
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challenge in modern human history to reduce GHG emissions drastically as stated in the
Montreal Protocol, UN Framework Convention on Climate Change, Kyoto Protocol, Paris
Agreement, and COP27. However, the socioeconomic market conditions will not allow all
countries to meet these goals even though disregarding the effects of global warming will
have an effect on the whole planet.

Countries with the best infrastructure to change their internal productive infrastructure
conditions and regulations for moving from an oil-reliant industry towards a cleaner
electric-based one are more likely to achieve the agreement's goals, increasing the demand
for environmental-friendly goods but at the cost of displacing contamination side-effects
of the technology shifting out of their borders by the creation of a new demand for raw
materials to provide the emergent energy-efficient industries which in most cases are
located in middle- or low-income countries.

The new demand for environmental-friendly goods will boost industries in countries
with a large capacity to produce those goods like the G7 integrated by Canada and the
United States, France, Germany, Italy, United Kingdom, Japan, and the BRICS countries.
In the case of BRICS, the nations are facing a narrow challenge to escape from the middle-
income trap, focusing their policies on the optimization of industries to take advantage of
the new demand for goods and services for the globalization process, to finally achieve the
desired developed or high-income economy status.

Before the industrial revolution, an estimated amount of Co2 produced for humanity
was around, 0. 5 billion tons (Macknick, 2011). Since then, the developed economies have
produced and released enormous amounts of GHGs, mostly Co2, into the atmosphere. This
led to unnatural global warming that had not been seen since the ‘ice age.” At that time the
temperature was around 12°C. However, with the advent of the industrial revolution, this
temperature increased to 14.4°C (data recorded in 2015). This means a 50 times increase
above the average or the equivalent increase rate of the last 21,000 years (Scotese, 2016).
As happened in the first industrial revolution, externalities such as increased air
contamination levels caused just by the use of coal which was raised without precedent to
keep the costs and consequently access to the goods in reach of the demanding economies
(Hanlon, 2020). In developing countries, industry and technology which are still at the first
stages are limited by internal constraints about how to invest the scarce financial sources
that these countries have. Primarily goods from these economies that are meant for world
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trade are non-value-added goods comprised of agricultural goods and raw materials
extracted from mining.

The state of the art environmental conservation is highly worrisome, with the
deforestation of native forests for mining for gold, silver, and coltan; the purifying process
for these elements is also done on the site which contaminates the water sources due to
intensive use of mercury and sulphates as puffier agents for metals (Favas etal., 2011). The
proposed way to stop and revert global warming is by setting our hopes on high-efficient
technology, but we are heading to an even more complex panorama with new levels of
production of new goods and with local policies intended to achieve the technology
transition in developed countries pretending that this will reduce the Co2 footprint without
seeing that the shift in goods in developed countries is leading to huge environmental
damage in developing countries.

1.1.2 Vehicle industry background

The world is committed to a new industry which will represent one of the biggest
changes in market dominance in two centuries. The change from fossil fuels and fuel-based
engines to electricity and electricity-based engines: Internal combustion Engines (ICE) vs
Battery Electric Vehicles (BEV).

Research shows that the indiscriminate use of fossil fuels has caused or accelerated
global warming, inducing with this a generalized climate change that affects life’s
sustainability in the middle run (Huang et al., 2012; Ring et al., 2012). Different
international agreements dissuade governments in most of the countries to link their
domestic policies with the reduction of Co2 emissions and energy consumption.

One of the most significant polluting fields in industry is transportation due to the high
level of dependency on fossil fuels. The US Environmental Protection Agency (EPA)
claims that the transportation industry is the main contributor of greenhouse emissions
(Figure 1) which are produced by combustion engines found in vehicles, trucks, ships,
trains, and airplanes that run on fossil fuels. Petrol makes up more than 90 percent of the
fuel used for transportation, mostly in the form of gasoline and diesel (IPCC, 2007).
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Figure 1 Greenhouse Gas Emission Contributors

Source: US EPA (2021).

Depending on the electric system infrastructure even Battery Electric Vehicles (BEVS),
may be contributing to Co2 emissions given the source of energy, which in some countries
is powered by thermoelectrical stations which are powered by fossil fuels like coal and
diesel thus adding to the primary pollution versus the positive effect of using BEVs for
reducing vehicle motion emissions.

Given the current fuel consumption trends, the industry is changing its behavior by
fostering the use of electrical vehicles (BEV/EV). The underlying concept behind this new
trend is reducing GHG emissions by replacing the current fleet of vehicles using
combustion engines with electric engines. However, research shows that this cannot be
used at the current juncture to demonstrate the positive effect of the use of BEVs as the
main driver for tackling climate change due to GHG emissions.

A relevant fact is how the most industrialized economies of the world are also impacting
the environment the most in terms of Co2 emissions (Figure 3). The biggest producers are
China, the United States, Europe, India, Russia, and Japan, which are among the top ten
emitters accounting for over two-third of annual global greenhouse gas emissions. On other
hand, China's energy policies are focused to face a transition from the high dependency on
fossil fuels to a more flexible and independent infrastructure by including installations with

wind and solar power generation. According to the National Environment Agency NEA
4



https://www.epa.gov/ghgemissions/sources-greenhouse-gas-emissions

these installations were responsible for 14 percent of the electricity generated by 2019 and
this percentage grows every year at a rate of 1 percent. This is because of a government
scheme with large transfers aimed at fostering clean technologies. This behavior could be
explained in part by China’s new role in the emergent economies using BEVs placing its
economy as the first EV producer in the world but also as the country with the biggest
number of BEVs in circulation including public transportation (Qi & Cheng, 2018).

Figure 2 Gas Emissions by Country

Source: World Resources Institute (2021).

Climate change impact is also relevant for understanding the data as a component of
industry trends. The top ten countries generate Co2 by providing a major share of power to
the electricity and heating fields and also to the transportation industry’s emissions -- the
second most contaminating field in the United States 1762.2 Mt CO.e - 3.1 percent,
European Union, and Japan 204.6 Mt CO-e - 0.43 percent, followed by Russia 258.9 Mt
COze - 0.54 percent, China: 917 Mt COz¢ -1.93 percent, and India 305.3 Mt CO-¢ - 0.64
percent of global GHGs (Ge et al., 2020). The difficulty stems from the fact that there has
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been an increase in the number of registered automobiles globally during the last several
years largely due to an increase in middle-class purchasing power, easier access to
financing, and technological advancements in the automobile manufacturing industry that
led to lower prices. According to Gakenheimer (1998), vehicle ownership increased by 10
percent which created a disparity with the speed of adapting road infrastructure and
technology to control vehicle flows on the roads linking the use of the private vehicles with
an associated congestion effect commonly known as traffic jams.

Currently, there are several components in the supply of transport traffic in cities around
the world which are characterized by the type of vehicle and its use and can be divided into
sectors such as private vehicles or personal use vehicles, cargo vehicles, and public service
vehicles.

The transport sector being one of the major sources of pollution, governments are forced
to develop strategies where, by implementing technology or the development of policies or
regulations the pollution can be significantly reduced with a direct effect on short and long-
term GHG emissions.

1.1.3 Developing countries’ backgrounds

The TomTom Traffic Index (2019) determines where the world drivers spend the most
time on their daily commutes. The ranking published in 2019 evaluated 416 cities in 57
countries on six continents. The Indian city Bangaluru was at first place as the most
congested, displacing another Indian city, Mumbai.

Regarding the Latin American region, six large cities in the region were in the top 20
places, two of them - Bogota and Lima - among the top ten with the most difficulties in
travel.
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World
L] rank City Country Congestion level

1 o Moscow region (oblast) Russia S4% & 5%p
: @ vumeai india s3% L 12%p
3 @ wegenn Colombia s3% 5%
- Phiippines sI% 4 18%p
s @ sunba Turkey s1% 4 ap
6 @ sensaun india S1% 4 20%p
7 @ v Ukraine s1% 4 2%
8 New Delhi india &% L ovp
9 Novosibirsk Russia &5% - 0%p
10 Bangkok Thailand % L ovp

Figure 3 The Tom Tom Traffic Index 2020
Source: Tom Tom (2020).

Colombia’s capital Bogota was first in Latin America with the worst traffic jams in
2020 (Carlier, 2022). In contrast to the traffic congestion in the city during valley hours,
Bogota had an average traffic increase of 53 percent during rush hours. The second-worst
congested city in the world is Lima, where travel during rush-peak hours takes 42 percent
longer than during off-peak hours. The ranking comprises 12 Latin American cities which
were evaluated in 2020, 58 percent of the cities (7) are located in Brazil.

Figure 4 Traffic congestion in Latin America, 2020

Source: Statista (2021).
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Every year, INRIX does a study (the INRIX Global Traffic Scorecard) to establish a
world ranking that analyzes the sway of traffic jams on six continents, 38 nations, and more
than 200 cities. The INRIX Scorecard looks at various factors like the number of hours
people lose annually in traffic, the average speed at which they move in the city, and the
time they take for short trips. INRIX uses proprietary big data to examine human movement
- 500 terabytes of INRIX data from 300 million sources, spanning over 5 million miles of
roads, are combined with additional INRIX data sources, such as global parking, fuel,
point-of-interest, public transportation, and road weather data. The combined data paints a
good picture of urban mobility:

INRIX collects billions of anonymous data points every day from a diverse set of sources, including
connected vehicles, mobile devices, navigation units, fleet vehicles, road and garage infrastructure, and
publicly available information on incidents. With coverage on all roads in countries of coverage and lane-by-
lane precision, INRIX is the preferred provider of driving and mobility intelligence for leading automakers,
businesses, and all levels of government for accurate, real-time, and historical

(INRIX, 2020).

The key results of the INRIX Global Traffic Scorecard related to the present research
show that Bogota is the most congested city worldwide moving from the 3" position in the
same ranking in 2017 and under the special conditions developed during the global
COVID-19 pandemic (SARS-CoV-2) and against the global trends where lockdowns,
guarantines, business restrictions, fostering the use of single passenger vehicles like
bicycles and scooters, online classes, and home office policies led the transportation sector
to decrease the number of vehicle travel per se. The results show people spent 133 (272 in
2017) hours annually in traffic jams (INRIX, 2020). These results also confirm the traffic
trends from the Tom-Tom Traffic Index (2020) which ranked Bogota as the 3rd city in the
world with the worst traffic and Statista urban traffic congestion levels 2020. For instance,
the Tom-Tom index shows that during rush hour, the average speed in Bogota was 11 km/h.
A driver can anticipate traveling one mile (1.6 kilometers) into the city center at a certain
speed during rush hour thanks to an indicator known as the Inner-City Last-Mile Speed.
Traffic in only Dublin, Ireland, moves at a slower pace of 6 miles per hour. Traffic in the
Colombian capital is well known to locals and visitors, and INRIX's shocking figures show
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why moving in Bogota during rush hours may take several hours. This not only affects
mobility but also the efficiency of the economy and the air quality index (INRIX, 2020).

2020 2020 , 2020 Last YoY Last
Impact Urban Area Hours Yo‘rL:::urs ;‘:\-:r: Mile Speed Mile 206’-\0{“?;9-
Rank(2019) Lost o (V-] Speed
-31% 58 -30%

1(1) Bogota, Colombia 133 11 22%
2 Bucharest, Romania 134 - - 15
3(14) New York City, USA 100 -28% 40 12 9% -28%
4017) Moscow, Russia 100 -22% 28 15 0% -129%**
5(12) Philadelphia, PA, USA 94 -34% 48 12 20% -25%
6(7) Paris, France 88 -47% 77 13 30% -19%
7(10) Chicago, IL, USA 86 -40% 59 15 36% -22%
8(18) Quito, Ecuador 87 -40% 57 11 10% -11%
9% Zagreb, Croatia 93 - - 17
10 (38) Cali, Colombia 81 -14% 13 12 0% 6%

Figure 5 INRIX - 2020 Global Traffic Scorecard
Source: INRIX (2020).

INRIX is now working on developing algorithms to reduce congestion, the simulation
of vehicular traffic for particular scenarios, and estimating the state of the network at a
given moment. The Traffic Light System (TLS), which manages more than 1,350 crossings
daily in cities in developing nations like Bogotd, uses outdated technology, including
present-day timers and halogen illumination. As more units are put into service, the city's
carbon footprint will decrease thanks to the LED illumination used in the new Smart Traffic
Light System (STLS) and every other component of the complete system that is being
deployed.

1.2 Definitions

For the purpose of defining the scope of this research, the first approach is clarifying the
underlying traffic conception and the underlying differences between traffic, congestion,

9
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transit, and transportation. Both technicians and individuals regularly use the phrase
‘congestion’ when referring to vehicular traffic. The English Language Oxford dictionary
defines congestion as the state of being crowded and full of traffic (Oxford University,
2021a), while traffic means the vehicles that are on a road at a particular time (Oxford
University, 2021b). According to the Collins Dictionary, traffic refers to all the vehicles
that are moving along the roads in a particular area. The flow of people or vehicles along
transportation channels is what the American Heritage Dictionary and the Cambridge
Dictionary define as ‘vehicular traffic.” In this study this is referred to as the movement of
vehicles along roads as well as that of aircraft, trains, and ships:

...normally the average speed monotonically drops as the density increases
leading, eventually, to traffic congestion and jamming.

(Schadschneider et al., 2011).

Traffic jams or congestion or generally speaking ‘a jam’ is a situation in which there are
numerous moving cars, each of which moves slowly and erratically. These definitions are
arbitrary and not specific enough when it comes to vehicular traffic. According to
Schadschneider et al. (2010) in vehicular traffic, typically the average speed monotonically
decreases as the density increases, eventually leading to traffic congestion and jamming.
These definitions appear to diverge from the common perception that is closely linked with
traffic jams, heavy traffic, or traffic congestion (Schadschneider et al., 2010). Furthermore,
(Kerner, 2009) maintains that, ‘vehicular traffic is an exceedingly complicated dynamic
process connected with the spatiotemporal behaviour of many-particle systems.” Vehicular
complexity results from non-linear interactions between three main dynamic processes:

M travel decision behavior, which determines demand
(i) routing of vehicles in a traffic network

(i) traffic congestion occurrence within the network (Kerner, 2009).

This study approaches the traffic phenomena by differentiating the key terms related to
the different vehicular interactions with roads and time and calls this spatiotemporal
10
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phenomenon handling the concepts of traffic flows, heavy traffic, traffic breakdown, and
traffic congestion:

Traffic flow phenomena are associated with a complex dynamic behaviour of spatiotemporal
patterns. The term spatiotemporal reflects the empirical evidence that occurs in space and time.
Therefore, only through a spatiotemporal analysis of real measured traffic data, the understanding
of features of real traffic is possible. In other words, spatiotemporal features of traffic can only be
found, if variables are measured in real in space and time

(Kerner, 2009).

Common sense among citizens has established a relation between ‘traffic’ in terms of
transit and transportation with a high level or volume of vehicles. However, findings in
literature show that more clarity is necessary when ‘traffic’ is used for defining the action
developed for vehicles for moving along a determined space and timeslot. Therefore, traffic
refers to the number of vehicles, space, and time which determine the Peak Hour Factor
(PHF) (University of ldaho, 2020). This definition does not imply that ‘traffic’ by itself
refers to heavy traffic, slow traffic, or a traffic jam. The relation between the number of
vehicles, space, and time refer to the ‘flow’ of vehicular elements. Hence, an uninterrupted
flow is the iteration of vehicles on a road regulated by rules and the drivers’ behavior:

Vehicle-vehicle interactions and interactions between cars and the road govern flow.
For instance, the unbroken flow of traffic on an interstate highway is provided by the
automobiles.
(University of Idaho, 2020)

The second type of flow is interrupted flow, which is managed by the infrastructure for
traffic control. ‘Interrupted flow is flow managed by an external mechanism, such as a
traffic signal” (University of Idaho, 2020). An uninterrupted flow is mainly governed by
vehicle-to-vehicle and vehicle-to-road interactions, whereas in an interrupted flow the main
source of regulation of the flow depends on vehicle-to-signals interactions (Donges, 1999).

There are two derivate flow conditions based on PHF. The first is the average speed at
which vehicles will move along a road when the density of other vehicles is low. Speed is
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characterized by low density. Drivers no longer worry about other automobiles in this
situation (Tarko et al., 2019). As a result, driving is done at speeds that are consistent with
the specifications of the vehicles, the state of the road, and the established speed limit. The
second flow condition is Jam Density, which refers to situations where excessively high
densities can completely stop traffic on a road (Morbidi et al., 2014).

The optimal speed limit for vehicles is outlined by the best engine performance with
less fuel consumption. This relation is contained in the cruising speed which is the speed
atwhich a vehicle travels most efficiently with respect to fuel consumption (Collins English
Dictionary, 2020). This is also known by techniques such as eco-drive and hypermiling
(Zaharia & Clenci, 2013).

Intelligent Transportation Systems (ITS) are sophisticated software programs created to
provide cutting-edge services connected to various forms of transportation and traffic
management. By providing users with additional information, these applications enable
drivers to use transportation networks more wisely and, in theory, increase security. In other
words, ITS? refers to all programs that work to assure safety, traffic management, driving
assistance, and a variety of other functions.

The technology used in ITS is extremely diverse, as are its applications. These include
management systems like those in charge of vehicle navigation, traffic signal control
systems, variable message signs, automatic license plate recognition, high-speed cameras
for monitoring, and many other systems that all share the trait of being control systems with
some intelligence. Another kind of application that fits into ITS is one that gathers data in
real-time and provides feedback based on a variety of readings or sources, such as weather
data, information about the state of the roads and traffic, bridge de-icing systems as an
example of an application related to infrastructure, parking guidance systems, or any other
vehicle system that needs to make decisions based on reading data. Systems will be able to
adjust to the past in the future and make choices that are consistent with predicted methods.

In the United States, there is a research and development program that has to do with
ITS (https://www.its.dot.gov) which can serve as an example of the type of systems and

LITS is any transport system that allows the scientific and automated operation and management of
the transport system, and the improvement of the efficiency and safety of transport through the
development and use of means of transport and transport facilities with high technology and
transportation information, including electronic controls and communications (MOLIT, 2021).
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applications that are integrated into this very broad technological framework. Making a list
of all the systems and developments that can be included in ITS is a very intense job, so
these brushstrokes serve to understand what we mean when we talk about Intelligent
Transportation Systems.

Communications Vehicle to Vehicle (V2V) and/or Vehicle to Infrastructure (V2I) to
increase safety and Car2x or V2X communications, aim to improve the coexistence
between cars and the environment through which they circulate and communicate with the
rest of the wvehicles in the environment to make them ‘notice’ their presence, and
consequently to circulate with greater accuracy and prudence (Miller, 2008).

Traffic, public transport, and freight fleet statistics are accessible today from many
sources which can be used for improving mobility in general. In addition, it is possible to
think about introducing data which corresponds to our personal vehicles in the ‘network’
thus weaving an even greater network of mobility data that will allow improving aspects
such as congestion, which can only be achieved because of it. The objective is to have
transport management systems that are efficient, safe, and respectful of the environment.

The aim of the Dynamic Applications for Mobility is investigating technologies that can
facilitate the quickest, most effective, and environmentally friendly transportation of
people and products. This can be accomplished by moving the aforementioned items and
persons between different modes of transportation (such as a car, train, ship, or plane) or

between different routes using a Mobility as a Service (MaaS) platform (Chang et al., 2015).

The concept is that in the future it will be feasible to move people or commodities from
point A to point B, and that both the route and the mode of transportation can be changed
automatically along the way to get them there as quickly and efficiently as possible.

Time management on the road is an application of the current weather and future
weather predictions. Thanks to data collected by the vehicles in these current weather
conditions, it will be possible to take decisions about the route, the weather conditions, and
driving in the future.

Applications for the environment that use real-time information synthesis: These are
known as Real-Time Information Synthesis, which are entirely focused on the environment
and deal with how anonymous data on tailpipe emissions can be combined with other
environmental data so that transport managers can manage the transportation network
taking into account the environmental impact it leads to.

13

2
4
¥

b

YT

e
\!{EI
iiv‘i\‘

-

LG
"
.,

o5



The Smart Traffic Light (STL) system is meant to improve traffic conditions using a
holistic vision: the data from cars, driving habits, and other variables which can be included
in a global system that is equipped with dozens of applications connected with cars and
mobile or city sensors which are capable of finding the best solution for traffic
improvement, increasing efficiency, and reducing GHG emissions.

Technology along with a policy package is being implemented in some developing
countries based on an intelligent traffic control system with traffic lights, which allows a
permanent connection via a protocol of communications V212 or V2V3, and can thus
collect information both from the vehicles on the roads, and from historical databases that
contain time tables, peak hours, off-peak hours, usage trends, national and local regulations,
as well as information posted on the cloud provided by various traffic management
applications such as Waze, Google Maps, and Kakao Maps. All this information is used by
a traffic light to be able to establish the best response time and prioritize the green and red
signals for vehicles, pedestrians, and bicycles.

The final effect of traffic optimization is reflected in the shorter time of use of the
vehicles, calculated in hours of use/day and in the respective reduction of fuel consumption.
By reducing this consumption, combustion is reduced and so are GHG emissions. The
purpose of the Smart Traffic Light (STL) system or STLS is to make the current
technology-based ICE most energy-efficient with regard to the technology designed and
developed with the aim of reducing GHG emissions and disincentivizing the
commercialization of new goods.

By increasing the efficiency of traffic flows on the roads it will be possible for drivers
to drive under cruising speed, achieving higher speeds of around 80-100 km/h which
provides efficiency in terms of time/saving-money/saving thus reducing fuel consumption
in a range of the 20-50 percent in most cases (Zaharia & Clenci, 2013).

In the end fuel consumption is the ratio that determines the terms of the environmental
impact and the efficiency of the proposal (Rakha & Ding, 2003). This proposal conviction
is walking in a direction where the world can reduce consumption by optimizing the current
energy use. We are not going to achieve any goal if we keep the same production trend.
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Currently, China and India are ready to supply most of the goods from the new technology
wave, but at a high cost for humanity.

Our decision as rational consumers is to decide whether we want a world with cutting-
edge-energy-efficient technology with greenhouse gases or a world with consumption in a
smart way directing the technology to improve Co2 absorption using biotechnology or
increasing reforestation and reducing desertification, conserving the oceans and seas, and
reutilizing the GHGs. Currently, energy-efficient is a synonym for more devices that
consume less energy, but in the end, they are, actually more devices. The goal of climate
change is not just to turn energy-efficient; it is to reduce energy consumption.

1.3 Motivation

The current study aims to address low-income governments' financial constraints which
prevent them from investing in digital transformation or smartification.

The study implemented a SLR to identify the state of the art in smart technologies, I0T,
and Al related to STL to find a correlation and scientific evidence between traffic at road
intersections and the increase in GHG emissions.

However, in addition to identifying and providing scientific evidence, the research also
evaluated the technologies from the perspective of traffic management experts and
practitioners, providing a high degree of reliability for the outcomes. Thus, both decision-
makers and policymakers can base their policies on the present study to determine that the
Inductive Loop Sensor is the best smart technology for improving traffic flows at
intersections and feeding traffic lights with real-time information, despite the high cost of
the initial investment, which can be understood as a high cost in the short-run but with
benefits in terms of efficiency in the long run.

1.4 Problem statement

Although the traffic management systems in the world have experienced important
developments based on automatization and the development of the adaptive control in ITS
(Alrawi, 2017) in the last 20 years, the traffic and transportation systems still experience

limitations in effective traffic management which affects the cities' performance in terms
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of economic losses and contamination (Dubey & Borkar, 2015). These lead the cities to
deal with vehicular traffic congestion and the side-noxious environmental effects as also
the increase in fuel consumption of GHG -Co2 (Al-Turki et al., 2020). Emissions have been
a complex phenomenon leading to city management problems in the last few years
(Salazar-Cabrera et al., 2020). These include:

e According to the UN the densification of major cities in the world was around
55 percent when by 2018 and is projected to reach an average of 68 percent by
2050.

e Budget restrictions by city or national governments to adopt or upgrade cities'
transportation infrastructure in terms of housing, roads, networks, and facilities
(Hooda et al., 2016a).

e Increasing pressure on the transportation system is accompanied by consumer
behavior which tends to improve the resources efficiently and increase the
means of transportation and consequently the volume of vehicles by 20 percent
per year with their respective emissions (Hooda et al., 2016b).

e In a scenario of traffic congestion, one of the most critical and determinant

spots are intersections (Santamaria & Fernando, 2014).

The transport sector’s fuel consumption accounts for 70 percent of the total oil
consumption. According to Al-Turki et al. (2020), this consumption leads to a proportional
amount of GHG-Co2 emissions being released into the environment. Al-Turki et al. (2021)
estimated that these emissions had reached 560 million pounds of Co2 by 2011 in Dhahran,
Saudi Arabia.

Variations in the urban population ratios in the world's biggest cities turn into an
increase in passengers (Salazar-Cabrera et al., 2020). This is reflected in the transportation
demand primarily in developed countries which is satisfied by the existing transportation
infrastructure and/or the public transportation system but, in most cases, it is very likely
that cities need to experiment with a reduced capacity to meet the transportation demands
due to lack of financial resources, planning or technology penetration like Massive
Transportation Systems (MTS) comprised of subways, monorails, and trains. Furthermore,
improving an old city's infrastructure implies upgrading from narrow roads to a highway
infrastructure for which it is necessary to demolish the existing construction which in very

16

~ w4
g e

3

e



old city areas implies destroying or putting in danger national or world heritage. This
scenario leads consumers to optimize the scarce resources that they have: time and money.

Based on consumer maximization behavior, the rationale for satisfying transportation
needs is accessing an affordable means of transportation under ownership that increases a
feeling of autonomy among consumers and their families. This aggregated behavior in the
market with consumers replicating the same rationale will increase the means of
transportation (cars, motorbikes, scooters, bicycles, hybrids) and consequently the volume
of vehicles. Thus, the demand for infrastructure increases by the differential between the
variations in the volume of vehicles and the square meters on the roads (which remains
static). With these new conditions, cities in developing countries turn crowded with diverse
and affordable vehicles and their pollutants. This is evidenced in vehicle composition
variations, which show an increase in motorbike sales (Statista, 2022). In a situation of
more vehicles and more traffic, arises the problem of fuel consumption and efficiency per
travel, which is reduced by the pre-existing traffic congestion.

Vehicles are designed to be efficient in a so-called hypermiling, which is a constant top
speed with the lowest energy (fuel) consumption. Currently, that speed is calculated at
around 60-90 km/h. All vehicles moving under this speed are consuming more energy and
in the case of the Internal Combustion Engine Vehicles which are fossil fuel-based, with
more energy consumption they are also emitting more Co2 and GHG-related emissions
(Zaharia & Clenci, 2013).

Statistical evidence points out that the transport segment is one of the biggest
contributors of pollutant emanations comprised mostly of GHG and Co2 from urban traffic
congestion at road intersections. This has become a pressing challenge for reversing climate
change effects (Berrittella et al., 2011).

As vehicle density increases, traffic flows are reduced in terms of flow and density. This
is a determinant factor in the levels of energy consumption in the mechanics of fossil-fuel-
based/ Internal Combustion Engine (ICE) vehicles that lead to an exacerbation of the
problem due to the contaminating additives expelled with the gas emissions such as lead,
soot, sulphur, nitrous oxide, and hydrofluorocarbon (Alrawi, 2017).

1.5 Research objective
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This research’s objective is exploring the traffic correlations at intersections with
vehicular fuel consumption and consequently with GHG-Co2 emissions. Its aim is
identifying the current STLS hardware enabler technologies in scientific literature to
provide an expert evaluation and response under MCDA-AHP as a key element for
decision/policymakers. Despite the algorithms' high relevance in STLS’ performance, the
present research does not evaluate this technology as an AHP layer component.

1.6 Research questions

RQ1: Does a relationship exist between vehicular traffic congestion levels at
intersections and increasing GHG-Co2 emissions?

RQ2: Based on the SLR identification of STL system technologies, which of these
technologies are the most suitable to be implemented as an element of the
traffic infrastructure at intersections (traffic lights) under budget constraints,
targeting improving traffic flows and reducing GHG-Co2 emissions?

1.7 Research methodology

This research uses a systematic literature review (SLR) to evaluate the 4IR technologies
proposed for the Smart Traffic Lights (STL) system. SLT also addresses the first research
question by collecting all the evidence from scientific literature which lays the foundations
for the correlation between traffic congestion at road intersections and the increasing levels
of pollutant emissions.

SLR was conducted in five stages according to progressive query string improvements.
The first string (intelligent traffic system, traffic, GHG) identified 52 related documents of
which six met the STL established criteria. The second string (smart traffic system, traffic)
identified 18 related documents of which not one met the STL established criteria. The

third string (STL, traffic) identified 22 related documents of which five met the STL
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established criteria. The fourth string (STL, traffic, SLR), identified 19 related documents
of which six met the STL established criteria. The fifth and last string (intelligent traffic
light, GHG, AHP), identified 14 related documents of which seven met the STL established
criteria. The SLR criteria for this methodology was based on Prisma2020 as follows:
relevance, availability, file access, year of scoring, and citations ratio (Page et al., 2021a).

A second methodology is proposed for evaluating the technologies identified in SLR
for addressing the second research question and the thesis' aim of evaluating the
technologies’ feasibility and suitability at road intersections for governments with budget
constraints. The methodology developed for this is the Analytic Hierarchy Process (AHP),
methodology that belongs to a Multicriteria Decision Analysis (MCDA) subject in
Operations Research.

The current study uses the AHP technique created by Professor Thomas Saaty to address
a number of specific issues in traffic-sustainable decision-making processes. AHP is a
multicriteria decision-making technique that helps in choosing between various options
based on a number of selection criteria or variables that are typically hierarchical and
frequently at odds with one another.

The objective, criteria, and sub-criteria (if appropriate) form the hierarchical structure,
followed by alternatives to compare this structure. A key component of this process is
ensuring that the selection criteria and sub-criteria are carefully chosen, well defined, and
mutually exclusive.

One of the keys to the success of this method is the Saaty Fundamental Scale, which is
used for performing the paired comparison (Equal Importance, Weak Importance,
Moderate/Weak Importance of One over Another, Moderate Plus Importance, Essential or
Strong Importance, Strong Plus Importance, Demonstrated Importance, Very, Very Strong
Importance, and Absolute Importance). Without diving into mathematical specifics, it
should be mentioned that the method's ability to evaluate the consistency of our choice to
validate it as the best alternative is one of its merits. The AHP process can be summarized
in six steps:

e Defining the problem: Once the technologies based on SLR are identified and
classified, AHP’s objective is defined under the limits and descriptions of the
research questions established for this research.
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Determining evaluation criteria: The criteria for STLS in this research are divided
into three dimensions:

STLS Performance.
STLS Costs.
Traffic Emissions.

For STLS Functions the following were determined: Intersection Delays, Stopped

Delays, Deceleration Delays, Travel Time, and Queue Length. For STLS Costs the

following were determined: Construction Costs, Maintenance Costs, and Operation Costs.

For STLS Emissions the following were determined: Fuel Consumption, Co2 Emissions,

Construction Congestion as a criterion set:

o LN e

Determine AHP hierarchy: The STLS hierarchy was determined.
Normalize the comparison matrix pairwise.

Calculate priority vectors.

Calculate the consistency ratio (Alemdar et al., 2021a).

Results.

1.8 Research contribution

The GHG Co2 footprint and carbon neutrality control and reduction policies are the

greatest agreement in the history of humanity. Any action aimed at evaluating the current

sources of pollutant emissions is going to have a multiplication effect in the near future on

our planet and will be decisive in the survival of human beings as a species on the planet.

Policymakers and decision-makers need scientifical and reliable information that provides
the best probabilities to achieve the goals set in the Paris Agreements, COP26, and the
Sustainable Development Goals (SDGs). As the world is entering a new phase in history

after facing the worst COVID-19 pandemic in recent years, the economic effects on the

most vulnerable economies are increasing with inequalities and poverty. Cities and

governments in developing countries will be able to develop national plans for meeting the
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environmental agreements by investing large amounts of money in a transition from
contaminating and pollutant technologies to green and clean ones generating a considerable
reduction of emissions. The critical part of these agreements is how middle and low-income
nations and governments will leverage the technological transition when the investment
priorities are focused on solving structural problems like nutrition, health, education, and
conflict, relegating environmental concerns to the last level of public investments. Thus,
identifying the most efficient technologies which are feasible to implement under these
budget restrictions for solving current major problems such as traffic congestion and with
a proven positive impact on pollutant emission reductions will determine the success and

continuity of these policies and meeting the global agenda in terms of climate change.

1.9 Research novelty

The present research identifies STLS technologies with an impact on GHG reduction as
a positive spillover of traffic congestion optimization. The research methodology is split in
two methodologies: A Systematic Literature Review (SLR) and an Analytic Hierarchy
Process (AHP).

SLR dives into two critical objectives in the research, first collecting and extracting the
technologies implemented in smart traffic control from the selected scientific literature,
filtering these technologies according to the traffic management infrastructure where they
have been implemented and selecting those related solely to smart traffic light systems.

These outcomes feed into the AHP process by providing alternatives for the evaluation
methodology.

The second objective is identifying and collecting evidence from the experiments that
provide a direct relation between the employment of smart traffic light system technologies
and GHG emissions reduction.

The AHP process engages with GHG-Co2 emissions reduction by improving traffic
flows at intersections with optimal implementation of STLS technologies as an element of
the traffic infrastructure under budget constraints by establishing 11 STLS-related criteria.
These are evaluated pairwise with 11 STLS technology alternatives.
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AHP provides a novel insight into the STLS evaluation by including not just technology
performance criteria, but also costs and emissions criteria.

1.10 Outline

The rest of this thesis is structured as follows. Chapter 2 presents a literature review
which addresses STL technologies’ identification and evidence collection to support the
thesis related to the correlation between traffic congestion at intersections and the increase
in noxious emissions. Chapter 3 describes the development of both SLR and AHP
methodologies.

Chapter 4 introduce the datasets obtained from the survey questions and the output data
differentiated first by the dimensions layer, criteria layer, and the alternatives layer and
finally summarizes the data and compares the results for criteria versus alternatives.

Chapter 5 synthesizes all the data and the AHP methodology and presents the results
and the relations among efficiency, costs, and emissions by comparing the statistical data
obtained from AHP.

Chapter 6 presents the findings, conclusion, and implications for meeting the SDGs and
climate change agreements while also highlighting the best combination of technologies
and their effect on the cost and efficiency dimensions. Figure 6 illustrates the structure and
interaction of methodologies in the present research.
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Figure 6 Research framework
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Chapter 2. Literature Review

Traffic congestion (jams) is a leading problem in cities whether they were built with old
or modern road infrastructure. There are many factors that affect the volume of vehicles on
the roads, one of which is the massive urbanization in the cities and the expansion of the
metropolitan areas. Another reason is the lack of effective massive transportation systems
to compete with private vehicles. Production too plays a key role in a demand for vehicles
by offering very low-priced vehicles and finally policies in each city may affect the
performance of the traffic according to restrictions related to them. Road congestion results
in longer average vehicle wait time, more fuel used, and more air pollution, which costs
the nations socially and economically. Thus, one of the main issues in cities is traffic
congestion.

The present literature review evaluates the traffic optimization methods with more

impact on GHG emissions reduction implemented under specific models for improving the
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efficiency of STLS at road intersections. Currently, emerging nations employ a time-based
traffic signaling system, which includes a set amount of time at each junction. Numerous
studies have been done to design an adaptable traffic system.

Generally, the scientific evidence points out that most of the GHG contribution
deposited in the environment is sourced from the transportation sector with the current
market share coming from power trains (US EPA, 2021). As the world trend is underlined
by a constant increase in vehicle ownership Gan et al. (2020) explain that most of the
research related to traffic congestion is focused on efficiency variables such as time, speed,
and frequency. The present research approaches traffic congestion improvement
technologies from an environmental perspective which evaluates traffic interruptions and
the implementation of STL technologies for travel enhancement mostly focused on road
intersections.

As explained by Alrawi (2017) with a future emissions estimation model, 35.2 percent
of the emissions from vehicles are produced in traffic conditions. The model is evaluated
with regression equations applied to the selected datasets (Alrawi, 2017).

The impact of Al (artificial intelligence) based in sensing data technology provides
proof of how the adoption of these technologies became the main driver for developing
traffic management technologies comprising the sensing technology (hardware) but also
including algorithms (software) and methods for the data management as in Kabalisa and
Altmann (2021).

The findings from the SLR review show that the most implemented technology in traffic
congestion reduction with STL is the vehicular ad-hoc network or VANET. VANET’s ad
hoc nature distinguishes it from other types of vehicle networks, such as those formed
between the different sensors that modern automobiles have (parking sensors, rain, braking,
speedometers, gyroscopes, GPS) and it primarily focuses on providing information to the
driver. Due to this, VANET has special characteristics in aspects such as throughput,
reliability, node speed, and bandwidth utilization compared to other wireless networks.

Other approaches are delay-tolerant applications (Zhao & Cao, 2008). For instance,
apps that provide internet connectivity for commercialized applications to provide
advertisements for local stores, meeting schedules in conference rooms, and information
concerning adjacent available parking spaces.

To meet delay requests of all applications, traffic data contains highly significant data
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that must be discovered and properly exploited. To clear traffic for emergency vehicles and
reduce congestion, traffic data may also be usefully employed to calculate real-time traffic
flows and dynamically regulating traffic lights. In a VANET environment, a fuzzy priority-
based intelligent traffic congestion control and emergency vehicle management system is
therefore the first choice provided (ITCC). To increase safety and highway capacity without
the need for new road construction, Varaiya (1993) presented an Intelligent
Vehicle/Highway System (IVHS) that blends control, communication, and computing
technologies.

Chen et al. (2006) makes a similar suggestion. They describe a WSN-based Intelligent
Transport System (WITS), along with specifics on how WSN features solve the challenges
that traditional ITS confront in receiving and disseminating information. They created
hardware and software for the WITS node and suggested techniques for optimizing
individual intersections and the whole traffic network. They advocate using a solar cell to
power the sensor node, easing the problem of low battery power. Due to the extremely
mobile and sometimes interrupted nature of vehicle ad hoc networks, the transmission of
data might be complicated.

Guerrero-Ibanez et al. (2018), underline the issues associated with transport systems in
modern societies like traffic jams, contamination, and safety and offer a thorough analysis
of how sensing devices might be used to create greener Intelligent Transportation Systems
(ITS) to solve these issues. Both types of sensors, known as in-vehicle and in-road sensors,
are essential parts of the ITS data collection architecture and can be found in cars. The six
categories of in-vehicle sensors are safety sensors, diagnostic sensors, convenience sensors,
environmental monitoring sensors, driving monitoring sensors, and traffic monitoring
sensors. Based on where they are used, in-road sensors are divided into two categories:
intrusive sensors and non-invasive sensors. The authors contrasted the advantages and
disadvantages of various sensor types. They analyzed the current state of sensor technology
integration with transportation systems and offered suggestions for the future (Guerrero-
Ibafiez et al., 2018).

Skordylis and Trigoni (2011) built an ambient traffic monitoring system that shares
bandwidth with several VANET applications in an effort to reduce traffic congestion and
pollution. They created two effective processes for gathering and sharing data: the delay-

bounded minimal cost forwarding (D-MinCost) and the delay-bounded greedy forwarding
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(D-Greedy) protocols, which work together to cut down on communication while still

satisfying user-specified delay-sensitive requirements.

Chapter 3. Data and Methodology

The present research uses two methodologies: A Systematic Literature Review (SLR)

and an Analytic Hierarchy Process (AHP).

3.1 Systematic Literature Review (SLR)

SLR was developed using preferred reporting items of systematic reviews and meta-
analyses under the PRISMA2020 model as a reviewing methodology, but slightly modified
to match specific requirements of the research as it is enough for identifying architectures,
frameworks, technologies, algorithms, and simulations/simulators in the area of Smart
Traffic Light Systems (STLS) and their related technologies with GHG emissions from
vehicles in traffic conditions, mostly at road intersections. As STLS is a new, constantly
growing and changing technology it is very important to determine the big picture of all
related and interconnected technologies and normalize terms that are ambiguously used in
different research but with the same significance or aim.

A specific kind of literature review known as an SLR compiles and critically evaluates
numerous studies or research papers using a methodical methodology. There are multiple
types of literature reviews, but not all of them can be described as systematic. The SLR
methodology is a systematic search method to review research literature and prepare

complete and rigorous scientific papers review following the steps:

1. Define the search question also including the pertinent keywords with synonymous
expressions as recommended by Kabalisa.

2. Specify the requirements for inclusion and exclusion. The research establishes
what information interests’ people and what does not. Before beginning a search,

these criteria are defined a priori (Mubarkoot & Altmann, 2021).
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3. Select resources: Choose the sources of information that will be used for the search
from all those available (Mubarkoot & Altmann, 2021).

4. Set the query. It is vital to translate the search query into a query or question that
the search engine can understand because many sources of information are
automatic and rely on search engines for access.

5. Conduct the search and only keep the data that satisfies the requirements; using the
suggested query, we apply the inclusion and exclusion criteria to all the data
provided by the various information sources.

6. Finally, read the information and draw conclusions.

3.1.1 Journal search and indexing databases

The selection of the search database service was done to get the first order and second
order information sources to find the dependability of the literature review's outputs and
their impact on the research. Google Academic, Web of Science, and Scopus, the most
popular services for scientific information and the recommended instruments for research

evaluations are compared in this study.

According to Martin-Martin et al. (2018) there are differences between research services.

This research services as Google Scholar, Web Of Science or Scopus are based on a scient-
metric analysis of 2,448,055 citations to 2,299 highly-cited works (Martin-Martin et al.,
2018; (Mubarkoot & Altmann, 2021). Simple numerical evidence derived from a
qualitative analysis revealed that Google Scholar consistently had the highest percentage
of citations across all fields (93 percent—96 percent), well outpacing Scopus (35 percent—
77 percent) and Web of Science (27 percent—73 percent); 95 percent of the citations from
Web of Science and 92 percent from Scopus were found using Google Scholar. A majority
of the citations discovered by Google Scholar (48 percent-65 percent) came from sources
other than journals, including theses, books, conference papers, and unpublished materials
(Figure 7).
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Table 2 Percentage of Citations

% GS % WoS % Scopus % WoS % Scopus % WoS
(allcit) (alcit) (allcit) cit.inGS cit.inGS  cit. in Scopus
Overall 94 52 60 95 92 93
Humanities, Literature 93 27 36 88 g4 83
& Arts
Social Sciences 94 3 43 93 89 89
Business, Economics & 96 28 35 93 92 89
Management
Englneerlngd? 93 52 63 94 90 94
Computer Science
Physics &. 96 59 64 97 94 94
Mathematics
He_alth& Medial 94 54 62 95 91 93
Sciences
L|f§ Sciences & Earth 95 62 67 96 03 95
Sciences
Chemical & Material 9a 73 77 95 94 96

Sciences

Source: Martin-Martin et al. (2019).

When compared to the sources that were already in Scopus or Web of Science, the
percentage of documents that were not in English ranged from 19 percent to 38 percent
(Martin-Martin et al., 2018). Even though many authors are oriented towards using
academical database sets as Scopus, Web of Science, and Science Direct based on
frequency of use as an indicator (Kabalisa & Altmann, 2021), for the present research a
quantitative approach is presented to justify the inclusion of Google Scholar. The primary
findings were first assessed by determining whether there were any topical variations in the
number of citations overlaps between Google Scholar, Web of Science, and Scopus in the
citations that they located in academic work. According to Martin-Martin et al. (2018), the
three databases collectively discovered 46.9 percent of all citations (Figure 7). A majority
of the citations, including most of the citations discovered by Web of Science and Scopus,
were found using Google Scholar. In contrast, Web of Science and/or Scopus, rather than
Google Scholar, only found 6 percent of all the citations. Google Scholar and Scopus (7.7
percent), Google Scholar and Web of Science (2.5 percent), and other search engines
discovered an extra 10.2 percent of all the citations; 36.9 percent of all the citations were

only discovered using Google Scholar (Martin-Martin et al., 2018).
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Figure 7 Citation Overlapping
Source: Martin-Martin et al. (2018).

Further it was determined if the citation documents that only Google Scholar found were
of a different category than non-unique Google Scholar citations. Although journal articles
were still the most common type of documents, all subject areas except health and medical
sciences (48 percent), had more than 50 percent other types of papers that Google Scholar
threw up. However, Prins et al. (2016) caution against using Google Scholar in place of
Web of Science or Scopus for citation evaluations.

The inclusion of lower-quality citation documents may lessen the extent to which

citation counts accurately reflect the academic effect, hence it cannot be believed that

Google Scholar's highest citation counts are always higher than Web of Science and Scopus.

The impact on education, for instance, may be reflected in some of the citations from
masters' theses. Consequently, based on the assessment type to be used, it may be essential
to eliminate some citation kinds from the citation count (Prins et al., 2016). The aforesaid
is not conclusive for all the programs due to the Prins scope for social sciences programs
and the specific scope of the research. More research is needed to arrive at Martin-Martin
et al.’s findings related to the field of natural sciences and engineering, despite the evidence
from the Spearman Coefficient Correlation by measuring the correlation between Google
Scholar and Scopus as a random variable (Appendix 1). The Spearman Coefficient
Correlation was implemented to evaluate Google Scholar and Web of Science as random
variables (Appendix 2).

In both the approaches, the correlation shows that more citations were found in Google

Scholar. With the present evidence related to the Citation Overlap and Spearman
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Coefficient Correlation, the search database platform for conducting the literature review
is limited to Google Scholar which in compared research demonstrates that it contains a
high and a representative quantity of journal papers and citations which overlap with

Scopus and Web of Science.

3.1.2 SLR Methodology

A Critical Appraised Topic (CAT) was used as the first methodology to approach the
research questions. CAT is a literature review methodology that includes a summary of the
evidence on a particular topic, typically a succinct summary of a search and critical
appraisal of the literature related to a focused research question. In this research it addresses
RQI. This summary of evidence should be kept in an easily accessible location so that it
can be used for making research pronouncements. This is not as thorough as a Systematic
Literature Review (SLR), which compiles the strongest available data on a subject and
applies several criteria to filter the results.

Generally, CAT is employed as a single evaluated study, but more than one method may
be included as is the case in the present research due to the nature of the two research
questions which are related to specific fields of study: GHG emissions and traffic
congestion. The evaluated fields for the CAT literature review are year of issue, name of
the journal, and related research question. When done from a single article, the result is a
critical appraisal document, which is a way of collecting the evaluations because they are

topic centered. Therefore, the criteria query implemented in Google Scholar comprises the

key terms: Emissions, emitted, gases, combustion engines, engines, GHG, and environment.

These key terms were incorporated as a query with the goal of obtaining the closest-topic-
related articles from scientific journals to comprise the inputs for the CAT query string:
Gases emitted by combustion engines for vehicles contain a high component of residues
that directly affect global warming.

The plain query found a mean of 18.400 results. The cleaning process incorporated in
the second stage used a filter which was determined by the second criterion which is the
issuance interval. In this case, it is important to define a milestone that allows one to

determine the beginning of the interval.
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As the research is related to technologies like Artificial Intelligence, Machine Learning,
and the Internet of Things implemented in the Smart Traffic Light Systems and this is a
relatively new technology the developments intended for improving the reliability start in
2012 when the research institute Traffic21 in the Carnegie Melon University developed an
adaptative signal control in an attempt to reduce GHG emissions in Pittsburg (Rubinstein,
2012).

The date from the Traffic21-Pitsburg project determines the beginning of the range for
our interval which ranks till the year of the research literature review elaboration in 2020.
Once the query with the issuance interval was used, the outputs reduced to 17.000 results
which is 7.6 percent less. Google Scholar arranged the information by defect according to
the level of relevance. Once the results were obtained the third criterion was implemented.
All these criteria include the 21 results to be evaluated by the CAT literature review.

From a total of 20 results, three books and zero papers were obtained in the CAT
literature review after the execution of the queries and selection of the papers. Under SLR
this number was reduced to 14 papers, and it was evidenced that there was a need to execute
a new query with more delimited key terms: ITS, Traffic, GHG.

SLR criteria were tightened to fit more closely with the research questions instead of
the topic of the research. One of these changes is expressed in terms of the interval of the
paper’s issuance. This change responds to the need to fit the technical requirements
including the emerging technologies from the Fourth Digital Revolution which are mostly
accepted as loT, LoRa, Al, Big Data, Radar, Machine Learning AR, VR, Lidar, V2V, V21,
V2X to ensure the pertinence in time for STLS/ITS.

The most accurate period for including papers comes along with the Fourth Digital
Revolution which is mostly accepted to start in 2015 (Schwab, 2015). This means that the
papers between 2015 and 2021 will be preferable. Identified by the continuous query
depurating process the key paper PRISMA2020 was originally aimed at health sciences
and medical reports but it also contains essential reflections for a cross-discipline research
base in the identification, screening, eligibility, and inclusion phases (Salazar-Cabrera et

al., 2020).
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3.1.2.1 Systematic literature review (SLR) PRISMA2020

The present research adopts the PRISMA Declaration as a method for the presentation
of STLS-GHG traffic systematic reviews and meta-analyses (Urratia & Bonfill, 2010). Due
to a proliferation of published material, the PRISMA Declaration of 2009 meant an
improvement in scientific publications that, without a doubt, gives researchers and
specialists many advantages in consulting information and proposing new research (Moher
et al., 2009).

Beyond the establishment of guidelines for the presentation of meta-analyses and
systematic reviews, the PRISMA Declaration proposes a checklist of 27 concepts
(Appendix 3) which, following the structure of a scientific article, specifically detail what
is important in each section and, in addition, propose a flowchart (Figure 9) to illustrate the
process of the revision which starts with a formulated question, followed by establishing
an explicit method for the successive stages of the review, a search, identification and
selection of relevant studies, a description and analysis of quality, risk of bias, data

extraction and interpretation of results (Page et al., 2021b).

Table 3 SLR PRISMA for Abstracts

Section and Topic

Item #

Checklist item

Reported

(Ves/No)

TIME
Title 1 Identify the report as a systematic review.
BACKGROUND
Objectives 2 Provide an explicit statement of the main objective(s) or question(s) the review addresses.
METHODS
Eligibility criteria 3 Spedfy the indlusion and exusion criteria for the review.
Information sources 4 Specify the information sources (e.g., databases, registers) used to identify studies and the date when each was last searched.
Risk of bias 5 Spedify the methods used to assess risk of bias in the included studies.
Synthesis of results 6 Specify the methods used to present and synthesise results.
RESULTS
Included studies 7 Give the total number of included studies and participants and summarise relevant characteristics of studies.
Present results for main outcomes, preferably indicating the number of included studies and participants for each.
Synthesis of results 8  Ifmeta-analysis was done, report the summary estimate and confidence/credible interval
If comparing groups, indicate the direction of the effect (i.e. which group is favoured).
DISCUSSION
Limitations of evidence 9 Provide a brief summary of the limitations of the evidence included in the review (e.g. study risk of bias, inconsistency and imprecision).
Interpretation 10 Provide a general interpretation of the results and important implications.
OTHER
Funding 11 Specify the primary source of funding for the review.

Registration

Provide the register name and registration number.

Source: Page et al. (2020).
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Compared to PRISMA 2009, in PRISMA 2020 the concepts are modified, and sub-
topics are added for a more organized presentation and a more exhaustive treatment of the

information.
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Figure 8 PRISMA 2020

Source: (Page et al., 2021a).

The PRISMA Declaration emerged as a measure to facilitate professionals’ work as a
manifesto to standardize the work. For this reason, a door was opened for this declaration
to be established as a rule and as a cross-field method of work around the world. This is a
significant improvement in the quality of systematic reviews and will gain the recognition
that it deserves from the scientific community (Yepes-Nuifiez et al., 2021).

SLR’s aim is identifying the current 4IR the so-called Smart Traffic Lights
technologies from scientific literature aimed at improving traffic management at
intersections. SLR obtained a sequential upgrading of the queries strings, executed in
Google Scholar (six) obtaining 135 documents related to STL and GHG emissions, which
were categorized at five different levels, from 1 to 5 wherel is the worst and 5 the best
according to the criteria proposed for this review as the accessibility status, year of
publication (a range of 5 years was considered), number of citations, citations/year,
STL/GHG closeness, academic source (university repositories or external), and contents as
architectures, platforms, frameworks, simulators, sensors, methods, and algorithms. A total
of 13 papers met the established criteria and were selected as key papers for this research.
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From the SLR papers’ database a keyword extractor was implemented for each paper to
identify and extract the architectures, platforms, frameworks, simulators, sensors, methods,
and algorithms contained in them. Once obtained, the full technologies description for the
database (241) was done. The biggest limitation at this stage was the multiplicity of terms
and technologies related to the same devices or processes. For tackling this issue, a
normalization was developed by eliminating in first instance the synonyms reducing them
to 135 terms using a word-cloud technique and in the second instance using the related or
closely related terms by checking the description of each one thus reducing the terms to 27
by using a categorization tree map.

RQ1 Does a relation exist between vehicular traffic congestion levels at intersections
and the increasing GHG-Co2 emissions? was approached by the SLR identification in (Jie,
2011; Munawer, 2018; Towoju & Ishola, 2020; US EPA, 2022; Watson et al., 1988) (Table
1). All these studies provided different methods for identifying the correlation between
traffic jam/congestion and the increasing GHG rates. The intensive technologies’
description, extraction, and normalization executed in SLR produced a clear identification
of Smart Traffic Light related technologies and architectures and frameworks which allow
the creation of a STL technology map which is a critical step in the AHP process as it
provides alternative layers or dimensions.

3.2 The Analytic Hierarchy Process (AHP)

The Analytic Hierarchy Process (AHP) methodology developed by Professor Thomas
Saaty, is used in the present research for solving a series of specific problems in traffic-
sustainable decision-making processes which are under budget constraints. It is aimed at
finding the most suitable technology for implementing STLS at road intersections to reduce

traffic congestion and generate a positive spill over through GHG emissions’ reduction.
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Figure 9 Analytic Hierarchy Process
Source: (Apostolos Panagiotopoulos, 2022).

The AHP process can be summarized in six steps:

Defining the problem: Once the technologies based on SLR are identified and classified,
the AHP objective is defined under the limits and descriptions of the research questions.
Determining evaluation criteria: The criteria for STLS in this research are divided into
three: STLS Functions, STLS Costs, and Traffic Emissions. For STLS Functions the
following were determined: Intersection Delays, Stopped Delays, Deceleration Delays,
Travel Time, and Queue Length as criteria set. All of them were obtained from
scientific literature.

Determine AHP hierarchy: The STLS hierarchy was determined as a top-down scheme
(Appendix 5), topping the model was the AHP Objective followed by the first layer
comprised of three dimensions - Efficiency, Construction, and Emissions. This was
followed by a second layer which indicates and explains each criterion and a final layer
containing the technology alternatives for STL which are divided into three categories
- Sensing Techniques, Image Processing, Probe Vehicle Techniques (Figure 11).
Pairwise and normalize the comparison matrix.

Calculate priority vectors.

Calculate the consistency ratio (Alemdar et al., 2021a).
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Figure 10 AHP alternatives selection based on SLR

Source: Author development

The proposed method for the AHP questions is based on a first questionary set based
on a three-layer Analytic Hierarchy Structure model. The set of questions is divided
into two stages. The first stage evaluates the AHP objective (improving traffic flows at
intersections to win optimal implementation of STL/ITS technologies as an element of
the traffic infrastructure under budget constraints) with the first layers or dimensions
(Efficiency, Costs, and Emissions).

Equation 1 Boolean ‘or’ dimensions decisions

PIC,P|EC|E

The second stage evaluated the second layer or criteria (Intersection Delays,
Stopped Delays, Travel Time, Deceleration Delays, Queue Length, Construction Costs,
Maintenance Costs, Operation Costs, Fuel Consumption, Co2 Emissions, Construction
Congestion Costs) with the third layer or alternatives - Sensing Techniques, Image
Processing, and Probe Vehicle-Based techniques (Figures 12 and 13).
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Figure 11 Detailed three-layer analytic hierarchy structure

Source: Author development

A second questionary set was also proposed based on a four-layer analytic hierarchy
structure, targeted to increase the level of accuracy from the experts' evaluation related to
the second layer’s (Intersection Delays, Stopped Delays, Travel Time, Deceleration Delays,
Queue Length, Construction Costs, Maintenance Costs, Operation Costs, Fuel
Consumption, Co2 Emissions, Construction Congestion Costs) evaluation with the third
layer or alternatives (Bluetooth Detection, Radar Detection, Inductive Loop Sensors, Video
Vehicle Detection, Magnetic Sensors, Acoustic Sensors, Background Extraction,
Foreground Extraction, Aerial Images, Smartphone-based, GPS-based). This will provide
more information to the expert panel concerning the technologies for capturing information
for STLS.

Figure 12 Simplified three-layer analytic hierarchy structure

Source: Author development
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3.2.1 AHP Survey questionnaire

The weight of each criterion was quantified concerning the fundamental objective of
improving traffic flows at intersections with optimal implementation of STLS/ITS
technologies as an element of the traffic infrastructure under budget constraints. To achieve
this, the first stage of the questionary compared the AHP objective with the three
dimensions in layer one (Equation 1).

In the second stage, the second-criteria layer’s (Intersection Delays, Stopped Delays,
Travel Time, Deceleration Delays, Queue Length, Construction Costs, Maintenance Costs,
Operation Costs, Fuel Consumption, Co2 Emissions, Construction Congestion Costs)
relation proposed in Equation 2 was compared with the third-alternatives layer (Bluetooth
Detection, Radar Detection, Inductive Loop Sensors, Video Vehicle Detection, Magnetic
Sensors, Acoustic Sensors, Background Extraction, Foreground Extraction, Aerial Images,
Smartphone-based, GPS-based).

Equation 2 Boolean ‘or’ criteria decisions

P|QIl, P|Dd, P |Tt, P |Sd, P |Id, P |Oc, P |[Mc, P |Cc, P |Ccc, P |Co2, P |Fc
The expert respondents followed the Saaty scale (Table 5) aiming to choose the most

important option and quantify how much important is (intensity). Finally, the STLS
“alternatives”were evaluated for each criterion (Table 6).

Table 4 The Saaty Fundamental Scale for Pairwise Comparisons

The Fundamental Scale for Pairwise Comparisons

Intensity of Importance  Definition Explanation
1 Equal importance Elementa and b contribute equally to the objective
Weak Importance
Moderate/weak importance of one over
another
Moderate Plus Importance
Essential or strong importance Experience and judgment strongly favor element a over b
Strong Plus Importance
Demonstrated importance Element a is favored very strongly over b its dominance is demonstrated in practice
Very, very strong improtnace
Absolute importance ‘The evidence favoring element over a over b is of the highest possible order of affirmation

Experience and judgment slightly favor element a over b

©CoNo o s W N

Source: Saaty, 2001
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3.2.2 Criteria description

C1P: Performance

CiP.1 Intersection Delays: Is the extra distance travelled by a car before it
reaches free-flowing speed after it approaches the intersection (Shatnawi et al., 2018).

C1P.2 Stopped Delays: Is the time spent waiting for a car when its speed is 0
(practically, a vehicle is stationary when its speed is less than 5 mph) (Shatnawi et al.,
2018).

C1P.3 Travel Time: The total time taken to travel a particular distance. The
average journey time is based on the runs for a specific connection or corridor (United
States Department of Transportation, 2022).

CiP.4 Deceleration Delays: Is the lag time a vehicle experiences when slowing
speed (Shatnawi et al., 2018) (United States Department of Transportation, 2022).
C1P5 Queue Length: An important signalized intersection performance metric.

Queue length data can be used for assessing intersection performance and identifying issues
that could benefit from signal program adjustment (Tisljari¢ et al., 2018).

C2C: Costs

C2C.1 Construction Costs: The total expenses incurred for the development of
a built asset, such as STLS. In general, construction costs are expenses related to the actual
construction activity. On some projects, the value of the contract with the main contractor
may also be taken into account (Abdelmohsen et al., 2016).

C2C.2 Maintenance Costs: The fact that prompt maintenance lowers
maintenance costs in the future allows us to determine that maintenance expenses are equal
to the element's replacement costs (Maji & Jha, 2007; Ng et al., 2009).

C2C.3 Operation Costs: Most of the running expenses are salaries, but there are
additional charges for rent, research, training, licensing, and training (Kurrek & Devitt,
1997).
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C2E: Emissions

C3E.1 Fuel Consumption: A vehicle’s stop-and-go and low speed increase the
consumption of fuel, which is a non-renewable resource. It should be taken into account
when designing to reduce fuel consumption (Alemdar et al., 2021b).

C3E.2 Co2 Emissions: Vehicles emit more emissions at low speeds and while
they are resting. It is one of the parameters to be taken into account in intersection/corridor
designs due to environmental concerns (Alemdar et al., 2021b).

C3E.3Construction Congestion Costs: Engineers can utilize the Construction
Congestion Cost System (CO3) to determine the extent and effects of traffic congestion,
including the cost to road users that can be anticipated during a construction project (Carr,
2000).

Table 5 AHP Dimensions and Criteria

Dimensions
D1E : Efficiency D2C : Cost D3E : Emissions
Criteria
D1CE.1 Intersection Delay D2CC.1 Construction Cost D3CE.1 Fuel Consumption
D1CE.2 Stopped Delay D2CC.2 Maintenance Cost D3CE.2 Co2 Emission
D1CE.3 Travel Time D2CC.3 Operation Cost D3CE.3 Construction Congestion Cost
D1CE.4 Deceleration Delay
D1CE.5 Queue Length
Table 6 AHP Alternatives
Alternatives
G1A : Sensing Techniques G2A : Image Processing G3A : Probe Vehicle Based Techniques
G1AL1. Bluetooth Detection G2A1. Background Extraction ~ G3A1. Smartphone Based
G1AZ2. Radar Detection G2A2. Foreground Extraction G3A2. GPS Based
G1A3. Inductive Loop Sensors G2A3. Aerial Images
G1A4. Video Vehicle Detection
G1AS5. Magnetic Sensors
G1AG. Acoustic Sensors
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3.2.3 Data normalizing

A large portion of the literature examines key indicators and assessment methods related
to smart mobility, intelligent transportation systems, and public transportation using a
variety of approaches, including AHP, FAHP, Group AHP, and TOPSIS (Ishizaka & Labib,
2011). In the current study, an AHP analysis was used in the technology assessment for
smart traffic lights.

The ITS development's application functions or project implementation were measured
using the AHP indicators to create the evaluation platform ( Chen & Deng, 2018; Vaidya
& Kumar, 2006). Despite the limitations of the AHP model in handling cumbersome
datasets, its comparative reliability over other methods is demonstrated by different authors
as stated by Rohitratana and Altmann (2012) by identifying criteria such as architecture,
functionality, and low costs as determinants for AHP selection.

Although absolute results cannot be expressed by using ratio scales, AHP has the
advantage of being able to evaluate the preference scale using numerical, verbal, or
pictorial means. AHP was created to deal with the ambiguity of human judgment. One of
the most popular methods is using a fuzzy set to calculate the verbal discretion ratio scale
(Ishizaka & Labib, 2011).

To determine the significant indicators and assessment framework of ITS for public
transportation, the dimension and indicators were reviewed to construct an AHP structure
and compute the weight of each indicator. In addition, opinion questions were added to
collect views and recommendations on the development of an Advanced Public
Transportation System (APTS) and the assessment methodology for developing APTS in
low-income countries (Choosakun & Yeom, 2021).

A questionnaire was chosen as a collection tool for pairwise comparisons for AHP.
Further, and ITS expert’s database with 400 entries was created which comprised of
academic, transportation institutes, mobility laboratories research, transportation initiatives,
conferences, think tanks, alliances, and university lab professionals’ emails. This was
expected to obtain a 0.05 percent response rate (20 respondents) to nurture the AHP model.

Following the definitions of the objective, criteria, and alternatives, the weighting of the
various criteria was done, for which a series of questionnaires were sent to experts in the
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field, who answered some questions to provide value to the paired matrix of comparisons.
These questionnaires were designed in such a way that the experts could assess the relative
importance of one or another characteristic of the same level and then give each pair of
criteriaa value for the pairwise comparison, ranging from 1 to 9 based on the scale proposed
by Saaty (Table 3) (Rohitratana & Altmann, 2012).

Equation 3 Gu diagonal inverse-relationship versus arithmetic mean

Through discussions with experts and professionals in ITS planning and technology
development, six ITS experts were included in the final modelling process. Respondents
had to have prior ITS experience, including involvement in ITS entities or projects. The
electronic questionnaire was attached with an explanation of the study's goal, the AHP
model, the Saaty scale, and the description of dimensions and indicators and emailed to the
experts. For the present research, the expert pairwise comparison data from the questionary
was evaluated under Super Decisions 3.0. This software allows the input of a single dataset
per respondent; thus, several simulations of the datasets should be run, thirty for the
expected number of responses in this research.

To tackle aforementioned disadvantage, a statistical approach was proposed by initially
treating and unifying the data with measures of central tendency, for instance, the mean,
but this measure has a limitation as it is excessively affected by extreme values and,
consequently, can be very distant from being a depiction of the sample. Hence, this was not
used because of its extremely biased distributions.
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Equation 4 Arithmetic mean

n
_ i=1%i
X =—
n

As Krej¢i and Stoklas (2018) demonstrated the weighted arithmetic mean approach
should not be used to combine local priorities of alternatives into global priorities in AHP.
Various cases were studied by the authors and the outputs show that the Weighted
Arithmetic Mean (WAM) technique failed to accurately capture the preference data found
in the local Pairwise Comparison Matrix (PCM) of alternatives. On the other hand, it
became clear that the Weighted Geometric Mean (WGM) approach accurately reflected the
preference data included in the local PCM. Thus, the weighted geometric mean approach
should be used instead.

The ratios of the global priorities of alternatives when WAM is used rely on the
normalization method selected for the local alternatives. Even worse, when using the WAM
aggregation approach, a rank reversal may happen purely as a result of the normalization
method that is used. Additionally, the reciprocity criterion is broken when WAM is used
to aggregate the local priority ratios.

Equation 5 Geomean in unitary distribution

WAM also displays other odd behavior, such as an inability to maintain equality of
pairwise comparisons or the production of an unexpected global ranking from directly
opposing preference information when it would seem reasonable to expect indifference
between the alternatives on a global scale (Krej¢i & Stoklasa, 2018). Thus, implementing
a geometric mean meets the requirements of the data collected as this measure of central
tendency is more representative than the arithmetic mean when the variables evolve

cumulatively with multiplicative effects, are objectively defined and unique, consider all
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the values of the distribution in the calculation, and the extreme values have less influence
because they are defined by-products instead of sums.

Equation 6 Geomean in non-unitary distributions (pooled or not)

Hence, for the six respondents’ questions, each question was evaluated agreeing with
the Saaty scale (Table 3), after which the geometric mean was calculated to show the effect
of the values’ distribution. For instance, analyzing the first layer of ‘dimensions’ the
relation between efficiency and costs was represented by the question: Which of the
following dimensions are most important for a GHG - Co2 reduction in road intersections
with Smart Traffic Lights? (Table 6). The obtained data output using the mean is 6 which
in the Saaty scale represents ‘Strong plus important,” meanwhile, by using the geometric
mean the output is 4 which is ‘Moderate plus important.’

In terms of data illustration, there is a vast difference in the outputs that efficiency has
strong importance instead of moderate-plus importance as compared to costs. This extreme
output can also be evidenced in Table 8 when comparing costs and emissions with values
of 6 and 4 respectively. This does not mean that in all the questions the valuation using the
mean has extreme values (Table 7) but it demonstrates how reliable the measure is. By
analyzing these findings using measures of the central tendency to simplify the data input
process in the analysis software the most suitable option is accepting the geometric mean
which is a more reliable interpretation of the full dataset from the respondents’ survey.

Equation 7 Integrated model

n n (7o)
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An integrated model was proposed (Equation 7) to handle the data from the 30
respondents and evaluated a determine range by summing up and considering just the
positive values to determine n for the Gu .

Table 7 AHP survey data — Dimensions E | C

DIMENSIONS

Efficiency Vs Cost

L Which of the folowng FF¥TE S T L TS5 TLTE TITET
dimensions is most important with £ £E£ 8 g £§ £8 £a:2% £ 222t
respect from the other for a GHG - SESEEs2E £E5 £ 2EE EFEZE
Co2 reduction in road intersections £ & 5 £ 53 5 5 = g8 gc2g3d 35§28
SESE2 g 8T EU EGER EZECE
with Smart Trffic Lights? * 25 2 gig 342 32 Sog g
Remember:  The  GHG-Co2 s 3 Tz 2% & oz Esf:z
emissions is considered in a £ % g 8¢k R EE5 :
scenario with fossil fuelled vehicles - - 3 2 z = 58 2
(ICE) PR g 2 2 5 -
g [ T/
g 4 - - o
2 4 g
D2C: Costs 6
D2C: Costs 3
D1P: Efficiency 7
D1P: Efficiency 1
DIP: Efficiency 7
D1P: Efficiency 1 # 5
2 o 3 0 o o 14 0 0319 Mean 6 Strong Plus Importance
Geo Mean 4_Moderate Plus Importance
DIMENSIONS
Efficiency Vs Emmisions.
2. Which of the following ST ETLEETESTE T 27 ¥ 2Ly
dimensions is most important with Fe 2ec §¢3£ SacE £ S Egc 3¢
§5 2822 58 5258 52538
respect from the other for a GHG - :g?g Eseg Exc} ga¢g £S5 22
Co2 reduction in road intersections 5 £ 5§ £ 852 SSE S ELE gggle
with Smart Traffic Lights?  * 2T E-18s 87 % o é; S Eg 5
Remember.  The  GHG-Co2 : 3 <25 <% 2 53z 35 2
emissions is considered i 2 2 £ s B2 I3 3
scenario with fossil fuelled vehicles - g 2 5 a5
(ICE) oo = - & >4
D3E: Emissions 6
D3E: Emissions 3
D1P: Performance s
D1P: Performance 2
D3E: Emissions 1
D1P: Performance 1
2 0 2 3 o s 6 0 0518 Mean 4 Moderate Plus Importance
Geo Mean 3 importance of one over another
DIMENSIONS
Cost Vs Emmisions
3. Which of the following FTETL TS TS5 TLTT TITELT
dimensions is most important with s 2gs88ge g8 £ac 5§ £ >go5E
respect from the other for a GHG - =5 5 § § 5% 55 % 22 EFE §g
Co2 reduction in road intersections 5 £ 5 £ 5 5 3 & £ 4 ESEf FofTE
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D3E: Emissions 5
D3E: Emissions 4
D3E: Emissions 5
D2C: Costs 1
D3E: Emissions 7
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https://drive.google.com/file/d/1mQM3RJDeHmI-sn3mUP9e8PBn6YfrONYY/view?usp=share_link
https://drive.google.com/file/d/13mSPJnm9HFTi4XsJSvExounvx0ORpUI9/view?usp=share_link
https://drive.google.com/file/d/1VyfFt3d4lPfCYSrVcg-JoRzRY7h4fbu8/view?usp=share_link

3.2.4 The AHP Methodology

The pairwise comparison scale used in Saaty's AHP permits qualitative judgments to be
converted into numerical values, including intangible aspects. A judging matrix (Equation

4) was assumed for computing the priority of the elements.

Equation 8 Judgmental matrix

Q11 Q12 Aip
A=1[01 Q22 dyn

an,l an,z an,m

To form the matrix of paired comparisons, the reciprocal values for the values assigned
through the questionnaires by the experts were included in the scale, that is, the reciprocity
property expressed in Equation 5 was transformed into Equation 6 (Saaty, 2001).

Equation 9 Reciprocity property

al-j=x

Equation 10 Applied Reciprocity property

R

where a;j is the pairwise comparison ranking amid a level's element i and element j about
the upper level. The following rules apply to the a;; entries:

Equation 11 Pairwise comparison ranking
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Aij=1 .

a;j > 0; ]—j a; = 1Vvi
a..
ji

According to Saaty the priority of the elements may be calculated by obtaining matrix A's
primary characteristic vector of a linear transformation w, which is represented in Equation
8 (Saaty, 2001).

Equation 12 Vector of a linear transformation

AW = Ao W

When the vector W is normalized, it becomes the vector of priorities of one level's
constituents in relation to the higher level. Where Amax is the biggest linear transformation
and a non-zero vector of the matrix A is max. When the pairwise comparison matrix
satisfies transitivity for all pairwise comparisons and supports the following relationship,
it is regarded as consistent (Berrittella et al., 2011):

Equation 13 Pairwise transitivity

Qjj = Qg * Agj
Vijk
3.2.4.1 Consistency ratio

According to Saaty, for maintaining sufficient consistency when determining priorities
from paired comparisons, the number of components studied must be less than or equal to
nine. In each series of evaluations, AHP allows for inconsistencies and also provides a way
to measure them (Saaty, 2001). If element A is favored by two agents and element B is
selected by three agents, then element A should be preferred because of its product above
element C: 6.
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The AHP - Inconsistency Ratio (IR) model checks the consistency of all such triple
judgments for a comparison group and provides a decimal value as a measure of the
consistency's inconsistency, which should be less than or equal to 0.10 (Saaty, 2001).

The consistency ratio (CR) is a statistic that may be used for assessing the consistency
of the judging matrix. It is defined as:

Equation 14 Consistency Ratio

CR = Ccl
~ RI
The Random Index is referred to as RI, whereas the Consistency Index is Cl. Table 9
provides Saaty's (2001) presentation of the average consistencies (Rl values) of matrices

generated arbitrarily:

Equation 15 CI for a matrix of order n

Amax -n

Cl =
n—1

For matrices of size four, this barrier is 0.08, while for matrices of size three, it is 0.05.
In general, a consistency ratio of 0.1 or less is considered acceptable. If the value is higher,
the conclusions might not be correct, and they should be re-obtained (Saaty, 2001).

Table 10 RI random matrix

RI values

SIZE 1 2 3 4 5 6 7 8 9 10
RI 0.00 0.00 052 0.89 111 125 135 140 1.45 149
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The preferences are combined as follows to create the final priorities of the alternatives
a; after the local priorities of elements at various levels are available:

Equation 16 Final priorities of the alternatives

S(a) = kaksk(ai)

where wy is the element k' local priority and Sk (ai) is the higher level's alternative ai's
priority regarding element k (Berrittella et al., 2011).

To tackle RQ2: Based in the SLR identification of STL system technologies, which of those
technologies are the most suitable to be implemented as an element of the traffic
infrastructure at intersections (traffic lights) under budget constraints, targeted at
improving traffic flows and reducing GHG-Co2 emissions? a Multicriteria Decision
Analysis (MCDA) based on an Analytical Hierarchy Processes (AHP) was executed. The
aim was allowing decision-makers and policymakers to determine which were the most
suitable 4IR technologies related to vehicular traffic congestion management at
intersections.

Developed by Professor Thomas Saaty in the 1970s, the AHP methodology is a
multicriteria decision process that helps in choosing from many alternatives based on a
number of selection criteria or variables that are typically hierarchical and frequently at
odds with one another. Choosing the selection criteria and sub-criteria carefully, defining
them correctly, and ensuring that they are mutually exclusive are issues that are addressed
by the SLR technologies identification and categorization is one of the essential
components of the process.

The Saaty Fundamental Scale is used in the survey to do the paired comparison. This is
one of the keys to the effectiveness of this method because this scale enables the
transformation of qualitative aspects into quantitative ones, significantly facilitating a
comparison between the various alternatives and producing more objective and reliable
results. The hierarchical top-down structure provides the Objectives, Dimensions (STL
Functions, STL Costs, and Traffic Emissions), Criteria, and Alternatives to compare.
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Chapter 4. Data
4.1 AHP’s Objective

The AHP analysis was initially comprised of the objective or goal of the survey which
is also closely related to the first and second research questions in this study (Figure 14).

ts a relation between the vehicular traffic congestion
S at  intersections Nnd the Increasin G

emissions

MCDA - MULTI CRITERIA DECISION ANALYSIS
AHP - Analytic Hierarchy Process

SLR - SYSTEMATIC LITERATURE REVIEW

AHP - OBJECTIVE

Improving the traffic flow at intersections with optimal impler

infrastructure unde

Figure 13 AHP objective in relation to the research questions in the study

Thus, the research should work towards minimizing the negative effects of traffic jams
at intersections for a positive impact on climate change. The relation ratio can be identified

in the collection of nodes that have some logical relationship in a frame; in this case, this
is 0.00000000 (Table 11).

Table 11 Cluster matrix model

Cluster Matrix

Clusters A

1.0bjective 2.Dimensions 3.Criteria 4.Alternatives
1.0Objective 0.000000 0.000000 0.000000 0.000000
2.Dimensions 1.000000 0.000000 0.000000 0.000000
3.Criteria 0.000000 1.000000 0.000000 0.000000
4.Alternatives 0.000000 0.000000 1.000000 0.000000
4.2 First Layer: Dimensions
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The benchmarks used for evaluating the criteria are represented in the first layer as
follows: Technical advancements in STL systems related to ecological efficiency:
Efficiency D1E; Costs involved in the construction, maintenance, and operation of the STL
system infrastructure in the transportation system at intersections: Cost D2C; and the
impact of demand for fossil fuels over fuels with lower GHG -Co2 target D3E Emissions
as represented in Table 12.

Table 12 Cluster unweighted matrix

Cluster Unweighted Matrix

Clusters Nodes Objective 01E : Efficiency D2C :Cost D3E : Emissions

1.0bjective Objective 0.00000000000  (0.00000000000  0.00000000000 0.00000000000
2.Dimensions D1E : Efficiency 0.61441100000 |0.00000000000 0.00000000000 0.00000000000
D2C :Cost 0.26836900000 |0.00000000000 0.00000000000 0.00000000000

D3E : Emissions 0.11722100000 |0.00000000000 0.00000000000 0.00000000000

The analysis starts by introducing the first layer’s assessment, formed by D1E:
Efficiency, D2C: Cost, and D3E: Emissions dimensions as shown in Table 10. Nodes in
the criteria cluster are connected from the ‘Objective’ node, and each is equally weighted
at 0.25 before judgments. All the nodes connected from a parent node have priority in the
column below that node. The nodes in each cluster in a column have a priority that adds to
1. The matrix is square; each node is represented by a column and a row. The nodes are
organized by the cluster that they are in (Table 12).

1. D1E : Effici~ | Ne co
2. D1E : Effici~ Ne con
3. D2C:Cost Ne con

Figure 14 Cluster nodes comparison, dimensions’ layer

The weights of the first layer’s variables can be established (Table 13).

Table 13 Dimension layer’s output
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DIMENSION OUTPUT %

D1E: Efficiency 0.41606073 41.60%
D2C: Cost 0.45793393 45.70%
D3E: Emissions 0.12600534 12.60%

It can be seen that the inconsistency ratio (inconsistency 0.00885) is 4 percent lower than
that established for a 3x3 matrix as expressed in Equation 11 and Table 9.

4.3 Second layer: Criteria
The next step was addressing the second layer’s variables, starting with those associated
with variable D1E: Efficiency characteristics. These are D1CE.1-Intersection delays,
D1CE.2-Stopped delays, D1CE.3-Travel time, D1CE.4-Deceleration delays, and D1CE.5

Queue length.

4.3.1 Efficiency dimension data analysis

Figure 15 Cluster nodes comparison, efficiency criteria layer

The weights of the first layer’s characteristics referring to variable C.1: Economic
characteristics are given in Table 13.

Table 14 Efficiency dimension’s output
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DIMENSION OUTPUT %

DICE.1 Intersection Delay ~ 0.37661118 37.60%

D1CE.2 Stopped Delay 0.3193406 31.90%
D1CE.3 Travel Time 0.15849311 15.80%
D1CE.4 Deceleration Delay  0.10833501 10.80%
D1CE.5 Queue Length 0.0372201 3.72%

It also meets the inconsistency (inconsistency 0.026073) criterion.

4.3.2 Cost dimension data analysis

The analysis continued with the second layer’s variables associated with the variable
D2C: Cost characteristics: D2CC.1: Construction Costs, D2CC.2: Maintenance Costs: and
D2CC.3: Operation Costs. After this the AHP modelling process was executed again.

1. D2CCA C::n-1_‘-t--| No |.-Z-|
2. D2CC.1 Const- No con
3. D2CC.2 Maint-~ No con

Figure 16 Cluster nodes comparison, cost criteria layer

Table 15 Cost dimension output

DIMENSION OUTPUT %

D2CC.1 Construction Cost  0.55906505 55.90%
D2CC.2 Maintenance Cost  0.35218891 35.20%
D2CC.3 Operation Cost 0.08874604 8.87%

It also meets the inconsistency (inconsistency 0.05156) criterion.
4.3.3 Emission dimension’s data analysis
The second layer’s variables refer to variable D3E: Emissions characteristics. These are

D3CE.1 Fuel consumption, D3CE.2 Co2 Emissions, and D3CE.3 Construction Congestion
Costs. This will end the weighting of the different criteria.
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1. D3CE.1 Fuel - No co

2. D2CE.1 Fuel - No con

3. D3CE.2 Co2 E-~ No con

Figure 17 Cluster nodes comparison, emissions criteria layer

Table 16 Emissions dimension output

DIMENSION OUTPUT %
D3CE.1 Fuel Consumption 0.4440361 44.40%
D3CE.2 Co2 Emission 0.48872497 48.80%
D3CE.3 Construction Cong. Cost  0.06723893 6.70%

With this, the inconsistency (inconsistency 0.00885) criterion is achieved.

4.4 Third layer: Alternatives

As the survey questions are based on the nodes of the network between the second layer
‘Criteria’ and the third layer ‘Alternatives,” this permutation produces different sets of 55
comparisons. The next section synthesizes the data related to technology selection for each
criterion based on AHP outputs.

At this stage, the study analyzed the third layer criteria (D1CE.1 Intersection Delays,
D1CE.2 Stopped Delays, D1CE.3 Travel Time, D1CE.4 Deceleration Delays, D1CE.5
Queue Length, D2CC.1 Construction Costs, D2CC.2 Maintenance Costs, D2CC.3
Operation Costs, D3CE.1 Fuel Consumption, D3CE.2 Co2 Emissions, D3CE.3
Construction Congestion Costs) with the alternatives (G1AL: Bluetooth Detection, G1A2:
Radar Detection, G1A3: Inductive Loop Sensors, G1A4: Video Vehicle Detection, GLA5:
Magnetic Sensors, G1A6: Acoustic Sensors, G2Al1: Background Extraction, G2A2:
Foreground Extraction, G2A3: Aerial Images, G3Al: Smartphone-based G3A2: GPS-
based after which the AHP modelling process was executed again under Super Decisions
3.0.

Appendix 4 gives information on the questionnaire that was given to the experts. A
judging matrix was created for each expert based on the pair-wise comparisons. The
priorities were calculated using this matrix, and the consistency index was also calculated.
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The geometric mean approach was used for integrating the priorities stated by the experts;
the data obtained is given in Table 16.

Table 17 AHP data output Criteria versus Alternatives

DIMENSION NAME CRITERIA
DICE1 DICE.2 DICE.3 DICE.4 DICESS Dp2cc.1 Dp2cc.2 p2cc3 D3CE.1 D3CE.2 D3CE3

G1AL. Bluetooth Detection 0.0291 291% 0.0217 2.17% 0.0831 8.31% 0.0330 3.30% 0.0317 3.17% 0.0159 1.59% 0.0229 2.29% 0.0732 7.32% 0.0262 2.62% 0.0217 2.17% 0.0298 2.98%
G1A2. Radar Detection 0.0291 2.91% 0.0217 2.17% [10.2020 20.20% 0.3268 32.68% 0.2512 25.12% 0.1464 14.64% 0.1581 15.81% 0.1314 13.14% 0.0208 2.08% 0.0220 2.20% 0.0298 2.98%
G1A3. Inductive Loop Sensors 0.0963 9.63% 0.2367 23.67% 0.1627 16.27% 0.0626 6.26%| 0.3158 31.58% 0.3376 33.76% 0.3519 35.19% 0.2330 23.30% 0.2345 23.45% 0.0607 6.07% 0.2628 26.28%
G1A4. Video Vehicle Detection 0.2550 25.50% 0.3174 31.74% 0.0457 4.57% 0.0415 4.15% 0.0344 3.44% 0.1917 19.17% 0.0333 3.33% 0.1231 12.31% 0.0262 2.62% 0.0197 1.97% 0.0559 559%
G1AS. Magnetic Sensors 0.1973 19.73% 01233 12.33% 0.0457 4.57% 0.1776 17.76% 0.0344 3.44% 00236 2.36% 0.0333 3.33% 0.0306 3.06% 0.0684 6.84% 0.0197 1.97% 0.2123 21.23%
G1AB. Acoustic Sensors 0.0554 554% 0.0344 3.44% 0.0457 4.57% 0.0421 4.21% 0.0344 3.44% 0.0232 2.32% 0.1356 13.56% 0.1175 11.75% 0.0240 2.40% 0.0197 1.97% 0.0447 4.47%
G2AL1. Background Extraction 0.0474 4.74% 0.0344 3.44% 00457 4.57% 00421 4.21% 0.0344 3.44% 0.1025 10.25% 0.0333 3.33% 0.0306 3.06% 0.0240 2.40% 0.0197 1.97% 0.0295 2.95%
G2A2. Foreground Extraction 0.0482 4.82% 0.0344 3.44% 00454 4.54% 0.0421 4.21% 0.0344 3.44% 0.0236 2.36% 0.0333 3.33% 0.0304 3.04% 0.0240 2.40% 0.0155 1.55% 0.0345 3.45%
G2A3. Aerial Images 0.0704 7.04% 0.0344 3.44% 0.0457 4.57% 0.1480 14.80% 0.0344 3.44% 0.0236 2.36% 0.0333 3.33% 0.0304 3.04% 0.2861 28.61% 0.2622 26.22% 0.0298 2.98%
G3AL. Smartphone Based 0.0528 5.28% 0.0344 3.44% 00457 4.57% 0.0421 4.21% 0.0344 3.44% 0.0236 2.36% 0.0333 3.33% 0.0304 3.04% 0.0240 2.40% 0.2983 29.83% 0.0298 2.98%
G3A2. GPS Based 0.1190 11.90% 0.1070 10.70% 0.2327 23.27% 0.0421 4.21% 0.1606 16.06% 0.0883 8.83% 0.1315 13.15% 0.1693 16.93% 0.2417 24.17% 0.2406 24.06% 0.2411 24.11%
Incosistency 0.0518 0.0744 0.06805 0.053 0.055 0.1619 0.0903 0.1764 0.1255 0.1634 0.1002

Chapter 5. Results

The questionnaire was delivered between June 10 and December 24 in 2022 and it was
aimed at professionals in the fields of smart traffic lights, traffic, transportation, and climate
change. The aim of the survey was determining the priorities at different levels of the
implementation of smart traffic light technologies under budget constraints, which is a main
limitation for governments in low-middle income countries. The survey was sent to 408
experts by email; there were 200 system errors in the delivery of the emails. A total of
seven answers were collected in the study period and used for simulating the model and
obtaining hypothetical results.*

The best smart traffic light system as a transportation strategy to lessen the negative
effects of climate change was aimed at supporting environmentally friendly technology
alternatives. Analyzing the first layer ‘Dimensions’ we concluded that COST is the most
important consideration in the implementation of STL with 45.79 percent of the experts
agreeing. This is also a limitation for accessing technology. Even though expected, this

4 Is worth mentioning here that of the seven answers analyzed in the present study four met the
expert requirements established for AHP in this study.
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finding is surprising due to the paradox with budget restrictions. Even ‘Costs’ as the first
consideration for experts are not absolute, because these are closely followed by the
‘Efficiency’ dimension (41.61 percent) which in terms of traffic makes more sense. Also,
surprisingly, in opposition to the aim of the study, the ‘Emissions’ dimension was the last
consideration for the implementation of STL systems. This result may be related to lack of
evidence or knowledge concerning traffic efficiency, fuel consumption, and GH2
emissions. In the second layer, ‘Criteria,” the dimension D1CE which is related to the
efficiency states that ‘Intersection delays’ was the most important (37.60 percent) followed
closely by ‘Stopped Delays’ (31.90 percent). In the dimension D2CC, related to costs, the
most important indicator is ‘Construction costs’ (55.90 percent , followed by
‘Maintenance costs’ (35.20 percent) which is also an important ratio to consider and finally
‘Operation costs’ with a low impact of 8.87 percent. The last dimension D3CE, related to
the emissions considered ‘Co2 emissions’ as the most important indicator (48.80 percent)
followed by ‘Fuel consumption.” Hence, for the outputs from the first layer ‘Dimensions’
the experts’ considerations are more prone to interpret the STLS Construction Costs (55.9
percent) as the main indicator for STLS’ implementation. According to the experts, the
main objective of the implementing systems is aimed at solving traffic issues related to
‘Intersection delays’ (37.60 percent) and ‘Stopped delays’ (31.90 percent).

Table 18 STLS’ AHP priorities

Name Value %

% 2D2C : Cost 0.45793 45.79%
é 1D1E : Efficiency 0.41606  41.61%
s 3D3E : Emissions 0.12601 12.60%
6D2CC.1 Construction Cost 0.25601 25.60%
7D2CC.2 Maintenance Cost 0.16128  16.13%
1D1CE.1 Intersection Delay 0.15669 15.67%
< 2D1CE.2 Stopped Delay 0.13286 13.29%
4 3D1CE.3 Travel Time 0.06594 6.59%
.“E 10D3CE.2 Co2 Emission 0.06158 6.16%
g 9D3CE.1 Fuel Consumption 0.05595 5.60%
4D1CE.4 Deceleration Delay 0.04508 4.51%
8D2CC.3 Operation Cost 0.04064 4.06%
5D1CE.5 Queue Length 0.01549 1.55%

11D3CE.3 Construction Congestion Cost  0.00847 0.85%

3G1A3. Inductive Loop Sensors 0.23672 23.67%
4G1A4. Video Vehicle Detection 0.15016 15.02%
m 11G3A2. GPS Based 0.13366 13.37%
E 5G1AS5. Magnetic Sensors 0.07836 7.84%
; 9G2A3. Aerial Images 0.07089 7.09%
E 6G1A6. Acoustic Sensors 0.0542 5.42%
B 7G2A1. Background Extraction 0.05312 5.31%
< 10G3ALl. Smartphone Based 0.05092 5.09%
8G2A2. Foreground Extraction 0.03282 3.28%
1G1AL1. Bluetooth Detection 0.0287 2.87%
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The environmental implications of traffic performance and the possible slipover of
emissions into the environment do not seem to be relevant. This is reflected in the results
for ‘Emissions’ (12.60 percent) which comprised mostly of ‘Co2 emissions’ (48.40 percent)
and ‘Fuel consumption’ (44.40 percent). The experts expressed that ‘Video Vehicle
Detection’ and ‘Magnetic Sensors’ were the best options for tackling ‘Intersectional delays’
(25.50 percent and 19.73 percent respectively). Video Vehicle Detection was also proposed
for reducing ‘Stopped delays’ (31.74 percent) followed by Inductive Loop Sensors (23.67
percent). For the case of ‘Travel Time,” implementing GPS-based Technologies (23.27
percent) and Radar Detection (20.20 percent) were recommended. ‘Deceleration delays’
can be addressed through Radar Detection (32.68 percent) and ‘Queue length’ by Inductive
Loop Sensors (31.58 percent).

For the “Costs’ dimension, the experts proposed the most affordable Inductive Loop
Sensors (33.76 percent) for reducing ‘Construction costs.” This technology was also
proposed for maintenance reduction (35.19 percent) and reduction in Operation Costs
(23.30).

Finally, the technologies with a bigger impact in the ‘Emissions’ dimension for fuel
consumption reduction were Aerial Images (28.61 percent), GPS-based Technologies
(24.17 percent), and Inductive Loop Sensors (23.45 percent). For Co2 ‘Emissions reduction’
Smartphone-based Technologies (29.83 percent), Aerial Images (26.22 percent), and GPS-
based Technologies (24.06 percent) were preferred and for ‘Construction congestion costs’
the implementation of Inductive Loop Sensors was proposed.

The AHP analysis based on the experts' survey concluded that the Cost dimension was
the most relevant factor in implementing STL technologies for upgrading the existing
traffic lights infrastructure (45.79 percent) followed by the Efficiency dimension (41.61
percent). This means that STL’s construction, operation, and maintenance is the first factor
in traffic management digital Transformation (DX) for decision-makers and policymakers.
This result was expected since the AHP model is aimed at governments with budget
restrictions. Another conclusion is that despite the performance of the STL technologies,
cost reductions will determine which technologies are implemented.

This outcome is also compatible with its second rank as in terms of efficiency STL
technologies are not considered critical for improving traffic flows in low-income

economies and lastly the ‘Emissions’ dimension is the least considered option which also
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aligns which the concern of the present research that governments do not rank climate
change as a priority.

At the alternatives level the experts identified Inductive Loop Sensors as the best
technology for upgrading the intersections and obtaining traffic flow improvements along
with a GHG reduction (23.67 percent) followed by Video Vehicle Detection (15.02 percent)
and GPS-based Technologies (13.37 percent), despite these being counterintuitive due to
the high implementation costs. These dimensions have an inner relation with cost
preferences. In the “efficiency criteria” dimension intersection delays, stopped delays, and
travel time were identified in the top five considerations. This can be seen as a high cost in
the short-run but with benefits in terms of efficiency in the long-run.

Chapter 6. Conclusions

A systematic literature review was conducted in the first stage of the research as part of
the methodology to identify the authors and papers related to the first research question
(RQ1). Evidence and methods to tackle this question were identified (Table 3), additionally
SLR produced valuable data to feed the AHP hierarchy tree model.

AHP was nurtured using SLR data providing the model criteria and alternatives; it was
also well oriented to tackle the second research question (RQ2). The results of the AHP
analysis show that governments can focus their efforts on improving the transit and
transportation infrastructure, specifically at road intersections by implementing STL
systems based in first instance on Inductive Loop Sensors and in the second instance on
Video Vehicle Detection. The decision for opting for these technologies will have positive
implications as they will reduce cost and maintenance and lead to high efficiency in
controlling and optimizing intersection and stop delays at road intersections. This
infrastructure implementation may be considered more feasible for policymakers and
decision-makers by virtue of its reduced costs, time taken for implementation, and the
benefits in the short and long run as compared to other technologies like vehicle transition
from ICE to BEV and windmill and solar panel farms. An additional attraction of this
technology is that Co2 reduction is a consequence of a positive spillover of traffic
management improvement which also comes with an economic benefit of reducing fuel
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consumption, the time used for travelling/commuting, and finally the positive effects on
human health as it leads to a reduction in noise and poisonous emissions and a reduction in
stress, respiratory, and skin diseases.

Even though the Video Vehicle Detection technology for STL systems was expected
to be a suitable technology under budget constraints, the Inductive Loop Sensors’ results
are a surprise. Further research is needed to confirm this result by including more experts
from different countries, especially from low-middle-income countries.

A pairwise comparison among different segments was done to compare perceptions
about technology. This can be divided into three segments -- low-income economies which
was the approach of this research and middle-income, high-income economies, and finally
a non-expert’ group. The differences in the preferences will provide valuable insights
related to technology trend behavior and provide insightful outputs for more robust policies
(Rohitratana & Altmann, 2012). Future studies are expected to go deeper not just in
hardware technologies but also include architectures and algorithms as part of the model
or under another model capable of evaluating them together.

The two research questions were addressed, along with the methodologies and
methods of responding to each question. The first methodology, SLR, presents different
challenges as identified in the diverse papers analyzed. The first limitation was finding
homogeneous papers with regard to the research core, ‘Smart Traffic Lights System
Technologies to Improve Intersection Traffic Conditions with a Reduction in GHG
Emissions.” The term intersection is an example of how the literature review was affected
and this needed to be progressively adjusted six times for the query string and the results.

To find papers with the term ‘intersections,’ the term had to be modified once several
papers addressed the same issue using terms such as ‘crossroads,” ‘street joints,” ‘road
intersections,” ‘junction,” ‘juncture,” and ‘cross,” which narrowed the output of the
reviewed research papers. This limitation was also recognized once SLR was used for
determining the current technologies existing in relation to STL; the same correction
process was executed along the six string queries to obtain as many papers as possible by
extending STL to ‘STLS,” ‘TLS (traffic light system),” ‘traffic detection,” ‘traffic
avoidance,” and ‘RTM (road traffic management).’
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The results of these technologies' identification and subsequent classifications are
given in Figure 11. Due to lack of traffic information in low-income economies, the method
for comparing the efficiency of STL technologies to improve traffic at intersections was
also limited. In road intersection technology, a scheduled, fixed system is based primarily
on traffic flow statistics with certain levels of outdating. This difficult, makes sense, and is
compatible with the research questions. Thus, the proposal is adapting or changing traffic
lights by including sensors/sensing technology.

Due to this lack of data, the first proposed approach was selecting a road intersection
with traffic statistics as a representative case (Figure 18).

Figure 18 Intersection proposal - Bogota, Av. Jimenez, 19th Street

This selection indicates that Bogota is one of the most congested cities in the world (Tom
Tom, 2020). Data was collected during a specified period (5 days), a Digital Twin was
developed (Figure 19) for the intersection, and simulation was used for testing the most
efficient SLR technology for STL with traffic data collection.
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Figure 19 Bogota Digital Twin prototype: Av. Jimenez, 19th Street

Once we had developed the full infrastructure of Av. Jimenez, 19th Street, the model
should run the same traffic flow captured from the data collection and implement the
technology solutions identified in SLR: Bluetooth Detection, Radar Detection, Inductive
Loop Sensors, Video Vehicle Detection, Magnetic Sensors, Acoustic Sensors, Background
Extraction, Foreground Extraction, Aerial Images, Smartphone-based, GPS-based, and
also include Al algorithms like MDP, YOLO, STLSD, STLSDT, and STLSDE (Rezgui et
al., 2019). This level of simulation is extensive and time-consuming, and the data collected
does not guarantee the accuracy of the predictions due to the short period of collection and
the effects of seasonality on traffic.

The methodology under consideration was evaluated till one method was obtained that
addressed the previous limitations and was achievable in the short run. In lieu of simulating,
an MCDA was chosen to seek opinions from experts and practitioners in the traffic
management industry. While ‘AHP’ simplifies the limitations of the simulation
methodology considerably, it also introduces new limitations in the form of bulky statistical
processing of the data. This issue was tackled by replacing WAM with WGM as explained
in Chapter 3.2.3: ‘Data normalization.’
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Appendix

Appendix 1: Spearman Coefficient Correlation GS— WoS
[1] Spearman Coefficient Correlation GS— WoS

Mean ratio of Mean In(1+citations)
Category (NOWT) N r  citation counts [J GS [J] WoS
GSWoS 0 075 15 225 3
Agriculture and Food Science 24,176 o7 1.74 —
Astronomy and Astrophysics 16,090 9% 1.60 —
Basic Life Sciences 134,045 .98 1588 —
Basic Medical Sciences 23,183 .96 176 @
Biological Sciences 62,084 .97 190
Biomedical Sciences 118,817 .98 12 @
Chemistry and Chemical Engineering 129,481 .98 1.30 ——=
Civil Engineering and Construction 5,145 95 187
Clinical Medicine 223,309 .97 182 @
Computer Sciences ~ 61,199 .86 3.21 "
Creative Arts, Culture and Music 1,145 84 280 @ —
Earth Sciences and Technology ~ 46,536 95 1.99 —
Economics and Business 28,550 .93 K —
Educational Sciences 13,227 .92 202 @ —
Electrical Engineering and Telecommunication 68462 .83 318
Energy Science and Technology ~ 19,242 1.86 —
Environmental Sciences and Technology ~ 64,791 97 186 @
General and Industrial Engineering 10,757 92 2.37 T
Health Sciences 28,371 95 211 e
History, Philosophy and Religion 5,062 .90 315
Information and Communication Sciences 6,214 .94 2.87 :
Instruments and Instrumentation 6,167 95 174
Language and Linguistics 3,149 90 3.12 T
Law and Criminology 4,348 .80 3.37 ,—|I—'
Literature 368 .78 402 —
Management and Planning 18,477 .94 2.83 #
Mathematics 17,187 .91 285 @ —
Mechanical Engineering and Aerospace 17,006 .91 224
Multidisciplinary Journals 44,209 98 1.63 —
Physics and Materials Science 144,010 .97 1.52 =
Political Science and Public Administration 8,118 90 322 =
Psychology 32875 .95 N
Social and Behavioral Sciences, Interdisciplinary 7,001 93 2.77 "
Sociology and Anthropology 11,504 03 282 —
Statistical Sciences 12,955 92 3.16 —

Source: Martin-Martin et al. (2018).
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Appendix 2: Spearman Coefficient Correlation GS - Scopus

[2] Spearman Coefficient Correlation GS - Scopus

Mean ratio of Mean In(1+citations)
Category (ASJC) N r citation counts [JGS [JScopus
GS/Scopus o 075 15 225 3
Agricultural and Biological Sciences 109,423 .98 145
Arts and Humanities 21,698 .95 2.19 C—————
Biochemistry, Genetics and Molecular Biology 216,180 .99 1.43 : —
Business, Management and Accounting 40,539 .94 243 :—| !
Chemical Engineering 56,569 .99 1.27 : !
Chemistry 118,885 .99 123 ————
Computer Science 135,932 .94 172
Decision Sciences 13,5657 .94 2.04 #
Dentisty 3933 .97 178 —
Earth and Planetary Sciences 52,356 97 1.49 :
Economics, Econometrics and Finance 22,273 .93 283 ;—| :
Energy 31,166 .98 135 e
Engineering 146,545 .96 149 /"
Environmental Science 66,212 .98 1.50 e T
Health Professions 12,309 .96 179
Immunology and Microbiology 50,615 .99 1.44 : ] ]
Materials Science 108,794 .98 121 —m—
Mathematics 66,239 .94 178
Medicine 361217 .97 1.56 "
Multidisciplinary 18,851 .99 1.43 I
Neuroscience 46,462 .98 1.55 :—,|
Nursing 19,431 .96 180 —
Pharmacology, Toxicology and Pharmaceutics 38,377 .98 142 :—| '
Physics and Astronomy 126,820 .97 1.42 e
Psychology 42,037 .96 2.09 "
Social Sciences 81,542 .94 222 @
Veterinary 4,550 .98 1.47 —

Source: Martin-Martin et al. (2018).
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Appendix 3: PRISMA 2020 Checklist

[3] PRISMA Checklist

TITLE
Title 1 Identify the report as a systematic review.
ABSTRACT
Abstract 2 See the PRISMA 2020 for Abstracts checklist.
INTRODUCTION
Rationale 3 Describe the rationale for the review in the context of existing knowledge.
Objectives 4 Provide an explicit statement of the objective(s) or question(s) the review addresses.
METHODS
Eligibility Specify the inclusion and exclusion criteria for the review and how studies were grouped
5
criteria for the syntheses.
Specify all databases, registers, websites, organisations, reference lists and other sources
Information
6 searched or consulted to identify studies. Specify the date when each source was last
sources
searched or consulted.
Present the full search strategies for all databases, registers and websites, including any
Search strategy 7
filters and limits used.
Specify the methods used to decide whether a study met the inclusion criteria of the
review, including how many reviewers screened each record and each report retrieved,
Selection process 8
whether they worked independently, and if applicable, details of automation tools used in
the process.
Specify the methods used to collect data from reports, including how many reviewers
Data collection collected data from each report, whether they worked independently, any processes for
9
process obtaining or confirming data from study investigators, and if applicable, details of
automation tools used in the process.
List and define all outcomes for which data were sought. Specify whether all results that
were compatible with each outcome domain in each study were sought (e.g. for all
Data items 10a

measures, time points, analyses), and if not, the methods used to decide which results to

collect.
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List and define all other variables for which data were sought (e.g. participant and

10b intervention characteristics, funding sources). Describe any assumptions made about any
missing or unclear information.
Specify the methods used to assess risk of bias in the included studies, including details of
Study risk of
11  the tool(s) used, how many reviewers assessed each study and whether they worked
bias assessment
independently, and if applicable, details of automation tools used in the process.
Specify for each outcome the effect measure(s) (e.g. risk ratio, mean difference) used in
Effect measures 12
the synthesis or presentation of results.
Describe the processes used to decide which studies were eligible for each synthesis (e.g.
13a tabulating the study intervention characteristics and comparing against the planned groups
for each synthesis (item #5)).
Describe any methods required to prepare the data for presentation or synthesis, such as
0 handling of missing summary statistics, or data conversions.
Describe any methods used to tabulate or visually display results of individual studies and
Synthesis e syntheses.
methods Describe any methods used to synthesize results and provide a rationale for the choice(s).
13d  If meta-analysis was performed, describe the model(s), method(s) to identify the presence
and extent of statistical heterogeneity, and software package(s) used.
Describe any methods used to explore possible causes of heterogeneity among study
e results (e.g. subgroup analysis, meta-regression).
13f  Describe any sensitivity analyses conducted to assess robustness of the synthesized results.
Reporting bias Describe any methods used to assess risk of bias due to missing results in a synthesis
assessment H (arising from reporting biases).
Certainty Describe any methods used to assess certainty (or confidence) in the body of evidence for
assessment 15 an outcome.
RESULTS
Describe the results of the search and selection process, from the number of records
16a identified in the search to the number of studies included in the review, ideally using a
Study selection flow diagram.
6 Cite studies that might appear to meet the inclusion criteria, but which were excluded, and
1

explain why they were excluded.
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Study

17  Cite each included study and present its characteristics.
characteristics
Risk of bias in
18 Present assessments of risk of bias for each included study.
studies
Results of For all outcomes, present, for each study: (a) summary statistics for each group (where
individual 19 appropriate) and (b) an effect estimate and its precision (e.g. confidence/credible interval),
studies ideally using structured tables or plots.
For each synthesis, briefly summarise the characteristics and risk of bias among
208 contributing studies.
Present results of all statistical syntheses conducted. If meta-analysis was done, present for
each the summary estimate and its precision (e.g. confidence/credible interval) and
Results of 20 measures of statistical heterogeneity. If comparing groups, describe the direction of the
syntheses effect.
Present results of all investigations of possible causes of heterogeneity among study
20 results.
Present results of all sensitivity analyses conducted to assess the robustness of the
2 synthesized results.
Present assessments of risk of bias due to missing results (arising from reporting biases)
Reporting biases 21
for each synthesis assessed.
Certainty of Present assessments of certainty (or confidence) in the body of evidence for each outcome
evidence # assessed.
DISCUSSION
23a  Provide a general interpretation of the results in the context of other evidence.
23b  Discuss any limitations of the evidence included in the review.
Discussion
23c  Discuss any limitations of the review processes used.
23d  Discuss implications of the results for practice, policy, and future research.

OTHER INFORMATION

Registration and

protocol

24a

Provide registration information for the review, including register name and registration

number, or state that the review was not registered.

24b

Indicate where the review protocol can be accessed, or state that a protocol was not

prepared.
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Describe and explain any amendments to information provided at registration or in the
24c
protocol.

Describe sources of financial or non-financial support for the review, and the role of the
Support 25
funders or sponsors in the review.

Competing

26  Declare any competing interests of review authors.
interests
Availability of Report which of the following are publicly available and where they can be found:
data, code and 27 template data collection forms; data extracted from included studies; data used for all
other materials analyses; analytic code; any other materials used in the review.

Source: Page et al. (2021a).
Appendix 4: AHP Expert Questionary

[4] Expert Questionnaire

In this questionnaire, the following information was to be obtained: The weight
of each criterion will be quantified with respect to the fundamental objective of
improving traffic flows at intersections with optimal implementation of STL/ITS
technologies as an element of the traffic infrastructure under budget constraints. To
achieve this, the first stage of the questionary will compare the AHP objective with
the three dimensions in layer one (Equation 1).

In the second stage the second- criteria layer (Intersection Delays, Stopped
Delays, Travel Time, Deceleration Delays, Queue Length, Construction Costs,
Maintenance Costs, Operation Costs, Fuel Consumption, Co2 Emissions,
Construction Congestion Costs) will be compared with the third-alternatives layer
(Bluetooth Detection, Radar Detection, Inductive Loop Sensors, Video Vehicle
Detection, Magnetic Sensors, Acoustic Sensors, Background Extraction,
Foreground Extraction, Aerial Images, Smartphone-based, GPS-based).

Comparing these with each other is necessary to choose the one that is most
important and quantify by how much more. Next, the criteria that belong to each of
the corresponding fundamental criteria are compared in pairs and the expert has to
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choose the most important criterion and quantify how much more this is. Finally,
the three STLS will be evaluated for each criterion.

An AHP evaluation is also suggested for further research with the STL system
architectures, frameworks, algorithms, and simulators.

Comparison of first level criteria

1. Which of the following first-layer criterion is most important with respect
to the others for a STL system under budget constraints?
e C1P: Performance | C2C: Costs
¢ How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

2. Which of the following first-layer criterion is the most important with
respect to the others for a STLS under budget constraints?
e C1P: Performance | C3E: Emissions
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

3. Which of the following first-layer criterion is the most important with
respect to the others for a STLS under budget constraints?
e (C2C: Costs | C3E: Emissions
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

B.1 Comparison of the second level: Performance Criteria

1. Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e CI1P.1 Intersection Delays | C1P.2 Stopped Delays
e How much? According to the provided Fundamental Satty Scale for

Pairwise Comparisons ()
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. Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e CI1P.1 Intersection Delays | C1P.3 Travel Time
¢ How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()
[
Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e CI1P.1 Intersection Delays | C1P.4 Deceleration Delays
¢ How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e CI1P.1 Intersection Delays | C1P.5 Queue Length
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e CIP2 Stopped Delays | C1P.3 Travel Time
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e CI1P.2 Stopped Delays | C1P.4 Deceleration Delays
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

Which of the following second-layer performance criterion is the most
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important with respect to the others for a STLS under budget constraints?
e CI1P.2 Stopped Delays | C1P.5 Queue Length
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

8. Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e CI1P.3 Travel Time | C1P.4 Deceleration Delays
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

9. Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e CI1P.3 Travel Time | C1P.5 Queue Length
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

10. Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e C1P4 Deceleration Delays | C1P.5 Queue Length
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

B.2. Comparison of the second level: Cost Criteria

1. Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e (C2C.1 Construction Costs | C2C.2 Maintenance Costs
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()
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2. Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e (C2C.1 Construction Costs | C2C.3 Operation Costs
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

3. Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget constraints?
e (C2C.2 Maintenance Costs | C2C.3 Operation Costs

¢ How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

B.3 Comparison of second level: Emissions Criteria

Which of the following second-layer performance criterion is the most important
with respect to the others for a STLS under budget constraints?
e C3E.1 Fuel Consumption | C3E.2 Co2 Emissions
e How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()

Which of the following second-layer performance criterion is the most important
with respect to the others for a STLS under budget constraints?
e C3E.1 Fuel Consumption | C3E.3 Construction Congestion Costs
¢ How much? According to the provided Fundamental Satty Scale for
Pairwise Comparisons ()
[
Which of the following second-layer performance criterion is the most
important with respect to the others for a STLS under budget
constraints?
e (C3E.2 Co2 Emissions| C3E.3 Construction Congestion Costs
e How much? According to the provided Fundamental Satty Scale for
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Pairwise Comparisons ()

Comparison of last layer criteria between specific alternatives:

From the point of view of criterion C1P.1 Intersection Delays, which
alternative (from A1 to A12) do you think best satisfies the performance

criteria?

e How much? According to the provided Fundamental Satty Scale

for Pairwise Comparisons ()

From the point of view of criterion CI1P.2 Stopped Delays, which
alternative (from A1 to A12) do you think best satisfies the performance

criteria?

e How much? According to the provided Fundamental Satty Scale

for Pairwise Comparisons ()

From the point of view of criterion C1P.3 Travel Time, which alternative

(from A1 to A12) do you think best satisfies the performance criteria?

e How much? According to the provided Fundamental Satty Scale

for Pairwise Comparisons ()

From the point of view of criterion C1P.4 Deceleration Delays, which
alternative (from A1 to A12) do you think best satisfies the performance

criteria?

e How much? According to the provided Fundamental Satty Scale

for Pairwise Comparisons ( )

From the point of view of criterion C1P.5 Queue Length, which
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alternative (from A1 to A12) do you think best satisfies the performance

criteria?

e How much? According to the provided Fundamental Satty Scale
for Pairwise Comparisons ( )

6. From the point of view of criterion C2C.1 Construction Costs, which

alternative (from A1 to A12) do you think best satisfies the cost criteria?

e How much? According to the provided Fundamental Satty Scale

for Pairwise Comparisons ()

7. From the point of view of criterion C2C.2 Maintenance Costs, which

alternative (from A1 to A12) do you think best satisfies the cost criteria?

e How much? According to the provided Fundamental Satty Scale

for Pairwise Comparisons ()

8. From the point of view of criterion C2C.3 Operation Costs, which

alternative (from A1 to A12) do you think best satisfies the cost criteria?

e How much? According to the provided Fundamental Satty Scale

for Pairwise Comparisons ()

9. From the point of view of criterion C3E.1 Fuel Consumption, which
alternative (from A1l to A12) do you think best satisfies the emissions

criteria?

e How much? According to the provided Fundamental Satty Scale

for Pairwise Comparisons ( )

10. From the point of view of criterion C3E.2 Co2 Emissions, which
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alternative (from A1 to A12) do you think best satisfies the emissions

criteria?

e How much? According to the provided Fundamental Satty Scale
for Pairwise Comparisons ( )

11. From the point of view of criterion C3E.3 Construction Congestion
Costs, which alternative (from A1 to A12) do you think best satisfies the
emissions criteria?

e How much? According to the provided Fundamental Satty Scale
for Pairwise Comparisons ()

Appendix 5: AHP Electronic Survey Form

[5] Electronic Survey

By A 2o o 1

SEOUL NATIONAL UNIVERSITY

AHP evaluation for SmartTraffic
Lights Technologies as Key Policy
Element for Intersection Traffic
Conditions with a Positive Spill over
in the GHG Emissions.

Appendix 6: AHP Top-Down Hierarchy Model
[6] AHP Top-Down Hierarchy Model
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https://docs.google.com/forms/d/e/1FAIpQLSd1teBsFA73OYFfKrBC7jqGiR6MaKZXIsIeYdPX5a2LyIoPPw/viewform
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