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Abstract
Modern traffic management systems often rely on static technologies, such as sensors and CCTVcameras, in the gathering of data regarding the current traffic situation. Recent reports have shown
that this method can result in a lack of coverage in Stockholm, Sweden. In addressing this issue,
an alternative strategy to installing more sensors and CCTV-cameras could be to utilize
crowdsourced traffic data from other sources, such as Waze. In order to examine the usage and
potential utility of crowdsourced data in traffic management, the Swedish Transport
Administration’s center in Stockholm, Trafik Stockholm, developed a web application which
visualizes traffic data from both official sources and Waze. While the application was successful
in doing so, it revealed the problem of integrating the traffic data from these two sources, as a
significant portion of the data was redundant, and the reliability occasionally was questionable.
This study aims at determining how issues regarding redundancy and reliability can be resolved in
the integration of crowdsourced and official traffic data. Conducted using a design science research
strategy, the study investigates these issues by designing and developing an artifact that implements
integration methods to match alerts from the data sources based on temporal and spatial proximity
constraints. The artifact was evaluated through test sessions in which real-time traffic data from all
over Sweden was processed, and through acceptance testing with the stakeholders of the
application. Analysis of the results from the evaluations shows that the artifact is effective in
reducing the redundancy in the crowdsourced data and that it can provide a more solid ground for
reliability assessment. Furthermore, the artifact met its expectations and requirements,
demonstrating a proof-of-concept and a proof-of-acceptance. Based on these results, the study
concludes that by analyzing temporal and spatial factors in crowdsourced data, redundancy issues
in the integration of crowdsourced and official traffic can be resolved to a large extent.
Furthermore, it is concluded that reliability issues in the same context can be resolved to a high
degree by managing redundancy factors in combination with general traffic management factors.
While the study is focused on traffic management, the issues of redundancy and reliability are not
restricted to crowdsourced data in this context specifically. Thus, the results of the study are
potentially of interest to researchers investigating other areas of application for crowdsourcing as
well.
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Terms & Abbreviations
Crowdsourcing

A sourcing model in which data generation is divided between
participants of online communities, e.g. the Waze community.

Trafikverket

The Swedish Transport Administration.

Trafik Stockholm

Trafikverket’s traffic management center in Stockholm.

Waze

A Google-owned company and mobile application providing
traffic information mainly through crowdsourcing.

Waze Connected Citizens
Program (CCP)

A collaboration program between Waze and public actors in
traffic management, supporting sharing of traffic data between
the parts.

Nationellt Trafikledningsstöd (NTS)

Sweden’s National Traffic Management System.

TSWaze (Trafik Stockholm
Waze)

Web-based application visualizing the current traffic situation in
Sweden using both crowdsourced data from Waze and official
data from Trafikverket.

TSW-Integrator

The artifact that was developed in this study, integrating
crowdsourced traffic data from Waze to official traffic data from
Trafikverket.

Official data

Refers to any traffic data generated by Trafikverket.

Incident

An event that impacts the safety and/or capacity of the road
network.

Alert

A report regarding an incident.

Independent Waze Set

Set of alerts from the Waze data set which were not deemed
related to other Waze alerts.

Matched Waze Set

Set of clusters of alerts from the Waze data set that were deemed
related to each other.

Official Set

Set of alerts from the official data set.

Matched Set

Set of alerts from the official data set that were deemed matched
to alerts or clusters of alerts from Waze.
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1. Introduction
The Introduction chapter outlines the frame of the thesis, starting with the background of the study.
Following the background, the problem of the study is defined, and the motivation of the research
is presented. Then, the purpose and objectives of the study are outlined. Finally, the delimitations
of the study are demonstrated, and the remainder of the thesis is outlined.

1.1. Background
The Green IT Strategy of the city of Stockholm outlines ”environmentally efficient transport” as
an area in need of action, including the process of implementing IT solutions for the gathering and
presentation of information on the latest traffic situation. In Sweden, Trafikverket (the Swedish
Transport Administration) is responsible for the persistent planning of infrastructure regarding both
traffic on roads and rail, as well as nautical and aerial travel. This responsibility includes monitoring
and management of traffic, which in the Stockholm area is operated by Trafik Stockholm. In total,
Trafik Stockholm is responsible for covering an area in which approximately 40 % of Sweden’s
population is domiciled (Trafik Stockholm, 2019). To manage this effectively, Trafik Stockholm
uses a traffic management system called Nationellt Trafikledningsstöd (NTS), Swedish for
National Traffic Management System, in which incoming traffic data is generated from various
sources, mainly consisting of CCTV-cameras, sensors, people and technical monitoring equipment
on roads all over the country. In the study presented in this thesis, any data generated and processed
in NTS is considered official traffic data. While sensors and CCTV-cameras give a detailed picture
of an incident, they are usually placed on or in connection to the main roads. For incidents that are
not detected by sensors or CCTV-cameras, the operators have to rely on reports from people, which
can result in significant latency. The same issue regards the location of the incident, which is
usually approximate information using street names and closest road signs. Reports have shown
that this issue often results in a lack of coverage of many traffic incidents in Sweden (Lenkei, 2018).
In order to improve coverage of the traffic situation, more data is needed, which means installing
more sources of data generation. An alternative strategy would be to utilize data from other sources,
such as Waze.
The Israeli company Waze is owned by Google since 2013 and their main product is a mobile
application that utilizes GPS technology to provide useful traffic information to its users (Waze,
2019). Particular about Waze is that the traffic data used in the application is mainly generated
from the users of the application themselves, through crowdsourcing. The users provide this data
both actively and passively, through active reporting and through passively sharing their position,
target destination, driving speed, and other useful information. With an extensive number of users,
1

this results in a content rich data stream of real-time traffic data. In 2014, Waze launched the
Connected Citizens Program (CCP), which is a collaboration program connecting Waze and public
actors in traffic management. To analyze what potential opportunities could come from such a
collaboration with Waze, Trafik Stockholm finalized a report in 2017 on the matter. The report
revealed multiple scenarios in which a collaboration with Waze could be beneficial to traffic
management in Stockholm. Mainly, it was recognized that Waze can be an efficient complementary
tool for detecting traffic incidents in the area. In fact, the report found that occasionally, traffic
incidents in Stockholm are reported to Waze before Trafik Stockholm detects them using NTS,
which later was confirmed by Lenkei (2018). As a result of the report, Trafikverket is a certified
CCP partner since 2017, which gives them access to Waze data stream.
The long-term objective of the collaboration with Waze is to integrate the data stream into
NTS to gain broader coverage of the traffic situation in Sweden. However, careful analysis and
administrative work is required before such fundamental changes are made to a system like NTS.
Furthermore, a demonstration of its utility needs to be established. In order to examine actual usage
of Waze’s data in traffic management in Stockholm, Trafik Stockholm consulted Swedish
consultancy firm Sweco, more specifically Sweco Position, to develop an application in which
Waze’s data is visualized in combination with official traffic data, available through Trafikverket’s
Open API. While the application lacks an official name, it is referred to as TSWaze and will be
referred to as such throughout the thesis. The development of TSWaze finished in January 2019
and today it is used as a complementary tool in the daily operations of traffic operators in
Stockholm (O. Åstrand & A. Nilsson, personal communication, April 10, 2019), displaying
relevant traffic data from Waze, including incidents, alongside that of Trafikverket. However,
considering that the application uses data residing in two different sources, there is an inherently
problematical integration aspect to it. Furthermore, from the fact that the data from Waze is
crowdsourced, particular integration issues follow.

1.2. Problem Definition
The problem of inquiry in the study presented in this thesis is that of integrating crowdsourced data
to official data residing in a static, governmental system. It is fundamentally a data integration
problem with the issue of differing data between the sources. However, the problem differentiates
from similar problems in that one of the data sources generates its data from crowdsourcing. Factors
like redundancy, reliability and severity have to be considered and validated for Trafik Stockholm
to effectively use the crowdsourced data in traffic management. The literature review of this thesis
revealed studies (Santos, Davis Jr & Smarzaro, 2017; Lenkei, 2018) in which methods for these
factors have been tested and analyzed on historical data with promising results. Building on these
2

studies, a natural next step is to design and develop a data integration artifact that utilizes these
methods to integrate crowdsourced data from Waze to official traffic data from Trafikverket.
Concisely, the problem that the artifact presented in this thesis set out to solve is to provide
a more integrated view of the traffic data from Waze in combination with the official traffic data
from Trafikverket in the web application TSWaze. Should the artifact be successful in doing so for
TSWaze, the artifact could serve as a stepping stone towards an artifact serving the same purposes
on a larger scale in the future, potentially integrating data from Waze into NTS. However, the
integration of crowdsourced and official data has many areas of application. Using Waze data in
traffic management in Stockholm specifically demonstrates a particular case of such an integration,
which likely would be applicable to cities which are similar to Stockholm in terms of population,
Waze usage and road network.

1.3. Motivation
The study presented in this thesis is mainly motivated by an identified problem in need of a solution
and a gap in the scientific field. As the concept of smart cities holds high promises of environmental
sustainability, it is a future that cities around the world are in the pursuit of, including Stockholm.
The ICT infrastructure of a smart city relies on the concept of Internet of Things (IoT) (Bibri, 2018),
where the necessary data is collected from multiple devices which are connected to the internet.
The current traffic management system in Stockholm, NTS, is not to be classified as an IoT network
in itself since the sensors are not connected to the internet. In contrast to this system, Waze mainly
generates its data from crowdsourcing using smartphones, each connected to the internet and
capable of acting as a device in an IoT network. Potentially, a successful solution to the problem
of integrating Waze’s traffic data and Trafikverket’s official data in TSWaze could advance the
work of integrating crowdsourced data in NTS, which would bridge the gap between static traffic
management systems and IoT networks, forming a sort of hybrid system between the two.
Furthermore, few studies on this sort of data integration exist prior to this study, revealing a
gap in the scientific field. In fact, only two practical cases were found in which Waze data had been
integrated into operational traffic management systems: in the U.S. and Netherlands. There is
however an issue in that official traffic data can, and usually do, differ between countries.
Furthermore, the proximity constraints necessary to match data from the two sets might be even
more restrictive than that, potentially inapplicable outside the scope of single cities. This results in
that a functional system in Louisville, Kentucky, U.S., likely is not applicable in Stockholm.
In summary, the identified problem and gap presented the opportunity of designing and
developing an artifact to implement previously tested and proven methods for integrating
crowdsourced traffic data from Waze and official traffic data from Trafikverket’s Open API.
3

1.4. Purpose & Objectives
The objective of the study presented in this thesis was to design and develop an artifact with the
function of integrating crowdsourced data and official government data in the context of traffic
management. In doing so, the study aspired to demonstrate a proof-of-concept and proof-ofacceptance of said artifact. This objective was set with the purpose of solving the particular
identified problem of data integration between these two types of data sources, and providing more
knowledge to the scientific field, contributing to the filling of the identified knowledge gap in the
topic. Upon successful results, the ambition of the study was to support future research within the
area of data integration and crowdsourcing.

1.4.1. Research Questions
Based on the problem definition, purpose and objectives of the study, the study aimed to answer
the following research questions:
•

How to resolve redundancy issues in the integration of crowdsourced traffic
data and official, governmental traffic data?

•

How to resolve reliability issues in the integration of crowdsourced traffic data
and official, governmental traffic data?

1.5. Delimitations
From the background, problem definition, motivation and objectives of the study, three main areas
of delimitation followed: Traffic Management, Waze and Trafik Stockholm. These delimitations
imply that in terms of integrating crowdsourced and official data, the study is delimited from
application outside the area of traffic management. Furthermore, the fact that the study is focused
on the specific case of Waze yields a delimitation from other services for crowdsourcing traffic
data, such as Twitter and Google Maps. Additionally, the study is applied in Stockholm in
collaboration with traffic operators at Trafik Stockholm, leading to it being delimited from other
countries than Sweden and arguably other cities than Stockholm. Finally, the artifact that was
designed and developed during the study proposes a solution to the identified integration issues in
TSWaze and Waze in their current state. In this sense, the proposed solution is static, and the study
is delimited from future development of any of the two applications.
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1.6. Disposition
The remainder of the thesis is outlined as presented below.
Chapter two presents the literature review of the study, introducing previous research within the
area, concepts and ideas that are central to the study, and the theoretical framework that was the
foundation for the development of the artifact.
Chapter three outlines the methodology used for the study, including strategies for the research
and evaluation of the artifact, and important software that was used.
Chapter four presents the design and development of the artifact that was created during the study,
including its desired functionality, pre-defined requirements, architecture, functionality and the
rationale behind central design decisions.
Chapter five demonstrates the results from the evaluation of the artifact, including alpha
evaluations and beta evaluations.
Chapter six displays a discussion regarding the study, including an interpretation of the results and
the study’s limitations.
Chapter seven concludes the study by comparing the results to the objectives, answering the
research questions, and presenting potential future work.
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2. Literature Review
In this chapter, the literature review of the study is presented. Initially, the existing research and
contributions to the area are demonstrated. Building on these, the theoretical framework for the
study is outlined.

2.1. Crowdsourcing
The term crowdsourcing has been used extensively in various contexts with inconsistent meanings
since it caught attention in June 2006. Originally coined by Howe as a portmanteau of Crowd and
Out-sourcing, the term described a new organizational form in which companies took functions
that used to be performed by employees and outsourced it to online communities (crowds) through
open calls (Brabham, 2013). The term quickly gained momentum, leading to misinterpretations of
its limits. Estellés-Arolas & González-Ladrón-De-Guevara (2012) analyzed existing definitions of
the term to extract the common elements related to it and establish its basic characteristics. The
study resulted in the three elements (1) crowd, (2) initiator and (3) process, with the eight related
characteristics of (a) who forms the crowd, (b) what the crowd has to do, (c) what the crowd gets
in return, (d) who the initiator is, (e) what the initiator gets in return for the work of the crowd, (f)
the type of process that is crowdsourced, (g) the type of call that is used to the crowd, (h) the type
of medium that is used.
From analysis and fusion of these elements and characteristics, Estellés-Arolas & GonzálezLadrón-De-Guevara (2012) formalized a definition that covers any type of crowdsourcing
initiative, capable of discerning whether an activity is in fact to be considered crowdsourcing. This
definition is the one adopted and used in this thesis and reads: ”Crowdsourcing is a type of
participative online activity in which an individual, an institution, a non-profit organization, or
company proposes to a group of individuals of varying knowledge, heterogeneity, and number, via
a flexible open call, the voluntary undertaking of a task. The undertaking of the task, of variable
complexity and modularity, and in which the crowd should participate bringing their work, money,
knowledge and/or experience, always entails mutual benefit. The user will receive the satisfaction
of a given type of need, be it economic, social recognition, self-esteem, or the development of
individual skills, while the crowdsourcer will obtain and utilize to their advantage what the user
has brought to the venture, whose form will depend on the type of activity undertaken.”
Various types of crowdsourcing have been used in different contexts with different
objectives, including crowdfunding, in which each individual of the crowd contributes with a small
financial amount to fund some project of the crowdsourcer, crowdvoting, in which the crowd
contributes their opinions to get a say in some topic, and crowdsolving, in which the crowd
6

contributes with aid in solving a problem. A specific type of crowdsourcing that is of particular
interest to the study presented in this thesis is mobile crowdsensing.

2.1.1. Mobile Crowdsensing
With the recent rise of consumer-centric mobile sensing and computing devices (such as smart
phones) came a new form of applications, utilizing data generated by these devices to measure and
map phenomena of common interest. Ganti, Ye & Lei (2011) termed these applications mobile
crowdsensing applications. The term mobile crowdsensing refers to the entire spectra of
community sensing, which ranges from participatory sensing to opportunistic sensing.
Participatory sensing relies on active involvement from people in possession of the mobile device,
such as reporting some observed phenomena. Opportunistic sensing is autonomous in the sense
that very little to none involvement is required by the person in possession of the mobile device,
such as providing their position.
In summary, mobile crowdsensing is a type of crowdsourcing that generates data about
people and the surrounding environments (Jian, Xiaolin, Jianwei, Yu & Xin, 2015), for example
the infrastructure, as is the case of crowdsourcing traffic data (Ganti, Ye & Lei, 2011). With mobile
crowdsensing being a subtype of crowdsourcing, both terms are referred to using the term
crowdsourcing throughout the thesis.

2.1.2. Crowdsourcing Traffic Data
Due to its ability of generating large amounts of descriptive sensing data, crowdsourcing is highly
applicable in traffic applications of various types. In recent years, the method has attracted
increasing attention from both industry and researchers. One illustration of such a case is Torres et
al. (2015), which developed a participatory sensing system called BeCity in which crowdsourced
data from cyclists’ smart phones was utilized for analysis. The project resulted in a distributed
system capable of providing cyclists with suggestions for faster bicycle routes, similar to what
Waze does for car users. Another instance can be found in Kong et al. (2018), who utilized
crowdsourced data from buses for traffic anomaly detection in Hangzhou, China. Specifically,
temporal and spatial crowdsourced data was processed to model the traffic condition of regions
with long-term poor traffic situations. The study resulted in a new method that was more effective
and efficient at detecting, characterizing and describing anomalous traffic regions than previous
methods. Furthermore, Roopa, Iyer & Rangaswamy (2013) proposed an architecture for a real-time
traffic management tool, specifically developed for the traffic of developing countries, such as
India. Crowdsourcing turned out to be notably effective as a data generation method in this study,
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considering that the roads lack the necessary infrastructure for generating sufficient data through
sensors or cameras, etc.
In summary, crowdsourcing can be beneficial when applied in traffic management, and there
are several use cases with various objectives in which it has been applied. The study presented in
this thesis is focused on the utilization of crowdsourced traffic data from Waze regarding incidents
on the roads of Sweden. Crowdsourcing in Waze functions by having the users of the application
act as the crowd. This crowd contributes with traffic information by either reporting new alerts that
they detect in the traffic, or by confirming existing alerts. The medium for crowdsourcing in Waze
is smart phones, and in excess of the active reporting, the crowd contributes with data passively
through the usage of built-in GPS technology. This technology enables Waze to calculate the speed
of the devices, meaning the speed of the users (Silva et al., 2013), and from this data, useful
information regarding traffic jams can be obtained for roads with Waze users. More importantly,
this information can be gathered and analyzed in relation to incidents. The initiator of the
crowdsourcing activity is the company Waze, which gets user data and traffic information in return
from the work of the crowd. The type of process in the crowdsourcing is fundamentally a
collaboration between Waze and the crowd in reporting traffic information, with direct calls to the
crowd being applied individually for each user when Waze seeks confirmation of an alert nearby.

2.2. Integration of Crowdsourced & Official Traffic Data
Various methods for integrating crowdsourced and official traffic data have been proposed from
both industry and research. Ali, Al-Yaseen, Ejaz, Javed & Hassanein (2012) studied the integration
of human inputs into traffic data from crowdsourcing and traffic data from sensors in Intelligent
Transport Systems (ITS), such as NTS and TSWaze. The authors proposed geo-hashing to link
multiple events from different sources in crowdsourced data. However, the study was based solely
on historical data, and while the proposed method handles integration in space, it did not consider
time or any other attribute that can be generated from traffic data, such as street name. Santos et al.
(2017) carried out a study in Belo Horizonte, Brazil, in which they integrated alerts from
crowdsourced data to official data using a more refined approach. More specifically, Santos et al.
(2017) proposed a method for integrating Waze data and data from Belo Horizonte’s traffic agency
based on criteria regarding space, time and additional information regarding roads. Based on this
study, Lenkei (2018) analyzed and integrated alerts from a historical Waze data set to a historical
official data set from Trafikverket in Sweden.
In industry, the Office of Civic Innovation in Louisville, Kentucky, U.S., started the initiative
of a project in which CCP partners collaboratively would create an open-source tool for
autonomous Waze data processing. The tool is meant to be available to any partner of the CCP and
8

accommodates four modules of useful functionalities: Storage of Waze data, an API for integration
with other systems, a tool for traffic analysis, and an interactive map to visualize current and
historical traffic data. However, as of the writing of this thesis, only the module for storing Waze
data has been developed. This module was used to store the test data for the study of this thesis, as
described in 3.1.3. Furthermore, the Dutch company 2Ways have created a web platform for
integrating open traffic data in Netherlands, in which Waze data takes part. This project, however,
is not open-source and no documentation or explanation for their methods have been found for the
study.
The methods that were developed and used for the analysis and integration by Santos et al.
(2017) formed the basis of the methods used by Lenkei (2018). Lenkei’s (2018) study showed
promising results for the integration of Waze data and data from Trafikverket’s Open API in
Stockholm. Thus, these methods form a significant part of the theoretical basis for the integration
tool developed in this study, presented in the next section.

2.3. Theoretical Framework
Data integration is the problem of combining data residing at different sources and providing a
unified view of this data (Lenzerini, 2002; Calvanese, De Giacomo & Lenzerini, 2002; Calvanese
& De Giacomo, 2005; Euzenat & Shvaiko, 2007). Different sources generally describe its data in
different ways, potentially causing to data integration what is known as the ontology matching
problem (Euzenat & Shvaiko, 2007; Euzenat & Shvaiko, 2013). In this section, general data
integration theory is presented, followed by an introduction to ontologies, the matching problem
that is associated with them, and their application in data integration. Finally, the specific data
integration methods for the project that were identified during the literature review are presented.

2.3.1. Basic Data Integration Theory
The main components of a data integration system are a global schema, a set of sources, and the
mapping between the global schema and sources. Thus, a data integration system can be formalized
in terms of a triple ⟨𝐺, 𝑆, 𝑀⟩ (Lenzerini, 2002). The global schema 𝐺 is expressed in a language 𝐿𝐺
over an alphabet 𝐴𝐺, which comprises a symbol for each element in 𝐺. The schema is meant to
provide an integrated and virtual view of the sources, which are where the actual data reside. Like
the global schema, the source schema 𝑆 is expressed in a language 𝐿𝑆 over an alphabet 𝐴𝑆, which
includes a symbol for each element of the sources. Finally, the mapping 𝑀 maps the schemas using
a set of assertions where a query over the source schema 𝑞𝑆 leads to a query over the global schema
𝑞𝐺, expressed by 𝑞𝑆 ⇝ 𝑞𝐺. Reversely, a query over the global schema 𝑞𝐺 leads to a query over
the source schema 𝑞𝑆, expressed by 𝑞𝐺 ⇝ 𝑞𝑆. It follows that the modeling between the global
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schema and the data sources is essential to the success of any data integration system, since it
determines how the queries posed to the system are answered (Lenzerini, 2002).
There are two main theoretical approaches to modeling and mapping an integration system:
global-as-view (GAV) and local-as-view (LAV). The GAV approach requires that the global
schema is expressed in the terms of the data sources. Reversely, the LAV approach requires that
the global schema is expressed independently from the data sources, and the relations between the
global schema and the data sources are based on the sources being a view over the global schema
(Lenzerini, 2002). Furthermore, multiple combinations to these have been proposed, including the
global-local-as-view (GLAV) approach, a combination of the two (Lenzerini, 2002; Calvanese &
De Giacomo, 2005), and BYU-GLAV (BGLAV), an alternative combination by Xu & Embley
(2004). It is generally said that integration systems utilizing the GAV approach are effective in
querying, but do not scale well, while the reverse is said about LAV.
The artifact that was designed and developed in this study holds two main data sources.
Furthermore, effortless and effective querying of these data sources was the main identified factor
for successful implementation of the matching algorithms in the artifact. Considering these factors,
the integration artifact was inspired by a GAV approach in how it manages the two data sources.

2.3.2. Ontologies
Common to virtually any data integration system is heterogeneity in the data sources, potentially
causing an instance of what is known as the ontology matching problem (Euzenat & Shvaiko, 2007;
Euzenat & Shvaiko, 2013). The previously mentioned work by Lenzerini is in part a formalization
of this problem and its results. The distinctive feature of ontologies is that their interpretation is not
left to its users or the knowledge management systems that implement them, but rather specified
explicitly in their respective ontology language (Euzenat & Shvaiko, 2007).
Ontology matching is the process of finding relationships or correspondences between
entities of different ontologies. Although ontology languages can differ greatly, they tend to share
the same kind of entities with their interpretations, namely classes/concepts, individuals/objects,
relations, data types, and data values (Euzenat & Shvaiko, 2007). The ontology languages relevant
to this thesis and the data integration at hand are those of traffic incidents in Trafikverket’s Open
API and Waze CCP API, i.e. domain ontologies relevant to the particular domain of traffic
information. These ontologies are described in the documentation of each data source, and their
matching (mapping) is essential to the integration algorithms of the artifact that was designed and
developed in this thesis.
An ontology is defined and characterized as a tuple ⟨𝐶, 𝐼, 𝑅, 𝑇, 𝑉, ⊑, ⊥, ∋, =⟩ in which 𝐶 is the
set of classes, 𝐼 is the set of individuals, 𝑅 is the set of relations, 𝑇 is the set of data types, 𝑉 is the
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set of values, ⊑ is a relation called specialization, ⊥ is a relation called exclusion, ∋ is a relation
called instantiation, and = is a relation called assignment (Euzenat & Shvaiko, 2007). Ontologies
can differ in various ways. Both ontologies of interest to this study are of the domain traffic
information, although they differ conceptually on a granularity level. This means that while the two
ontologies describe the same domain from the same perspective, incident detection, they differ in
levels of detail (Euzenat & Shvaiko, 2007). Cruz & Xiao (2005) identified three approaches to
ontologies in data integration systems, along with five main situations in which ontologies are
usable to the data integration process. The artifact that was designed and developed in this study is
based on the multiple ontology approach, in which each data source is described by its own
ontology. Instead of using a global ontology that would fit both local ontologies, the local sources
are mapped to each other, in accordance with Cruz & Xiao (2005).

2.3.3. Integration Methods for Waze’s Data and Trafikverket’s Data
The integration methods proposed by Santos et al. (2017) and Lenkei (2018) form the foundation
of the artifact that was designed and developed in this study. Essentially, these methods constitute
the concrete implementation of the integration methods which are applied to match data points
between the sources. These integration methods are mainly concerned with reducing redundancy
in the data in two main procedures: internally in the Waze data set and externally between the
sources. From reducing redundancy, important information regarding reliability and severity in the
data set is gained.

2.3.3.1. Redundancy
Internal redundancy addresses whether alerts found in either data source refer to an already existing
alert. This is not applicable to the official data source from Trafikverket’s open API, as the risk of
redundant data is of minimal degree (O. Åstrand & A. Nilsson, personal communication, January
6, 2019). It is however of high importance to the Waze data source, as Lenkei (2018) showed that
approximately 20 % of the data points in Sweden from this source refer to another data point in the
same set. Furthermore, since Trafikverket is a certified CCP partner to Waze, a portion of the data
retrieved from Trafikverket’s open API data source is potentially also in the Waze data source
through a feed called the Datex II channel. However, data points in Waze do not give any indication
of its source, meaning that this type of data has to be treated as Waze data. Ultimately, internal
redundancy aims to answer the question:
•

If there are multiple Waze data points close in time and space, do they point
to the same incident or distinct incidents?
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To answer this question, Lenkei (2018) proposed a method similar to how Santos et al. (2017)
matched Waze data to official traffic data in Belo Horizonte, Brazil. Data points from each source
were compared using pre-set temporal and spatial proximity criteria. Two Waze alerts are
considered related in time if:
Their existence overlap in the data feed
or
They are reported within an hour
Two Waze alerts are considered related in space if:
The distance between them is less than 70 meters
or
(They are on the same road and the distance between them is less than 500 meters)
Given that two Waze alerts satisfy both the temporal and spatial criteria, it is likely to a
satisfactory degree that they are referring to the same incident. This is of high importance to the
TSWaze users as it would prohibit use of excessive resources. Even more importantly, the internal
redundancy aspect is of interest to the assessment of a data point’s reliability, as will be shown later
in this section.
The redundancy aspect also addresses the potential redundancy between the data sources.
Lenkei (2018) discovered that approximately 43 % of all incidents reported by Trafikverket were
reported in Waze as well, and that 27.5 % of all incidents discovered by Trafikverket were detected
faster by Waze. As the reliability of Trafikverket’s data is considered unquestionable, the external
redundancy is unidirectional; it matches alerts in the Waze data set to alerts in the data set from
Trafikverket’s Open API. In its essence, this redundancy aspect aims to answer the question:
•

Upon finding an alert or a cluster of internally matched alerts in the Waze data
set, is it connected to an existing alert in the official data set?

To judge whether an alert or a cluster of matched alerts occurring in the Waze data set is
referring to an existing alert in the official data set, Santos et al. (2017) matched data from the two
sources by spatial and temporal criteria, yielding the algorithm illustrated in Figure 1. The criteria
outlined in the algorithm states that ”Two records, each one belonging to one of the data sources,
refer to the same accident if they were reported within one hour of each other and occurred (1)
within 50 meters of each other, or (2) within 150 meters on the same road” (Santos et al., 2017).
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Figure 1. Integration Algorithm by Santos et al. (2017)
Lenkei’s (2018) criteria was based on those of Santos et al. (2017), but the temporal and
spatial values were conformed to Stockholm’s roads. A Waze alert or a cluster of matched Waze
alerts is considered related to an incident in the official data set in time if:
Their existence overlap in the data feed
or
They are published within 30 minutes
A Waze alert or a cluster of matched Waze alerts is considered related to an incident in the official
data set in space if:
The distance between them is less than 70 meters
or
(They are on the same road and the distance between them is less than 750 meters)
Given that a pair of one Waze alert or a cluster of matched Waze alerts, and one alert from the
official data set satisfies both the temporal and spatial criteria, it is likely to a satisfactory degree
that the data points are referring to the same incident. Again, implementing this is of high interest
to the eventual users of this integration system as it would prohibit use of excessive resources.
More importantly, this redundancy factor is what ultimately demonstrates incidents in the Waze
data that are not detected in the official data set, potentially expanding the coverage of the traffic
situation in Stockholm.
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2.3.3.2. Severity
Assessment of the severity of Waze incidents is cumbersome in comparison to those from the
official data set since they hold significantly less data. Furthermore, Waze’s incident data is
reported by nearby users which are often driving, potentially making it difficult to obtain details
(Santos et al., 2017). The severity classification of accidents in Waze are major, minor, or not
reported, giving some indication of how the reporter perceived the accident. However, severity is
a crucial attribute in traffic incident management, and in order to take advantage of Waze’s data to
maximal extent, a stronger indication of an incident’s severity is necessary. In some cases, a Waze
alert is reported within coverage of official traffic coverage tools (e.g. sensors or cameras), making
severity assessment a simple task since it can be done by traffic operators using CCTV-cameras.
When a Waze alert is not reported within the grid of the official traffic monitoring, the incident has
to be assessed in isolation. Furthermore, it is unlikely that emergency action would be taken on
Waze alerts that have not been confirmed by an alert from the official data set, especially without
robust indication of their severity (Lenkei, 2018). The severity aspect of this integration therefore
aims to answer the question:
•

How can the severity of a Waze alert be assessed in isolation of an alert from
the official data source?

To address the issue of severity in the Waze data set, Lenkei (2018) proposed a method of
matching Waze alerts and Waze jams. An alert’s effect on traffic is then calculated from possible
jams near in time and space. Like relating alerts to each other, jams and alerts are matched by
temporal and spatial proximity constraints. A jam is considered related to an alert in time if:
Their existence overlap in the data feed
or
They are reported within 15 minutes
A jam is considered related to an alert in space if:
The distance between them is less than 70 meters
or
(They are on the same road and the distance between them is less than 1 000 meters)
Given that a pair made of a Waze jam and a Waze alert satisfies both the temporal and spatial
criteria, it is likely to a satisfactory degree that they are related. In such a scenario, the jam should
be considered an indication of a higher degree of severity of an alert. This applies to the redundancy
aspect as well, since a jam connected to one alert in a cluster of matched Waze alerts indicates a
higher severity of the cluster as a whole.

14

2.3.3.3. Reliability
As previously stated, reliability is not an issue regarding data points from the official data set, as
the risk of unauthentic data is of minimal degree (O. Åstrand & A. Nilsson, personal
communication, January 2, 2019). On the contrary, it is a crucial aspect when using crowdsourced
data, such as Waze, in the context of traffic incident detection. Each Waze alert provides a
reliability value based on the amount of confirmations it has gotten from other users (thumbs up)
and the level of the reporter. Lenkei (2018) showed a relation between this reliability value and the
region and road type of a Waze alert respectively. As would be expected, the results show that
where there are more users, there are also more confirmations (thumbs up). High average reliability
scores for Stockholm and regions close to the capital (Uppsala, Södermanland, etc.) were observed
compared to the rest of Sweden. Additionally, higher average reliability scores were observed for
the roads classified as motorway, trunk and primary roads, i.e. larger roads with more traffic. In
some sense, a system like Waze incentivizes its data providers (sometimes referred to as crowd
workers) to act responsibly, since reporting false content will prohibit them from rising in rank
within the application over time. However, it has been shown in other crowdsourcing environments
that due to the anonymity of the data providers, these may act unreliably (Varshney, Vempaty &
Varshney, 2014; Varshney, 2012) or engage in malicious activities (Gadiraju, Kawase, Dietze, &
Demartini, 2015), and it would be naive to expect complete resilience to this behavior from the
Waze users. Malicious behavior from Waze users was further confirmed in the study by Sanchez,
Rosas & Hidalgo (2018). Acting on unauthentic data in traffic incident management is
unacceptable. During usage of Waze’s data, the reliability assessment of the alerts should therefore
be based on more than the reliability value reported by Waze to ensure rigor.
The integration artifact that was designed and developed in this study does not calculate any
reliability by itself, as justified methods for such analyses are yet to be invented. It does however
handle the reliability aspect of crowdsourced data through the management of redundancy, since
multiple reports regarding a single incident support the reliability of said incident (Amin-Naseri,
2018). Furthermore, once the integrated data sets are displayed in TSWaze, the redundancy factors
handled by the artifact are accompanied by other aspects in traffic management, including road
type and domestic region. For example, in many cases the reliability of a cluster of related Waze
alerts that occurs on a highway in Stockholm, but is yet to be reported to Trafikverket, is
appreciable by traffic operators using TSWaze (Lenkei, 2018). Reversely, had the cluster been an
independent Waze alert instead, its reliability is often questionable (Lenkei, 2018).
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3. Methodology
This chapter demonstrates the methodology used for the study. The first section outlines the
research strategy and paradigm, followed by the evaluation strategy. Afterwards, the software that
was necessary for the study is listed.

3.1. Design Science Research
The study presented in this thesis was conducted using a design science research approach,
demonstrated in this section. Widely recognized as a research strategy within the scientific field of
Information Systems, design science research is often considered a paradigm as well (Hevner,
March & Park, 2004; Baskerville, Pries-Heje & Venable, 2009; Venable, Pries-Heje & Baskerville,
2016; Gregor & Hevner, 2013). It is a research paradigm in which questions relevant to human
problems are answered through the creation of innovative artifacts. As these artifacts are both
useful and fundamental in understanding the problem they intend to solve, their creation and
evaluation contribute new knowledge to the body of scientific evidence (Hevner & Chatterjee,
2010). Thus, design science research is considered a pragmatic paradigm and was applied in this
study.
The research strategy of this thesis is based on the design science research strategies of Oates
(2006), Peffers, Tuunanen, Rothenberger & Chatterjee (2007), Gregor & Hevner (2013) and
Hevner et al. (2004). Fundamentally, design science research is a problem-solving strategy,
creating and evaluating artifacts intended to solve identified organizational problems (Hevner et
al., 2004; Peffers et al., 2007; Oates, 2006). These artifacts rely on the application, testing and
modification of existing theories, in combination with creativity, intuition, and problem-solving
capabilities of the researcher (Hevner et al., 2004). The artifact of a design science research project
can be either a construct, model, method or instantiation (Hevner et al., 2004; Oates, 2006). Among
other contributions, methods include formal, mathematical algorithms, commercialized and
published methods, and informal descriptions of practice derived from experience (Oates, 2006).
An instantiation refers to a working system that demonstrates the possibility of implementing
constructs, models and methods in a computer-based system (Oates, 2006). It demonstrates the
feasibility of both the design process and the developed product, providing a proof-of-concept. The
artifact and contribution of this study is two-fold, including three methods for integrating
crowdsourced and official traffic data, and an instantiation in the form of a prototype of an
integration tool that implements these methods into TSWaze.
Conducting research using the design science research strategy is inherently iterative and
involves certain activities, presented below. While the execution of these activities could follow a
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chronological order, this is not a necessity nor an ideal workflow. Rather, the activities are meant
to form a fluid and iterative cycle, as the strategy requires learning through making (Oates, 2006).

3.1.1. Activity 1: Problem Identification
Which activity starts the design science project is determined by the approach of the study (Peffers
et al., 2007). From the fact that the study presented in this thesis is problem-centered, it follows
that the first activity was to identify and motivate the problem to be solved (Peffers et al., 2007).
This activity adheres to what Oates (2006) refers to as ”Awareness” and is part of the second
guideline for design science research by Hevner et al. (2004). The activity demands the recognition
and articulation of a problem with a justification for the value of its solution (Peffers et al., 2007;
Oates, 2006). The execution of this activity in the first iteration of the study was done from an
initial literature review and it is what essentially sparked the idea to the project as a whole. The
results of the activity are presented in the Introduction chapter of the thesis.

3.1.2. Activity 2: Definition of Objectives for Solution
With a problem identified and motivated, the objectives for its solution are to be defined (Peffers
et al., 2007), which Oates (2006) refers to as the activity of ”Suggestion”. This is a leap towards a
tentative idea of a solution for the problem, including the inferring of objectives for the solution
from the problem definition of the previous activity (Peffers et al., 2007). This activity addresses
the sixth guideline of Hevner et al. (2004), regarding design as a search process. The abstraction
and representation of three factors are crucial to this activity, namely the means, ends and laws of
a solution and its environment. The means refer to the set of actions and resources available to
construct a solution. The ends refer to the goals and constraints of the solution, partially identified
in the previous activity. The laws refer to uncontrollable forces in the solution’s environment that
need to be regarded.
The execution of this activity in the first iteration of the study was done by carrying out a
literature review, while also obtaining documents regarding current work with Waze at Trafik
Stockholm and previous work regarding potential solutions for the integration problem at hand.
This showed that efficient methods for dealing with the problem partially exist in theory, but lack
implementation. Hence, an idea for the solution surfaced, involving the implementation of these
integration methods in an artifact, forming the initial means and ends for the solution. These
methods and the remaining theoretical framework are presented in the Literature Review chapter
of the thesis. The final results of the activity are demonstrated in the Artifact Design &
Development chapter.
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3.1.3. Activity 3: Design & Development
Following the definition of the solution’s objectives comes the activity of designing and developing
the actual artifact (Peffers et al., 2007; Oates, 2006). Essential to this activity is to exhaustively
describe the artifact’s desired functionality and architecture. During this activity, the theories from
the second activity are used in combination with the systems development methodology to develop
the solution for the problem identified in the first activity. From the iterative nature of the study
overall, it followed naturally that the design and development phase would be conducted using an
iterative system development methodology. Furthermore, throughout the activity, a journal was
kept by the author of this thesis, describing the design decisions taken to form a design rationale.
The design rationale aims to provide a presentation and argumentation of the design decisions
which were of highest impact on the artifact and its ability to meet the requirements, in accordance
with Dix (2004). The results of the activity are presented throughout the Artifact Design &
Development chapter of the thesis.
Additionally, the design and development of the artifact relied on the possession of and
access to actual traffic data from the two sources Trafikverket and Waze. While Trafikverket
provides an open API to access this data, Waze limits their data to partners of the CCP program.
For the study, a key to this API was provided by Trafik Stockholm. However, in order to access a
sufficient amount of data for the design and development of the artifact, a large amount of data was
needed. While real-time data was accessible at all times, there was no guarantee that such amounts
of data would be able to reveal potential weaknesses in the artifact during the design and
development. Therefore, test data was gathered for three weeks early in the development phase
using the Waze CCP Processor and a custom-built solution. The Waze CCP Processor is an Open
Government Coalition (OGC) project by the city of Louisville in Kentucky, U.S., that was found
during the literature review. Being open-source and available to anyone, it is essentially a tool that
is deployed in a cloud solution, capable of capturing, processing and storing Waze data for a certain
region over time. In the study, the tool was programmed to read the Waze feed and store every alert
found to a PostgreSQL server every two minutes. However, no previously built solution was
available for capturing data from Trafikverket’s Open API. Therefore, a custom-built solution was
constructed with similar functionality. Every two minutes, a request was sent to Trafikverket’s
Open API, from which the response was processed and then stored in the same PostgreSQL server
as the Waze data. Due to resource constraints, this solution was programmed to limit its reach to
the Stockholm region, and the Waze CCP Processor was programmed to store Waze alerts only,
excluding jams and irregularities.
When the automatic data collection process was stopped after three weeks, a total of 29 911
unique alerts had been recorded in the Stockholm area from Waze users. Furthermore, 273 traffic
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incidents had been reported to Trafikverket in the same region. While the amount of traffic
incidents reported to Trafikverket was surprisingly low, the data collected in this process accounted
for an adequate basis for the design and development of the artifact’s core functionality regarding
the Internal Redundancy Integration and External Redundancy Integration.

3.1.4. Activity 4: Demonstration
After development, the artifact is to be demonstrated capable of solving one or more instances of
the identified problem (Peffers et al., 2007). This will be done by involving usage of the artifact in
simulations of the situation in which the problem resides. To demonstrate the artifact’s capabilities,
a large amount of actual traffic data was collected throughout the project, which the artifact was
tested with. The activity of demonstration was done during each iteration of the development and
was focused on the crucial area of redundancy, detected from the literature review. Results from
the demonstration activities are presented in the Evaluation chapter of the thesis.

3.1.5. Activity 5: Evaluation
The evaluation of the artifact is a crucial part of any design science research project as it serves to
observe and measure how well it supports the solution to the problem (Peffers et al., 2007). This is
done by comparing the objectives of the solution to the actual results from the demonstration
activity and adheres to the third guideline of design science research by Hevner et al. (2004),
regarding design evaluation. When the evaluation displays a positive result of the artifact’s
capability of satisfying the requirements and constraints of the problem it is intended to solve, the
artifact is considered complete and effective (Hevner et al., 2004). During development, certain
technical evaluations were performed. Furthermore, an acceptance test with the stakeholders of the
artifact assessed its final effectiveness and utility, demonstrating a proof-of-concept and proof-ofacceptance for the artifact’s design through its prototype. The strategy for the evaluation is
presented later in this chapter and the results of the evaluation are presented in the Evaluation
chapter of the thesis.

3.1.6. Activity 6: Communication
Finally, the results of the demonstration and evaluation are to be communicated (Peffers et al.,
2007) and conclusions are to be drawn (Oates, 2006), adhering to the seventh guideline of design
science research by Hevner et al. (2004) about communication of research. During this activity, the
knowledge gains are identified, and the importance, utility, novelty, rigor and effectiveness of the
artifact is communicated (Peffers et al., 2007; Oates, 2006). The result of this activity is essentially
this thesis as a whole, but more specifically the Conclusion and Discussion chapters.
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3.2. Evaluation Strategy
Venable, Pries-Heje & Baskerville (2012) stated that ”… evaluation is what puts the ’Science’ in
’Design Science’”, considering that a design science research project without rigorous evaluation
merely results in an unsupported theory that some artifact will be useful for solving some problem.
Hence, an evaluation strategy is essential to virtually any design science research. In this section,
the evaluation strategy used in this project is presented, based on the Framework for Evaluation in
Design Science Research (FEDS) by Venable, Pries-Heje & Baskerville (2016) and the framework
for designing evaluation in design science research by Venable, Pries-Heje & Baskerville (2012).
The evaluation strategy encompasses both contributions from the study, i.e. the methods and the
instantiation.

3.2.1. FEDS: Framework for Evaluation in Design Science Research
The FEDS framework was designed to aid design science researchers in the decision on a strategy
for evaluating the design and development of artifacts. The framework is based on the two
dimensions of any evaluation: (1) functional purpose of the evaluation and (2) paradigm of the
evaluation, illustrated on the X and Y axis in Figure 2 respectively.

Figure 2. Strategies in FEDS by Venable et al. (2016)
The functional purpose of the evaluation ranges from formative to summative. During early
stages of the development process, formative evaluations are made as their functional purpose is to
improve the outcome of the process that is evaluated. Later on, summative evaluations with the
functional purpose of judging the extent of which the outcomes match expectations are made. These
purposes largely adhere to the Ex Ante and Ex Post of Pries-Heje, Baskerville & Venable (2008)
in that formative evaluations are focused on non-instantiated artifacts, such as processes or
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methods, while summative evaluations are focused on instantiated artifacts, i.e. an artifact closer
to its completion. The paradigm of the evaluation, being either naturalistic or artificial, changes
depending on the stage of the development cycle in which the evaluation is made. Artificial
evaluation tends to afford a very precise language in its findings, and it is less susceptible to
misinterpretations and biases than naturalistic evaluations. On the other hand, it lacks the natural
setting of a natural evaluation and to the extent that the setting for the evaluation is unreal, its results
may not correspond to real use (Venable et al., 2016).
Furthermore, the framework lists several strategies depending on the nature of the
evaluations. The strategy of this study was based on the ”Technical Risk & Efficacy” strategy,
starting with multiple formative evaluations in artificial settings to form technical evaluations of
the artifact, and finishing with a summative evaluation in a more natural setting in the form of an
acceptance test with the stakeholders of the artifact.

3.2.2. Contextual Aspects of Evaluations
For any evaluation in design science research, there are four main contextual aspects to consider:
the purpose and goal of the evaluation, and the characteristics and type of the evaluand (Venable
et al., 2012).

3.2.2.1. Purposes of Evaluation
Venable et al. (2012) list five main purposes for evaluations in design science, out of which two
are relevant to this project: (1) evaluating a designed artifact formatively to identify weaknesses
and areas of improvement for an artifact under development, and (2) evaluating an instantiation of
a designed artifact to establish its utility and efficacy for achieving its stated purpose. The earlier
evaluations of the artifact served the first purpose and the results from these evaluations were used
to further improve the artifact for later iterations. The later evaluations included an acceptance test
that was carried out once the artifact was complete, adhering to the second purpose.

3.2.2.2. Evaluand Characteristics
Evaluand characteristics refer to what qualities are being evaluated in the evaluand. Propositions
for such qualities vary in the relevant literature, including quality, style, efficiency, effectiveness,
efficacy, ethicality and elegance (Venable et al., 2012). Essentially, they all contribute to utility
and can be used as criteria for evaluating the overall utility of an evaluand (Venable et al., 2012;
Venable et al., 2016). Given the purpose of the artifact developed in this study, the evaluations
were focused on deeming the utility of units of the artifact and the integration methods using
effectiveness as criteria. The overall utility of the artifact as a whole (the instantiation) was
evaluated using efficacy and effectiveness as criteria. For these evaluations, effectiveness refers to
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the degree to which the evaluand meets its higher-level purpose or goal and achieve its desired
benefit in practice, as stated by Venable et al. (2012). Efficacy refers to the degree to which an
evaluand produces its desired effect considered more narrowly, without situational concerns. This
characteristic is evaluated more closely, looking at specific features of the evaluand.

3.2.2.3. Evaluand Type
There are two main classifications of evaluand types: process artifacts and product artifacts
(Venable et al., 2012). Product artifacts refer to technologies used to accomplish a task and process
artifacts refer to procedures that guide someone towards the accomplishment of a task.
Furthermore, artifacts are branched into technical and socio-technical artifacts, distinguished by
whether they require human interaction to achieve their purpose. The evaluand types of the
evaluations in this study are solely product artifacts, which vary between technical and sociotechnical depending on the paradigm and functional purpose of the evaluation.

3.2.2.4. Goals of Evaluation Design
Goals of evaluation design refers to the goals of the evaluation itself, striving to define what
achievement is pursued in the evaluation component at hand. In general, there are at least three
potentially contesting goals, namely rigor, efficiency and ethics. The evaluation design of the study
was concerned with rigor and efficiency, as there was no ethical dilemma of relevance identified
in the study. Rigor involves the two components efficacy, addressing whether it is in fact the artifact
that is causing some observed result, and effectiveness, concerned with establishing proof for that
the artifact works in a real situation. Efficiency adheres to the evaluation design working within
resource constraints, or potentially even minimizing the consumption of these (Venable et al.,
2012).

3.2.3. Alpha Evaluation
During the design and development of the methods, units and processes that ultimately form the
artifact and the contributions of the study, each of these and their integration were evaluated
frequently. Adhering to the strategy outlined using the FEDS framework, these evaluations were
initially formative and performed in artificial settings. As the development progressed, the
combinations of units and processes were tested and test data was substituted for authentic, realtime data, in order to advance to a more naturalistic setting and expose further potential weaknesses
in the artifact. The generation of this data followed a systematic probability sampling approach, in
accordance with Oates (2006), set in the sampling frame of traffic incidents all over Sweden. As
the sampling was done systematically throughout weeks and weekends and during both active and
quiet periods of traffic, which were identified in the earlier study by Lenkei (2018), it is believed
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to have a high probability of representing actual data used in the artifact. In total, the alpha
evaluation was carried out over 27 days in April and May 2019. The number of days was a result
of the time constraints of the study. The evaluations were executed in a local test environment using
computer simulations and are presented in section 5.1.

3.2.4. Beta Evaluation
Once the artifact and methods that were designed and developed during the study passed all
elementary alpha evaluations, a beta evaluation to deem its final overall utility was carried out.
Adhering to the strategy outlined using the FEDS framework, this evaluation was summative and
took place in a more naturalistic setting. It is considered summative as it served to judge the extent
to which the artifact as a whole matches its expectations. Furthermore, its setting was naturalistic
in that real-time data was used, the artifact was implemented in its actual setting of TSWaze, and
the participants were the actual stakeholders of the artifact. The evaluand of this evaluation was the
artifact as a whole, meaning that the evaluand characteristics equals the expected qualities of the
artifact as a whole regarding effectiveness and efficacy. While the evaluand type still was a product
artifact, there were certain socio-technical aspects to it when it was evaluated in its entirety, since
the outcomes in some sense required human interaction to be understood. This motivated including
the stakeholders in a discussion of the artifact’s utility.
The beta evaluation took place in the form of an acceptance test of the artifact with the
purpose of judging the extent to which the outcomes of the evaluand matched the expectations of
it, in accordance with the second purpose by Venable et al. (2012). Essentially, acceptance testing
is a formal form of testing, set out to determine whether a system as a whole satisfies its acceptance
criteria by validating that requirements have been met (U.S. Patent No. 6,725,399, 2004). In this
study, the acceptance test was done through a demonstration of the artifact to the stakeholders. As
the artifact lacks end-users in the sense that no user interacts with it directly, it was demonstrated
visually both in isolation of and implemented in its future environment; TSWaze. The isolated
demonstration of the artifact was performed using a visualization tool that essentially is a simplified
version of TSWaze, created solely for this purpose. Like TSWaze, the tool displays traffic incidents
from the sources Trafikverket and Waze on a map of Sweden, but it lacks certain functionality from
the original system that were deemed unnecessary for the beta evaluation. However, it is a more
effective tool in judging the utility in terms of efficacy of the evaluand than the full version of
TSWaze is, since it can display more data and demonstrate the result of the artifact by displaying
pre- and post-processing of the data. What is displayed in the visualization tool is always a direct
result of the evaluand.
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The demonstration and acceptance test were conducted in a focus group-inspired session,
based on the proposition of evaluating artifacts via focus groups by Hevner & Chatterjee (2010).
Two types of focus groups are suggested, exploratory and confirmatory, with different objectives.
Confirmatory focus groups (CFGs) serve to demonstrate an artifact’s utility in its field of
application and was therefore the basis for the focus group of this evaluation. The focus group of
was set in Sweco Position’s office in Stockholm and moderated by the author of this thesis. The
participants were two stakeholders and two project leaders of the TSWaze project. The session had
its audio recorded and was structured around the guide for conducting focus groups by Goodman,
Kuniavsky & Moed (2012), starting with an introduction, including welcoming the participants,
setting the tone for the discussion and communicating its rules. Following the introduction, the
artifact was demonstrated as described above, and later discussed. The discussion covered the
topics of the focus group session, i.e. to understand the overall utility of the artifact, to explore its
weaknesses and to lay out future work.
In summary, the beta evaluation design held two ultimate goals: to demonstrate proof-ofconcept and proof-of-acceptance of the artifact, in accordance with Oates (2006) and Gregor &
Hevner (2013), and to demonstrate research rigor in terms of both efficacy and effectiveness.
Efficacy was evaluated through the isolated demonstration, where the results of the artifact were
visualized clearly. The effectiveness was evaluated through the demonstration of the artifact
implemented into TSWaze, demonstrating its utility in a naturalistic environment.

3.3. Software
During the study, several applications, development tools, and services were used, crucial to the
study and therefore considered worth mentioning. The artifact was built using Node JS, an opensource and cross-platform JavaScript environment that executes JavaScript applications outside of
browser environments. The choice for using Node JS was mainly based on the fact that TSWaze is
built with it, and the fact that applications built with Node has access to open-source modules and
packages through the Node Package Manager. One of these modules was the modular geospatial
engine Turf, which was used for automating the calculations of distances between alerts. The
methods accessed in Turf required coordinates in certain formats, which was handled by the Node
JS module Wellknown. Additionally, the Node JS module Request was used for the requests that
fetches the traffic data from external sources.
Furthermore, Safe Software’s products FME WorkBench and FME Server were used to build
the application to store test data from Trafikverket’s open API and Amazon RDS was used in
combination with Waze CCP Processor to store test data from Waze.

24

4. Artifact Design & Development
The artifact that was designed and developed in the study is referred to as TSW-Integrator and will
be referred to as such throughout the remainder of this thesis. This chapter describes the design and
development of the finished version of TSW-Integrator. First, the artifact’s desired functionality
and requirements are outlined. Secondly, the architecture and implemented functionality is
presented. Finally, the design rationale behind the key decisions during the design and development
of the artifact is outlined.

4.1. Desired Functionality & Requirements
During the execution of the second activity of the design science research cycle, the objectives for
the solution to the identified problem were defined. Initially, the means and ends of the solution
were found from the previous studies by Santos et al. (2017) and Lenkei (2018). However, these
needed validation from the stakeholders of the artifact, calling for a joined session in the form of a
meeting at Sweco Position’s office in Stockholm, in which the proposed methods were presented
and eventually confirmed. Additionally, during this session, the requirements for the artifact were
gathered. Due to the novelty of integrating crowdsourced and official traffic data, defining the
requirements for such a tool in an explicit way turned out to be cumbersome. However, it became
clear that the purpose of the artifact would be to provide the available traffic data to TSWaze in
such a way that it could be presented and managed more efficiently and effectively in the
application.

Figure 3. Abstract Sequence Diagram of TSWaze
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Figure 3 depicts an abstract, high-level sequence diagram of TSWaze in its current state. As
demonstrated, when a traffic operator requests a view of the current traffic situation, TSWaze sends
requests directly to Trafikverket’s Open API and Waze CCP API. TSWaze receives raw traffic
data back, from which it filters out irrelevant data and presents the relevant content to the traffic
operator. This process is repeated twice every minute, yielding an updated view of the everchanging traffic situation. Apart from filtering out irrelevant content, no processing is performed.
Thus, the main desired functionality of TSW-Integrator developed into administering the incoming
data and processing it in a way that would make it more manageable and capable of demonstrating
the traffic situation in Stockholm more clearly. More specifically, this meant integrating the data
and processing it in ways necessary when operating with crowdsourced data, deliberating the
reliability aspects related to crowdsourcing and severity aspects related to traffic data.
In summary, the second activity of the design science research cycle of the study resulted in
the following requirements for TSW-Integrator:

•

The artifact should integrate crowdsourced data from Waze to official data
from Trafikverket using spatial and temporal proximity constraints.

•

The artifact should process the crowdsourced data in such a way that the
severity of traffic incidents can be calculated to a larger degree than in the
current system (TSWaze).

•

The artifact should reduce the amount of crowdsourced data to operate on by
reducing the levels of redundant data.

•

The artifact should process the crowdsourced data in such a way that its
reliability can be ensured to a larger degree than in the current system
(TSWaze).

4.2. Architecture & Functionality
Given the desired functionality and requirements for the artifact, a tentative idea for a solution to
the problem surfaced. The aim of the artifact was to integrate and process the data from the two
external sources, as demonstrated in the previous section. For this end, three main components
were constructed with the purposes of (1) fetching the data from the external sources, (2) organizing
the data into manageable sets, and (3) integrating the data according to its desired functionality.
Figure 4 presents an abstract illustration of these components, demonstrating the internal and
external sequential interactions of TSW-Integrator implemented into the environment of TSWaze
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through a sequence diagram. The following sections present each component of the artifact,
demonstrating its functionality and responsibilities.

Figure 4. Abstract Sequence Diagram of TSW-Integrator implemented in TSWaze

4.2.1. DataFetcher
DataFetcher acts as the starting point for the process of generating integrated data in TSWIntegrator. As the artifact is designed using asynchronous programming, DataFetcher is also the
component from which the integrated data is eventually returned. In the finished version of TSWIntegrator, DataFetcher’s main responsibility is fetching live traffic data from the external sources.
During the development of the artifact however, DataFetcher was also responsible for fetching the
test data that was stored on external PostgreSQL servers, simulating a real use-situation. Fetching
traffic data from the external sources is done by sending requests and receiving responses,
demonstrated in the following sections respectively.

4.2.1.1. Data Sources
Fetching live traffic data is performed by sending HTTP and HTTPS requests to the API’s of the
external sources, accessing their GeoRSS feeds via the Waze CCP API and Trafikverket’s Open
API. The requests are sent using the open-source Node JS module Request and while they differ
slightly from each other in semantics, they share the need of keys for authentication. DataFetcher
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is the only component of the artifact that has these keys, through its exclusive access to a
configuration file. A key for Trafikverket’s Open API is available to anyone who applies for it, but
the key for Waze CCP API is exclusive to partners of the program. In excess of the authentication
key, requests to Waze CCP API needs to define the format for the response, what types of alerts
that are of interest, and a geographical area within which the alerts of interest reside. The format is
defined as either XML or JSON and the types of alerts are either accidents, jams or irregularities,
or a combination of the three. The geographical area is defined by an array of data describing a
polygon, circumscribing the area of interest. The requests to Trafikverket’s Open API contain the
authentication key and object type of interest.
In summary, the requests sent by DataFetcher to Waze CPP API includes the authentication
key, a declaration that the response should be in JSON format, a list stating that the response should
contain accidents, jams and irregularities, and an array describing a polygon with coordinates to
delineate the borders of Sweden. The requests sent to Trafikverket’s Open API includes the
authentication key and states that the object type of interest is ”situation”.

4.2.1.2. Data Acquisition
The response that DataFetcher receives from Waze CCP API contains seven elements: lists of the
alerts, irregularities and jams currently effective, and the start and end time of the request
processing in date format and milliseconds. While it is worth noting that any request takes exactly
one second to process, the points of interest in the response are the lists of alerts, irregularities and
jams.
An alert is a traffic incident that is actively reported by a user. It contains information
regarding its city, confidence level, country, location, magnetic variation of the location, number
of confirmations from other Waze users, publication time in milliseconds, reliability, rating of the
reporter, street name and type, alert type and subtype, and a universal unique identifier (UUID). A
jam is a traffic slowdown that is passively reported by a user, generated from the processing of the
user’s coordinates using GPS technology and from actively reported alerts. In addition to the
descriptive attributes provided to an alert, a jam provides an indication of the delay caused by it,
its length, a level ranging from 0 (free flow) to 5 (blocked), average speed of traffic users affected
by it in meters/second and km/h, and a potential type of turn that it is located in. A crucial point
when processing jams is that their location is expressed in terms of a line of points, in contrast to
the location of an alert, which is expressed as a single point. Furthermore, traffic slowdowns are
not necessarily reported as jams, as they can be reported actively by users as alerts. An irregularity
is either an alert or a jam that affects an exceptionally large amount of traffic users. In addition to
the attributes of an alert or jam, irregularities also hold information that tracks the potential alerts
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causing it, the number of Waze users currently affected by it, whether it is placed on a highway or
not, the potential jam level caused by it, the regular and current traffic speed of the area affected
by it, an indication of whether the traffic situation is improving (1), worsening (-1) or constant (0),
and a type ranging from 0 (none) to 4 (huge).
The response that DataFetcher receives from Trafikverket’s Open API contains a list of
situations. A situation refers to an occurrence or disturbance in traffic, such as traffic messages,
road works, incidents and restrictions. Each situation contains information regarding its country,
time of modification, time of publication, time of the current version, and a global unique identifier
(GUID). The information regarding the actual traffic situation, however, is retrieved from the
deviations associated with a situation. Each situation holds at least one deviation, providing
information regarding the county, creator, location, street name and number, type, number of lanes
restricted, and severity degree ranging from one to five without a neutral value of three, associated
with a traffic situation reported to Trafikverket.
As demonstrated in Figure 4, once DataFetcher has received the current raw traffic data
available from the external sources, the data is sent to SetOrganizer.

4.2.2. SetOrganizer
The raw data that was acquired from the external sources is eventually sent onward to SetOrganizer,
which processes the data into more manageable sets. The fundamental purpose and responsibility
of SetOrganizer is to structure the traffic data from the two sources in a way such that it can be
integrated more effectively. To achieve this purpose, SetOrganizer utilizes the classes tvSituation,
tvDeviation, wazeAlert, wazeJam and wazeIrregularity. Each data point retrieved from the external
sources is transformed into an object of the adequate class and sorted into its corresponding set.
Fundamental for these classes is that no important data is lost in the conversion. Therefore, the
classes have an attribute that corresponds to any attribute available in the raw data. In addition to
these attributes, certain attributes that link objects of the different classes together are added. Every
wazeAlert object has a jam attribute, linking it to a wazeJam object if they are matched during the
integration process explained in the next section. Likewise, each tvSituation has a
matchedWazeAlerts attribute that shows which wazeAlert or cluster of wazeAlerts that potentially
were linked to the situation during the integration process. Additionally, SetOrganizer disregards
any data that is deemed unnecessary, which mostly concerns meta data and inefficient structures in
the raw data that is retrieved.
SetOrganizer accounts for the artifact’s link to Lenzerini’s (2002) theories on data integration
systems. While the artifact in itself is not to be considered a data integration system but rather an
integration tool, the organization of the sets that allow for the integration methods are inspired by
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the GAV approach, proposed by Lenzerini (2002). The data integration system tuple ⟨𝐺, 𝑆, 𝑀⟩ is
of relevance to SetOrganizer in that the attributes of the classes that SetOrganizer uses to construct
the sets essentially are to be seen as the global schema, 𝐺. The attributes of the raw traffic data
correspond to the source schemas, 𝑆, of the external sources, defined by their documentation.
Finally, the mapping, 𝑀, corresponds to the functions for organizing the sets and the constructors
for each class, as these components are what maps the global schema to the source schemas.
Furthermore, during the development of SetOrganizer, an ontology matching process was
conducted. The two ontologies that were considered were those of traffic data from Trafikverket’s
Open API and traffic data from Waze CCP API, and the matching process set out to find
correspondences and relationships between the two. While the ontologies differ, certain common
denominators regarding individuals, 𝐼, and data types, 𝑇, were found:
•

Alerts from both ontologies contain a publication time

•

Alerts from both ontologies contain a location

•

Alerts from both ontologies contain an id

•

Alerts from both ontologies contain a type

•

Alerts from both ontologies contain a subtype

•

Alerts from both ontologies contain a street name

Once the processing is finished, the raw traffic data is structured into two sets: the Waze data
set and the Trafikverket data set, holding traffic data gathered from Waze CCP API and
Trafikverket’s Open API respectively. As depicted in Figure 4, following these processes, the data
is sent to MainIntegrator to be processed further.

4.2.3. MainIntegrator
MainIntegrator is the core of the artifact that was designed and developed during the study. It holds
the study’s contribution to the scientific field of Information Systems in terms of the three proposed
methods for integrating crowdsourced traffic data and official governmental traffic data. The main
responsibility of MainIntegrator is to integrate the crowdsourced traffic data to the official traffic
data. This is achieved by processing the traffic data from Waze internally in terms of severity and
redundancy, followed by an external processing between the data sources to reduce external
redundancy. From these processes, information regarding the reliability of the crowdsourced data
can be gained. Essential to the matching processes used in the integration methods is the calculation
of distance between coordinates. The distance between two points is calculated using the tool Turf,
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which was presented earlier in the thesis. Turf is a tool which specializes in geospatial analysis,
making it well-fitted for distance calculation. The distance calculation method specifically uses the
Haversine Formula to account for global curvature.
The abstract sequence diagram in Figure 4 demonstrates when the data integration process is
conducted, but it does not present the internal processes in MainIntegrator. These processes are
outlined in this section, starting with the matching between alerts and jams in the Waze data set.

4.2.3.1. Jam to Alert Matching in Waze Data
The Waze data set that MainIntegrator receives from SetOrganizer is divided into a set of alerts, a
set of jams and a set of irregularities. The first step of the integration process is to find whether
there are any jams and alerts that are related, to be able to infer more information regarding the
severity of alerts in the crowdsourced data. Waze alerts inherently hold an attribute referring to the
UUID of a potential Waze jam that was caused by it. However, during development no Waze alert
with a value of this attribute was found. Reversely, Waze jams inherently have an attribute referring
to the UUID of a potential alert causing the jam, and these attributes often hold the value of an
alert’s id, making them useful for the matching process. However, considering that these values
are provided by Waze, ideally a complementary method would be used to match jams to alerts.
This motivates the adoption of the Jam to Alert Matching method.

Figure 5. Pseudo Code of Jam to Alert Matching Method
Figure 5 presents the Jam to Alert Matching algorithm in pseudo code. Each jam from the set
of Waze jams is compared to each alert from the set of Waze alerts. Given that a jam is within 70
meters from an alert, or within 1 000 m and on the same street as the alert, it is likely to a satisfactory
degree that the jam and alert are related, and the jam is linked to the alert. When operating with
real-time traffic data, no temporal proximity constraint is necessary since the jam and alert under
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study always overlap in the data feed. Furthermore, the algorithm does not illustrate the process of
finding related jams and alerts from their UUIDs. This functionality is implemented in the actual
method, and the matching in the algorithm in Figure 5 is executed given that the UUIDs do not
match. The effectiveness and efficacy of the method is presented in the Evaluation chapter of this
thesis.
Due to the fact that the location of a jam is represented as a line in the Waze data set, a special
method is used for matching an alert’s location to it. The line that represents a jam is a set of points,
so the algorithm matches the location of the alert to any point that is part of the line and applies the
spatial constraints. Once alerts and jams are matched, MainIntegrator processes the Waze data set
in terms of internal redundancy.

4.2.3.2. Internal Alert to Alert Matching in Waze Data
The Internal Alert to Alert Matching method serves to reduce the amount of redundant data in the
Waze data set, and thus it solely handles the set of Waze alerts. The method is responsible for
reducing the amount of crowdsourced data to operate on and processing the crowdsourced data in
such a way that its reliability can be ensured to a larger degree than in TSWaze. To achieve this,
the method creates two new sets which eventually represent the alerts more accurately: the
independent set and the matched set. In the method, each alert in the set of Waze alerts is compared
to the other alerts of the same set. If the alerts are matched using the spatial proximity constraints,
the algorithm searches for clusters which contain the alerts. This presents four different scenarios:
(1) one cluster is found containing both alerts, (2) two clusters are found, each containing one of
the alerts, (3) one cluster containing the first alert is found, while the second alert is not a member
of any cluster, and (4) one cluster containing the second alert is found, while the first alert is not a
member of any cluster. In the case of the first scenario, the alerts have already been compared and
thus discarded. Given the second scenario, the fact that the two alerts are matched implies a link
between their respective clusters, and these are to be merged into one cluster. Finally, the third and
fourth scenario yields a situation in which the alert without a cluster is to be added to the cluster of
the other alert.
Figure 6 demonstrates the algorithm in the method in pseudo code. In excess of basic logic
functions and the functionality that was described above, the algorithm utilizes two additional
methods, illustrated as CalculateClusterSeverity and CalculateClusterCentroid in the figure.
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Figure 6. Pseudo Code of the Internal Alert to Alert Matching Method
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CalculateClusterSeverity searches the alerts that form the cluster for an alert that has a jam
related to it. If it finds one, the cluster as a whole is considered to be related to the jam, indicating
an increased severity level. Furthermore, during the development of the algorithm, the issue of
visualizing a cluster surfaced. To resolve the issue, the method CalculateClusterCentroid is applied
to each cluster. The method calculates an adequate alert to represent the entire cluster based on the
type of alert and its position within the cluster. A cluster that contains an alert of type Accident
should always be represented by that alert. However, if there are at least three alerts of such type
in the cluster, the one closest to the cluster’s centroid is the one best suited to represent the cluster.
The alert closest to the cluster’s centroid is found by first representing the cluster as a polygon and
then calculating the centroid of said polygon using the geo-spatial engine Turf, which uses the
mean of all vertices in the polygon. Second to Accident in prioritization level is Weather Hazard.
Should a cluster contain an alert of this type but not an alert of type Accident, this alert is to
represent the cluster. If there are at least three alerts of this type in the cluster, the same procedure
is applied and the alert closest to the cluster’s centroid represents the cluster. If the cluster contains
neither an alert of type Accident nor an alert of type Weather Hazard, but still has at least three
alerts, the alert closest to the centroid represents the cluster. For clusters without prioritized alerts
and less than three alerts in total, the first alert in the list represents the cluster. Furthermore, the
algorithm in Figure 6 does not match alerts by temporal proximity constraints, as every alert
handled by the algorithm occurred at the same time in the data feed. When the method was designed
and developed using the gathered test data, the temporal constraint of one hour was applied to the
alerts.
The effectiveness of the method is presented in the Evaluation chapter of the thesis, using
both real-time data and the historical test data that was gathered for the study. Once the traffic data
from the set of Waze alerts is processed regarding redundancy internally, the result is two sets: (1)
a set of Waze alerts that are independent of other Waze alerts, with an indication of its severity
from the potential relation to a jam, and (2) a set of clusters of related Waze alerts, each with an
alert to adequately represent the entire cluster, and an indication of the severity of the cluster from
the possibility that at least one alert in the cluster is related to a jam. These sets are then passed to
the External Alert to Alert Matching Method.
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4.2.3.3. External Alert to Alert Matching between Waze Data & Official Data
The final integration method that MainIntegrator executes before passing the integrated traffic data
to TSWaze, as depicted in Figure 4, is the External Alert to Alert Matching between the data from
the Waze data set and official data set. The logic of the algorithm that is the basis for the method
is presented in pseudo code in Figure 7. Like the Internal Alert to Alert Matching Method, this
method is responsible for reducing the amount of redundant data in the crowdsourced data set,
which it does by comparing the crowdsourced data to points in the official data set. Ultimately, the
method deems if any traffic incident found in the crowdsourced data set is already present in the
official data set, resulting in the specific crowdsourced data point to be redundant to traffic
management. However, the data’s redundancy does not imply its irrelevance, motivating the
creation of two new sets in this method: the set of redundant independent Waze alerts and the set
of redundant clusters of Waze alerts, holding the redundant independent alerts and clusters
respectively. Furthermore, the method creates a new set for the alerts from the official data set
which are matched to data from the Waze data set, illustrated as matchedSet in Figure 7. Including
the set of independent Waze alerts, the set of clusters of matched Waze alerts, and the set of alerts
from the official data set, the algorithm handles six sets in total.
The algorithm iterates over each situation in the official data set and each deviation of that
situation. The deviation is then compared to each independent Waze alert and each cluster of
internally matched Waze alerts. Any independent Waze alert or cluster of matched Waze alerts that
is matched to the deviation using the spatial proximity constraints is stored in the temporary sets
independentWazeMatches and clusterMatches respectively. When a deviation has been compared
to each independent Waze alert and each cluster of matched Waze alerts, the temporary sets are
investigated, yielding four possible scenarios: (1) if none of the temporary sets contain any
elements, the deviation was not matched to any data point in the crowdsourced data, and the next
deviation is to be investigated. If the deviation was the last of the situation, the situation as a whole
was not matched to any data point in the crowdsourced data, and the algorithm goes on to the next
situation. (2) If both temporary sets contain data, or either (3) the temporary set containing
independent Waze alerts or (4) the temporary set containing clusters of matched Waze alerts
contains data, this data is linked to the situation as a whole. The situation is then moved to the
matchedSet, the Waze data points are moved to their respective redundant sets, and finally removed
from their original sets.
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Figure 7. Pseudo Code of the External Alert to Alert Integration Method
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Once the entire set of official traffic data is compared to the sets of crowdsourced traffic data,
the result contains six sets:
•

The matched set, containing alerts from the official data set that were matched to
alerts from the crowdsourced data set.

•

The official data set, containing alerts from the official data set that were not
matched to alerts from the crowdsourced data set.

•

The independent Waze set, containing independent alerts from the crowdsourced
data set that were neither matched to other alerts from crowdsourced data set nor
to alerts from the official data set.

•

The matched Waze set, containing clusters of alerts from the crowdsourced data
set that were matched internally. The clusters, however, were not matched to any
data from the official data set.

•

The redundant independent Waze set, containing independent alerts from the
crowdsourced data set that were not matched to other alerts from crowdsourced
data set, but refer to incidents that were already covered by alerts in the official
data set.

•

The redundant matched Waze set, containing clusters of alerts from the
crowdsourced data set that were matched internally. These clusters refer to an
incident that is already covered in the official data set.

Like the other integration methods, the External Alert to Alert Matching method does not
implement any temporal proximity constraints when operating on real-time traffic data as each data
point that is processed occurred in the live feed. However, when the method was designed and
developed using the test data, the temporal constraint of one hour was applied. The effectiveness
and efficacy of the method is presented in the Evaluation chapter of the thesis, using results from
test sessions with real-time data.
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4.3. Design Rationale
During the design and development of TSW-Integrator, several decisions regarding the
composition and construction of the artifact were made, varying in scope and abstraction level of
the artifact. This section outlines the design rationale for the decisions with the largest impact on
the final version of the artifact and its ability to obtain the desired functionality and meet the predefined requirements. The decisions were either taken on an abstract architecture level or more
technical level of each method in the artifact.

4.3.1. Architecture
During the design of the artifact’s architecture, a major decision regarding its position in the
environment of TSWaze was taken. Figure 4 presents an abstract view of the environment of
TSWaze without TSW-Integrator. The desired functionality and pre-defined requirements
essentially stated that the artifact was to process and integrate the incoming traffic data from the
external sources. In theory, this functionality could be implemented in the existing environment as
a method framework, using the existing solutions for reading data from the external sources and
applying the integration methods to these. However, in order to gain better control over the entire
operation of fetching the data, organizing it, and integrating it, the decision to strive towards an
independent module was taken. This meant that the artifact would be in the form of an instantiation
in itself, rather than methods integrated in the existing solution. This architectural design decision
is essentially what separates the system illustrated in Figure 4 from that of Figure 5. The main
reason behind the decision was the increased control over the data, as irrelevant data could be
removed before even processing the redundancy aspects of it. Furthermore, making the artifact an
independent module would separate the integration process from the rest of the environment,
allowing for a more modular design, which in turn raises its reusability in other environments that
use the same external data sources. Finally, with the kind of integration that the artifact handles
being in its infancy, future improvements are likely to occur. Designing the artifact as an
independent module rather than as part of an existing system is assumed to ease and possibly
promote such improving work. However, major design decisions rarely take effect without
compromise of some sort. The decision to design the artifact as an independent module presumably
resulted in a more time-consuming process, considering that not all functionality for fetching the
data could be re-used. Furthermore, the implementation of the artifact in its environment had to be
done separately and the result of this implementation specifically is not guaranteed to be as accurate
as if the artifact was an imbedded part of TSWaze.
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4.3.2. Construction & Organization of Sets
With the functionality for fetching and organizing the data sets in place, an uncertainty regarding
their storage arose. In the end, the decision to not store any data at all was taken, with a two-fold
motivation. Firstly, there are legal restrictions in place to how traffic data from the sources is
allowed to be stored. The alternative solution would be to store the data in some form of data base,
requiring careful design not to violate any of the rules regarding storage. In not storing the data in
the first place, the avoidance of such violations is guaranteed. Secondly, the environment of the
artifact is not meant to handle and process historical data, but rather to give an adequate view of
the current traffic situation. Since the entire sequence that is handled by TSW-Integrator is
commenced twice per minute, it does not rely on historical data, and the storage of data is futile.
However, despite the lack of storing historical data, the artifact is designed to handle the processing
of it. If it is implemented in another environment, the integration methods of the artifact could be
used for analysis on such data.
Another critical design decision was taken during the design of the class TvSituation. Given
that a situation from Trafikverket’s Open API has a one-to-many relationship with the deviations
from the same data source, the initial idea of this class was to provide each object of it with
identifiers, linking it to the relevant deviations. As a situation eventually could be linked to alerts
in the crowdsourced data set with a one-to-many relation, the same solution was proposed for this
relationship as well. However, this solution would imply an excessive amount of linking between
the sets. Furthermore, it would require another set solely holding the deviations of situations. In
order to restrict the amount of sets and the linking between these, the TvSituation class was
designed to hold the deviations and Waze alerts connected to each object of it. While this meant
that each object of the class would hold significantly more data, it also meant easier access to the
data that is relevant to a situation.

4.3.3. Integration of Data
During analysis of the data available from the external sources, decisions regarding the integration
processes were taken. Given the requirements and desired functionality of the artifact, it was
granted that alerts from the two data sets would be integrated and that jams would be integrated to
alerts from the Waze data set. However, a minor portion of the Waze data set is occupied by
irregularities. While they are rare, irregularities are events that affect a relatively extensive amount
of Waze users. The question of whether these should be handled as normal Waze alerts and
integrated to the official data set arose. Eventually, the decision was taken that these would not be
integrated, as the integration potentially would result in a loss of valuable data. Irregularities hold
significantly more data and should not be discarded in the same way as an alert or a jam. Handling
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these like alerts in the integration with data from Trafikverket’s Open API could result in a loss of
valuable information. The compromise of the decision is that more, potentially redundant,
crowdsourced is generated, violating the desired functionality of the artifact. However,
irregularities are rare and the excessive data that is produced from not integrating them is limited.
Future work could present a more sophisticated way of integrating irregularities specifically.
Since the artifact deals with geographical data and distance calculation, methods for this
matter were used. As mentioned earlier, the geospatial engine Turf was used for these calculations.
The decision to use Turf was taken based on the fact that it is open-source and therefore available
to a anyone, used in industry, and used in the artifact’s environment TSWaze for other calculations.
However, using open-source software comes with considerable compromises. To some degree, the
artifact relies on Turf being updated to stay relevant, and the control over the entire system
decreases slightly. However, considering the compromises, the decision is justified by the fact that
the methods from Turf are used to implement the Haversine Formula. The formula was presented
in the 19th century and has not changed since, making the artifact mostly independent of updates of
Turf. The alternative solution would be to manually implement the Haversine Formula from
inception, essentially reinventing the wheel.
The inclusion of the spatial proximity constraints in the Jam to Alert Matching algorithm was
essentially a design decision as well. The alternative would be to rely solely on the matching
already present in the Waze data set, through the keys that alerts and jams hold to each other.
However, this would mean relying exclusively on crowdsourced data, which the literature review
revealed to be undesirable. Furthermore, as is demonstrated in the Evaluation chapter, the inclusion
of spatial proximity constraints generated significantly more matches than the matching by
identifiers. The compromise of this decision is fundamentally the need for more processing.
However, the amount of processing needed for the algorithm is close to insignificant, given the
amount of data it is processing. From the results of the Jam to Alert Matching method, the severity
of a Waze alert or a cluster of matched Waze alerts can be inferred to a larger degree than in the
original TSWaze solution.

4.3.4. Summary
In summary, the design rationale describes the decisions taken during the design and development
phase which are considered to have had the largest impact on the finished artifact and integration
methods. While all these decisions are connected to the design of the artifact and thereby to the
study at large, two decisions stand out in how they connect to the research questions of the study
specifically, namely the strategical decisions for handling redundancy and reliability. The literature
review revealed spatial and temporal criteria for matching alerts internally and externally between
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the sets to reduce the amount of redundant data. As described earlier in the chapter, these criteria
are central to the artifact and the integration methods, and the decision to utilize these criteria
specifically largely addresses the first research question of the study, regarding how redundancy
issues in the integration of crowdsourced traffic data and official, governmental traffic data can be
resolved. The decision to rely on these criteria was based on confirmation from the stakeholders of
the artifact, which was considered necessary since such criteria can vary between geographical
locations.
Furthermore, suggestions for a strategy for further assessment of the reliability of
crowdsourced data was found in the literature review, in which reliability is calculated from
redundancy. Previous work (Amin-Naseri, 2018) showed that the reliability of incidents in
crowdsourced traffic data increases from multiple reporting regarding a single incident. The
decision to use this strategy in the design and development phase addresses the second research
question of the study, regarding how reliability issues can be resolved within the context of
integrating crowdsourced traffic data to official, governmental traffic data. While the artifact does
not calculate the reliability of the crowdsourced data by itself, this information is meant to be
deduced from the redundancy aspects in combination with other factors related to traffic
management, as described section 2.3.3. The decision to rely on this strategy was based on
communication with the stakeholders of the artifact and the understanding of operational traffic
management gained from this communication.

41

5. Evaluation
This chapter presents the fourth and fifth activity of the design science research strategy that was
conducted during the study, namely the demonstration and evaluation of the artifact. First, the alpha
evaluations of the integration methods are presented, including presentation of the results from the
real-time data tests of the method and demonstration of the alpha evaluation based on this data.
Secondly, the beta evaluation of the artifact in its entirety is presented.

5.1. Alpha Evaluations
During the design and development of the integration methods that ultimately form part of the
contribution of the study, several evaluations were made iteratively. Initially, these were of
elementary character with a formative functional purpose and artificial paradigm, including tests
regarding the avoidance of duplicates in matching processes, guarantee against loss of data during
organization and an adequate generation of alerts to represent a cluster. Once the artifact and its
methods were deemed successful in these tests, a more elaborate evaluation process regarding the
effectiveness of each integration method in relation to its assigned requirements and desired
functionality started, using the collected results from real-time data. While the functional purpose
of these evaluations is still formative, the paradigm is more naturalistic than the initial evaluations
in that real-time data is used rather than historical test data. These evaluations account for the alpha
evaluations of the study, explained in 3.2.3., and are presented in this section.

5.1.1. Presentation of Results from Real-Time Data
Over a total of 27 days in April and May 2019, various methods of the artifact were tested using
real-time traffic data, accounting for the probabilistic systematic sampling of the study that was
presented in the Methodology chapter of the thesis. The literature review of the study revealed that
the most active hours of Waze usage are between 06:00 and 19:00 during weekdays and between
10:00 and 18:00 during weekends (Lenkei, 2018). Thus, the sampling was set to collect data during
these hours to raise the probability of representing actual and relevant data, in accordance with
Oates (2006). Furthermore, by using this systematical sampling, the data collection was expected
to generate a sufficient amount of quantitative data for statistical analysis and avoid skewed
distribution of data to a maximum extent.
The results of each test session contain variables with changing values depending on the stage
of the execution. After the traffic data had been fetched from the two sources and organized into
the sets, the number of alerts and jams from the Waze data set and the number of situations from
the official data set were recorded. However, due to the iterative nature of the design and
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development of the artifact, the data collection varied in size depending on the evaluand under
evaluation. The Jam to Alert Matching method and Internal Alert to Alert Matching method was
evaluated throughout the entire alpha evaluation process, while the External Alert to Alert
Matching process was deemed developed to a degree that is was ready for evaluation after 50 test
sessions had been conducted. This implies that over a total of 153 test sessions, data from every
session was available for the alpha evaluation of the Jam to Alert Matching method and the Internal
Alert to Alert Matching method, while the External Alert to Alert Matching method was evaluated
using the last 103 sessions. The data distribution relevant to these collections are presented in
Figure 8 and 9 respectively.
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Figure 8. Data Distribution from 153 Test Sessions with Real-Time Data

103 Test Sessions: Real-Time Data
1600
1400
1200
1000
800
600
400
200
0

Avg. Amount

Official Alerts

Waze Alerts

Waze Jams

n = 103

Official Alerts

Waze Alerts

Waze Jams

Max. Amount

1463

1010

1258

Avg. Amount

1385,3

466,3

536,0

Min. Amount

1295

287

214

Figure 9. Data Distribution from 103 Test Sessions with Real-Time Data
43

5.1.2. Jam to Alert Matching
This section presents the alpha evaluation for the Jam to Alert Matching method, introduced in
section 4.2.3.1., by first listing the contextual aspects of the evaluation before presenting the results
of the evaluation.

5.1.2.1. Contextual Aspects of Evaluation
The purpose of the evaluation of the Jam to Alert Matching method is essentially to establish the
degree to which it meets its purpose in the larger scope of the artifact as a whole. As was presented
in the Artifact Design & Development chapter of the thesis, one of the requirements of the artifact
as a whole reads:

•

The artifact should process the crowdsourced data in such a way that the
severity of traffic incidents can be calculated to a larger degree than in the
current system (TSWaze).

The processing regarding the severity of alerts in the crowdsourced data is managed by the
Jam to Alert Matching method. Thus, the purpose of the alpha evaluation of said method is focused
on establishing the utility of the evaluand in meeting its stated purpose, in accordance with Venable
et al. (2012). The characteristics of the evaluand under evaluation are centered around its
effectiveness. In this scenario, the effectiveness of the evaluand refers to the degree to which it
meets its higher-level purpose and produces its desired functionality, i.e. the degree to which jams
and alerts from the Waze data set are matched. Thus, it accounts for the utility of the evaluand.
Additionally, there is an internal efficacy aspect of the evaluation, referring to the efficacy of the
proximity constraints that are used to produce the desired effect of the evaluand, i.e. whether a
match is found due to the first or second proximity constraint. The evaluand type of the evaluation
is strictly technical product artifacts, as no human interaction is required to achieve its purpose.
The ultimate goal of the evaluation design is to establish rigor in the form of efficacy, through
demonstrating a beneficial effect of the artifact.

5.1.2.2. Evaluation Results
In total, the Jam to Alert Matching method was executed 153 times for its alpha evaluation using
naturalistic real-time data, as presented above. In excess of the amount current Waze alerts and
Waze jams, the results for each execution were recorded, consisting of the following features:
•

The total amount of Waze jams that were matched to Waze alerts

•

The amount of Waze jams that were matched to Waze alerts from the inherent
blockingAlertUUID attribute
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•

The amount of Waze jams that were matched to Waze alerts from the two
proximity constraints

From these features, the following further information was deduced:
•

The total effectiveness of matching Waze jams to Waze alerts using the
method

•

The effectiveness of matching Waze jams to Waze alerts using the inherent
blockingAlertUUID attribute

•

The effectiveness of matching Waze jams to Waze alerts using the proximity
constraints

•

The effectiveness of matching Waze jams to Waze alerts using the first
proximity constraint specifically

•

The effectiveness of matching Waze jams to Waze alerts using the second
proximity constraint specifically

Given that the alpha evaluation of the method was carried out for every test with real-time
data, the data regarding amounts of Waze alerts and Waze jams correspond to those of the data
collection as a whole. From a total of 153 tests, an average of 377 Waze jams were found to be
related to Waze alerts per test, ranging from a minimum of 249 to a maximum of 736 matches.
Compared to a total average of 475 Waze alerts in each session, this results in an average of 75 %
of all Waze jams being related to a Waze alert, and an average of 81 % of all Waze alerts being
related to a jam in each test session, indicating the effectiveness of the method as a whole.
Furthermore, the results show that an average of 117,5 matches were made using the attribute
blockingAlertUUID in the Waze jam objects, making up for an average effectiveness rate of 33 %.
The remaining 259,5 matches were made using the implemented proximity constraints, constituting
an average effectiveness rate of 67 %. The distribution of matches between jams and alerts from
the alpha evaluation are visualized in Figure 10.
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Figure 10. Distribution of Matches between Jams and Alerts
Figure 11 presents the internal distribution between the proximity constraints that in total
made up for an average of 67 % of the matching between Waze jams and Waze alerts in each
session. The first proximity constraint, stating that an alert and a jam are related if they are within
70 m of each other, made up for an average amount of 244,5 matches, yielding an average
effectiveness rate of 94 %. The remaining average of 15 matches were found using the second
proximity constraint, stating that an alert and a jam are related if they are on the same street and
within 1 000 m of each other, yielding an average effectiveness rate of 6 %.
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The results of the alpha evaluation of the Jam to Alert Matching method demonstrate that by
implementing spatial proximity constraints, the number of matches between jams and alerts in the
Waze data set increases, as the data indicates that it more than doubles on average. From the results
of the real-time data tests, no case was found in which the implementation of proximity constraints
made up for less than 59 % of the successful matching. These results suggest that the method would
be successful in meeting its requirement of processing the crowdsourced data in such a way that
the severity of traffic incidents can be calculated to a larger degree than in TSWaze. Thus, the
results demonstrate the utility of the method through its effectiveness rate. The results also indicate
an increased rate of matching when using proximity constraint number one, as the effectiveness of
this proximity constraint far exceeded the other. However, the fact that the second proximity
constraint has a maximum average effectiveness of 11,4 % in the evaluation suggests its occasional
efficacy and thereby utility of the method as well.

5.1.3. Internal Alert to Alert Matching
This section demonstrates the alpha evaluation of the Internal Alert to Alert Matching method,
presented in section 4.2.3.2. First, the contextual aspects of the alpha evaluation are listed.
Following these, the results of the evaluation are presented.

5.1.3.1. Contextual Aspects of Evaluation
The purpose of the alpha evaluation of the Internal Alert to Alert Matching method adheres to the
purpose of evaluating an artifact to establish utility and efficacy for achieving a stated purpose by
Venable et al. (2012). As was stated in the Design & Development chapter of the thesis, two of the
requirements for the artifact that was designed and developed in the study declare that:

•

The artifact should reduce the amount of crowdsourced data to operate on by
reducing the levels of redundant data.

•

The artifact should process the crowdsourced data in such a way that its
reliability can be ensured to a larger degree than in the current system
(TSWaze).

These two requirements both refer to the internal processing of the crowdsourced data that is
conducted by the artifact before comparing it to the official data, and the Internal Alert to Alert
Matching method is responsible for this processing. Therefore, the purpose of the alpha evaluation
is to establish the utility of the method in meeting its purpose within the larger scope of the artifact.
In pursuit of this purpose, the evaluation characteristic effectiveness is used, deemed by the rate at
which the method reduces the amount of crowdsourced data to operate on and the degree to which
47

the method processes the data in such a way that the reliability of the traffic incidents can be ensured
to a larger degree than in TSWaze. The evaluand type of the evaluation is two-fold. It adheres to
Venable et al.’s (2012) purely technical product artifacts in that no human interaction is required
to comprehend the effectiveness rate of reducing the levels of redundant data. However, there is a
socio-technical aspect to the evaluation in that some human interaction is required in order to deem
the reliability of clusters of matched Waze alerts. Like the alpha evaluation of the Jam to Alert
Matching method, the goal of the evaluation design is to establish rigor in the form of efficacy,
through demonstrating a beneficial effect of the artifact.

5.1.3.2. Evaluation Results
The alpha evaluation of the Internal Alert to Alert Matching method is based on the results from
153 test sessions with real-time data. For each session, the following attributes were recorded:
•

The number of alerts in the Independent Waze Set, i.e. those that were not
matched to another alert

•

The number of clusters in the Matched Waze Set

•

The total amount of alerts in the Matched Waze Set, i.e. the number of alerts
that were matched to another alert

From these features, the following further information was deduced:
•

The total effectiveness of matching Waze alerts to other Waze alerts using the
method

•

The average amount of Waze alerts in a single cluster

From a total of 153 test sessions, an average amount of 141 Waze alerts were found to be
classified as independent by the method in each session, ranging from a minimum value of 38 to a
maximum of 399. From a total average of 475 Waze alerts in each test session, the remaining
average of 334 Waze alerts were found to be matched to at least one other Waze alert, yielding an
average of 99 clusters. The average 334 matched alerts ranged from a minimum value of 233 to a
maximum value of 625, yielding an average effectiveness of 72 % for the method in matching
Waze alerts internally. This effectiveness rate ranged between a minimum of 54 % and a maximum
of 88,5 %, as depicted in Figure 12.
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Figure 12. Distribution of Independent and Matched Waze Alerts
From the same data collection, the results show that each cluster contained an average amount
of 3,5 Waze alerts in each session. This amount ranged from a minimum of 2,9 to a maximum of
5,9 Waze alerts. However, from the results there is a vast majority of test sessions in which the
average cluster contained a number of alerts within the range 3,0 to 4,0. In fact, these test sessions
made up for above 94 % of the total 153 sessions. Considering that the remaining test sessions did
not have a normal distribution among the average number of alerts in a single cluster, they are
deemed insignificant to the study.
The results from the alpha evaluation demonstrate that by implementing spatial proximity
constraints, the amount of redundant crowdsourced data to be operated on can be decreased. The
data that is considered redundant is found by subtracting the number of clusters from the number
of alerts which were matched into clusters, as each cluster is presented by one alert alone. Using
the presented data above, the results from the tests with real-time data show that from an average
of 334 alerts being related to at least one other alert, creating an average of 99 clusters, 235 Waze
alerts are deemed redundant on average. When compared to the total average number of 475 Waze
alerts in each test session, this accounts for an average effectiveness rate of above 49 % regarding
the method’s ability to reduce the amount of crowdsourced data to operate on by reducing the
amount of redundant data, demonstrating the utility of the method.
Regarding reliability assessment of the crowdsourced data, previous studies (Amin-Naseri,
2018) show that the reliability of a single incident is increased from multiple reports regarding the
same incident in crowdsourced traffic data. The results from the tests with real-time data show that
the Internal Alert to Alert Matching method on average processes 475 alerts into 141 independent
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incidents and 99 clusters with an average of 3,5 reports regarding what is likely to a satisfactory
degree the same incident. This means that while the method cannot state any degree of reliability
regarding the reports of independent alerts, it effectively matches reports regarding the same
incident internally. From this matching, the reliability of the clusters of matched Waze alerts can
be ensured to a larger degree than in TSWaze, indicating the utility of the method.

5.1.4. External Alert to Alert Matching Integration
This section presents the alpha evaluation of the External Alert to Alert Matching method,
presented in section 4.2.3.3., using the results from the real-time data test sessions. The contextual
aspects of the alpha evaluation are outlined, followed by the presentation of the results of the
evaluation.

5.1.4.1. Contextual Aspects of Evaluation
The External Alert to Alert Matching method is executed once the Jam to Alert Matching and
Internal Alert to Alert Matching methods have already processed the crowdsourced data internally.
The purpose of the alpha evaluation of the method adheres to that of the previous alpha evaluations
and Venable et al. (2012) in that the evaluation strives to establish the utility and efficacy for
achieving the stated purpose of the method. The requirements listed in the Design & Development
chapter of the thesis state that:

•

The artifact should integrate crowdsourced data from Waze to official data
from Trafikverket using spatial proximity constraints.

As the External Alert to Alert Matching method is the final integration method and the one
that integrates data between the two data sources, its purpose is to enable the artifact in meeting
this requirement at large. Thus, the purpose of the alpha evaluation of the method is to establish
the utility of the method in integrating crowdsourced data from Waze to official data from
Trafikverket. This purpose is pursued by applying the evaluation characteristics effectiveness and
efficacy. The effectiveness of the method is deemed by the rate at which the method integrates the
data from the two sources. The efficacy characteristic is deemed by the rate at which the proximity
constraints are responsible for the integration. The evaluand type of the evaluation adheres to the
purely technical product artifact of Venable et al. (2012) as no human interaction is needed to
interpret the utility of the artifact. As for the previous alpha evaluations, the goal of the evaluation
design is to establish rigor in the form of efficacy, through demonstrating a beneficial effect of the
artifact.
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5.1.4.2. Evaluation Results
As the alpha evaluation of the External Alert to Alert Matching method was the last alpha
evaluation of the study, it is based on considerably less data. The method was designed and
developed to a degree at which it was ready for evaluation after the 50 first test sessions had already
been executed with the Jam to Alert Matching method and Internal Alert to Alert Matching method,
meaning that the evaluation is based on the remaining 103 test sessions of the total 153. From each
of these test sessions, the following features were recorded:
•

The amount of Waze alerts in the Matched Set that were matched from the
Independent Waze Set

•

The amount of Waze clusters in the Matched Set that were matched from the
Matched Waze Set

•

The total amount of Waze Alerts in the Matched Set that were matched from
clusters in the Matched Waze Set

•

The total amount of Waze alerts in the Matched Set that were matched from
either Waze set

•

The amount of Waze alerts in the Matched Set that were matched using the
first proximity constraint

•

The amount of Waze alerts in the Matched Set that were matched using the
second proximity constraint

From these features, the following further information was deduced:
•

The total effectiveness of matching Waze alerts to official alerts using the
method

•

The effectiveness of matching Waze alerts to official alerts using the first
proximity constraint specifically

•

The effectiveness of matching Waze alerts to official alerts using the second
proximity constraint specifically

From a total of 153 test sessions, an average amount of 1385 alerts from the official set and
466 Waze alerts were found in each session. From this data, an average amount of 26 matches were
found between the two data sources per session using the proximity constraints, ranging from a
minimum of 16 matches to a maximum of 42 matches. These matches contained an average of 54
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Waze alerts, ranging from a minimum of 38 to a maximum of 95. Of the total average of 466 Waze
alerts per session, an average of 12 % of all Waze alerts were found to be matched to alerts in the
official data set, ranging from 6,6 % to 16,2 %, as depicted in Figure 13.
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Figure 13. Average Amounts of Waze Alerts Matched to Alerts in Official Set
On average, these Waze alerts were distributed in 12,5 independent Waze alerts and 13,5
clusters of at least two internally matched Waze alerts, constituting an average effectiveness rate
of 14 % in the integration of independent Waze alerts and clusters of related Waze alerts combined
to the official data set, ranging from a minimum of 5 % to a maximum of 24 % within each test
session.
The results from the tests with real-time data showed a skewed distribution between the
effectiveness of the first and second proximity constraints. From the average 26 matches per test
session, an average of 96,5 % were made using the first proximity constraint, stating that an official
alert is related to a Waze alert or a cluster of matched Waze alerts if they are within 70 m of each
other. The second proximity constraint, stating that an official alert is related to a Waze alert or a
cluster of matched Waze alerts if they are within 500 m and on the same road, made up for an
average of 3,5 % of the matches made. On several occasions, every match was made using the first
proximity constraint. The second proximity rate did however demonstrate a maximum
effectiveness rate of 13 %, as depicted in Figure 14.
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Figure 14. Average Distribution of Waze Alerts Matched by Proximity Constraints
The results from the alpha evaluation of the External Alert to Alert Matching method show
that by implementing spatial proximity constraints, crowdsourced data can be integrated with
official data. There was however a noteworthy skewness in the effectiveness between the proximity
constraints, benefitting the first one. While it cannot be guaranteed from the recorded results of
testing the method on real-time data, it is hypothesized that this skewness stems from a difference
in how the names of streets and roads are denominated between the data sources, as this difference
was noted during the design and development of the artifact. However, the results show that the
method demonstrated an effectiveness rate of 12 % in integrating crowdsourced data to official
data on average, indicating the utility of the method.
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5.2. Beta Evaluation
This section presents the beta evaluation of the artifact that ultimately form part of the contribution
of the study. As presented in the Methodology chapter of the thesis, the beta evaluation was carried
out once the artifact had passed elementary alpha evaluations and was deemed qualified for
evaluation with the stakeholders of the artifact. The evaluation that is presented in this section was
set in a naturalistic paradigm, using authentic real-time traffic data in the presence of the
stakeholders of the artifact. Furthermore, the functional purpose of the evaluation was summative,
as the artifact in its entirety was the evaluand.
The beta evaluation was conducted in April of 2019, using a focus group-inspired session
which was set in the office of Sweco Position in Stockholm, moderated by the author of the thesis.
Two stakeholders of the artifact and two project managers of TSWaze participated. After
presenting an introduction, welcoming the participants, and setting the tone for the meeting, the
artifact was presented and later demonstrated in two approaches: implemented in its naturalistic
environment of TSWaze, and implemented in the visualization tool that was presented in the
Methodology chapter of the thesis. Using the demonstration of the artifact in these two
environments, an acceptance test of its overall utility was carried out. The criteria for this
acceptance test was based on the requirements and desired functionality of the artifact, and was
fundamentally evaluated through one aspect: how well does the artifact meet its pre-defined
expectations?
As a required method for achieving the desired functionality of the artifact was not defined
prior to the study, the structure and design rationale behind the artifact was presented to the
stakeholders, equal to how it is presented in section 4.2. of the thesis. Once it was confirmed that
the stakeholders understood the architecture, main functionality, limitations and outputs of the
artifact, the focus group session continued to the demonstration of the artifact. During the
demonstration, the artifact was run in the isolated environment and in TSWaze simultaneously.
This enabled an enhanced visual inspection of the artifact’s effect, as the integration could be
tracked using the custom-built visualization tool and the final results could be shown in TSWaze.
The fact that the demonstration was conducted using real-time data had both beneficial and
disadvantageous effects. The usage of real-time data demonstrated a more realistic scenario of
actual usage, making the paradigm of the evaluation overall more naturalistic. However, this meant
that neither the data that the artifact operated on nor its behavior could be controlled or prepared
for the demonstration. However, eventually the utility of both the Internal Alert to Alert Matching
and External Alert to Alert Matching method could be evaluated, as real-time events triggered these
methods. Since the session was not recorded visually, presentation of these precise events is not
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possible. However, from the transcription of the audio recording, the type of the events was found.
Using this information, events that evaluate the artifact to an equal extent have been recorded post
the focus group session.

Figure 15. Example of Externally Matched Alerts in TSWaze
Figure 15 displays an event in Täby, Stockholm on the 7th of May 2019, which triggered the
External Alert to Alert Matching method in the visualization tool. In TSWaze and the visualization
tool, alerts from the Waze data sets are presented by circular symbols and alerts from the official
data set are presented by triangular symbols. The right image in the figure displays an independent
Waze alert regarding a car on the shoulder of the road E18 in the south direction, causing part of
the road to be closed. The alert had already been detected by Trafikverket and their report of the
incident is shown in the left image of the figure. It is clear from the image that Trafikverket already
had information regarding the severity of the incident, as ”Liten påverkan” translates to a small
effect on traffic. Furthermore, Trafikverket’s report show that it was a bus that caused the incident,
displaying the lack of detail in Waze reporting as the alert from Waze merely says that it was a car,
likely due to the reporter choosing a pre-defined alternative. With the artifact implemented in
TSWaze, the Waze incident is not visible as it does not provide valuable information to the traffic
managers once the same incident has been detected by Trafikverket, demonstrating the utility of
the artifact and the External Alert to Alert Matching method specifically.
The scenario that is displayed in Figure 15 demonstrates the effectiveness and efficacy of the
External Alert to Alert Matching method, as the redundant Waze data was not displayed in TSWaze
with the artifact implemented, indicating the utility of the method. However, the scenario does not
demonstrate any utility of the Internal Alert to Alert Matching method. During the focus group
session, this was demonstrated through a case equal to the case displayed in Figure 16. The case of
Figure 16 took place in Sollentuna, Stockholm, and is particularly interesting as it fully
demonstrates the utility of the combination of the Internal Alert to Alert Matching method and the
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External Alert to Alert Matching method. In Figure 16, the traffic alerts of the case are displayed
without the application of the artifact.

Figure 16. Multiple Alerts from Both Sources
What is not visible in Figure 16 is the alert from the official data set, which is so close to the
northern alert from the Waze data set that it is shadowed by the symbol of the Waze alert. This
official alert becomes visible when the Internal Alert to Alert Matching method is applied, as
depicted in Figure 17. From the figure, it is also shown that the cluster created by the Internal Alert
to Alert Matching is represented by the southern Waze alert. This was not the centroid of the cluster,
but the fact that it is of type Accident makes it prioritized over the other alerts, ultimately
representing the cluster.

Figure 17. Multiple Alerts from Both Sources After Internal Alert to Alert Matching
56

After the application of the External Alert to Alert Matching method, the cluster was matched
to the alert from the official data set and no longer visible in TSWaze. It cannot be deduced from
the results whether this matching was due to the first or second proximity constraint, stating that
two alerts are related if they are within 70 m of each other or within 500 m of each other and on
the same street, respectively. However, the statistics presented in the alpha evaluations presented a
low effectiveness rate of the first proximity constraint, speculated to be an effect of the differing
formats of naming streets between the data sources. Despite the low likelihood of external matching
using the second proximity constraint, the matching of the scenario was successful. This is likely
due to the fact that the matching algorithm compares every Waze alert of the cluster to the official
alert, instead of scrutinizing the center of the cluster alone. This results in effective matching
despite a distance greater than 70 m (potentially greater than 500 m) between the center of the
cluster and the official alert, indicating both the effectiveness and efficacy of the artifact.
After demonstration of the integration methods using real-time traffic data, the stakeholders
of the artifact confirmed that the artifact that was designed and developed during the study as a
whole meets their expectations. This confirmation was the ultimate evaluation characteristic of the
artifact and indicates the overall utility of the artifact, demonstrating a proof-of-concept and a
proof-of-acceptance. The only integration method that was not evaluated visibly during the beta
evaluation was the Jam to Alert Matching method, as this method is not visibly evaluable.
However, the logic behind the method was presented, demonstrated and discussed during the
session. Conceptually, it met the expectations of the stakeholders.
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6. Discussion
In the discussion chapter, the results of the study at large are reviewed. The key findings from the
design, development and evaluation of the artifact and the integration methods are summarized,
with corresponding interpretations and implications. Following this, the limitations of the results
of the study are discussed.
The problem of inquiry in the study was that of integrating crowdsourced data to official,
governmental data residing in a static system. Operation with crowdsourced data poses special
issues regarding reliability and redundancy. Furthermore, operating on crowdsourced data from
Waze specifically implies challenges regarding the severity assessment of reported incidents. The
literature review revealed studies (Santos et al., 2017; Lenkei, 2018) in which methods for these
integration issues had been proposed and tested. Therefore, the approach of the study was to design
and develop an artifact that would implement a solution based on these methods. The problem that
the artifact aimed at solving was to provide a more integrated view of the traffic data from Waze,
in combination with official traffic data from Trafikverket in the Stockholm region. Upon
successful results in doing this, the artifact would hold potential of further implementation and act
as a steppingstone towards integrating crowdsourced data in the bigger setting of NTS. The results
of the study generally indicate that the artifact was successful in achieving its purpose.
The contribution of the study is two-fold, with the three proposed integration methods making
up for one part. The results from the formative alpha evaluation of the Jam to Alert Matching
method indicate that by implementing the method in TSWaze, the severity of incidents reported in
Waze can be calculated to a larger degree than before. In fact, the data suggests that the
implementation of the Jam to Alert Matching method results in an average of 81 % of all Waze
alerts being related to a Waze jam, meaning that their severity can be confirmed to a larger extent
than before. This result was achieved through comparison of keys and through matching spatial
criteria between jams and alerts in the Waze data set. No test session was recorded in which the
spatial proximity constraints accounted for less than 59 % of the total matches, indicating the utility
of using the proximity constraints specifically. These results also demonstrate the utility in using
additional analysis methods than those provided by Waze when operating on the provided data.
Additionally, the data contributes to a clearer understanding of how the severity of incidents can
be calculated in traffic management with crowdsourced data. The presence of a nearby jam was the
attribute used in this study, but future work could include other attributes, such as the road type and
location of the incident.
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Regarding redundancy, the results from the alpha evaluation of the Internal Alert to Alert
Matching method indicate that by implementing the method, redundancy in the crowdsourced data
decreases by more than 48 % on the average occasion. These results contradict those of Lenkei
(2018) who presented results in which 20 % of the alerts in the Waze data set were related to other
alerts. This is paradoxical, as Lenkei’s (2018) study was operating on historical data, in which
either of the two temporal proximity constraints would result in a match, presumably causing more
matches. However, the data for the evaluations that were made in the study presented in this thesis
was gathered through a systematic sampling approach, focused on hours with the most frequent
usage of Waze. The study by Lenkei (2018) analyzed data from all hours of the day, potentially
explaining the contradictory results.
Regarding reliability, the results from the same alpha evaluation indicate that implementation
of the method would match related alerts into clusters containing an average of 3,5 alerts per cluster.
Considering that the reliability of an incident increases if there are multiple reports regarding it
(Amin-Naseri, 2018), this number of alerts per cluster indicates the utility of the method in
reliability assessment. While the study presented in this thesis could not find any research
presenting some exact number of reports required to guarantee the reliability of incidents in
crowdsourced traffic data, these results nevertheless indicate a solid increase in the basic data
required for such a judgment. Furthermore, when the solution is applied in the natural setting of
TSWaze, additional factors aid the severity judgment, as the value of a number of alerts in a single
cluster depends on factors such as location as well (Lenkei, 2018).
Regarding actual integration of the crowdsourced data to the official data, the results from
the alpha evaluation of the External Alert to Alert Matching method indicate that the
implementation of the method would integrate an average of 12 % of all alerts in the crowdsourced
data set to the official data set. This evaluation also demonstrated a remarkable skewness in
effectiveness between the two proximity constraints. On average 96,5 % of all matches were made
from the first proximity constraint, stating that two alerts are related if they are within 70 m of each
other. However, the data suggests that the second proximity, stating that two alerts are related if
they are within 500 m of each other or on the same street, can reach an effectiveness rate of 13 %
of the total amount of matches in a single session, demonstrating its occasional efficacy and thereby
utility. While the reason for this skewness cannot be deduced from the data collection, it is
hypothesized that it stems from the varying formats of describing street names between the two
data sources. On several occasions during the design and development of the artifact, it was noted
that the same street would be denoted ”E4” and ”E4 N” depending on the data set, for instance.
This is merely an illustration of how the same street can have different names, but it highlights a
weakness in the artifact’s matching principle, which cannot handle such futile differences. The
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implementation of an automatized reversed-geocoding tool would be a potential remedy to these
issues. However, these are generally expensive and not within the resource constraints of the study.
The second part of the study’s contribution is the instantiated artifact, implemented into its
natural environment of TSWaze. The results from the summative beta evaluation of the artifact as
a whole indicates that the artifact met the expectations of the stakeholders of the project. These
results suggest a high utility of the artifact in actual traffic management in Stockholm, as the artifact
demonstrates a real and feasible solution to the problem in a naturalistic environment. As no tool
for visualizing the utility of the Jam to Alert Matching method was available, this was not evaluated
during the beta evaluation and the utility of the method is deemed solely from the alpha evaluations
of the study. Naturally, this is a limitation to the study. However, the stakeholders of the artifact
confirmed the potential utility of the method conceptually. While the literature review revealed
studies (Varshney, Vempaty & Varshney, 2014; Varshney, 2012; Gadiraju et al., 2015) which
presented problems of utilization and integration of crowdsourced data in other applications, and
occasionally Waze data specifically (Sanchez, Rosas & Hidalgo, 2018), the study presented in this
thesis displays a case in which the integration of crowdsourced data from Waze effectively provides
a more integrated view of the traffic situation in Stockholm. The study therefore presents both a
proof-of-concept and a proof-of-acceptance for the artifact in integrating crowdsourced traffic data
from Waze and official traffic data from Trafikverket in Stockholm specifically. The practical
implications of these results are that a test environment with TSWaze and the implemented artifact
will be created for further analysis and testing. As the artifact handles a crucial problem to traffic
management with crowdsourced and official data, and the setting for the solution is a sanctioned
governmental system, drastic changes to existing systems have to happen carefully over time,
motivating the implementation of a test environment.
During the design and development of the artifact and integration methods that form the
contribution of the study at large, several central design decisions were taken, as presented in
section 4.3. A key decision regarding the architecture of the artifact was to design it as an
independent module, instead of implementing the integration methods into the existing
environment. Naturally, the study cannot explicitly conclude the results of this decision, but the
decision certainly made the artifact more modular. In theory, this decision would raise the
applicability of the artifact, as it could be used in other environments that utilize crowdsourced
traffic data from Waze and official traffic data from Trafikverket’s Open API. This is of
importance, as the results of the Evaluation of the study could be repeated in another setting, and
the generalizability of the study is enhanced to some degree. Furthermore, the modular design of
the artifact enabled closer inspection of its processing during the beta evaluation. Had the
integration methods been implemented strictly into TSWaze, more work would be required to
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construct the visualization tool that enabled the beta evaluation and the inspection of the methods
in isolation of TSWaze. Such a solution would result in the judgment of the overall utility of the
artifact being more cumbersome. Regarding the construction and organization of the sets to operate
on, a decision not to store any data in the artifact was taken. This limits the artifact from analysis
of historical data further, as another service would be needed to store such data. However, enabling
such analysis was never the objective of the artifact. Furthermore, as the artifact is designed as an
independent module and methods for analysis on historical data do exist, it can indeed be used for
such analysis, given the adequate environment. Regarding the actual integration, the decision to
rely on open-source software rather than developing solutions that already exist was taken. Mainly,
this implied the usage of the geospatial analysis tool Turf. The decision was motivated by the
presence of Turf in the environment of the artifact and its spread usage in industry. While the results
of the study cannot conclude the explicit utility of Turf within geospatial analysis in traffic
management, it is clear that open-source software, and Turf in particular, was useful in the design
of the artifact.
As stated in section 1.5, the study is delimited from application outside the area of traffic
management and usage of Waze as the source for crowdsourced traffic data. Furthermore, the study
and the artifact are delimited from usage outside of Sweden and from future development in either
the TSWaze or Waze systems. In excess of these delimitations, there are some limitations to the
study overall. Regarding the research design, the choice of the design science research strategy
focused the study around the design and development of the artifact and integration methods. This
focus limited the study from relevant areas of interest regarding the integration of crowdsourced
and official traffic data, such as the impact of such an integration artifact in an organization like
Trafik Stockholm. This topic specifically was the initial approach to the study, but once the rare
opportunity of studying the area through the design and development of the artifact surfaced, it was
deemed a more feasible and relevant approach to the research and scientific field. While the
research strategy limited the study to the design and development of the artifact, it is considered a
well-suited strategy considering the objectives of the study. Furthermore, the generalizability of
the results of the study is limited by factors including the sampling of data for evaluation and the
study’s collaboration with Sweco Position and Trafik Stockholm. The sampling was set to the most
active hours in the Waze community over a total of 27 days in April and May. While the systematic
sampling was designed to represent actual samples of traffic data, there is no guarantee that it was
successful in doing so. Furthermore, the fact that the sampling was limited to 27 days during spring
implies that the data collection does not necessarily represent the average traffic situation of an
entire year in Sweden. The collaboration with Sweco Position and Trafik Stockholm provided a
unique opportunity of conducting the study in a natural setting, solving a real problem. However,
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the collaboration also limited the study’s generalizability, since the artifact was designed after the
desired functionality and requirements set specifically by Trafik Stockholm.
Finally, the evaluation strategy that was used in the study was impacted by the character of
the artifact and the available research regarding the problem that the study intended to solve. This
limitation is due to the fact that the artifact lacks end-users in the sense that traffic operators benefit
from it through their interaction with TSWaze, making the evaluation of the artifact difficult.
Furthermore, due to the novelty of the problem that the artifact intended to solve and lack of related
research, no clear and unbiased criteria for deeming the overall utility of the artifact was found. In
the end, the judgment of its utility was based on its perceived utility by its stakeholders. However,
one could argue that this is the final evaluation characteristic of any artifact, as it demonstrates the
utility of the artifact to the people who eventually will benefit from it.
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7. Conclusion
In the Conclusion chapter, the study is concluded by answering the research questions and
reflecting on the contributions to the scientific field of Information Systems. Following this,
suggestions for future research are given.
The study presented in this thesis aimed to design and develop an artifact with the function
of integrating crowdsourced data and official, governmental data in the context of traffic
management in Stockholm, Sweden. Based on a review of the existing research on the topic, the
study found that certain factors are of particular importance when operating with crowdsourced
data, namely redundancy and reliability. Therefore, the first research question that was investigated
in the study read:
•

How to resolve redundancy issues in the integration of crowdsourced
traffic data and official, governmental traffic data?

From previous studies (Ali et al., 2012; Santos et al., 2017; Lenkei, 2018), the study found
that temporal and spatial aspects are important factors to consider in the management of
redundancy in the integration process of traffic incidents within and between the two data sources.
As a result of this, the artifact was designed and developed to implement specific temporal and
spatial proximity constraints in the algorithms that match Waze alerts to Waze jams, Waze alerts
to Waze alerts, and Waze alerts to official alerts. Based on the evaluation of the artifact, it is
concluded that by including temporal and spatial factors through these proximity constraints,
redundancy issues in the integration of crowdsourced traffic data and official, governmental traffic
data can be resolved to a high degree. Regarding reliability, the study aimed to answer a second
research question:
•

How to resolve reliability issues in the integration of crowdsourced traffic
data and official, governmental traffic data?

By managing reliability aspects through working with redundancy, the evaluation of the
artifact shows that the reliability of crowdsourced data can be presumed to a larger degree. Previous
studies (Amin-Naseri, 2018) showed a similar relationship between redundancy and reliability in
traffic-related crowdsourcing environments, as the credibility of a reported incident was shown to
increase from multiple reporting. Furthermore, the redundancy factors can be combined with other
traffic management attributes, such as geographical location and road type, to yield a more accurate
prediction of the reliability of an incident from crowdsourced data. The artifact’s ability to combine
redundancy factors through the creation of clusters and to present traffic data with these redundancy
factors geographically yielded a strong basis for reliability prediction of crowdsourced traffic data,
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confirmed in the beta evaluation. Based on these results, it is concluded that reliability issues in the
integration of crowdsourced traffic data and official, governmental traffic data can be resolved to
a high degree by managing redundancy factors in combination with general traffic management
factors.
The study that is presented in this thesis was motivated by an identified problem and a gap
in the scientific field. The identified problem demanded a practical solution, which motivated the
use of design science research as the strategy of the study, since this approach allows for research
through the creation of artifacts. Furthermore, early research of the available literature revealed a
gap in the scientific field, considering the fact that few solutions to the problem prior to this study
had been presented. By conducting the study using the design science research strategy, the study
would be able to contribute to the scientific field with a tangible solution, addressing the identified
problem. In the end, the strategy proved to be an effective method in studying the area, as both a
proof-of-concept and a proof-of-acceptance could be demonstrated for the artifact and the
integration methods that were designed and developed. The artifact and its implemented integration
methods are, in combination with the knowledge gained from answering the research questions,
the ultimate contributions of the study. It is the aspiration of the study that the proof-of-concept
and proof-of-acceptance that was demonstrated for the artifact will bridge the gap between present
time and a future in which alternative sources of data are utilized to a larger extent in traffic
management - and in extension in IoT networks and smart cities.

7.1. Future Research
Using the design science research strategy meant limiting the study to Stockholm, Sweden. While
this fact limits the generalizability of the results, the study gives new insights into traffic
management and in the utilization of crowdsourced data in Stockholm in general and could
therefore form a basis for future research. For instance, the scientific field would benefit from future
research with thorough analysis of the implications of fully integrating crowdsourced data from a
private actor, such as Waze, in a governmental traffic management system, such as NTS.
Furthermore, the scientific field could advance from research studying the performance of the
artifact and integration methods that was contributed by this study on historical data, in search of
further criteria to match the data sources by. Additionally, the effectiveness of the developed
methods and artifact could be studied in other cities with different characteristics. A relevant venue
for research would be to study the artifact in cities that differ from Stockholm in population, Waze
usage, and road network characteristics. Instances of such cities could be Gothenburg, which
despite its many similarities to Stockholm has a smaller population and number of Waze users, and
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a larger American city, which in comparison to Stockholm would have a larger population and a
vastly different road network.
In general, further quantitative research on the integration of crowdsourced and official traffic
data is needed, as the current lack of performance data available for benchmarking prohibits
progress in the field to some extent. Additionally, the study that was presented in this thesis focused
the integration processes around spatial and temporal factors, with few context-specific aspects. As
the ontology matching process revealed more attributes that were in common between the data
sources, future research could investigate the possibilities and potential implications of integrating
these attributes as well. Finally, future research could better analyze the full utility of the artifact
of this study when it is implemented in TSWaze by studying traffic operators using it in daily traffic
management operations.
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