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CHAPTER 1

An introduction to Road Network Performance Measurements - or the
apparent lack thereof

The performance and state of a road network is of primary concern when evaluating the attractiveness
of any given region [1-5]. How long does it take to arrive at work every morning? How long will I take
to get back home? How fast can I arrive at the nearest grocery store? How easy is it for my kids to get
to school? How much noise of passing-by vehicles will I subject myself to? How will my loved ones be
affected by road pollution?

Any and all of these questions are in some way related to the underlying road infrastructure and
the usage patterns of its road traffic participants. Building a home in a rural area can be considered
advantageous and beneficial in terms of child-welfare, potential for relaxation and available space of living
but might coincide with negative impacts in terms of accessibility of labor opportunities, educational
institutions or past-time activities. In contrast, urban conglomeration allows for many opportunities
within a short distance, but achieves these conglomerations by exchanging decreasing lengths of travel
for increasing travel times due to traffic congestions whenever large accumulations of people within a
small geographical area claim concurrent usage to the same finite infrastructure [6-8].

All of the above holds true for commercial considerations as well, in some ways increasingly more
so. Where private citizens can, at least to some degree, consider and decide between rural live and
urban conglomeration, Transportation Service Providers (T'SPs), be it freight forwarders or the public
transport sector, have no choice but to adapt their mode of operation to include congested metropolitan
areas - after all, where else would large amounts of goods or services be required if not at points of
accumulation of the populace?

Today, more than ever, many long-term decisions as well as daily activities heavily depend on the
availability and general freedom of movement throughout urban networks [9, 10]. These characteristics
can be summed up as the general performance of any given road network - in short, the Road Network
Performance (RNP). It appears that a topic of such concern to everyday-life, be it private or commer-
cial [11-13], should be well-researched and readily available for reference outside academic literature.
Why, then, do we not know of a single source of information available to the general public to compare
RNP across geographical regions? Similar to the way in which, for example, housing and property prices
are made transparent for any geographic area? Why do transportation service providers still struggle to
correctly and arithmetically determine why the same service is significantly more lucrative in one service
area compared to another? Why do we still fail to account for differences in economic, ecological and
social impact of road transportation between regions?

In essence - why do we still not recognize that the cost of traveling a distance of 1 kilometer is not
equal to the same cost of 1 kilometer for every region?

It is astonishing, that in a time when every single trip, no matter how long or short, no matter the
means of transport, is planned via Google Maps [14] or comparable services in a matter of seconds - that
we still rely mostly on assumptions and gut-feeling when comparing economical or ecological impacts of
region-specific road transport decisions [15].

It is this discrepancy - the discrepancy between near unimaginable amounts of information readily
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1.1. Concerning Location Intelligence

available within seconds and their non-appliance to critical decisions in logistics - that this research
endeavor sets out to alleviate.

1.1 Concerning Location Intelligence

While the aforementioned statements generally hold true and achieve their desired effect of highlighting
the importance of regional specificity in urban transport evaluation and its impact on most aspects of
everyday life, it is of course sensational to proclaim a complete lack of research concerning RNP.

A multitude of fields of study have acknowledged and derived partial solutions to the problem of
RNP measurements, either in reference to or independent of each other. Many of these attempts can be
summarized and linked to the umbrella terms of Location Intelligence (LI) and Urban Big Data (UBD)
- the science of deriving relevant (business) information from geographically referenced data [16-19].

In our highly digitized world, nearly every movement and all activities, be it related to goods or
people, generate digital geographic markers [20-22]. Cellphones and wearable devices connect to a
comprehensive set of cellular network towers [23]. Global Positioning System (GPS) trackers record a
list of coordinates for every step taken [24, 25]. Navigational devices leverage third-party services such
as Google Maps [14] - seemingly at no expense - in exchange for submitting the data that is generated by
that very application to a remote server. Aggregation of such data provides insight into urban movements
of the entire populace - a representative study of a scope and quality that has never been achievable
before [26].

Tt is this well of data that inspired Clive Humby’s term ”data is the new oil” [27]. And it is this "new
oil” that LI tries to mine, refine and convert to palpable business insights.

1.1.1 Applications of Location Intelligence

The concepts of LI are predominantly, but not exclusively, found in fields of study related to Geography,
esp. Geographic Information System (GIS), Computer Science and Network Science, Urban Planning as
well as Business Administration. While each discipline applies comparable means of analyzing geograph-
ically referenced data, they do so for a selective subset of problems relevant to their domain. LI within
the context of Geography and Urban Planning tends to focus on environmental impacts on specific road
links (or edges) to identify vulnerabilities and critical components within a transportation network [28—
30]. Computer Science and Network Science mainly focuses on graph theoretical analyses of network
nodes, i.e. centrality measures, to algorithmically identify important network components [31]. While
graph theory is not inherently concerned with geographically referenced networks, increasing digitization
has led to a broadened focus of applications, i.e. leveraging GPS or cellular signals to track, analyze and
derive urban movement patterns [32, 33]. Business Administration and its subdivisions apply tools of
so-called Business Intelligence (BI) and Data Mining to extract valuable information on potential cus-
tomer clusters and consumer behavior in order to better adjust supplied services and goods to observed
demands [34-36].

While Chapter 2 presents detailed applications of LI, this general overview demonstrates that the
relevance of leveraging available location data to generate insight into domain-specific problems is no
revolutionary insight. Recorded applications of what is nowadays referred to as GIS [37, 38] date back
to 1854 and John Snow’s Cholera Map in London [39] - long before the days of computers, automation
and Artificial Intelligence. Going back even further in human history, during the days of tribalism, it
was common sense to set up camps near hunting grounds where game has been successfully tracked on
previous incursions but far away from other tribes as to not provoke territorial wars. All of the above
decisions are made and improved upon by prior experience - data in its most simple form.

Why, then, is it, that one of the most important sectors of service providers, the logistics and freight
hauling sector [40], in large parts has yet to incorporate this "new oil” into their business operations?

1.1.2 Location Intelligence in Logistics

Logistics as a field within the domain of Business Administration is concerned with the efficient movement
of peoples and goods throughout transportation networks [41, 42]. These networks come in different
forms. Aerial and maritime networks, road transportation networks and even private assembly lines and
warehouse transportation systems can be considered relevant networks within the context of logistics.
While each of these network types, in their essence, follows the same basic structure of a set of nodes
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connected by (directed) edges [32, 43], they differ significantly in function and relevance to the proposed
research goal.

This thesis focuses on logistics operations concerned with the distribution of finished goods from
point of origin, either a commercial company or private consignor, through public road networks to their
specified point of destination, commercial or private recipients. In a more abstract form, this dissertation
is concerned with so-called truck-based Last-Mile Deliveries [44, 45] in Business-To-Business (B2B) and
Business-To-Customer (B2C) transactions.

This subset of logistics operations, generally considered as distribution logistics, is the main enabler
of modern commerce [46]. In 2020, the German modal split depicts that 71% of all freight transport
is conducted via the road network [47]. Distribution logistics, even though essential to all aspects of
modern trade networks, is considered a commodity [44]. Its requirements are fast and efficient deliveries
at minimal costs [48]. TSPs, also known as shipping or freight hauling companies, face ever-increasing
transportation requirements. Differentiation strategies tend to be hard to pursue - a typical characteristic
within commodity markets.

"May the best one win” is no longer of relevance. "May the cheapest one win” is the new status
quo [49]. But how can TSPs become the ”cheapest one” without going out of business? The keyword
is efficiency. And in recent years, efficiency has gotten a face to it - Amazon [50]. The market entry of
Amazon into the freight hauling sector impressively demonstrated one thing: "May the best data win”.

In recent years, Digital Freight Forwarders (DFFs) have successfully identified these discrepancies
between operational inefficiencies and data-driven availability of opportunities [51]. By leveraging highly
digitized platform-based business models [52], DFFs are transforming the logistics sector, causing an
increasing amount of disruption in the road freight market - by using data [53, 54]. The entire transit
procedure along the shipment life cycle has been digitalized, which sets them apart from conventional
freight forwarders [55]. To remain competitive, conventional freight forwarders have to adjust their
processes to leverage data themselves [56, 57].

Within this thesis, six common issues in distribution logistics that should be supported by precise
RNP information are identified:

1. Location analysis is a topic of major concern for every TSP [58] as last mile distribution nec-
essarily starts at a logistics facility, either run by a shipper or by a logistics service provider [46].
Where to locate this facility is an important, long-term decision. This decision is primarily driven
by the trade-off between location cost (rent) and delivery cost or delivery speed. Proximity to mar-
ket significantly increases rent but might result in decreasing delivery times and therefore reduced
total delivery costs. Assume, for example, being tasked with identifying a good location to serve
the market “Munich” with last mile logistics. Almost all inbound cargo is distributed from the
north, so any location north of Munich will be interesting. A major provider for cold chain last
mile logistics located a terminal in Schweitenkirchen. This certainly allowes for a comparatively
low rent but produces long daily travel times to serve the majority of customers in the Munich
area. A proper RNP analysis would allow to calculate the additional cost of having decided for
such a remote location.

2. Freight Quotation is concerned with correct a priori evaluation of charges involved in the move-
ment of potential cargo from origin to destination [49]. In contrast to open rate or spot market
prices [59], the process of freight tendering selects an appropriate carrier amongst a list of all
submitted quotations. While it is common, as pointed out earlier, to select the cheapest available
option based on the commodity market of logistics operations, it is nonetheless important for TSPs
to validate and ensure economic feasibility [60]. In order to automatically assess feasibility, regional
specificity of road networks needs to be incorporated to correctly account for varying local efficiency
and expected performance based on current information [61, 62]. RNP measurements can deliver
these insights based on a topological evaluation of the OSM road network in combination with
historic and real-time traffic information from aggregate Floating Car Data (FCD).

3. Fleet Productivity Benchmarking is a matter of concern to all TSPs [63, 64]. A correct as-
sessment of regional specificity in terms of achievable productivity is mandatory in order to better
adjust capacity held between regions and avoid customer dissatisfaction due to operational inef-
ficiencies [42, 65]. While productivity is impacted by internal as well as external factors, TSPs
are historically concerned with internal procedures as they are subject to and can be adjusted by
organizational control [66-68]. While this generally holds true today, it has become a predicament
in correctly assessing and comparing fleet productivity between geographic regions. Even when
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accounting for identically optimized internal processes, significant deviations in measured perfor-
mance arise based on external regional characteristics [69, 70]. Achievable speeds as well as traffic
congestion patterns vary significantly between day times and regions [71, 72]. While facility A
might profit from a high accessibility of efficient road networks, i.e. highway links in close proxim-
ity to the facility, facility B might suffer from an opposite external situation. Even when comparing
performance between two well-located facilities, both with short-range access to the highway net-
work, significant differences might arise in operational efficiency due to individual spatio-temporal
characteristics of specific road sections [73, 74]. It was mentioned earlier, that a distance of 1
kilometer is not necessarily comparable to a distance of 1 kilometer in every geographic area. RNP
measurements can serve to shed light on these hidden characteristics of road freight transportation
by quantitative evaluation of relevant road section attributes.

4. Operational routing is the bread and butter of last mile logistics [75, 76]. Since daily distribution
runs tend to call for multi-stop tours, what is known as the so-called vehicle routing problem [77]
has to be solved in order to determine the number of locations to be serviced within the tour as
well as their ideal sequence. Whereas this problem was historically delegated to and solved by the
driver, more recent approaches try to create optimal routes on a daily basis using a computer and
attempt possible rerouting during the day in response to updated traffic situations [78, 79]. This
will only produce acceptable results if the performance of each road within the network is known.
RNP measurements can provide the necessary information (i.e., congestion, detours, speed limits,
travel times) on a per-edge basis to allow for efficient and responsive rerouting.

5. Tariff Calculation, while closely related to fleet productivity, is a topic of significant interest,
especially to road freight shipping alliances [80, 81]. Correct reverse calculation in order to ade-
quately distribute shared profits often requires reliable and representative road freight tariffs. Such
tariffs, in their most basic form, are comprised of two-dimensional matrices based on distance and
shipment weight classes [42, 82, 83]. For each distance-weight pair, the tariff contains approximate
costs of shipping, generally based on analyses of historic shipment structures or experiences [84].
While tariffs; at least in their historical external function as ”shipping price” lists [85], focus on
a generalizable representation of approximate shipping costs, internal tariffs have to be concerned
with regional specificity if profits and costs should be a function of operationally feasible perfor-
mance [62]. While RNP measurements are not concerned with shipment weight, they provide a
reasonable approach to incorporate underlying road network attributes in order to correctly and
more appropriately determine distance-based costs in distribution tariffs with regard to regional
specificity.

6. Carbon Offset and the underlying ability to correctly determine the ecological impact of road
transport services will most likely become a topic of great concern for future LSPs [4, 86, 87].
Literature on allocating CO, emissions to specific shipments is generally concerned with distance
and weight-based attributes contributed to the overall delivery run by individual consignors [88-90].
Nonetheless, while existing literature proposes several methodologies to allocate CO5 emissions to
shipments, few methodologies focus on the correct assessment of total CO5 emission produced by
a specific delivery run [91] as well as the concrete and billable amount attributed to each specific
shipment based on its geographic fit to the shipment structure. Digital road network graphs in
combination with traffic information derived via Application Programming Interfaces (APIs) can
alleviate this issue by precisely tracking and evaluating achievable real-world driving cycles. While
the analysis of in-vehicle trajectory data would provide optimal measures of COg emission [92],
aggregate FCD in digital road network simulations can serve as a second-best approach as long as
vehicle fleets lack the required sensoric equipment.

1.2 Research Gap

The concepts of LI and UBD presented across a multitude of distinct fields of study provide solutions to
many of the same data-driven problems TSPs face within distribution networks. Distribution networks,
in their essence, have to be concerned with RNP [62]. It is their primary modus operandi to transport
goods by vehicle across a finite set of interconnected roads. Therefore, intelligent transportation systems
should incorporate and evaluate specific attributes of these road networks [93]. However, as a historic
result of simpler times, the corpus of relevant literature concerning itself with the efficient use of external
data sources within distribution logistics to adequately measure RNP is sparse.
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In general, RNP directly impacts not only economic, but ecological and social sustainability, both
during commercial and private activities. Nonetheless, models for road transport cost estimation often
fail to account for regional specificity of RNP, instead relying on general assumptions derived from often
outdated selective studies. While availability of suitable tools, data sources and computational capacities
to measure concrete RNP on a wide scale has steadily increased across a multitude of academic fields, it
remains unclear why researchers and practitioners alike do not leverage and integrate it more heavily to
improve estimations of transportation impact on all dimensions of sustainability.

This research therefore aims to integrate the fields of Geography, esp. GIS, Computer Science and
Network Science, esp. Graph Theory, as well as Urban Planning and Business Administration and their
respective achievements on the topic of LI to develop and present efficient methodologies of incorporating
diverse data sources to allow for better estimation of RNP and its impact on the economic and ecological
dimensions of sustainability.

It does so by cumulatively answering the following research question:

Which data sources and data processing routines associated with Location Intelligence
should be employed to measure Road Network Performance?

1.3 Research Structure

Chapter 2 presents the current state of the literature on the topic of RNP and LI within Decision Support
Systems (DSS). To achieve a thorough overview of each concept, the literature review outlines the most
important contributions per field of study in chronological order.

Chapter 3 concludes Part I of this thesis by outlining the methodologies to be presented within Part IT
and their individual contribution to answering the research question based on the most import insights
generated through the literature review.

Part II contains the three manuscripts constituting the core of this cumulative dissertation in their
originally published version.

Finally, Part III summarizes the key takeaways from each methodology and puts them into context
within the academic discussion. Relevant aspects for further research as well as limitations are presented.
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CHAPTER 2

Literature Review

As this dissertation follows a methodological approach to propose new ways of integrating RNP into
DSS, so does the upcoming literature review. Each of the three main topics to this thesis, DSS in
logistics, LI and UBD as well as RNP, will be investigated and unraveled into their most relevant sub
topics. Each sub topic will be presented by means of current and historic methodologies applied within
them. Based on these existing approaches, shortcomings and implications for this research are derived.
A graphical representation of these main topics and their relationship with regard to last mile decision
making is depicted in Figure 2.1 in order to better understand the underlying coherences relevant to this
dissertation.

2.1 Decision Support Systems, Location Intelligence and Urban
Big Data

DSS can be classified as either model-based or data-driven. Model-based systems rely on a set of rules
or assumptions about how the world works while data-driven systems use information about what has
happened in the past or is currently happening to make predictions about how events will affect the
business [94]. While model-based approaches tend to be implemented in business analytics systems,
data-driven approaches are commonly found in Business Intelligence systems [95]. BI is generally defined
as a collection of information systems to transform data into information and information into knowledge
to support decision-makers [96-98].

A subfield within BI focusing on geo-spatial and temporal data is LI, also referred to as the study
of UBD. Both Wang and Hess [16] as well as Kong et al. [5] studied developments in the field of Urban
Environment, Society, and Sustainability (UESS) and examine a large increase in recent publications
related to applications of UBD. Across all publications, the most commonly used Big Data in UESS
research is human behavior data. In general, UBD can provide insights into what people do and how
they move throughout urban areas. While UBD is a comparatively new concept directly related to the
exponential increase in data availability and computational capabilities generally referred to as Big Data,
it is no more than a modern name for an existing concept: GPS traces.

2.1.1 GPS: General idea and early approaches

GPS data and its potential for data mining is well-researched. As early as 1999, Rogers et al. [99] propose
the usage of GPS position traces in combination with differential corrections to augment road models
in road traffic safety applications. In 2000, He et al. [100] presented one of the earliest mobile mapping
systems using GPS, inertial navigation systems, and stereo cameras to capture road infrastructures and
accurately measure road performance. In 2002, Schifer et al. [101] present a procedure that leads to
a nearly complete data coverage of all major roads in Berlin, Nuremberg and Vienna by utilizing GPS
position data of several hundred vehicles of a taxi company. Two years later, in their 2004 article
”Transit buses as traffic probes: Use of geolocation data for empirical evaluation” [102], Bertini and
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Figure 2.1: Graphical overview of relevant concepts in last mile logistics decision making and their
importance to this dissertation.
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Tantiyanugulchai [102] discuss the same concept to study arterial road performance in Portland, Oregon.
These studies form the first attempts at leveraging what is nowadays widely known as Floating Car
Data. Applications of FCD range from real time data for traffic management to the compilation of very
accurate Origin-Destination (OD) matrices [103].

In 2005, Civilis et al. [104] adopted the idea of FCD by proposing a new methodology to track moving
objects more accurately throughout road networks by means of GIS while Pan et al. [105] propose a new
approach to project GPS data onto an existing arterial road network in order to collect travel time and
intersection delay information. In 2007, Brockfeld et al. [106] offer the first critical assessment of benefits
and disadvantages of recent FCD technology. The study analyzes performance of the earlier system
developed by Schéfer et al. [101] in Nuremburg, Germany. One of the main problems identified during
this evaluation is a low penetration rate of FCD derived via commercial probe vehicles. A few hundred to
a few thousand vehicles in urban street networks attempt to digest information across several thousands,
up to hundreds of thousand road kilometers. In an attempt to solve this problem, de Fabritiis et al. [107]
present the first study that leverages a large fleet of 600,000 privately owned vehicles generating GPS
traces on a 3-minute interval. Testing results based on an artificial neural network showed that the
proposed approaches for short-term predictions based on private vehicle FCD are effective. In 2009,
Tong et al. [108] present one of the most cohesive studies to date on the topic of integrating GPS
and GIS to support highway performance studies. At the same time, Berkow et al. [109] demonstrate
that combining data from traffic signal systems and buses acting as probe vehicles can improve arterial
performance measures.

A key takeaway of all early studies is the notion that data acquisition is the most expensive part
of establishing a road network database. Acquisition of sufficiently large sets of GPS data on a per-
vehicle basis has been a major limitation. Kumar et al. [110] summize this limitation by stating that
in order to accurately predict traffic in an intelligent transportation system, data needs to be collected
either from fixed-location sensors (like traffic lights) measuring all traffic within a selected area or from
individual cars themselves (FCD). While the former technology, generally referred to as vehicle trajectory
data, has been used extensively throughout developed countries, the acquired data has historically been
mostly unavailable due to size constraints of data publication and privacy concerns; with the latter
being private property of commercial navigation service providers [111]. The usage of commercial probe
vehicles presented an early means to circumvent the restrictions of data availability, but, as Bachmann
et al. [112] point out in a critique to Berkow et al. [109], there are limitations to using fleet vehicle
data (including buses or taxis) because the operational characteristics of commercial vehicle fleets differ
significantly from regular traffic.

In 2012, Hofleitner [113] proclaims that a paradigm-shift towards intelligent transportation systems
can be observed with the emergence of internet services and location-based services on mobile devices.
Where, historically, specific vehicle fleets had to be equipped with sensory equipment in an attempt to
record relevant data on urban movements, the advent of smartphones and large-scale 3G networks led
to an exponential increase in representative navigational data generated by daily activities of network
participants.

2.1.2 APIs: Easy access to FCD

A side-effect to the introduction of location-based services on mobile devices is the requirement of pub-
licly available navigational data. Studies from this point onwards tend to focus on incorporating and
integrating different and continuously increasing public repositories of FCD, generally referred to as
Application Programming Interfaces, to measure urban movement.

In a 2013 study led by Qiulei Guo from the Chinese Academy of Sciences [114], researchers looked
into a data-driven approach for predicting convergence of traffic volumes in transportation systems. By
using large sets of location data through GPS, they demonstrate the possibility to predict traffic events
with great accuracy. At the same time, Arellana et al. [115] developed a freely available web-based
geographic software which can be used to process API information and display level-of-service results
for public transport based on FCD. Tostes et al. [116] present a methodology based on Bing Maps
information in order to acquire, aggregate, analyze, visualize, and predict traffic jam in Chicago. In
2014, Fancello et al. [117] propose the first integrated performance indicator which takes into account
different factors that affect road performance, laying the foundation for integrated approaches to RNP
based on publicly available traffic data. In 2015, Yuan et al. [118] present a methodology to discover and
segment city networks into functional zones based on latent activity trajectories. Zheng [119] presents the
first systematic survey on major research into trajectory data mining. In addition to the survey, methods
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of transforming trajectories into other data formats such as graphs, matrices, and tensors are introduced,
enabling more effective data mining and machine learning techniques. In 2016, Kong et al. [120] propose
a novel approach to estimate and predict urban traffic congestion by efficiently combining large amounts
of FCD to enable a unified performance assessment that satisfies the aspects of accuracy, instantaneity
and stability. This research is followed up by a solution to automated long-term traffic anomaly detection
based on crowd-sourced bus trajectory data in Hangzhou, China [121]. In 2018, Xia et al. [122] propose
an integrated computing method to rescale heterogeneous traffic trajectory data in order to combine
traffic data from subway card transactions and taxi GPS trajectories to derive human mobility patterns
in Shanghai, China. In 2019, Gao et al. [123] present the first approach to the integration of static
household data and dynamic FCD derived from APIs in order to improve travel behavior analysis. Wang
et al. [124] build upon this insight by investigating the applicability of additional location traces in order
to support or substitute expensive household traffic surveys. Their results implicate that, while official
homogeneous survey data remains the most accurate source of information, heterogeneous crowd-sourced
data from map APIs can serve as a cost-efficient proxy for traffic evaluation indicators.
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Figure 2.2: Graphical overview of the evolution of GPS into Urban Big Data and its most common
applications found in literature.

The aforementioned studies present the most cited research on the topic of FCD and API approaches,
accurately depicting the evolution of traffic measurements and behavioral studies within the field of UBD
as depicted in Figure 2.2. Nonetheless, many smaller studies have been conducted within the same field.
Across all relevant studies, two general tendencies can be derived. Extensive research is focusing on
either (1) novel methodologies to incorporate heterogeneous Big Data sources or (2) novel methodologies
to achieve better insights from existing sets of homogeneous