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Abstract

In the field of transportation modelling, achieving cost-effective routing solutions is fundamental. This study presents a pioneering
approach to path choice calibration in urban road networks using OpenStreetMap (OSM) data, guided by benchmark routes from a
commercial routing service. Given the significant costs associated with commercial routing services and the extensive data required
for traditional path choice behavior analysis, our research introduces a novel set of parameters termed ”routing factors” that adjust
the transport costs on specific link types to align more closely with conventional routing choices. By exploring the range of these
factors for different link types and determining the minimal input points required for stable calibration across several cities, we
provide a cost-effective solution that reduces both computation time and financial expenditure. The calibration process utilises a
random search approach alongside the Root Mean Square Error (RMSE) metric to evaluate the similarity between OSM-generated
routes and the benchmark routes. The findings has proven adaptable across different network types, as confirmed through case
studies in Brescia, Turin, Rome, and Milan. Our key findings was that using open-source data for routing problems requires
multiplying the transport cost by a routing factor in the range of 1.5 to 4 for certain link types to match commercial services.
This emphasises the importance of our calibration approach for accurate and reliable routing solutions. By extending our analysis
to various network sizes, we aim to inform the decision-making processes of small logistics companies, potentially helping them
reduce costs and optimise resource allocation.
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1. Introduction

Effective transportation planning requires roads that are both environmentally friendly and economically sound.
Although many studies have investigated strategic efficiencies, many lack real-world validation due to data limitations
and associated costs. In recent years, researchers have turned to OpenStreetMap (OSM) as a promising resource for
practical applications, due to its open data nature, which removes the cost constraints. e.g., this study Zielstra et al.
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(2013) analysed imported TIGER/Line data on OSM data types in the United States. The effect of imports was ex-
amined, while in another study Barron et al. (2014) the quality of the OSM data was independently examined in such
a way that data quality and accuracy remain important in urban freight studies. Gentile and Vigo (2013) focused on
the importance of accurate urban demand modelling, illustrated innovative approaches for improving urban logistics
systems and reducing congestion, and Tantardini et al. (2019) classified various methods for comparing networks and
explained how to apply them to different types of networks. Addressing network comparisons, Li et al. (2017) makes
known a new distance measure for geometric graphs, focusing on how current graph comparison algorithms rely on
structural rather than spatial features. Moreover, routing optimisation frameworks that never existed are still important
elements of transportation planning. For example, Xu et al. (2023) analysed data from existing road congestion man-
agement systems, and recommended a global road optimisation model focusing on individual roads. Recent research
contributes significantly to this discourse.Zhao et al. (2020) proposed a three-step calibration procedure called CITT to
deal with road network topology errors in digital road maps. Exploring the ongoing debate surrounding the quality of
OpenStreetMap (OSM) data, a study Zhang and Malczewski (2018) delved into OSM channels in Canada compared
to those of Digital Mapping Technologies Inc (DMTI). This study examined various measures of map content quality
as much as possible, including accuracy, completeness, concurrency, and usability which are of significant interest
within this research context. Furthermore, Borkowska and Pokonieczny (2022) studied the quality of OSM spatial
data in Poland and revealed the correlation between data quality and per capita income, especially in urban areas,
establishing OSM data as valuable for development and managing sustainable goals. Furthermore, advancements in
parallel computing have significantly impacted the efficiency of dynamic traffic assignments and shortest path deter-
minations, as explored by Attanasi et al. (2015). This underscores its remarkable role in enhancing real-time traffic
management systems. Conversely,Yao et al. (2021) tackled the Consistent Vehicle Routing Problem with Road Net-
work (ConVRPRN), aimed at minimising overall travel costs by considering specific time-based paths. Additionally,
Bellei et al. (2005) introduced a novel model for managing daily traffic across urban networks, employing advanced
algorithms to enhance traffic handling efficiency. In a similarity,Salehi et al. (2023) demonstrated that expanding the
range of delivery areas can lead to reduced travel times but may pose challenges such as driver discomfort and moneti-
sation issues. Hence, a comprehensive examination of travel time becomes valuable. Highlighting challenges in path
selection accuracy based on static road indicators, Zhi et al. (2020) proposed a solution grounded in the theory of dis-
tributed waves. Moreover, in terms of optimisation methodologies that have evolved, Ye and Rui (2013) incorporated
Simulated Annealing (SA) within genetic algorithms to enhance solution accuracy in road networks. Additionally,
Geng et al. (2011) also proposed an algorithm combining SA and greedy search techniques to tackle the traveling
salesman problem.

Despite the importance of path choice calibration in transportation research, few studies tackle this topic due to the
extensive data requirements, either from large-scale surveys to infer path choice behaviour or from large sets of floating
car data to analyse user paths between origin-destination pairs. In logistics applications, where the calculation of
millions of efficient paths is necessary, reliance on commercial routing services can become expensive both financially
and in terms of computational time on remote servers. Therefore, our primary contribution to this field is the calibration
of shortest paths derived from OpenStreetMap (OSM) network data. We introduce a new set of parameters called
”routing factors” that adjust the cost of travelling on specific link types to better align with benchmark routes obtained
from commercial services, which serves as a practical benchmark to identify optimal routes, reflecting common path
choices. Additionally, we examine the range of routing factors for each link type and determine the minimum number
of input points or paths required to achieve a stable average routing factor for each link type across various cities. This
method substantially reduces costs, in terms of computation time as the paths computed with calibrated parameters
are more efficient and financially, since the network data utilized is open-source.The paper is structured as follows:
Section 2 outlines the methodology used in the study, detailing the algorithms for shortest path computation, the
commercial service, the evaluation metrics, and the calibration process. Section 3 presents the findings from different
road networks across various cities. Finally, Section 4 concludes the paper with the main findings and contributions
of the research.
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2. Methodology

As represented in Fig. 1 this section provides an overview of the methodology used in this study. The study begins
with the extraction of network data from OpenStreetMap (OSM), which is subsequently transformed into a graph
structure to facilitate the computation of shortest paths between specified origin-destination (OD) pairs. The sub-
sequent sections detail the routing service used to obtain benchmark paths for these OD pairs, which serve as the
benchmark for calibrating the OSM-derived paths. Additionally, the evaluation metric and the calibration approach
employed are discussed. The entire procedure is executed within a JavaScript framework on computers equipped with
Core i7 CPUs and 16GB of RAM. Each random search simulation required approximately 24 hours to identify the
optimal value, highlighting the computational intensity and the significant resources necessary to obtain the results.

Fig. 1: Methodology overview.

2.1. Data extraction and shortest path computation

The network data for the study was extracted from the Overpass Turbo Wiki (2023), a web tool by OSM. This
data contains major paths, nodes, and properties, which are extracted via Overpass API queries. We transformed the
OSM-imported network into a directed graph (N; A), where N represents the nodes and A ⊆ N × N denotes the arcs,
corresponding to road segments, for instance, identified as ”highways” in OSM. Next, we assigned a generalized cost
cag to each arc a ∈ A based on its link type g ∈ G. This cost calculation incorporates various factors, including the
type of link and its associated characteristics:

cag =
la

min(smax
a ; sg)

· 
g; (1)

where:

• la is length of arc a (from OSM),
• smax

a is the maximum speed of arc a (from OSM),
• sg is the average speed defined for link type g (from configuration),
• 
g is the routing factor for link type g (parameter of the calibration).

In this study, when it comes to road networks, routing factors play a significant role in adjusting the speed percep-
tion of links impacting route selection. These factors are fine-tuned during calibration giving priority to those links
that are convenient or faster for reaching the destination and adapting based on the prevalence of links in established
methods. The Dijkstra algorithm Dijkstra (1959) is employed to calculate the shortest path from the source node to
all nodes. This algorithm continuously chooses the node with the cost remaining towards reaching the destination and
updates the cost accordingly. The residual expense of connecting a node to a destination, via an arc is determined
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by both the fixed value of the arc and the assumed cost associated with its starting node. In cases where a node is
unreachable, its perceived cost becomes infinite.

2.2. Commercial service

In our study, the Google Directions API (GDA) from the Google Maps Platform served as the source for obtaining
benchmark paths for calibration. This API processes HTTPS requests to provide the optimal path between two points,
including details such as distances and estimated travel times Google LLC (2023). We selected this service due to its
widespread recognition, frequent use, and ease of access, making it an ideal reference that mirrors the path choices
typically made by users. We utilized the API in its default setting, which generates the most efficient routes based on
the road network and average traffic conditions independent of specific time variables.

Throughout this study, we strictly adhered to all relevant service policies, including those established by Google.
We did not store, scrape, or use any data from Google to create a database. Our main goal was to enhance our routing
factors using the Google Directions API as a benchmark. All procedures were carried out strictly for scientific research
purposes, allowing us to conduct comprehensive network analyses and thus enhance the accuracy and reliability of
our findings.

2.3. Evaluation Metric

We use the Root Mean Square Error (RMSE) as an evaluation metric for the calibration process. In particular, given
two nodes of interest, we calculate the RMSE between the benchmark path B and the path generated by the Dijkstra
algorithm on the OSM graph, which is the OSM-derived path O, in this case, the calculation requires showing the
geodetic distance between the corresponding points o j and bi and then the square of the minimum distance of each
point is taken, and the RMSE is then calculated as the square root of the average of this square distance.

RMSE =

√√
1
|B|

∑
i∈B

(
min
j∈O

distance(o j; bi)
)2

; (2)

2.4. Calibration with Random Search approach

For the calibration process, we employed a straightforward random search strategy, iterating over routing factors
from 0 to 5 with increments of 0.02. During each iteration i, two distinct routing factors were randomly assigned
to major links and road link types. The current value Ci, representing the average Root Mean Square Error (RMSE)
across all benchmark paths k ∈ K in the network, was computed according to Equation 3. Ultimately, the set of routing
factors that yielded the lowest average RMSE was selected as the optimal parameters. These parameters ensure that
the computed shortest paths closely align with the benchmark paths.

Ci =
1
|K|

∑
k∈K

RMS Ek: (3)

3. Results and Discussion

In this section, we apply our methodology across network models from various Italian cities to investigate the
potential for establishing a unified, nationwide routing factor. Initially, we analyzed the average and standard deviation
of routing factors to determine the minimum number of input points required to generalise routing factors for each
link type. Subsequently, we examined the range of routing factors for each link type that resulted in the lowest average
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RMSE, demonstrating the greatest similarity between the OSM paths and the benchmark paths. Finally, we validated
the chosen average routing factor for each city, confirming the effectiveness of our calibration process.

For our analysis, we selected four cities of varying sizes: the larger cities of Rome and Milan, and the smaller cities
of Turin and Brescia. The graph constructed from OpenStreetMap (OSM) networks includes 14 link types, with each
type’s average speeds detailed in Table 1. Additionally, we grouped routing factors into three main categories—major
links, road links, and highway links, because a more granular categorisation did not yield significantly better results.
This categorisation helped streamline the calibration process and focus on the most effectual factors.

Table 1: Category and Description of link types.

Category Link Type g Description Speed sg (km/h)

Major Link Primary road connecting larger towns 90
Primary Link roads leading to/from a primary

road from/to a primary road or
lower class highway

60

Secondary road connecting towns 75
Secondary Link roads leading to/from a secondary

road from/to a secondary road or
lower class highway

60

Highway Link Motorway restricted access major divided
highway

130

Motorway Link roads leading to/from a motorway
from/to a motorway or lower class
highway

60

Trunk important state road that is not a
motorway

110

Trunk Link roads leading to/from a trunk road
from/to a trunk road or lower class
highway

60

Road Link Tertiary road connecting smaller towns and
villages

60

Tertiary Link roads leading to/from a tertiary road
from/to a tertiary road or lower
class highway

60

Residential road which serves to access proper-
ties

30

Living Street residential street where pedestrians
have priority over cars

20

Unclassified minor road which serves to connect
settlements

30

Road road of unknown type 50

3.1. Comparison of average and standard deviation of routing factors for cities

In this experiment, we selected ten sets of three, five, ten, and twenty random points for each city. For each set,
we conducted a random search over 3000 iterations for routing factors ranging from 0.005 to 5 with a step size of
0.02. We adjusted routing factors only for the Major and Road link categories, while the routing factor for highway
links was consistently set at one. This decision was based on the assumption that highways, being high-speed links,
should use the already established average speed (potentially considered as the free flow speed) on these links for
computing the shortest path. We then calculated the average routing factor and standard deviation for the ten sets
corresponding to each quantity of input points. As the number of input points n increases, generating n∗(n−1) possible
paths for calibration, the standard deviation tends to approach almost zero, as shown in Fig. 2. This trend indicates a
stabilisation and generalisation of the routing factor for each city. Given that there is no significant difference in the
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standard deviations between sets of ten and twenty points, we conclude that at least 10 to 20 input points (i.e 90 to
380 paths) are required to achieve a sufficiently generalised routing factor for city-wide calibration.

(a) SD Rome (b) SD Milan (c) SD Turin (d) SD Brescia

Fig. 2: Standard deviation (SD) trend of routing factors for different cities.

Table 2 presents the average routing factors for ten sets of twenty random input points for each city. It reveals
that each city exhibits unique routing factor averages for different link types, underscoring the necessity of local
optimisations. These factors generally cannot be applied interchangeably across different cities, especially evident in
smaller cities like Brescia, where the average routing factors for both major and road links are comparatively low, at
1.5. This deviation is likely due to the predominance of Trunk links (categorised under Highway links) and Secondary
links (categorised under Major links) after calibration, as motorway links are very few and not preferred by users in
Brescia, a trend observable in Table 3.

Table 2: Average Routing Factors Across Different Cities with 20 input points.

Link Type Average Routing Factors

Rome Milan Turin Brescia

Highway 1.000 1.000 1.000 1.000
Major 2.013 3.121 2.969 1.581
Road 3.396 3.294 2.787 1.483

Table 3: The usage of link types before and after calibration, based on 20 points: negative numbers show decreases, positive numbers show increases

Category Link Type Rome Milan Turin Brescia

Major Link

Secondary -4040 -9985 -8081 -5806
Secondary Link 98 -1 -19 -2
Primary -1273 -8741 -7267 -999
Primary Link 10 -51 -30 -22

Highway Link

Motorway 4583 7617 4865 36
Motorway Link 750 1996 806 10
Trunk 2516 1745 437 1758
Trunk Link 370 481 179 268

Road Link

Tertiary -9951 -12092 -34 876
Tertiary Link -47 -3 23 -1
Unclassified -281 -191 32 18
Residential -1668 0 485 44
Living Street -18 -10 0 0
Road 0 0 0 0

Further analysis of Table 2 shows that the routing factors for Major and Road links typically range from 2 to 3.5.
This range suggests that to align the routing path with a routing service like our benchmark, the travel time calculated
using free-flow speeds on Major and Road links should be two to three times longer than highways. This ensures that
the routing algorithm prefers highways over other types of links between any given origin and destination. Table 3
confirms this, indicating an increased use of highway links post-calibration. This demonstrates the success of our




