Decentralized Route Planning across the Web of Data
Abstract. Wheelchair users looking for accessible public transport routes,
tourists discovering attractive routes to go around a new city, or bicycle users
trying to avoid highly polluted routes are some examples where highly
individualized route planning is needed. Current route planning applications lack
query flexibility. The types of queries supported by a route planner are only
determined at design time and heavily depend on centralized pre-selected data
sources. Integrating a new data source such as another transport mode, a different
road network or wheelchair accessibility is not straightforward as it generally
requires human intervention to extend the subjacent data model and route
planning algorithm implementation. I investigate how relevant data sources
available on the Web can be dynamically reused for answering custom queries,
and thus allow creating more flexible and personalized route planning
applications. Semantic Web and Linked Data technologies provide a common
framework for data integration. Yet it is still unclear how relevant data can be
automatically reused while remaining independent from specific route planning
algorithm implementations. Preliminary work (i) tests the feasibility of solving
route planning queries over live and static public transport data sources on the
Web, (ii) explores the trade-offs of different Web APIs for publishing and
consuming live data streams on the Web and (iii) introduces a Linked Data based
approach for publishing road networks data.

1. Relevance
Computer-based route planning is nowadays used by millions of people to obtain
journey directions [1]. Public transport providers around the world offer route
planning services to keep their users better informed. Public authorities also recognize
route planning as a mechanism to improve the mobility conditions of their cities and
regions, by enabling citizens and visitors to move around more efficiently [2, 3, 4], as
it occurs in the case of Portland1, London2, Antwerp3, among others. In recent years,
multimodal route planning has received special attention [5, 6, 7]. Applications like
Google Maps4 or Citymapper5, allow users to plan their journeys using multiple
transport modes, e.g. bus, metro, bicycle or walking. They focus on incorporating
mobility related data about different transport modes into their applications to offer
more diverse route alternatives.
Meanwhile, millions of datasets have been published on the Web [8]. Following
Open Data and Smart City initiatives, national and regional governments, private
companies and others, publish heterogeneous data from multiple domains. Many of
these datasets contain information relevant for route planning purposes, e.g. parking
alternatives, road works or street occupancy; which opens the door for creating richer
applications capable of addressing more diverse or specific needs. Considering
accessibility constraints is a very typical scenario for route planning. Enabling users
to specify for example, if they are on a wheelchair [9] or if they are visually
impaired [10], are features that are getting included in existing route planners.

Different types of data available on the Web provide virtually unlimited
possibilities for extending route planners: Environmental data (calculate a route that
avoids biking through highly polluted areas), meteorological data (calculate a route
that limits walking outside under bad weather conditions), security-related data
(calculate a route that avoid areas with high criminality indexes) or even general
knowledge bases such as DBPedia [11] or Wikidata [12] (calculate a route that pass
by the historic monuments of a city) are some examples of data that could be used to
create enhanced route planners.

2. Problem Statement
Currently available route planning applications are built following a centralized
data strategy. A route planner6 calculating routes using both the bus and metro public
transport services in a certain city:
1. Collects datasets of each transport mode, containing the minimum necessary
information for route planning, i.e. station locations and vehicle schedules.
2. Integrates the data following a predefined (usually graph-based) data model in
a centralized data store.
3. Calculates available routes using a route planning algorithm tailored to run
over the predefined data model.
The route planner service offered by Google Maps for example, follows this
approach. By encouraging public transport operators around the world to publish their
data using the GTFS [13] format, Google collects these datasets and integrates them
into their route planning application.
However, centralized approaches incur in high costs in terms of computational
infrastructure. Hosting, integrating and keeping up to date the data of every transport
alternative that wants to be supported, and effectively processing route planning
queries from a scaling number of users, requires big data storages and powerful
processors, specially if aiming on providing a global route planning solution.
Furthermore, they also limit the types of queries supported due to the difficulties that
are faced when dealing with heterogeneous data. As long as data are homogeneous in
terms of structure and format, i.e. dealing only with public transport data using a
common format as GTFS, integrating new data sources into a route planning
application can be easily automated and the same route planning algorithm
implementation will remain useful without requiring many adaptations. Other types of
data make necessary to manually adapt the data model and the route planning
algorithm that runs on top of it. This could explain why route planning applications
such as Google Maps or Open Trip Planner do not allow querying for routes that
consider, for example air quality, even though this type of data can be found published
on the Web as Open Data7.
Problem Statement - Integrating new heterogeneous data sources to extend route
planners capabilities requires adapting the subjacent data models and route planning
algorithm implementations, resulting in ad-hoc and hence not reusable solutions.

3. Related Work
Including new data sources to allow more diverse and specific queries in route
planning applications can be generalized as a data integration problem. The Semantic
Web [14] and Linked Data [15] technologies provide a common environment where
data is given a well-defined meaning, better allowing machines to comprehend and
work with heterogeneous data from different sources. Moreover, the Web offers a
common platform for data sharing where different data publishing strategies may
facilitate and influence a decentralized approach for route planning applications.
In this section I present an overview of different aspects related to the problem of
dynamically integrating new data sources to enable more diverse and specific queries
in route planning applications, such as data publishing and route planning algorithms.
3.1. Data Publishing on the Web
Millions of datasets are published on the Web [8]. Following the right strategy
when publishing data is key to increase the interoperability and reusability of data,
and foster the creation of new and innovative services. In this direction, Tim BernersLee introduced a set of principles8 for publishing data as Linked Data on the Web.
Extending this principles, the W3C published a document of best practices for
publishing Linked Data [16], which provides a set of guidelines and design principles
aimed at data publishers.
Traditionally, data is often published on the Web either as a data dump or through
an API. In the public transport domain, GTFS [13], which is regarded as the de-facto
standard for describing and exchanging transit schedules, is a common example of
data dump publishing. The European Committee for Standardization released the
NeTEx standard [17] as a general purpose format for exchanging public transport
schedules and related data. NeTEx is the standard selected by the European Union,
under the Directive 2010/40/EU9, for the provision of an EU-wide multimodal travel
information service, where every member state will publish their public transportrelated datasets through a National Access Point.
Transport related data is also offered on the Web as route planning APIs.
Navitia.io10, Plannerstack11, CityMapper or the open source Open Trip Planner are
some examples. Geospatial data is also fundamental for route planning applications.
Different initiatives exist for publishing geospatial data on the Web. For instance,
OpenStreetMap [18](OSM) stands as a community-driven rich source of freely
available spatial data. LinkedGeoData [19] publishes a spatial knowledge base
derived from OSM that uses RDF as its data model. Also GeoNames [20] publishes
over 25 million geographical names using stable URIs and a semantically annotated
vocabulary12.
On the one hand, data dumps offer full query flexibility over the data but are
expensive for clients who need to deal with integration of complete datasets. On the
other hand, APIs offer simpler access to data, but are expensive for data publishers
and limit query flexibility for clients. The Linked Data Fragments (LDF)
framework [21] explores the different trade-offs in terms of query flexibility and

computational costs of in between Web interfaces determined by fragmenting datasets
and publishing them on the Web. Based on the LDF concept, the Linked Connections
specification [22] was introduced as a light-weight data interface for publishing public
transit schedules that allows to perform route planning on the client-side. It uses the
Linked Connections Ontology13 and the Linked GTFS vocabulary14 to describe
vehicle departures in public transport networks [23].
Data summarization techniques are also used when publishing data on the Web to
facilitate its access and speed up querying processes. Taelman et al. introduced
Multidimensional Interfaces [24] as mechanism to semantically describe ordinal
ranges within datasets, e.g. time-based or geospatial-based ranges, which are inherent
to the nature of commonly used route planning related datasets, such as public
transport network topologies (geospatial range) and their schedules (time range).
Graph-based summarization techniques such as Contraction Hierarchies [25], Kmeans [26] or connectivity-based clustering [27] are also commonly used in the route
planning domain to reduce the amount of data that needs to be processed when
solving route planning queries.
Hypermedia plays also an important role when publishing data on the Web.
Providing declarative descriptions about how data can be consumed, helps clients to
understand the means of accessing data sources and increases their interoperability.
The Hydra vocabulary15 aims on providing a common terminology for describing
hypermedia-driven Web APIs to create generic API clients. Hypermedia is also used
to semantically describe responses of Web APIs in Tealman et al. [28]. A shape-based
approach using SHACL [29], is used to define a parameterized structure of API
responses.
3.2. Route Planning
Route Planning has been extensively studied throughout the years. Multiple
algorithms were proposed to calculate routes over different types of networks (e.g.
road, public transport, multimodal, etc), and using different criteria (e.g. shortest path,
travel time, number of transfers, etc). Bast et al. [30] and Pajor [31] present a
comparative analysis of multiple route planning algorithms for road, public transit and
multimodal networks. Most algorithms use subjacent graph-based data models to
represent the different transportation networks over which they operate, and are
defined as extensions of Dijkstra’s algorithm [32]. In recent years, different
approaches that disregard Dijkstra-like graph algorithms, have been introduced for
public transport and multimodal networks. RAPTOR [33], CSA [34], Transfer
Patters [35], Trip-based routing [36] are among the approaches that exploit the basic
elements of public transport networks to calculate routes directly on the timetables.
Different solutions that use some of the aforementioned route planning algorithms
are available. For instance Open Trip Planner16 provides an open source
implementation of Dijkstra-based and RAPTOR algorithms for planning routes over
public transport and road networks. OsmAnd17 is also an open source route planner
for road networks that implements a Dijkstra-based algorithm on top of OSM data.

Being open source allows these solutions to be extended to include new different
types of data sources for route planning. However, extending them requires
substantial effort to adapt the algorithms and the data models over which they operate.
There is no consensus about the criteria that route planning algorithms should
support. The parameters supported by route planning algorithms change from one
approach to another depending on the data model, the algorithm implementation and
use-case. Kelly et al. [6] presents a list of data requirements for ideal multimodal
route planners. It identifies 22 different parameters from traditional data sources such
as GTFS feeds and OSM. The NeTEx standard defines also a Trip Plan Query
Model18 that considers among others, accessibility, via and trip fares parameters. A
extensive analysis of formal languages using regular expressions to define constrained
shortest path queries is presented in Barret et al. [37]. Furthermore, the Web of Data
opens the door for new possibilities and use-cases that need to be supported by route
planning algorithms. For instance, the Multi-Criteria RAPTOR algorithm supports
route calculation with an arbitrary number of input parameters. However, additional
criteria has a significant impact on the algorithm performance, causing it to become
too slow for practical use [33].
Given that Linked Data is also described using a graph-based model, the problem
of finding routes between nodes have been previously studied. SPARQL 1.1
introduced the Property Paths (PP) syntax that allows query engines to test for path
existence between nodes. Savenkov et al. [38] propose an extension for PP syntax to
compute the top-k shortest paths of a given path expression between two nodes. An
extension of the query semantics of PP is also presented in Hartig et al. [39] to
support navigation of PP over the Web of Data instead of over single RDF graphs. A
more expressive alternative is later introduced as the Linked Data Query Language
(LDQL) [40] that allows expressing query graph patterns and navigation paths
independently. Another approach is introduced in Rutgers et al. [41] as an extension
of the property graph query language CypherQL19, which allows for top-k shortest
paths queries, calculated path weights and filtering on path edges and nodes. Lastly,
multimodal route plans are calculated using a GraphQL interfaces published by the
Finish20 and Norwegian21 Transit Agencies.

4. Research Questions
Given the related work, the need for a structured and declarative approach to
express route planning queries, that allows identifying specific data requirements to
resolve them, becomes apparent. A publishing strategy of heterogeneous data on the
Web, that allows for decentralized data access and efficiently solving route planning
queries using state of the art algorithms is also a need. I thus investigate the following
research questions:
Research Question 1 - How can route planning queries be expressed in a use-case
independent and declarative way that allows identifying data requirements for
resolving given queries?

Research Question 2 - How do different ways of publishing linked open data on the
Web affect decentralized route planning query evaluation in terms of performance?

5. Hypotheses
The first research question is related to the need of having a declarative and usecase independent mechanism to express route planning queries, that allows including
arbitrary constraints, while being self-describing about the type of data needed to
answer a query. Existing solutions are usually tightly coupled to the subjacent data
model and algorithm implementation, limiting the type of queries that can be
expressed. Also, implementation independent approaches such as regular expressionbased syntaxes do not allow for automated identification of data requirements.
Therefore, I define the following Hypothesis related to Research Question 1:
Hypothesis 1 - A semantic model for expressing route planning queries is at least as
expressive as state of the art approaches and allows for complete and automatic
identification of query solving data requirements.
The second research question relates to the problem of how data should be
published on the Web to allow for efficient decentralized route planning solutions.
Current Linked Data based approaches for publishing data on the Web allow for
interoperable data integration. Also, data summarization techniques provide data
publishing alternatives for clients to access just the necessary data to solve a certain
query, accelerating query evaluation times. Considering this, I define the following
Hypothesis related to Research Question 2:
Hypothesis 2 - A data publishing strategy based on data summarization techniques
allows for decentralized route planning query evaluation to be as performant as state
of the art centralized approaches such as Open Trip Planner.

6. Approach
My approach consists of three steps.
1. Semantic modeling of route planning queries - A flexible semantic model to
describe route planning queries that considers different constraints and
parameters for route calculations. By using domain vocabularies in a structured
way, automatic data requirements identification for a given query becomes
possible.
2. Hypermedia-driven Linked Data summaries - Definition of general
requirements to create and publish data summaries on the Web, based on spatial
and temporal dimensions and including declarative hypermedia controls. By
interpreting the hypermedia controls, route planning applications are able to
integrate subsets of relevant data sources on the fly.

7. Evaluation Plan
For evaluating my approach I propose the following plan:
1. Hypothesis 1 - An evaluation that (i) identifies available approaches in the
literature to express route planning queries and the different types of queries
supported by each approach. Then (ii) a qualitative comparison between the
proposed semantic model and the literature to verify that the proposed approach
is at least as expressive as the state of the art.
2. Hypothesis 2 - A performance evaluation in terms of response time and
answer completeness will compare different data summarization approaches
through an multimodal route planning use-case and compare its results to a
centralized solution such as Open Trip Planner.

8. Preliminary Results22
Preliminary work related to Hypotheses 2 and 3, has tested the feasibility of
performing decentralized route planning over public transport networks including live
data. Based on the non Dijkstra-based algorithm CSA [34] and a data publishing
strategy extended from the proposal given in [22], clients are able to execute the route
planning algorithm on the client-side and use hypermedia controls to discover and
integrate the data during query execution.
Other preliminary work, related to Hypothesis 2, evaluates computational cost and
query performance for push and pull-based Web interfaces for publishing data
streams. Also introduce a modular architecture for publishing data summaries based
on the concepts introduced in [24]. Initial results show that push based approaches
perform better for high frequency data streams. Also related to Hypothesis 2, a Linked
Data based a approach for publishing road networks is introduced. OSM road network
data is published in tiles allowing clients to dynamically fetch the correct tiles to
calculate a route.

9. Reflections
Route planning applications are often showcased as a success story for the Open
Data movement. By publishing public transport schedules as Open Data on the Web, a
wave of innovation was triggered, leading to the creation of applications used by
millions. Today the Web offers a much more diverse world of data with virtually
unlimited possibilities. Bringing the power of the Semantic Web and Linked Data to
route planning could open the door for the next innovation wave. Automating data
integration in route planners sets the bases for building more flexible and personalized
applications, able to consider and learn from the needs of their users to provide more
opportune and significant answers.
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