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ABSTRACT Navigation systems often aid users when traveling in unfamiliar locations. Current navigation
systems tend to focus on identifying the shortest or fastest routes between two points. However, path cost
expressed in terms of length and distance (i.e., the utilitarian qualities of travel) is only one attribute which
could be used in route recommendation. Recent years have seen navigation systems moving beyond such
utilitarian attributes. These include systems aimed at providing users with scenic, safe or attractive routes
among other dimensions. In this paper, we contribute to the existing research domain by providing an
overview of the different quality-aware route navigation systems that have been proposed in past research
for pedestrians. In particular, we examine the different qualities which have been used as key criteria
in route recommendation. As the outcome of the paper, we provide a categorization of these systems
based on our proposed SWEEP taxonomy. In addition, we outline the various data sources, algorithms and
evaluation approaches that have been used to implement quality-aware route navigation systems. Afterwards,
we conclude by discussing potential problems encountered in previous studies and highlight promising

directions for future research.

INDEX TERMS Navigation, route planning, mobile computing, social media services.

I. INTRODUCTION

Automatic route navigation systems have become an essential
tool in modern society for people who wish to navigate in
physical spaces, especially within unknown areas. Before
the advent of Web-based technologies, a common approach
in deciding which route to take was to refer to a physical
map before or during the travel and the entire trip would
generally need to be pre-planned by the travellers. Automatic
route navigation systems had begun to emerge and became
more popular after the growth of mobile technology and
improvements in digital mapping techniques. Currently there
are a number of services designed to help users navigate
effectively which have been made available to the public.
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Google Maps in particular which was established in 2005, has
grown to become one of the most popular navigation services,
helping millions of users find the most cost-effective path
towards their desired destinations through driving, public
transportation or walking.

Earlier research into route! navigation systems tend to
focus on such utilitarian aspects of travelling. These nav-
igation systems were generally designed to provide routes
which allow users to travel from one point to another while
minimizing costs in time, distance and resources [1]-[3].
When calculating the cost of a route, dynamic factors such as
congestion, delays in public transportation and the weather
were later taken into consideration [4]-[6]. More recent
studies have seen the development of navigation systems

IThe terms “paths” and “‘routes’ are used interchangeably in this paper.
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which go beyond recommending routes purely based on their
utilitarian qualities. Instead of recommending routes which
only minimize the economical costs of travelling, researchers
have been examining algorithms to recommend paths that
maximize the enjoyment and positive experiences of users
as they travel from one point to another based on the hedo-
nic attributes within the routes (i.e., the aesthetic qualities
of a given path or the presence of scenic or fashionable
locations) [7]-[9]. Increasing attention is also being given to
recommend routes which emphasize on the safety and well-
being of users as they travel, such as routes which have less
probability of users encountering crime, accidents [10], [11]
and pollution [12]. In part, the development of such systems
has been made possible through the prodigious growth of
information from online social media services and public data
sets which have been made available by various governmental
and inter-governmental organizations. While prior systems
only had data about the objective attributes of a given path
(i.e., the distance, inclination or traffic statistics, etc.), modern
systems could draw upon data about the opinions, activities
and behaviors of various population groups at different loca-
tions through online social media services such as Twitter and
Foursquare [13] and such data have been used to represent
the subjective attributes (i.e., perceived beauty, perceptions
of safety, etc.) of a path [14], [15].

Quality-aware route navigation systems are particularly
useful for people who travel to unknown locations in foreign
countries. The tourism industry contributes to a significant
portion of the revenue in many cities, localities and even
entire countries (e.g., such as Italy or Greece) [16]. Therefore,
attending to the needs of tourists who tend to prefer an
enjoyable and safe walking experience is of high importance.
As it is generally difficult for travellers to properly plan and
select routes if they do not speak the local language, they
would benefit considerably from automatic route navigation
systems. Other groups such as seniors also share a preference
for routes which are aesthetically appealing, safe and con-
tain well managed facilities [17], [18]. Furthermore, quality-
oriented route recommendation services resonate well with
the growing importance of Mobility-as-a-Service (MaaS),
which offers transportation as a rented or metered service to
their customers [19]. Since any mobility typically starts with
a travel plan (explicit or implicit, full or partial), customized
route suggestion as online services could be seen as one
of the initial components of MaaS. Given these various use
cases, we believe that it is time to focus more on developing
route recommendation systems that go beyond simple and
traditional cost assessment of routes in terms of length and
time.

Despite the growing interests in quality-aware route navi-
gation systems, there has yet to be a comprehensive review
of such systems. While there have been reviews of how
different data types (such as data from location-based social
networks, volunteered geographical information and social
media) could be used with regards to geographical studies
and spatial planing [20], [21], in general, there is a shortage of
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works that survey route recommendation methods for pedes-
trians such that different aspects of route quality (beyond the
most economical path) are considered. In a prior publication,
Golledge [22] pointed out that route navigation for pedes-
trians could be quite different from those of car drivers as
there are different qualities which pedestrians require from
a route. For example, “pedestrians, especially when having
enough time, might prefer different route qualities rather than
shortness, e.g., simplicity, safety, attractiveness, and conve-
nience’’. Similarly, another study which examined pedestrian
behaviour also indicated that while the primary factor influ-
encing route choice was the shortest path, secondary factors
such as the presence of attractions were also valued, such
as those which contain retail fronts such as cafes and shops
along the path [23], [24]. A similar theory was also proposed
which suggested that the cost of travelling between a path for
pedestrians is not only influenced by travel time but could
also be mitigated by factors such as stimulation from the
environment and the potential for obstacles while traveling
[25]. A more recent review carried out by Gartner ef al. [26]
examined human-centred pedestrian navigation systems. The
authors regarded this task as a location-based service (LBS),
where context-awareness plays a key role, calling for user
modelling, adaptive route planning and route communication.
Overall, those earlier papers provided a hint as to the exis-
tence of other route qualities beyond the utilitarian aspects.
This paper aims to provide an overview of quality-aware
route navigation systems by highlighting the different quality
attributes, data sources and algorithms that have been used
to implement such systems. We decided to focus the scope
of our paper on navigation systems for pedestrians as they
tend to be the main target for the quality-aware route recom-
mendation algorithms that have been developed. Overall, this
paper contributes to the existing research domain in a number
of ways. First, by outlining the different quality-aware route
navigation systems, we provide an overview of the various
systems proposed in previous studies. We also provide a
categorization of such systems based on their underlying
purpose and the qualities used to represent value on a specific
path. The different types of data that are used to generate
features which represent the qualities in the routes are also
highlighted as well as the algorithms used in the routing
process. This helps researchers and developers become more
aware of the building blocks which can be used to create
such systems. Finally, based on this survey, we formulate and
discuss several observations in the field and propose future
directions for researchers looking to develop similar systems.
The reminder of this paper is structured as follows: first,
we provide a definition of quality-aware route navigation
systems and describe the process used to identify and select
publications for this survey paper. We then present the naviga-
tion systems identified in our survey through the SWEEP tax-
onomy and discuss the characteristics and attributes of each
system. Afterwards, we provide a summary of the different
data types and route search algorithms that have been used
to implement the navigation systems. Finally, we provide
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discussions and propose future directions for research related
to quality-aware route navigation systems.

Il. QUALITY-AWARE ROUTE NAVIGATION

FOR PEDESTRIANS

In this paper, we define a Quality-Aware Route Nav-
igation System for Pedestrians based on the following
characteristics:

o The system provides pedestrians with a route which
allows them to move from a starting point A to desti-
nation point B. When the user inputs more points to be
visited on the route, the task is converted to finding a
series of routes between consecutive intermediary loca-
tions X; to X; 1 within a route. The starting and destina-
tion points could either be pre-determined beforehand or
afterwards based on the characteristics of the paths and
intermediary locations within a route.

o There are certain user wishes or expectations regarding
the preferred route characteristics which go beyond the
straightforward route length. The quality of the recom-
mended route should reflect these desired characteris-
tics. Note that while such qualities could be considered
as secondary to the basic or primary characteristics (i.e.,
route length or time), in practice quality-aware route
recommendation systems tend to balance the impact of
the primary and secondary characteristics.

In summary, the main scenario we consider contains a user
who wishes to plan their walk and selects one out of the
several possible routes from an origin point to a destination
point.

lIl. LITERATURE COLLECTION

We undertook a search of published studies between 2004 to
2019 on 5 databases: Scopus, Science Direct, IEEE Xplore,
ACM Digital Library, and Springer. The terms which were
used in the search include (“map”) OR (‘“‘route””) OR
(““path’”) AND (“‘navigation system’’) OR (‘“‘recommenda-
tion”). Overall, the inclusion criteria were (1) peer-reviewed
academic articles from journals, books, conferences or work-
shops, which are (2) focused on methods for route recom-
mendation. We decided to exclude studies which (1) are
not available online or (2) are without peer review. Stud-
ies in languages other than English were also excluded.
We have included other papers that we discovered after read-
ing the ones obtained through the keyword search or that we
knew about before. Afterwards, we examined the papers and
removed those which did not propose a system or algorithm
which met the definition of a quality-aware route naviga-
tion system as defined earlier in Section II. For example,
we excluded papers which did not target pedestrians (such as
those targeting car drivers) and those which did not provide a
routing solution for users. After removing the papers beyond
the scope of our study, we identified 47 papers which met
with our inclusion criteria. Table 3 provides details of all the
papers included in this survey.
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IV. AN OVERVIEW OF QUALITY-AWARE ROUTE
NAVIGATION SYSTEMS

Based on the identified literature, we provide an overview
of the quality-aware route navigation systems which have
been proposed based on (1) the attributes which are used
to represent the qualities of a route, (2) the type of data
features which have been used to implement such systems,
(3) the algorithms used to implement the systems and (4) the
evaluation approaches used to implement quality-aware route
navigation systems.

A. ROUTE QUALITY ATTRIBUTES
We introduce the SWEEP taxonomy (S(afety)-W(Health
and Well-being)-E(ffort)-E(xploration)-P(leasure)) to clas-
sify the different quality-aware route navigation systems
that have been proposed in prior studies. This taxonomy
was devised to help highlight the different types of quality
attributes which have been used in the route recommendation
systems in our survey. The categorization was based on the
different areas the quality attributes were applied towards and
the main problems they attempt to address. When certain
quality attributes could be used in multiple domains (i.e.
street quality could be considered to be related to both safety
and physical effort), we looked at the overall aim of the
proposed system as stated by the authors to determine the
main problem or goal that the quality attributes aim to address
and categorized them accordingly. It should also be noted that
some of the systems could be developed to address problems
in multiple domains and could utilize quality attributes in
multiple categories. For example, the system proposed by
Furukawa and Nakamura [27] aimed to recommend routes
which both reduce physical load (effort) and helps elderly
users avoid obstacles (safety) and the system proposed by
Sharker et al. [28] aims to identify health-optimal routes (i.e.
routes that encourage exercise) that are also safe (i.e. crime).
Overall, we had identified five different categories from
the papers in our survey. Navigation systems which empha-
size on the quality attribute of Safety generally aim to help
users travel from one point to another in a safe manner by
identifying routes which have a low probability of crime and
accidents. Often such systems take into account environmen-
tal factors which decrease the likelihood of such occurrences
(by examining whether the paths have sufficient lighting, low
crime statistics etc) and target general users. In the mean-
while, systems utilizing the quality attribute of Health and
Physical Well-being refer to those which recommend routes
that minimize exposure to external environmental conditions
(air pollution, heat etc.) which when exposed, would be detri-
mental to their health. Included in this category are systems
which recommend routes that provide opportunities for users
to exercise as a way to improve their overall physical well-
being. Systems which emphasize on Effort refer to those
which recommend routes that minimize the effort of users
when travelling from one point to another. In contrast to
conventional shortest path route recommendation systems,
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effort-aware route navigation systems consider factors such
as cognitive effort (the memorability of the route etc.) and
physical effort not bound only to the length of a given
path (based on factors such as changes in elevation etc.).
Such systems also tend to take into consideration internal
factors related to the users themselves in relation to the
environmental factors when recommending an appropriate
path (for example, those who are confined to a wheelchair
might require more effort traveling in streets with steps).
Next, systems emphasizing on Exploration are those which
maximize the opportunity for users to visit and discover
new locations and experiences in an efficient manner. Such
systems are often used for the purpose of serendipitous
tourism and travel. Finally, navigation systems emphasizing
on Pleasurable Experience aim to provide routes which
maximize the hedonic experience as users travel from one
point to another. These include routes which are aesthetically
pleasing, in either a visual or olfactory sense. While systems
in both the pleasure and exploration categories are similar
in that they aim to provide users with hedonic experiences,
systems in the pleasure category focus predominantly on the
walking experience and often emphasize on qualities along
the paths which users need to travel through to reach their
destination (i.e. streets which pass through nature or have
less noise and bad smell). However, routes in the exploration
category tend to focus on providing users with an opportu-
nity to visit and discover new places and unfamiliar sights.
The hedonic experience provided by such systems are often
based on the Points of Interests or locations (shops, etc.)
that are novel to the users which the routes pass through
and these systems are often aimed towards users new to the
area such as tourists. Figure 1 provides a visual overview of
the different types of qualities which have been used in the
navigation systems proposed in previous studies based on our
taxonomy.

1) SAFETY

Several navigation systems have been proposed to provide
routes which allow users to travel safely from one point to
another. A number of such systems have considered the risk
of criminal activities as one of the qualities which should be
minimized. This includes the TREAD system [29] and the
PASSAGE system which attempt to find safe routes using
data about past occurrences of crime within a city [10]. The
system proposed by Elsmore et al. [30] operates in a similar
manner, although incorporating crowd-sourced data. Other
examples are systems proposed by Utamima and Djunaidy
[31] which assign a safety index towards a given route and
calculate a safety score based on historical occurrences of
crime on that route using data from police departments. When
crime data is not available, social media data has also been
used to infer the safety of a given path. In the SocRoutes
system [14] for example, sentiment analysis is carried out
on the tweets posted along each path in the route and the
quality of a given route is calculated inversely based on
the proportion of negative tweets. The belief is that crime
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FIGURE 1. An overview of the quality types used in the previously
proposed route navigation systems based on the SWEEP taxonomy.

would be more likely to occur on streets where users express
negative sentiment. Later systems utilized a hybrid approach
(such as [32]) in which data from both official government
sources (i.e., statistical crime data) and social media (i.e.,
tweets) were used to identify crime-free routes.

Instead of focusing on crime, other systems have also been
proposed to recommend routes which reduce the likelihood
of accidents for users on a given path. Notable examples
include an approach proposed by Bao et al. [33], [34] which
considers qualities such as the lighting condition and the
width of a road to recommend safe walking paths for users.
Goel et al. [11] goes a step further and combines data about
the lighting conditions, past accidents and road quality from
government databases with data from online news sites and
crowd-sourced information about perceived safety to recom-
mend safe routes. Some of these systems have been devel-
oped specifically for certain user groups such as elderly
users, incorporating the physical safety requirements of each
user in addition to street safety features when determining
safe routes [35].

To identify which routes are physically safe, researchers
have generally relied on historical data about the number of
crime incidents that had occurred at different locations in the
past[11], [29], [32], [36]. Such data is typically obtained from
a city or police database and are mapped towards different
street segments. The system then attempts to identify a route
which passes through streets that have had the lowest occur-
rence of crime in the past. When data from social media is
used to augment predictions of safety, sentiment analysis [14]
or semantic analysis (based on crime related word ontologies)
[32] is carried out on geo-tagged tweets along the routes to
provide a proxy measure of safety. In comparison to statistical
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crime data, social media data is often used to provide a more
dynamic and real-time status in regards to the safety. Finally,
crowd-sourced data, such as user reported crime data [30]
and perceived ratings of safety [11], [30] have also been
used as a subjective proxy of safety for a given path. Such
data could be particularly useful when information about past
crime occurrences and the safety characteristics of a given
street is not available.

2) HEALTH AND PHYSICAL WELL-BEING

In addition to the physical safety aspect described in the
previous section, there have also been a number of proposed
navigation systems focusing on health and well-being. These
generally fall under two sub-categories, (1) navigation sys-
tems which help users avoid exposure to harmful substances
or environments and (2) navigation systems which aim to help
users improve their baseline well-being, mainly by support-
ing physical exercise.

Navigation systems which aim to help users avoid expo-
sure to harmful substances and environments include those
designed to minimize exposure to air pollution [12] and
excessive temperatures [37]. Such systems tend to be
designed specifically to help population groups who are par-
ticularly vulnerable to those environments, such as to help
children or people with respiratory conditions avoid exposure
to air pollution [12] and elderly users avoid areas with exces-
sive temperatures [37]. Another example is a system designed
to help those who are in drug or alcohol rehabilitation to avoid
exposure to locations which might stimulate their craving
[38]. Finally, while not specifically aimed at helping users
avoid exposure to a specific harmful substance or environ-
ment, researchers have also proposed a route recommenda-
tion algorithm which encourages users to walk along paths
to increase their contact with nature (parks, woods, gardens
etc.) [39] and decrease chances of contact with unhealthy
environments. This was based on the rationale that such loca-
tions have been found to help lower blood pressure and corti-
sone for pedestrians, while unpleasant environments increase
blood pressure, muscle tension and may even contribute to
suppressing the immune system of pedestrians [40]-[42].

In the second subcategory, navigation systems have also
been proposed as a way to support users in improving their
health and well-being through physical exercise. For exam-
ple, Takama et al. [43] proposed an algorithm which recom-
mends a walking route based on the amount of calories a user
wishes to lose through exercise. A similar system aimed at
helping prevent obesity used factors such as time constraint,
walking speed, BMI as well as the weather to provide users
with appropriate exercise routes [28]. In summary, the sys-
tems in both sub categories strive to find routes that either
minimize the risk to the health of pedestrians or promote
factors that are beneficial to their well-being.

Overall, the studies which help users minimize exposure
to harmful environments tend to utilize either historical data
or live data from sensors to calculate the degree to which
users are exposed to harmful substances and environments
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(such as heat [37], and air pollution [12]) when traveling on a
given route. This information is generally used as the main
cost function for a given path. Social media data in com-
bination with machine learning techniques have also been
used in cases where the impact or presence of the harmful
substances is less clear (such as when determining which path
has potential to stimulate cravings [38] or help in relaxation
[39]). Finally, systems which encourage physical exercise
tend to rely on the path length to judge whether a route meets
the exercise criteria of the user, by using information such as
the time a user is willing to spend or the amount of calories
they wish to lose to calculate the appropriate distance for
meaningful exercise.

3) EFFORT

Navigation systems aimed at minimizing travel effort tend
to focus either on (1) reducing the cognitive effort or (2)
reducing the physical effort of users as they travel between
two destinations. Developers of such systems often posit that
the route with the shortest path is not necessarily a route that
requires the minimum amount of effort to travel in practice,
as various factors such as the cognitive complexity of the
paths and the presence of steep slopes could require more
cognitive and physical effort from travellers.

There have been a number of studies which have explored
algorithms that take into account the cognitive cost of a
user as they navigate along a given path, leading to the
development of navigation algorithms aimed at recommend-
ing routes that are easily memorable. An earlier study in
this domain used easily recognizable objects (wall clocks,
points of interest, etc.) in the user’s visual environment as
landmarks to recommend easily memorable walking routes
for pedestrians [44]. Afterwards, the concept of the least
complex route (LCO) was proposed as a route which has a
minimal amount of turns and is thus less complex cognitively.
A navigation system based on this concept was implemented
using user generated content, by asking users to rate the
perceived complexity of a given path and this data was used
to identify the least complex route [45].

Past studies have also shown how external landmark
objects could be used to recommend routes which are more
easily navigable. Rousell and Zipf [46] developed a proof-
of-concept system which showed how landmarks extracted
from OpenStreetMap could be used to provide easy to under-
stand navigation instructions to pedestrians. A similar route
planning algorithm that considers the visibility and recog-
nizability of landmarks was also proposed by Furukawa and
Nakamura [27], although with an emphasis on helping reduce
pedestrian anxiety. Further studies have utilized data from
social media to a similar effect, as a way to automatically
identify recognizable landmarks from a given path and rec-
ommend an easily memorable route [47].

In addition to cognitive effort, there have been a number of
studies aimed at reducing the physical effort of users when
travelling. A number of these systems were developed to
reduce the burden of navigation for a specific population
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group. For example, route navigation systems specifically for
wheelchair users have been proposed, taking into consider-
ation factors such as steepness, slope, the presence of curb
ramps, surface type, the conditions of sidewalks and other
impediments to wheelchair navigation [48]-[54]. A more
generalized algorithm for identifying routes appropriate for
people with different types of impairments was proposed
in the form of the RouteCheckr system [55], PAM system
[56] and Route4All [57]. Users with different impairments
(visual or physical impairments etc.) rated various criteria
which they felt were important to them when navigating
(i.e. blind users might prefer paths which are less crowded
or those with easily noticeable landmarks and people with
hearing impairments could prefer paths with low traffic noise
etc.). These ratings were then used to weigh the importance
of different route factors when determining which route is
appropriate for each user group with the same impairments.
A similar multi-attribute routing system, AccessMap, was
also proposed to recommend accessible routes to users with
limited mobility based on their selection of criteria which they
feel most impact their travels (i.e. wheelchairs users might
prefer curb ramps and users with crutches may prioritize a
shorter distance route). In a later system proposed by [54],
the weights which were derived from these criteria were
further re-adjusted based on user ratings given after users had
actually walked through the routes.

When determining the quality of the routes for navigation
systems in this domain, attributes related to the characteristics
of routes themselves are generally used (such as the slope,
steepness or number of turns required). Such attributes are
often calculated using data from conventional geographical
data sets such as OpenStreetMap (or for smaller areas, from
manually created and annotated data sets [48]-[50]). Data
about the presence of visible landmarks could either be cre-
ated manually [44], obtained by analyzing data from Open-
StreetMap (based on the distance and whether they are visible
from the current travel direction [46], etc.) or inferred using
social media data (such as examining whether such locations
are mentioned in geo-tagged tweets on certain streets [47]).
Using this data, the system would then determine the optimal
route by selecting paths which contain easily visible land-
marks. In other cases, users could also be asked to rate the
complexity of a given path [45] or which attribute they find
important in an accessible route [55]. These ratings would
then be used to adjust the original cost function (based on
distance) to identify a more effortless route.

4) EXPLORATION

In exploration based navigation systems, rather than rec-
ommending the shortest route to users, the system would
attempt to recommend a route which maximizes the oppor-
tunity for users to visit and discover new locations and expe-
riences during their travels. Earlier systems in this domain
were developed mainly to support sightseeing and tourism
related activities. Such systems were typically designed to
allow users to visit and enjoy a large number of locations
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(often referred to as points of interest (POI)) in an effi-
cient manner [58]-[62]. Most POI-based navigation systems
are personalized, providing individual users with a travel
itinerary to visit different locations that match their personal
interests [58], [59]. To determine which locations might be
of interest to users, researchers have relied on social media
data. For example, the photos uploaded by users on photo
sharing sites such as Flickr [61] or other panoramic photo
sites [59] could be used to represent their travel history.
This information could then be used to predict the quality
of attractions on a given route [59]. Contextual information
such as the type of venue (museum, nightlife venue, etc.),
the weather conditions and the time of the trip could be further
incorporated to more accurately determine the attractiveness
of the locations [60].

Other types of exploration-based navigation systems are
those developed to provide users with routes that contain
novel views. One such system was also developed to allow
users to walk along different heritage and historic areas within
a city (such as a historical neighbourhood or an ancient
market area) [63]. By looking at diversity within a route,
researchers have also proposed a system which recommends
a route that maximizes the diversity of locations and views
encountered along that route [64]. The rationale behind such
a system is that visually diverse routes are more likely to be
interesting to walk through instead of routes with very similar
views and that taking diverse walking routes allows users to
better explore unfamiliar places.

The quality of the route for navigation systems in this
category is generally calculated based on the attractiveness
of locations (shops and tourist attractions) and views (scenic
sights, landmarks, and diverse locations) which exist along-
side the route. To identify such places, researchers have
either manually created a list of candidate locations, obtain-
ing such information from a geographical data set such as
OpenStreetMap or through social network services such as
Foursquare [60], [63] or Jie Pang [62] (a location based social
network similar to Foursquare hosted in China). Afterwards,
the attractiveness of a given location for each user is generally
calculated by taking into account their past travelling experi-
ences and current location [58], [59], using methods such as
collaborative filtering [60], [62]. In other cases, the attrac-
tiveness of a location or street segment on the route could be
calculated based on the overall popularity of that location or
route, with the characteristics of geo-tagged photos submitted
to photo sharing sites such as Flickr or Panoramio being used
as a proxy for popularity [59], [61]. For example, the number
of times a photo of a particular location was submitted to
Flickr could be used to represent the popularity of that loca-
tion. In the routing process, the system would then calculate
the most optimal route that allows users to pass through the
locations deemed to be attractive in an efficient manner.

5) PLEASURABLE EXPERIENCE
The final category of route navigation systems are those
which focus on recommending routes that provide users with
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TABLE 1. A summary of the key data sources used to implement quality-aware route recommendation systems.

Data Source Description Feature type Modality Used
[68], [38]
A free and editable open source map of the whole . . Location data (POI and [371, [43]
OpenStreetMap world, uploaded, extended and edited by volunteers. Static street feature path characteristics) [46], [69]
[15]
. A map service which provides panoramic views L i . [39], [38]
Google Street View from various street positions throughout the world. Static street feature Image data (street view) [64]
Microblogging service | A service where users and organizations share news User experience feature, Text gg’ S%
(Twitter) and opinions. Dynamic street feature [66]. [15]
Location-based social A social media service which allows users to share User experience feature, Location data A(PO‘I)’ [14], [32]
X . . - . Text (User reviews),
network service their location and the places they visit as well as Static street feature, . [38], [47]
(Foursquare etc.) their experience at those places Dynamic street feature User rating data, [66] [62]
’ : Statistic data (Visitor No.)
Phqtosharlng services Image and video sharing services allow users to post | User experience feature, | Image, (661, [68]
(Flickr, Instagram, and share photographs with tags and a description Dynamic street feature Text (Tags) [38], [59]
Panoramio.com) photograp & puion. Y £ [61]
Open data services e Statistic data (Crime No.), [10], [36]
(Datasf.org, Data.gov, Data releaseq t_)y gove_rnmer_lt 1nst1tut10_ns and . Dynamic street feature, Location data (POI details) | [32], [29]
corporate entities available in the public domain . .
Data.london.gov.uk, throuch open data platforms Static street feature Construction data [31], [38]
etc.) gh op p : (Ongoing roadwork etc.) [53]
User perception data about qualities such as safety
or aesthetics on a particular route. Such data is (301, [11]
Crowdsourcing generally obtained through questionnaires which User experience feature User rating data o
. na _ [7), [45]
are deployed online or through specialized crowd
sourcing platforms.

positive emotions while travelling from one point to another.
Such systems aim to maximize the hedonic experience of
users as they travel between two locations. These include
routes which are aesthetically beautiful, quiet, sociable or
provide exposure to areas with nature.

A study carried out by Hochmair and Navratil [65] was
perhaps the first to investigate the possibilities of calculat-
ing scenic routes from street networks using classical GIS
methods such as buffering and intersection. Their proposed
method aims to address the multi-objective decision problem
of searching for a compromise between routes that strike a
balance between attractive scenery and length. Later studies
carried out by Quercia et al. [7], [66] further examined this
problem of how a pleasurable walking experience could be
provided for users within cities. In their study, a crowdsourc-
ing platform was implemented to allow users to vote on which
areas they felt were more beautiful, quiet and could provide
them with happiness. This data was then used to derive the
attributes of locations which could invoke pleasurable expe-
riences and routes which provide exposure to locations with
such attributes were identified [7]. In later studies, the authors
developed an urban smell dictionary which they hinted could
be used to identify routes which are pleasing in the olfactory
sense [66]. Instead of crowd-sourced data, other systems used
information collected from Google Street View, Twitter and
OpenStreetMap to determine which routes were bright, con-
tained beautiful views [39] were fashionable [15] or passed
through locations that provide a high level of sociability,
quietness and are close to nature [67]. Another study in this
category proposed a route recommendation algorithm aimed
at providing hikers with a sense of solitude while hiking,
by generating routes which would allow them to avoid meet-
ing other people along the trail [68].
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The type of locations existing on the paths are often used to
infer the pleasurable qualities of a route. For example, tag data
obtained from OpenStreetMap could be used to determine
whether the route contains locations which are noisy (for
example, whether there are nearby streets tagged as “high-
ways’’) or scenic (such as locations tagged as “gardens” or
“woods’’) [67]. In other cases, data from social media such
as geo-tagged tweets or photos from Flickr and Google Street
View could be analyzed and used to determine whether a
route has potential to provide a pleasurable walking experi-
ence [39], [66]. For example, image analysis could be carried
out to determine the color ratio, object ratio, and color bright-
ness at different points along the route, with the assumption
that a pleasant route would have much nature and contain
green and bright views [39]. Crowd-sourced data could also
be used to help determine which street characteristics are
related to pleasant route qualities by analyzing the presence
of words and visual textures in streets rated as pleasant and
unpleasant by users [66].

B. DATA TYPES
Different types of data have been used to generate features
in quality-aware route navigation systems for pedestrians.
A summary of these data types is shown in Table 1. The-
oretically, any geographical data that can be assigned to a
street can be useful for quality-aware routing. The types of
data features which have been used in the navigation systems
identified from this study could be broadly grouped into
three different categories: static street features, dynamic street
features and user experience features.

Static street features are those that are related to the static
aspects within a path such as the physical attributes of a street
(the width, slope and condition of the roads etc.) and the

135575



IEEE Access

P. Siriaraya et al.: Beyond the Shortest Route: A Survey on Quality-Aware Route Navigation for Pedestrians

locations which exist nearby (both man-made structures such
as shops and schools and geographical features such as lakes
and forests). Dynamic street features refer to features which
are related to the dynamic aspects of a path that generally
change based on the time. This includes attributes such as the
traffic within the streets, the air or noise pollution, the number
of visits to various locations on the street and occurrences
of crime and accidents. Finally, user experience features
refer to those that are related to the perceived opinions and
experiences of users towards a given path or its part. Exam-
ples include perceived safety, aesthetics and ease of naviga-
tion for a given path. Usually, such subjective information is
obtained through online social media or crowdsourcing.

Another categorization which could be made on the data
type is based on the modality of the data. This includes
(a) location data about the position and type of each facil-
ity on the street, (b) textual data that generally provides
useful information about the perceived characteristics of a
street or locations on that street (Tweets, TripAdvisor and
Yelp reviews, etc.), (c) image data which provides a visual
description of the street and events occurring on the street
(e.g., Flickr images, satellite terrain images or Google Street
View panorama images), (d) historical data released by local
governments which denote or pool events such as instances
of crime or others, and (e) user rating data such as those
obtained through crowdsourcing where users are asked to rate
a street segment on aspects such as aesthetics or perceived
accessibility.

It should be noted that in using textual and image data from
online sources, it is often necessary to first process the data
to make sure it is related to a particular street segment in
question and reflects a particular attribute or quality that is
needed for routing. For example, indoor images from build-
ings along a given street segment may need to be discarded as
only outdoor images are typically useful, Flickr images with
objects that are not typical to the street (such as persons, and
mobile objects brought from other places) might also need
to be filtered out or processed. Furthermore, tweets that are
not directly related to the ambient environment (e.g., tweet
about political opinions) would need to be removed. Finally,
there is an issue of assigning images, tweets or other social
media content to their corresponding street segments which
is not always easy (e.g., a tweet can be posted in almost equal
distance from two different streets, as well as one needs to
decide the maximum distance a tweet can be located from
the street segment to be considered as describing it).

1) STATIC STREET FEATURES

A commonly used data source which contains static street
features is OpenStreetMap (OSM) which is one of largest
user-contributed geographical database. In 2019, OSM con-
tained over 5 billion nodes from around the world, with each
node representing a geographical POL? POIs of OSM can
include buildings, shops and natural areas such as lakes and

2https://Wiki.openstreetmap.org/ 'wiki/Stats
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forests among many other types of locations and facilities.’
A street in OSM is defined as a line which is composed of a
series of points. OSM data can be easily collected through an
Application Programming Interface service or downloaded in
bulk for specific cities and countries.* Another popular source
for static street features is Foursquare venues. Foursquare
is a location-based online service that serves as a business
directory as well as an activity recording platform. In 2019,
Foursquare listed more than 65 million venues in more than
190 countries.> Foursquare venues are placed in a category
hierarchy, where at the top level, there are 9 categories includ-
ing food, professional places and shops. At a lower level,
there are hundreds of categories such as ‘“Chinese restau-
rant”, “factory” and “grocery store”. Overall, studies have
shown that user contributed geographical data sets such as
OSM and Foursquare have a reasonable degree of accuracy,
particularly in dense urban areas [70]. However, they could
be less valuable in underpopulated rural areas due to the lack
of user contribution [71].

Similar to Foursquare, Google Places® also provides
detailed information about points of interests (shops, build-
ings, landmarks, etc.) which exist within a specific area.
Alternatively, for smaller areas or for a more specific context
(such as tourism or to provide accessible path for people with
disabilities), researchers could create their own POI dataset
consisting of a list of locations or street features (such as stairs
and railings etc.) with latitude and longitude coordinates [56],
[63]. Finally, static street features could also be obtained by
analyzing image data collected from services such as Google
Street View’ which could be used to infer the characteristics
of the surrounding neighbourhood such as whether the loca-
tion contains green areas or specific landmarks [39], [47].

6

2) DYNAMIC STREET FEATURES

Dynamic street features reflect the characteristics of the
streets which change over time. As such, these features could
contain both geographical as well as temporal information.
One example is geo-tagged posts in social media. Twitter,
a popular microblogging platform which allows users to post
short stories and share their opinions about events in their
lives, has frequently been used as a source of dynamic street
features. Of the more than 500 million tweets per day on
Twitter, it is estimated that around 0.9% are geo-tagged [72].
When analyzed, the content from these tweets could be used
to identify the various events and activities that had occurred
on a given route at a particular time [32], [38]. Twitter data
could be collected through the streaming API which allows
user to access a random proportion of the tweets on Twitter
in real-time.3 However, as there often are many tweets that are
not relevant to the desired routing objective, the tweets would

3 https://wiki.openstreetmap.org/wiki/Map_Features

4https :/Iwiki.openstreetmap.org/wiki/API

5 https://developer.foursquare.com/places

6https ://cloud.google.com/maps-platform/places/

7https J/Iwww.google.com/streetview/

8https ://developer.twitter.com/en/docs/tweets/filter-realtime/overview
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generally need to be pre-processed [73]. Alternatively, user
behaviour data such as the number of users who visited a spe-
cific hotel or shop could be obtained from Foursquare. This
data has been used to represent the popularity of a location at
a given time which could act as a proxy for the quality of the
venue [47]. Data collected from photo sharing sites such as
Flickr could also play a similar role in helping identify the
presence and activities of users at different locations [59],
[61]. For example, the time the photo was taken indicates
that there was a user present at that location during that time.
Users also generally tag photos posted to the site with the
name of the location (Starbucks, etc.) and the activities they
were doing (camping etc.). Overall, while such data could
be useful in representing user actions and behaviours at a
detailed spatial level, researchers have also cautioned that
analysis carried out using only such data sets could be biased
towards urban populations, young users and those with higher
levels of income as they tend to be the main users of these
platforms (Flickr, Foursquare and Twitter, etc.) [74], [75].

Another useful but less known data source for dynamic
street features are public data services and open data sets
released by government institutions and commercial entities
(such as open data sets provided by the US? or Japanese gov-
ernment'”). Cities such as San Francisco also provide open
data sets which contain information about various aspects
of the city such as real estate price, healthcare metrics and
the number of accidents and crime in different areas.!! Fine-
grained crime data (i.e. criminal incidences recorded at a
street-level) in particular is available from a number of open
data sets such as those provided by the cities of Chicago,
New York and London. Such data have been used extensively
as features in safety-based route navigation systems [10],
[31]. Health-based navigation systems aimed at helping users
avoid exposure to harmful environments (such as air pollution
or heat) would generally also obtain information about the
presence of harmful substances from public weather services
or air pollution monitoring stations [12], [37].

3) USER EXPERIENCE FEATURES

User experience features are often used to represent the sub-
jective qualities of a route such as the aesthetics or perceived
safety. To obtain data regarding this feature, researchers have
generally relied on user ratings. For example, users could be
asked to rate the beauty [7], ease of navigation [45], perceived
safety [30], or accessibility [54] of a certain route. Such data
could be used directly when calculating the quality of a path
or as a label for routes which represent those qualities. In the
later case, the user rated routes could then be analyzed to
determine what components of that route corresponds to the
attribute in question. For instance, users could be asked to rate
the attractiveness of different streets based on their images
and the researchers could then analyze what visual cues

9https://data.gov
10https ://data.go.jp
1 https://datasf.org/opendata/
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from the images would cause it to be perceived as visually
appealing. These cues could then be used as features for paths
not yet rated [76].

Geo-tagged data from social media services have also been
used as user experience features in route navigation systems.
For example, by carrying out sentiment analysis on geo-
tagged tweets located near a given path, researchers are able
to determine whether the path provides users with positive or
negative experiences. This in turn could be used as a proxy
measure for how enjoyable the route is [30]. Alternatively,
the tags from photos submitted to Flickr or Instagram and the
words from geo-tagged tweets could be analyzed and used to
identify certain user experiences (such as smells) at different
locations [66].

C. ROUTING ALGORITHMS

Several algorithms have been used to recommend an appro-
priate route to users in the papers which we identified. One
popular algorithm is Dijkstra’s algorithm [77]. Given a start-
ing node s in a weighted graph G, Dijkstra’s algorithm finds
the shortest path between the node and every other node in
the graph. More specifically, Dijkstra’s algorithm generates
a shortest path tree with a given starting node as the root.
The algorithm maintains two sets of nodes, a set of nodes in
the shortest path tree and a set of other nodes which have
not yet been included in the shortest path tree. At every step
of the algorithm, a node which is not in the shortest path
tree and has a minimum distance from the starting node is
identified and moved to the set of nodes in the shortest path
tree [77]. This algorithm or its derivative has been used in
a number of navigation systems covered in this paper, with
features such as safety, aesthetics and the potential presence
of harmful substances representing the cost along edges in the
graph [29], [39], [45], [47], [54], [55], [78]. Quercia et al. [7]
for example utilized Eppstein’s algorithm (see [79]), a variant
of Dijkstra’s algorithm, which aims to find k shortest paths
between nodes s and d and considers cases where repeated
vertexes are allowed.

Other algorithms used include the pulse algorithm which
aims to find the optimal route by pruning away partial paths
that cannot generate full efficient paths [10], and the A*
algorithm (see [80]), a “best first search” algorithm which
utilizes a heuristic function in addition to the cost function
to search for an appropriate path [69]. Alternatively, publicly
available or commercial routing services could be used in
the routing process [46]. Examples include the OpenRoute-
Service which was developed by the Heidelberg Institute
for Geoinformation Technology to provide routing services
using information from OpenStreetMap'? or the Direction
API provided by the Google Maps platform.'> Open source
libraries such as pgRouting'* also allow developers to deploy
various routing algorithms (such as Shortest Path A*) to find

1 2https://maps.openroutcservice.org/
13 https://cloud.google.com/maps-platform/routes/
14https://p grouting.org/
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the path with the lowest cost on geographical datasets hosted
on their own databases.

In cases where route planning is dynamic and the environ-
ment changes frequently, algorithms such as Genetic Algo-
rithms (GA) could be used (such as in [47], [69]). In this
algorithm, a route from a starting node s to a destination node
d is represented as a sequential list consisting of N nodes as
if a variable-length chromosome was utilized. An evaluation
function is then defined and used to determine an appropriate
route that can minimize the evaluation function.

While traditional shortest path algorithms tend to focus on
travel time as the main cost of a route, quality-aware route
navigation systems often incorporate additional features such
as safety and aesthetics. In many cases, geo-tagged data items
are used to represent these features on a path. For instance,
landmark locations have been used to represent whether the
route is worth exploring [9], historic crime incidences to
represent safety [29], [31], [36] and social media items to
represent past user experiences [14], [66]. As such, when
identifying a quality-aware route, it is often necessary to map
these items onto a given street or area so that they could be
used to adjust the cost of related paths. A simple approach that
has been used for this purpose is a threshold-based method
in which all data items that are located within a set distance
from a path would be used to represent a particular quality on
that path [38], [47], [66]. A cell-based method has also been
used in which a city would be pre-divided into cells and the
data items which fall under each cell area are considered to
represent the characteristics of that cell [7]. When a data item
does not represent a point but rather an area (such as data
pooled for certain spatial regions), a variant of this approach
could be used in which the street is sectioned according to the
areas it is contained in and the length of the section within
the area is weighted to reflect the amount of exposure when
calculating the cost [37].

D. EVALUATION OF ROUTE NAVIGATION SYSTEMS

Various methods have been used to evaluate whether a system
is effective in recommending routes to users based on the
different criteria (e.g., pleasure or safety). Table 2 provides
a summary of these methods. The most thorough approach
would be to ask participants to actually walk through the
routes recommended by the system so that the utility and
cost aspects could be measured and compared. This way one
would be able to test the system with actual users in a realistic
context. Often the recommended routes are compared to those
proposed by baseline routing methods (e.g., shortest path).
Studies which utilized this evaluation method include [27],
[47], [68], [78].

However, as such experiments are often costly both in
time and effort, the walking experience could also be simu-
lated when evaluating the systems. For example, in a study
by Wakamiya et al. [47], Google Street View was used to
simulate the walking experience. Participants were asked to
simulate walks in San Francisco using Google Street View
and then report their opinions and feelings about the routes.
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TABLE 2. A summary of the methods used to evaluate the navigation
systems.

Evaluation Description Category Used
Users are asked to walk through [68], [27]
Field the routes recommended by the End-user [47], [33]
evaluation system and report on their ex- i [34], [69]
periences. [78]
Users are asked to evaluate the
SlmulaFed routes thrpugh a s'lmulz'1t§d walk- End-user [351. [47]
evaluation | ing experience using digital
videos or panoramic views.
Users evaluate the routes through
a prototype of the system or [671, [50]
Prototype evaluate the prototype itself on End-user [60], [63]
evaluation aspects such as usability, useful- i [59], [43]
ness and willingness to use in the [55], [65]
future.
The performance of the method . 301, [36]
- Routing [32], [31]
Back used to recommend the routes is method (12], [58]
testing evaluated using a known past ?
- performance | [61], [14]
sample data set.
[62]
The developer§ manually examine Routing (101, [67]
Manual a sample set of the generated method [37], [49]
inspection | routes to determine how well they erformance | [69 J’ [52]
meet the routing objectives. P T
A Pedestrian agent (a computer
Agent program) is developed to walk Routing [43], [28]
simulation through the routes. The routes are method [45] [54]
then evaluated based on what is performance
encountered by the agent.
The accuracy and performance of .
Feature the method used to calculate the Routing (71, [66]
. . method [15], [46]
evaluation features that represent the quality erformance | [52]
of the routes are evaluated. P
Technical Resea'rchers 1est' Whethpr itis Technical
- technically feasible to implement N [51]
feasibility the system performance

In another example, participants were asked to evaluate the
routes based on videos taken by the researchers while they
themselves walked through the routes [35]. Such approaches
are particularly useful in cases where the study is difficult
to organize logistically (for example, in [47], participants
were asked to evaluate routes in a different country and the
other study involved elderly participants [35] ). An alternative
approach is to evaluate a prototype of the developed system
in terms of usability, utility, functionality and the level of
satisfaction [50], [59], [60], [63], [67]. Such an evaluation
approach involves participants using the developed system in
a lab setting. They were asked to evaluate factors such as how
easy it was to use the system, how useful they felt the system
was and whether they would use such a system in the future.
In such lab studies, participants were also asked to rate how
useful and accurate the routes themselves were by looking at
them on a digital map.

Navigation systems have also been assessed without
involving evaluation from participants. Back testing could be
carried out in which the developers evaluate the validity of
their proposed algorithms by using past data [12], [14], [31],
[32], [36], [58], [62]. For example, if the navigation system
aims to recommend safe routes, the authors could test whether
crime has indeed occurred on the recommended routes by
referring to past crime statistics. In other studies, the authors
themselves manually evaluated routes generated by the sys-
tem to see if the objective of their proposed algorithm
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was met [10], [37], [52] (for example, to see if the generated
routes have indeed reduced heat exposure in comparison to
the shortest path [37] or to determine whether the trade off
in terms of safety is worth the added distance [10]). Alter-
natively, simulations could be carried out in which agents
with pre-programmed sets of behaviours are used to evaluate
the quality of the routes [43]. For example, Monte Carlo
simulations could be used to randomly generate users with
different route preference profiles to walk through routes with
random origin and destination points to evaluate them [54].
Such approaches are common in navigation systems in the
health and safety domain, as it can be dangerous to carry out
actual user evaluations.

Another common evaluation method is to evaluate the
features used to generate the routes. For example, a crowd-
sourcing approach where users are asked to rate the images
and locations that were used to calculate the quality of the
route was used in [7]. Researchers have also examined how
the parameters used to generate features for the routing pro-
cess influences the overall route recommendation outcome
[65] or the performance of the feature extraction methods
[46], [52]. The different methods used in the routing could
also be evaluated to determine which fits best with the pre-
determined user preference criteria [49]. Finally, researchers
have carried out a pure technical evaluation to determine
whether it is technologically feasible to implement such a
system [51].

V. DISCUSSION

In this section, we discuss key observations from the papers
identified in our survey. We highlight the problems and
limitations of the currently proposed systems and provide
promising directions for future research into quality-aware
route navigation systems.

o Opverall, there is a lack of a systematic and compre-
hensive evaluation approach for route navigation sys-
tems. The evaluation methods used in existing literature
tend to focus on a single aspect of the system (routing
algorithm performance, perceived system value, etc.)
and use metrics specific to that domain. For example,
studies whose main contribution are to propose a novel
routing method tend to evaluate their system using a
data-driven approach, by measuring the performance of
their method against a known data set using metrics
such as accuracy ( [30], [32], etc.). Those which employ
a user study approach often focus on measuring the
experiences of users with the system through metrics
such as perceived usefulness and ease of use [50], [59],
[67]. In studies where the routes are evaluated (such
as in field evaluations or simulated experiments), users
often score the routes based on single item metrics spe-
cific to their domain (such as perceived safety, general
preference, etc.) [35], [69]. As there is no commonly
accepted evaluation framework or a measurement scale
for user experience which could be shared across dif-
ferent domains, it is difficult to compare the value of
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the proposed navigation system in an impartial manner.
Therefore, we believe that research into quality-aware
route navigation systems would benefit greatly from the
development of a trans-domain, multi-criteria evaluation
framework, similar to those proposed for other digital
systems such as web-based learning platforms [81] and
games [82].

Currently, most of the proposed systems focus only on
a single quality type (e.g., safety or pleasure). Those
which incorporate multiple qualities often target a spe-
cific user group (elderly users) or use case (hiking, pro-
moting exercise, etc.) [12], [35], [68], [69], which limits
their general applicability. For such systems to be more
widely adopted in practice, we believe that they would
need to incorporate a wider range of qualities in order
to make effective recommendations to general users in
everyday life. In such cases, a single user would have a
mixture of needs with different levels of preferences that
would need to be considered simultaneously (e.g., a safe
yet interesting route which allows them to exercise).
The systems in this survey often assume that the user
preferences, the features used to calculate the route
qualities and the conditions surrounding the walk would
remain static while the system is being used. Most of
the proposed systems give non-dynamic final recom-
mendations in the sense that the recommended routes
cannot be changed after the initiation of the walk, unless
anew route is generated. In a real-life scenario, dynamic
systems which could provide adaptive routing that cor-
responds to changes in the situation and environment
of the user would be more useful. Considering safety
for example, the initially recommended route may need
to be dynamically updated after acquiring information
about a public safety risk (a group of hooligans moving
towards the area) or based on the latest crime report
in the area. Social media data (such as Twitter and
Flickr) could be particularly useful for this purpose and
while a number of studies have used such data to rep-
resent specific features on the route ( [14], [15], [66],
etc.), they are used in a static manner, namely to pre-
calculate a specific quality on the route. Overall, we lack
a mechanism to incorporate real-time changes into the
routing process. In addition, the context at the time of
the walk would need to be properly considered. Few
studies have proposed qualities based on such attributes
(i.e. the time and day a user plans to walk and the
current weather forecasts, etc.) [28], [33], [34]. Finally,
in real-time systems, the degree of the changeability
or variability of dynamic street attributes should also
be taken into account. For example, while the street
width is typically considered constant, the numbers of
pedestrians or the colors of building facades may change
at a faster or slower pace. Faster changing data attributes
would require more constant updating.

Most of the proposed systems cater to individual users
and there is a lack of routing systems which can deal

135579



P. Siriaraya et al.: Beyond the Shortest Route: A Survey on Quality-Aware Route Navigation for Pedestrians

IEEE Access

ies in this paper.
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TABLE 3. (Continued) A summary of the studies in this paper. group exercise (jogging with friends, etc.). Such systems
would need to take into account the interests and char-
acteristics of a group of users instead of a single user.
Several key questions would then need to be addressed,
such as whether to take a democratic stance and treat all
user needs uniformly or otherwise try to give preference
(e.g., to guests or senior persons).

o The studies in our survey have utilized data from var-
ious sources when calculating the qualities on a given
path. Data collected from location based social media
such as Twitter, Foursquare and Instagram have been
particularly useful in representing the behaviour and
experience of general users at a large scale (such as
what venues are popular or which streets are safe, etc.).
However, it is generally more difficult to utilize data
from such sources when calculating qualities which
are more specific to certain user groups, such as when
determining which street is accessible for older people or
people with disabilities (as these users tend to be under-
represented on social media platforms [75]). In such
cases, a crowd-sensing approach is often used, which
involves collecting data about the qualities of path while
target user participants (wheelchair users etc.) travel
along the routes [51], [52]. While it had previously
been difficult to implement routing systems based on
such qualities in scale due to the effort required by
participants, recent improvements in machine learning
have led to the development of techniques which allow
various accessibility and safety qualities to be inferred
automatically from public data sets (such as identifying
zebra-crossings from satellite images [83], [84]) or with
less effort by participants (such as a passive crowd-
sensing approach proposed by Kamaldin et al. [85]
which automatically detects surface type conditions for
wheelchair users or the Moving Wheels [86] which
automatically detects obstacles such as steps or ramps
from crowd-sourced wheelchair users). A particularly
promising research direction that we believe should
be further investigated is the use of a semi-automatic
approach where users are asked to verify the result of
less certain predictions from machine learning models
[87]. Such an approach would help ensure both scale
and accuracy in the development of a routing system.

« Researchers should be aware of the temporal character-
istics of the data they use to calculate the qualities of
the routes. For example, Google Street View images for
the same city or even district are sometimes taken at dif-
ferent days and times when conditions such as daylight
levels or street crowdedness may differ. Additionally,
unique dynamic events (such as public demonstrations
or irregular sporting events) may influence the nature of
conversations in geo-tagged tweets, the characteristics
of photos from Flickr and visit numbers on Foursquare

with cases where multiple users wish to walk together Swarm. Hence, when constructing machine learning

as a group. Group-based routing algorithms could be models to predict route quality from such data (e.g.,

particularly useful in situations such as group tours and object and color detection for street quality estimation

Evaluation
User-centric evaluation
of the prototype system
(usability, utility,
functionality and
recommendation value)
(Demonstration
Back-tested algorithm
with 3106 users, using
a 80-20 train test
split evaluation

None
only)

Algorithm
Iterated local search
meta heuristic
Dijkstra’s algorithm
planing algorithm

Travel Route

Quality
Scenic views
Diversity of
facilities and views
Ability to visit
interesting venues

Taxonomy
X

Ex
Ex
E

Data
and other users from

POI of data of the user
Jie Pang

Collection of POI
Google Street View
Venue tags and visited

Foursquare

Feature Mapping
A sequence of POIs generated
from cultural and architectural
elements of urban districts as
a tour path
and Image tags from Google
Street View and color data
used to calculate the diversity
within each street
Utilized collaborative filtering
on past user travel history
and location popularity
venues and generate a travel
plan between those venues
considering constrains in

Venue tags from Foursquare
space and time

to predict interest in nearby

Recommended Route
Routes which pass
through optimal
tourist locations
Routes which offer
diverse views and
facilities along the path
Routes which pass
through interesting
venues based on
past user interests

Cite
[63]
[64]
[62]

135586 VOLUME 8, 2020



P. Siriaraya et al.: Beyond the Shortest Route: A Survey on Quality-Aware Route Navigation for Pedestrians

IEEE Access

and semantic or sentiment analysis from tweet data [14],
[15], [39], etc.), the outlier data points would need to be
removed and the data would need to be normalized.

o The categories of qualities which we identified from
existing studies should by no means be considered as
an exhaustive list, but more as an overview of potential
areas where quality-aware navigation systems could be
applied towards. By providing this basic categorization,
we hope to create more awareness about the different
areas that have benefited from such systems and promote
further development into similar systems in the future.
Indeed, we can imagine a range of scenarios that future
route navigation systems could consider. In health and
physical well-being domain for instance, systems which
could recommend routes with hygiene related facilities
(e.g., toilets, nursery rooms or facilities providing medi-
cal care like hospitals) could be especially useful for the
elderly, sick people or mothers with babies or toddlers.
Furthermore, existing route recommendation algorithms
could also be applied to benefit the community in novel
ways. For example, the algorithms developed to help
hikers avoid other pedestrians [68] or help users avoid
crowds [11] could be useful to people suffering from
agoraphobia and could even be applied to protect users
in the cases of epidemics such as Covid-19.

VI. CONCLUSION

The recent developments in online maps and routing sys-
tems serve as a testimony to their growing demand. While
traditional route recommendation is still based on utilitarian
factors such as distance and time cost, there have been an
increasing number of systems proposed in recent literature
which go beyond helping users find the shortest route and
consider other qualities such as safety and well-being. In this
paper, we provide a survey into such quality-aware route
navigation systems.

The different systems which were identified in this paper
are presented in detail in Table 3. Overall, we identified
five key categories (Safety, Health and Well-being, Effort,
Exploration, and Pleasure) based on the quality attributes
which have been proposed in existing literature. The data
sources used to generate the features that represent these qual-
ities range from location data obtained from OpenStreetMap
(used to represent static street features) to social media and
crowd-sourced data obtained from services such as Twitter,
Foursquare, and Flickr (used to represent dynamic and user
experience features). Through this survey, we have provided
an overview into the characteristics of these data sources as
well as a summary about how they were used in the route rec-
ommendation process. Afterwards, the different algorithms
which have been used in the routing process as well as the
methods that researchers have employed to evaluate their pro-
posed systems were discussed in detail. Common approaches
used to evaluate the systems include field and prototype eval-
uations, back testing and a manual inspection of the routes.

VOLUME 8, 2020

In the discussion, we highlighted the limitations and pro-
posed future research directions for quality-aware navigation
systems. Such limitations include the lack of a comprehensive
evaluation method for quality-aware navigation systems and
the tendency for such systems to assume that user prefer-
ences and street features remain static while the system is
being used. In addition, most systems tend to focus on a
single route quality type and are designed to cater only to
individual users. Therefore, to further improve quality-aware
navigation systems, we propose that researchers should inves-
tigate the development of multi-quality, group-based routing
algorithms, a trans-domain evaluation framework and routing
algorithms which are able to adapt to changes from street fea-
tures and user preferences in real-time. This we believe would
allow such systems to be more widely adopted by general
users in daily life. Finally, we should also note that due to the
scope of our survey, our review focused on literature which
describe route navigation systems designed for pedestrians
and the results from this study would not be generalizable to
other types of navigation systems such as those targeting car
drivers.
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