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Sammanfattning

För att ta reda p̊a hur vi kan navigera n̊agonstans s̊a kan vi idag med hjälp
av navigeringstjänster s̊asom Google Maps f̊a förslag p̊a rutter till en given
destination. Dessa rutter är oftast visualiserade som en linje som representerar
en väg vi kan ta när vi navigerar dit vi vill i miljön som avbildas p̊a en karta.
Genom att läsa den här kartan s̊a kan vi skapa oss en uppfattning, eller f̊a ett
intryck, av navigationen den föreslagna rutten är representativ av och hur sv̊art
det kan vara, innan vi har börjat navigera.

Trots att det inte är ovanligt att ta hjälp av navigeringstjänster för att se
ruttförslag s̊a finns det ytterst lite forskning som undersöker hur sv̊art det ser
ut att navigera en rutt eller vad som ser sv̊art ut fr̊an det här perspektivet.
En djupare först̊aelse av detta är viktigt för att först̊a hur navigeringstjänster
p̊averkar hur vi navigerar och hur den kan hjälpa oss att överkomma eller reda
ut vad som ser sv̊art ut, eftersom ruttförslag kan användas för att lära sig
hur man kan navigera till en destination eller för att informera beslut i hur vi
navigerar.

I den här avhandlingen undersöker vi hur olika faktorer kopplade till egen-
skaper av rutten och miljön den är i p̊averkar hur sv̊art det ser ut att navigera
en rutt, fr̊an perspektivet av en kartläsare som inte börjat navigera ännu. Det
här innefattar en analys av hur faktorer som är relaterade till hur sv̊ar en rutt
är att navigera, och hur komplex en miljö är att först̊a och navigera i, p̊averkar
hur sv̊ar en rutt ser ut. Utöver det s̊a undersöker vi även vilka nya faktorer
som kan p̊averka hur sv̊ar en rutt ser fr̊an perspektivet av en kartläsare, och
vad det är kartläsare skriver att de tycker ser sv̊art ut att navigera p̊a en karta.

För att kunna mäta faktorer som kan p̊averka hur sv̊ar en rutt ser ut p̊a en
karta s̊a använder vi oss av beräkningsmetoder baserade p̊a nätverksanalys och
stadsrumanalys. Dessutom s̊a utvecklar vi och utvärderar vi en beräkningsmetod
för likriktigheten av en rutt i relation till gatunätet den befinner sig i, en po-
tentiell ny faktor som kan p̊averka hur sv̊ar en rutt ser ut att vara.
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Abstract

To find out how we can navigate somewhere, we can today use navigation
services like Google Maps to get route suggestions to a given destination. These
routes are often visualized as a line representing a path we can take when
navigating to a destination in the environment depicted on a map. By reading
this map, we can get an impression, or infer, what navigating the suggested
route might entail and how difficult it might be, before we start navigating.

Although it is not uncommon to use navigation services to look up route
suggestions, there is very little research examining the perceived difficulty of
navigating a route, or what is perceived as difficult, from this perspective. A
deeper understanding of this is important to grasp how navigation services
influence how we navigate and how they can help us overcome or clarify what
is perceived as difficult, since route suggestions can be used to learn how to
navigate to a destination or to inform decisions about how we navigate.

In this thesis, we investigate how different factors related to the route and
the environment it is in influence how difficult a route appears to navigate,
from the perspective of a map reader who has not yet started navigating. This
includes an analysis of how factors related to the difficulty of navigating a route,
and how complex an environment is, may influence the perceived difficulty of a
route. Additionally, we also explore what new factors might affect the perceived
difficulty of a route from the perspective of a map reader and what map readers
describe that they perceive as difficult to navigate on a map.

To measure factors that may influence the perceived difficulty of a route on
a map, we use computational methods based on network analysis and urban
design. Furthermore, we develop and evaluate a computational method for
measuring the alignment of a route with respect to the street network it is in,
as a new factor that may influence the perceived difficulty of a route.
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Chapter 1

Introduction

Navigation is an activity we engage in every day, whether it is part of our
routine between home and our workplace or in a city we have never been in
before. A route describes how we navigate between two locations, in terms of
what steps or actions it involves and the path we move through an environment.
Routine navigation rarely requires us to think about what route to take before
we begin, and while it may be physically difficult, finding our way is easy since
we already know of multiple routes to our destination. The opposite is true
when navigating somewhere we have never been before and we don’t yet know
of any route to our destination. Wayfinding is then often the more difficult
aspect of navigation. Luckily, navigation support systems such as Google Maps
can make this task easier. By interacting with these systems, we can look up
route suggestions to our destination on a digital map and later receive verbal
turn-by-turn instructions to help us navigate. The birds-eye perspective of the
environment and the route the map provides us with also give us an impression
of what navigating the route will involve and how difficult it may be, before
navigating it. If the route looks easy to navigate, we may decide to walk there
after having oriented ourselves with the map, or if it looks difficult, decide that
it is safer to follow instructions or take a cab to avoid getting lost.

Although route suggestions are often seen on a map, little is known about
what makes a route look more or less difficult from this perspective. The large
majority of research on route difficulty assumes the perspective of a navigator
currently en-route, which is in many ways different from that of someone look-
ing at a route suggestion on a map before navigation. The perceived difficulty
of a route on a map may be influenced by different factors than those associ-
ated with difficulties navigating a route, and may require new computational
methods to assess and measure.

This is the starting point of the research this thesis is about, which we
introduce in more detail in the following sections, beginning with why it is
important to research route difficulty from this perspective, then clarifying the
research questions, and finally detailing the approach used to answer them.
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1.1 Background & Motivation

Montello describes navigation as coordinated and goal-directed movement through
an environment that can be understood to include two primary components
[41]: Locomotion that is the bodily movement in coordination with the sur-
rounding environment based on sensory information; Wayfinding that is the
cognitive activity of orienting ourselves with respect to a destination in the
environment and planning how to navigate efficiently towards it.

Research investigating how different factors influence the difficulty or ease
with which we navigate a route provides insight into the cognitive abilities in-
volved in wayfinding and locomotion, and their interplay with the environment
that is being navigated. Difficulty here refers to how much effort is required
to successfully accomplish the task of navigating a route and encompasses any
combination of factors that can influence this. Such factors include individual
differences in cognitive abilities and familiarity with the environment, as well
as factors influencing how pleasant or physically difficult it is to walk or drive
in it. The difficulty of a route depends in part on its complexity, which refers
more specifically to the mental effort required to perform the task of wayfinding
while navigating a route, and how this may be facilitated by the environment.
For example, the architectural legibility of the environment, in how easy it is
to see and recognize where you are in it, can influence route complexity as it
makes orienting yourself more or less difficult [18]. The environmental prop-
erties of decision points, such as the number of directions to choose from and
the availability of signage and landmarks, can make wayfinding decisions more
difficult [19].

This thesis explores perceived route difficulty : the impression of how diffi-
cult a route is to navigate that one forms when “reading” a route suggestion on
a map before navigating it. This impression will depend on what one perceives
as influencing the amount of effort required to navigate a route in the future,
including the mental effort of wayfinding in the environment (i.e. route com-
plexity). A route suggestion on a map may be understood as a representation
of a precompiled plan for how to perform a specific wayfinding task [17]. It
communicates the spatial structure of the environment by means of an analo-
gous spatial representation on the map, and similarly, the line that is the route
suggestion is analogous to the movement, or path, that the plan for navigating
it entails. Furthermore, this may be interpreted and memorized as a sequence
of wayfinding actions in the environment, akin to the verbal instructions for
navigating a route [30]. Consequently, properties of the environment associated
with route difficulty can also be inferred by reading the map.

What has been found to influence the difficulty of navigating a route does
not necessarily match what factors might influence perceived route difficulty.
On a map, a navigator can see the entirety of the environment depicted on the
map and not only that which they see while navigating. They also view the
route from the allocentric perspective determined by how the map is oriented,
unlike the egocentric perspective of a navigator en-route. Moreover, navigation
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support systems typically display route suggestions on a roadmap that empha-
sizes the street network by schematizing types of roads, buildings, and land
use.

As stated earlier, there is very little earlier research on perceived route dif-
ficulty from the perspective of someone looking at a route suggestion on a map
before navigating it. There is one earlier study that takes this perspective by
Schwartz-Chassidim et al, where they find that the number of intersections,
turns, and route length has a positive correlation with perceived route com-
plexity [56]. Furthermore, they find that it has a positive correlation with
the perceived density of roadmaps that they in an earlier study found to be
influenced by the number of intersections and street length on the map [57].
However, this study does not investigate how these environmental factors may
interact with or depend on each other and does not account for any individual
differences that may influence perceived route complexity.

Researching what influences the perceived difficulty of a route from this
perspective furthers our knowledge of what people pay attention to and infer
about the prospective task of navigation based on how it is represented on a
map. This is important for understanding how route suggestions displayed by
navigation support systems impact navigation. It may also inform future re-
search on how these systems may adapt how route suggestions are displayed
to navigators to help them inform themselves about and overcome potential
difficulties. This thesis follows the research agenda of spatial cognitive engi-
neering [51] and neuroadaptive mobile geographic displays [15] that seek to
improve how such systems can be designed with the cognitive abilities and
spatial context of the user in mind.

To identify new factors that are unique to this perspective and how they may
influence perceived route difficulty requires the development of new computa-
tional methods. Existing algorithms and computational methods for measuring
or accounting for environmental factors influencing route difficulty have been
developed with the perspective of someone navigating a route in mind. For ex-
ample, the simplest path search algorithm accounts for how the environmental
complexity of decision points along the route to be able to find the “simplest”
path to a destination [12]. Other algorithms combine many different sources
of route difficulty, including traffic, the presence of landmarks, and individual
factors [62]. These algorithms compute route complexity as the sum of factors
influencing the complexity of decision points. On the other hand, methods
developed to assess the complexity of environments do not account for how
it may, or may not, actually influence the complexity of a route within it.
New algorithms developed with the perspective of a map reader in mind may,
in comparison, require computing the complexity of parts of the environment
that are not visited but still relevant to the task of navigating a route. They
may also need to account for how route complexity depends on how a route is
oriented within the street network.
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1.2 Research questions

To address the research gap identified above, the first objective of this thesis is
to investigate what factors influence perceived route difficulty from the perspec-
tive of a map-reader and whether these factors differ from what has been found
to influence the difficulty of navigating a route, covered by research questions
RQ1 and RQ2. The second objective is to investigate how the complexity
of the visible street network influences the perceived difficulty of a route in
it (RQ3). This includes the analysis and development of new computational
methods for assessing how route length and measures of route complexity de-
pend on how a route is oriented within the street network (RQ4). This thesis
focuses on the following research question:

RQ1 How do factors found to influence the difficulty of navigating a route
influence the perceived difficulty of a route on a map?

RQ2 What do participants describe as making a route on a map look more
difficult to navigate?

RQ3 How does the complexity of the depicted street network influence the
perceived difficulty of a route?

RQ4 How can the alignment between the orientation of a route and the ori-
entation of streets in the street network be assessed computationally?

1.3 Approach

In this section we summarize how we approached answering these research
questions. First, we describe the human-subject experiments conducted to
investigate perceived route difficulty, and then we describe the experiments
evaluating how route complexity and length depend on the spatial structure of
the street network and how they are aligned.

1.3.1 Perceived route difficulty experiments

To answer research questions RQ1 to RQ3, we conducted two experiments
where participants were asked to rate and describe the perceived difficulty of
route suggestions that varied in terms of how complex the visible surrounding
street network is. In both of the experiments described below, the participants
are asked to consider the scenario of arriving at a train station and looking up
a route suggestion for navigating on foot to their hotel. Moreover, all route
suggestions are roughly 2km long and begin at a location that is tagged as a
railway station but do not necessarily end at a hotel.

The first experiment described in Paper I was conducted offline and online
to see the viability of conducting future experiments online. In it, participants
were shown 10 different route suggestions for a limited time of 20 seconds. To
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address RQ3 we created two groups of route suggestions, one where routes
are in cities with simple street networks, and the other in cities with com-
plex street networks. These cities were selected based on how well the visible
street network follows a well-defined pattern that Mohsenin and Sevtsuk find
to impact how we remember the structure of the street network [40]. To name
a few, cities with simple street networks include Paris, where streets follow
a radial pattern, and Manhattan, famously having a gridlike street pattern.
While cities with complex street networks include Thessaloniki and Cologne
where the streets have not been realigned to follow any particular pattern and
instead have a more organic “medieval” layout. The participants were then
asked to rate the perceived difficulty of these routes along three scales derived
from the NASA-Task Load Index (NASA-TLX) [21]. Namely, how punishing
or forgiving, simple or complex, and how easy or demanding, a task is perceived
to be. In addition to these ratings, the participants were also asked to comment
on what made the route look more difficult.

This experiment also includes a number of surveys to assess how individual
factors may influence perceived route difficulty: (1) The Santa Barbara Sense
Of Direction questionnaire that asks participants to assess their wayfinding
abilities [23]; (2) A questionnaire to assess how often they feel anxious about
performing a variety of different spatial tasks [37]; (3) A self-assessment of
trait anxiety [53], that has been found to interact with cognitive abilities in
their effect on navigation performance [63]; (4) Asking participants to rate how
frequently they look up route suggestions before navigating somewhere, how
often they follow route instructions for these routes, and whether they have any
map-related hobbies such as orienteering. And last, a cognitive test of route-
planning on a map, where participants are tasked with finding the shortest
path between points bordering a grid [13].

The second experiment is reported in Paper IV and Paper V and was
conducted entirely online using Prolific as a platform to recruit participants.
In this experiment, 18 route suggestions were selected to vary in terms of route
complexity as measured using the simplest-path search algorithm [12]. This
algorithm is also used as a baseline for investigating how factors associated
with difficulties navigating a route influence the perceived difficulty of a route,
addressing RQ1. Furthermore, to address RQ2, routes also varied in how
gridlike the surrounding street network is using Boeing’s measure of street
network orientation entropy [5].

In this experiment the participants were asked to rate the perceived diffi-
culty of a route along a single 11-point scale from easy to difficult, and asked
to describe what makes the route suggestion look more difficult. However, in
contrast to the first experiment, they got to view the route suggestion for as
long as they wanted. The subsequent step of the experiment included a men-
tal rotation test adapted from [48], testing a cognitive ability that has been
linked to spatial knowledge acquisition from map-reading [34], and the mental
effort of navigation [63]. Three additional individual factors are assessed in
this experiment: (1) Sense of direction, assessed via the same questionnaire as
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earlier; (2) Reliance on navigation support systems for different purposes, such
as looking up routes to get time estimates or to follow route instructions [65];
(3) A self-assessment of navigation anxiety that has been linked to a higher
reliance on navigation support systems [22].

1.3.2 Route-network alignment experiments

To address RQ4, we use two datasets of origin-destination pairs (OD-pair) and
the route that connects them as a basis to evaluate how the complexity and
length of a route depends on properties of the street network. Furthermore,
we evaluate how this depends on how the origin and destination of a route are
oriented within a street network, and how their alignment can be measured.

These datasets are created using publicly available data provided by Open-
StreetMap [46, 47] to programmatically download street network data from 100
different cities. The datasets contain origin and destination pairs, that is, two
nodes connected to each other in a street network, and the list of nodes that
make up the shortest and simplest route from the origin node to the destination
node. The procedure for sampling these OD-pairs is illustrated in Figure 1.1.
In Paper II this dataset contains 34, 192 OD-pairs, and in Paper III 77, 293
OD-pairs.

Developing a method of measuring alignment, we build on Boeing’s method
of analyzing street network orientations [5]. Street orientations are defined as
the compass bearings between the two end points of a street, and similarly,
the orientation of an OD-pair is defined as the compass bearings between the
origin and destination of a route. The set of street orientations and the OD-
pair orientation are then compared as two discrete circular distributions, split
into 36 bins, each representing the proportion of bearings within an arc of 10◦.
To calculate how gridlike the street network is, we begin by calculating the
Shannon entropy of the distribution of street orientations [58]. The entropy is
then normalized to a value indicating how gridlike a street network is, where 0
indicates that the distribution of orientations is uniform, and 1 indicates that
it is perfectly gridlike.

In Paper II, we operationalize alignment as the number of steps/bins a dis-
tribution of street orientations has to rotate to reach the closest and strongest
point of correlation with the OD-pair. A greater number of steps indicates
misalignment. In the following Paper III, we operationalize alignment as the
minimum effort of transporting mass from one distribution to another, also
known as the Earth Mover’s Distance (EMD). To calculate the EMD between
two discrete circular distributions, we use the algorithm for circular optimal
transport proposed by Hundrieser, Klatt & Munk [27]. A higher EMD is in-
dicative of a higher degree of misalignment, while a lower EMD is indicative of
a higher degree of alignment.

6



1. Sampling origins
Five random intersections at 
least 2km away from each other  
and within 10km from a city 
center are selected as origins. , 
Using each origin as the center 
of a bounding box with sides of 
12km, the street network data 
surrounding each origin is then 
downloaded and processed for 
later steps.      

2. Sampling destinations
Around each origin, up to 180 

destinations are sampled within 

a radius of 4750 to 5250 meters 

from the origin. 

3. Defining OD-pairs
Every destination from the origin 

is used to create an Origin and 

Destination pair (OD-pair). 

A square is then defined by using 

a straight line from the origin to 

the destination and extending it 

by 25% as its diagonal.

4. Gathering OD-pair data
We then find the shortest route 

from the origin to the destination 

and collect data about it with 

respect to the street network 

contained within this square. 

Figure 1.1: Illustration of how the dataset of OD-pairs is created
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1.4 Thesis outline

The rest of this thesis spans three chapters. Chapter 2 provides an overview
of how the perceived difficulty of a route from the perspective of a map reader
differs from that of someone navigating a route. This overview includes a dis-
cussion of what factors may impact perceived route difficulty based on what we
know from previous research on navigation, map reading, and related topics,
and then what the experiments conducted as part of this thesis tell us. Chap-
ter 3 explores computational methods that may be used for assessing factors
that may influence the perceived difficulty of a route, and highlights what the
alignment of a route’s origin and destination captures. To conclude, Chapter 4
summarizes the contributions of this thesis.
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Chapter 2

Navigation and perceiving
route difficulty

To look up how we can navigate between different locations, we can use naviga-
tion support systems that are capable of suggesting routes that we can navigate.
This is commonly done by specifying where we are and where we want to go in
an environment and then being shown a line traveling from an origin to a desti-
nation on a map. Looking at this route suggestion, we can get an impression of
what navigating the route involves and how difficult this may be. For instance,
it may involve plenty of turns, go through an area that looks complicated, or
certain parts of it look difficult and may require precaution.

However, looks can be deceiving. What a route suggestion looks like it will
involve and how difficult this is perceived to be may not match what we find
to be difficult once we have begun actually navigating the route. Although a
route can be learned and much can be inferred about the task of navigating it
based on how it appears on a map, this is a fundamentally different perspective
from that of someone actually navigating the route.

The aim of this chapter is to provide an overview of how the perspective
of a navigator looking at a route suggestion before navigating it differs from
that of someone navigating a route. This includes a discussion of what earlier
research has found to influence the difficulty of navigation and how this may
be different from a prospective map-reading perspective.

2.1 Navigation

Navigation may be understood to involve wayfinding and locomotion as two
distinct components. Wayfinding concerns how we orient ourselves with re-
spect to distal locations in the environment, most importantly where one is
in relation to a destination in the environment and planning how to navigate
there. Locomotion concerns how one physically moves through the environ-
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ment, especially how one locally moves through the currently visible space,
avoiding obstacles and negotiating moving with and around others in the same
space. According to this definition, one may be engaged in wayfinding when
looking at a route suggestion before navigating it, but not in locomotion, po-
tentially leading to factors associated with difficulties in wayfinding having a
more pronounced effect on perceived route difficulty than factors influencing
the difficulty of locomoting a route.

2.1.1 Wayfinding

What makes wayfinding more difficult is typically studied as route complexity
and is commonly analyzed in terms of how many and how complex the sequence
of wayfinding decision points, or situations, while navigating a route are. In
developing a model of wayfinding decision complexity, Giannopoulos et al. dis-
tinguish between wayfinder-, environment-, and instruction-related factors [19].
Furthermore, their evaluation shows that a model that combines factors related
to all three sources captures the complexity of a wayfinding situation better
than any model that only considers one or any two of the factors.

Factors related to the environmental complexity of a decision point include
the number of available options to choose from and their geometry. The avail-
ability of landmarks and signage in the environment, may however, decrease the
complexity by making it easier to disambiguate between choices at a decision
point. Supporting the impact of environmental complexity on the difficulty
of route-following tasks, Bock and Huang find that the number of decision
points along a route and the number of choices at these decision points have an
equivalent impact on response time and accuracy of wayfinding decisions [3].
Instruction complexity includes how wayfinding decisions are communicated or
memorized, and depends on how the environment can make following different
types of instructions more difficult. For example, the verbal instructions “con-
tinue straight” can be ambiguous if there are two streets continuing straight to
choose from, as Teimouri and Richter illustrate in [61].

The instructions for following the route, as a whole and not just for individ-
ual decision points, is an aspect of the communicability of a route that is also
related to its complexity. Communicability may play a role in how navigators
learn a route using a map since it is arguably more efficient to memorize route
directions than using survey knowledge that may have been acquired by a map
[39]. In this case, the complexity of the instructions or the description of a
route depends on how many wayfinding decisions the environment allow it to
be reduced to. Furthermore, the environment may or may not afford prototyp-
ical wayfinding decisions such as ”turn left” or ”turn right”, and require less
common or more complicated instructions [29].
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2.1.2 Locomotion

What makes locomoting a route more difficult may be understood to depend
on factors that increase the physical effort of walking while navigating a route,
primarily determined by the metric and physical properties of the route such
as its distance and slope. But more generally, it may be thought to encompass
factors influencing the walkability of a route. This depends on how the walk-
ability of the environment is perceived, stemming from perceptual qualities of
the physical environment, such as the width of sidewalks, tree canopies, and
amount of traffic and people, as well as how these qualities shape our percep-
tion of the greater urban environment and our sense of comfort and safety in
it [14]. However, while there are studies investigating the perceived walkability
of environments, these typically (to the best of our knowledge) take the per-
spective of street-view imagery or people living in them, and not that of a map
reader. For example, Wang, Cai and Sun investigate the perceived walkability
of different neighborhoods in Melbourne using a street-view perspective [66],
finding that neighborhoods with a building and population density perceived
as not too high or low are perceived as more walkable.

2.2 Prospective navigation

The perspective on route difficulty explored in this thesis is prospective, mean-
ing that it concerns what a navigator may expect to be difficult, or perceive as
potentially difficult, based on their impression of the route suggestion on a map.
While this thesis is the first to explore route difficulty from this perspective,
there is research on prospective navigation that investigates route planning,
which can provide insight into what factors are relevant to prospective route
difficulty.

An experiment conducted by Hölscher, Tenbrink, and Wiener compares how
participants plan routes during navigation, and when asked to write down a
route description for themselves or someone else to navigate [25, 69]. They find
that when planning a route for someone else, participants express a stronger
preference for simple routes with fewer turns and tend to make use of salient
features of the street network. In comparison, for routes planned during navi-
gation participants express a stronger preference for faster and shorter routes
and tend to make use of available visual information to navigate in the direction
of their destination, resulting in routes with more turns and through smaller
streets. Moreover, when planning a route for themselves from a prospective
perspective, the participants express preferences for, and navigate, routes that
fall somewhere in between the previous two scenarios.

Explaining these results, the authors suggest that the visual information
that is available during navigation allows wayfinders to update their mental
maps, optimizing their navigation and disambiguating directions in a way that
a prospective perspective does not afford. Alternatively, it may be explained
by how communicability constrains prospective route planning, as routes that
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involve fewer turns and larger streets may be easier to describe and memorize
verbally.

2.3 Routes from an allocentric perspective

On a map, the route and environment is seen from an allocentric birds-eye per-
spective, typically oriented such that “up” on the map is north geographically.
To identify whether a route turns left or right, or how it is oriented in relation to
landmarks in the environment, one has to either mentally or physically rotate
the map to align it with the direction of travel from the egocentric perspective.
The orientation of the map can also lead to biases in how environments are
perceived and remembered. For instance, misalignment with the orientation
of the map an environment was learned from can lead to worse accuracy in
pointing tasks while navigating in it [49]. It may also lead to a preference for
traveling down (south) on a map when planning routes [59], possibly because
traveling “down” on the map is mistakenly perceived as traveling downhill.

Rivers, streets, slope, structure, and other visible features of the environ-
ment can also act as an external frame of reference in orienting the map or
route. For example, routes may be described as crossing or following streets
and rivers (upstream or downstream), or go downhill, providing information
about how the route is oriented in the environment. This has also been found
to cause potential alignment effects, with pointing accuracy being worse on
streets that are misaligned with respect to surrounding streets [43], and point-
ing directions being biased towards alignment with nearby visible streets [9].

2.4 Routes in geographic space

From the birds-eye perspective of a map, one perceives the geographic space
of the visible environment, including parts of the environment that are never
visited. Consequently, the perceived difficulty of the route could be influenced
by the perceived difficulty of navigating the environment in general, even parts
that are functionally irrelevant to navigating the route. A similar link is found
in a study by Weisman [67]. Participants reported being disoriented less fre-
quently in buildings with layouts perceived as simpler by a different group of
participants.

What makes an environment simpler or more complex may depend on its
legibility and layout, influencing how difficult it is to learn and navigate in. An
environment may be perceived as more legible if it is easy to visually distin-
guish different buildings and neighborhoods along the route—indicating that
it may be easier to recognize where you are along the route when navigating
it [18]. Layout complexity may be assessed by looking at how interconnected
decision points in the environment are. O’Neill evaluates the average number
of choices at intersections, termed InterConnection Density (ICD), as an indi-
cator of layout complexity, finding that people perform worse in wayfinding in
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buildings with a higher average ICD [45]. In a similar study, Li and Klippel
use space syntax to model a library’s visibility and layout complexity (ICD),
noting higher pointing task errors when participants were in regions with high
layout complexity and low visibility and connectivity [32].

2.5 Routes in pictorial space

Simply put, a route suggestion on a map is just a line on a picture until a
reader interprets it as a representation of something else, often displayed on a
piece of paper or a screen that readers can manipulate and interact with using
their hands. At this level, an impression of route difficulty is shaped by what
happens at the level of visual perception and cartographic interaction.

Interpreting the map requires literacy in how structural and functional as-
pects of the environment are symbolized and to envision what it could look like
while navigating. How much mental effort this requires corresponds to what
MacEachren terms intellectual map complexity, which may increase as a result
of map schematization [38]. On the other hand, the number and distribution
of colors, shapes, and features of the map may increase its visual complexity.

Looking at different studies investigating the influence of different aspects
of map complexity seems to support this finding. A study investigating the
perceived clutter of road maps finds that it is largely determined by the number
of roads, intersections, and total length of visible streets [57]. In human-subject
studies of visual map complexity, label density and feature congestion have
been found to best match what participants perceive as map complexity [33,
55]. However, studies investigating the influence of visual complexity on task
performance have found that it is largely dependent on the nature of the task
and the objects relevant to it [10, 11].

Investigating how participants estimate the distance of route suggestions
based on how they appear as a line on a map, Brunyé et al find that routes with
more turns are estimated as longer. This effect remains for distance estimations
even when removing the underlying map and only showing the line representing
the route [8]. This suggests that the angularity and segmentation of a route,
found to be associated to higher distance estimations during navigation, also
affect how routes are perceived visually on a map.

2.6 Individual differences between route read-
ers

The perceived difficulty of a route is subjective. The same route could be per-
ceived differently depending on who is perceiving it and in what context. This
is what earlier research has found to be the case for route difficulty. Beginning
with contextual factors, navigation may be time-sensitive. For example, if the
route involves taking a bus or arriving in time for work, stress may exacerbate
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the influence of environmental route complexity if the navigator is not already
familiar with the environment [64]. In addition, the difficulty of a route will de-
pend on the mode of transportation. In a car, large highways can increase and
decrease the difficulty of a route depending on traffic, while being a physical
barrier and a source of nuisance noise for pedestrians [62].

Differences in perceptual processing and cognitive abilities will also influence
how difficult a route is. To begin with, navigation is more difficult for those with
a lower navigation ability and those who are less confident in their ability to
navigate [70]. A lower mental rotation ability has been found to be associated
with a greater perceived workload while navigating routes [60]. Individuals
with a greater visualization working memory may find it easier to learn and
memorize landmarks and spatial relations important to navigate a route [44].
These abilities have also been found to interact with other individual traits,
such as sense of direction and anxiety. For example, in a study by [63], they
found that the relationship between trait-anxiety and map-based route learning
is mediated by mental rotation ability, with participants with higher trait-
anxiety performing worse if they also score lower on mental rotation ability. A
similar interaction has also been found between environmental complexity and
spatial anxiety, with the effect of anxiety on navigation being mediated by the
complexity of the environment [44].

The perceived difficulty of a route may also be influenced by individual dif-
ferences in how people use maps in their daily life and the cognitive abilities
related to map reading. Routes and environments that are more complex may
place a higher demand on the reader’s ability to interpret the route and, as
a consequence, influence how difficult it is perceived to be. Furthermore, [24]
suggest that map reading and navigation may involve different cognitive abil-
ities, since they involve spatial information processing on two different scales
(cf. Montello, 1993). In a series of experiments, where they tried to dissociate
the influence of different abilities at different scales, these authors find that
learning from a map is more strongly predicted by what they term small-scale
abilities, such as mental rotation, in comparison to large-scale abilities, such as
navigating environments. The strategies used to read maps also vary between
individuals and may influence how they interpret it [34, 35]. In an experiment
where participants had to match maps that depicted the same environment
from different perspectives, a lower mental rotation ability and greater envi-
ronmental complexity were associated with the use of an analytical strategy
instead of an orientation-based strategy [1].

Lastly, the use of and reliance on navigation support systems to aid in
navigation can influence the perceived difficulty of a route. Individuals, who
use navigation support systems more often, are likely to experience anxiety
about navigation overall and are less likely to explore environments without
using such support [22]. Furthermore, how people navigate with technological
support differs from how people navigate without it, and what they identify
as difficult to navigate depends on whether they consider navigation with or
without support. Navigating with technological support places new demands
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on the skills of the navigator, in being able to follow instructions given by these
systems and in adapting to how they navigate and to work together with them
[6]. When navigating with these systems, the attention is split between the
environment and the system updating the user with information about where
they are. This affects what users learn from the environment, further impacted
by the system doing the work of localizing users in the environment instead of
users needing to invest cognitive resources for that [7].

2.7 What I find

In the following section, I discuss how what we find in the experiments reported
in Papers I, IV, and V contributes to our understanding of perceived route
difficulty, in light of the earlier research described above.

Wayfinding: The results from both experiments suggest that turns play an
important role in perceived route difficulty and that the impact of other fac-
tors related to route complexity is less prominent. In paper IV, the results
support the hypothesis that routes that are more complex are perceived as
more difficult, in which case route complexity is measured using Duckham &
Kulik’s simplest-path search algorithm [12], which is described in more detail
in Chapter 4. However, testing the factors that this algorithm accounts for
independently reveals that only the number of turns is a significant predictor
and not the average branching factor or number of intersections along a route.
It should also be noted that the statistical analysis indicates that the effect of
turns on perceived route difficulty is fairly weak.

Comments about the number of turns, and particularly tricky turns, are
also the most frequently recurring theme in what participants write that they
perceive as making a route look more difficult to navigate, as reported in Paper
V. What the participants perceive and describe as many turns, however, may
not correspond to the number of turns at wayfinding decision points along a
route. At least, how often participants write that they perceive the number of
turns as difficult does not always match the number of turns counted this way.

In comparison to turns, the number of decision points (counted as the num-
ber of intersections in this thesis) along a route that Bock and Huang report
to increase the difficulty of following a route [3] seems to have a less promi-
nent effect on perceived route difficulty. Although participants write about the
number of intersections as an aspect of what makes a route look more difficult,
often described as the number of side streets, crossings, or possible turns, that
they need to keep count of or risk turning incorrectly.

A possible explanation is that the task of navigating a route, from the
perspective taken in this thesis, is perceived as navigating a series of route
segments that is largely based on how the direction of the route visibly changes
on a map. Future work could focus on decision points where a route turns,
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to isolate the effect of other factors associated with environmental complexity
and their potential effect on perceived route difficulty.

Prospective navigation: The number of turns that we find to have a sig-
nificant effect on perceived route difficulty matches the preference for simpler
routes and fewer turns that participants express when planning a route for
someone else, and less so for themselves, in the experiment by Hölscher, Ten-
brink, and Meilinger described earlier [25]. Similarly, this preference for fewer
turns may be explained by how turns affect the communicability of a route
and how route preferences in prospective navigation are influenced by what
information is readily available, limited to a route suggestion on a map in this
case.

In the experiments conducted as part of this thesis, the participants are
implicitly asked to consider their impression of how difficult it would be for
them to navigate a route suggestion. The thematic analysis reported in Paper
V provides insight into what the participants perceive as potentially difficult
with respect to prospective navigation. Participants express preferences for
both simpler and shorter alternative routes to the one they are presented with.
Furthermore, participants sometimes write entire route descriptions to commu-
nicate an alternative route that they perceive to be either faster or simpler, or
to support that the route they are presented with is simple. In the latter case,
being able to describe a route simply may be interpreted to communicate that
they perceive the route as simple.

Allocentric perspective: In the statistical analyses of how different factors
influence the perceived difficulty of a route, we do not investigate whether the
orientation of the route has any effect on their perceived difficulty. All routes
are shown on a map that is oriented with North up and vary in how they are
oriented in relation to the orientation of the map, as well as in relation to
streets and features on the map such as rivers.

However, it was a few comments from participants in the second experi-
ment that inspired the development of a method for quantifying the degree of
alignment between a route and a street network. For example, participants
can describe a route as not following the design of the streets, or as being mis-
aligned with the streets. Quantifying and evaluating alignment as described in
more detail in Chapter 3 and in Paper II and III, we find that how an origin
and destination of a route is oriented with respect to the street network may
act as a heuristic in foreseeing how complex the shortest route is, as it may
increase when misaligned with the surrounding street network [31, 26].

In geographic space: Looking at the environment as a whole, we do not
find clear indications that street network complexity impacts the perceived
difficulty of routes within it. In the experiment reported in Paper I, the
routes in more complex environments (e.g. Thessaloniki) are rated as more
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difficult than those in simpler street networks (e.g. Chicago). However, the
routes in complex environments also have more turns and intersections, which
is arguably a more likely explanation of the difference in difficulty ratings. In
Paper IV where routes are selected to vary equally in terms of how gridlike
the surrounding street network is, and how complex the route is, a higher
gridlikeness has an insignificant negative effect on perceived route difficulty.

Still, participants make many comments relevant to factors coupled to the
complexity of the environment as a whole. Analyzing qualitative data from
the first experiment, a theme across descriptions of what makes a route look
difficult to navigate concerns the structure of the streets and the environment
surrounding a route. For example, an environment may be described as having
a “lack of structure” or a “messy” structure. More insight into how the environ-
ment can influence the perception of route difficulty is provided by the thematic
analysis in Paper V. A recurring theme is that participants describe difficulties
navigating environments with a lack of landmarks, or “similar-looking” inter-
sections, in line with (a lack of) how Gärling, Böök, and Lindberg conceptualize
environmental legibility [18].

Individual differences between route readers: Our analysis in Paper
IV indicates that individual factors, namely sense of direction, mental rotation,
navigation anxiety, as well as reliance on navigation systems, alone do not affect
how different individuals judge the difficulty of routes when controlling for other
factors. However, individuals who report using navigation support systems
to receive turn-by-turn instructions react more strongly to route complexity
and/or the number of turns a route has. This use has a positive interaction
with route complexity and partly explains the variance in the estimated effect
of route complexity between participants. In more detail, participants who
use navigation services to follow routes more frequently rated all routes as
significantly more complex than other participants. This result indicates that
how people use navigation services is associated with how difficult they perceive
routes to be. From our data it is difficult to tell why this difference emerges,
but there are two plausible explanations: 1) people who perceive routes as
more complex, or more generally consider wayfinding to be a difficult task, are
more likely to rely on navigation services to follow routes; 2) people who use
navigation services more often have a lower confidence in their own wayfinding
abilities and therefore perceive these routes as more complex.

2.8 Summary

This thesis explores perceived route difficulty, clarifying how the perspective
of someone looking at a route suggestion on a map differs from that of some-
one navigating that route. The experiments conducted as part of this thesis
contribute with a greater understanding of how factors that may increase the
difficulty of actively navigating a route influence the perceived difficulty of that
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route. More precisely, the results from these experiments suggest that routes
with more turns are perceived as more difficult, and that people who use nav-
igation support systems to receive turn-by-turn instructions more often may
react more strongly to the number of turns. Other factors that earlier research
identifies to influence how difficult it is to navigate a route seem to have a
considerably less influence on perceived route difficulty. By asking participants
to describe what it is they perceive as influencing the difficulty of navigat-
ing a route from this perspective, we also contribute with insights into what
perceptual qualities of a route suggestion are associated with route difficulty.
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Chapter 3

Computational methods
relevant to perceived route
difficulty

For a navigation support system to be able to adapt to, or be aware of, the
perceived difficulty of a route suggestion it displays, it needs to be equipped
with computational methods that allow it to measure or detect factors that
may influence it. There are many existing computational methods that are rel-
evant to this purpose, even though they may not have been developed with the
perspective of a map reader in mind. These methods stem from research in dif-
ferent geospatial sciences, including spatial cognition, street network analysis,
urban design, cartography, and architecture.

As we discussed in the previous chapter, perceived route difficulty from a
prospective navigational map-reading perspective may not be influenced by the
same factors as those that may influence how difficult a route is to navigate, or
in the same way. Thus, estimating the perceived difficulty of a route from this
perspective may require new computational methods, for quantifying potential
new factors and adapting the role of existing factors.

In this chapter we provide an overview of computational methods relevant
to quantifying or classifying different factors that may influence the perceived
difficulty of a route. In the first two sections we distinguish between methods
applied to the route and the environment surrounding it on a map, then in
the third section we describe the method of quantifying alignment developed
as part of this thesis and discuss how it differs from the earlier two approaches.
The final section summarizes the contribution of this thesis to computational
methods in GIS, street network analysis, and adaptive navigation support sys-
tems.
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3.1 Route-related factors

Computational methods capturing factors associated with the complexity of a
route include cognitively motivated path-search algorithms. These algorithms
provide an alternative to commonly used path-search algorithms that optimize
for time and distance by identifying route suggestions that are easier to navi-
gate. One such algorithm is the simplest path search algorithm by Duckham &
Kulik that we use as a baseline to measure the complexity of the routes used in
the experiments in this thesis. This algorithm finds the simplest path from an
origin to a destination, minimizing complexity as a cost of wayfinding decisions
at intersections. The cost of wayfinding decisions follow the rules illustrated
in Figure 3.1, and are determined by the branching factor and type of turn
performed when moving in and out of an intersection connecting an edge-pair.
As an example, a turn at an intersection with more than two outgoing streets
adds a complexity of 5 + deg(v) to the route, but a turn when entering a T-
intersection (where left and right are the only two options) has a fixed cost of
6.

v

v

vv

vv 1 slot

4 slots

6 slots

5 + deg(v)

slots

Straight on

Turn

(not at intersection)

Turn left or right

at T-junction

Turn left or right

at other junction

Figure 3.1: Diagram showing the cost of turns at different types of intersections,
adapted from [12].

20



Building on the approach described above, the “Simplest instructions” al-
gorithm considers how sequences of intersections may be chunked to find routes
with simpler instructions when computing the cost of traveling between edge-
pairs [50]. Furthermore, Teimouri and Richter developed a model combin-
ing multiple factors categorized as environment, instruction, and wayfinder-
dependent sources of route complexity [62]: environmental complexity increas-
ing due to shorter roads, streets deviating from prototypical angles (e.g. 90◦

turns), and the number of branches; instruction complexity increasing when
there is a lack of salient landmarks at decision points, instruction equivalence
(e.g. two or more choices at a decision point that may be described as a “right”
turn), and the decision complexity in the same way as described by Duckham
and Kulik; and wayfinder-related factors such as their sense of direction, which
may capture how capable they are of navigating the route.

Relevant to the perceived difficulty of routes on a map, Schmid, Richter,
and Peters suggest multiple methods for how “route aware” maps may adapt
how route suggestions are displayed based on spatial information relevant to
following route instructions [54]. To begin, they suggest that the similarity
of intersections with respect to a wayfinding decision may be computed by
comparing their qualitative representations according to wayfinding decision
choremes [30]. For example, if the next step of the instructions involves a
“right turn”, intersections where a “right turn” is possible may be mistaken
for each other and lead to errors in wayfinding. Which in turn a “route aware”
map may be able to disambiguate depending on the presence of landmarks
that may be used to visually differentiate the correct intersection to turn on.
Furthermore, the authors suggest that the cost of errors in wayfinding may
be accounted for by first identifying decision points that are more complex
and then computing how much longer alternative routes from this point are in
comparison to the original route.

3.2 Environmental factors

There are many aspects of the environment that one can argue influence how
complex it is perceived to be on a map and, consequently, many factors that
could be quantified using various computational methods. In this thesis we
primarily focus on the street network, which plays an important part in struc-
turing our memory and mental image of a city [36] and is further emphasized
by the type of map used in the experiments described in this thesis.

Boeing identifies many measures that may be applied to geospatial data
to quantify different properties related to the complexity of urban design, or-
ganizing these measures based on different dimensions of complexity [4]. The
most prominent dimension of complexity in this typology is connectivity and
concerns properties of how the street network is structured through the lens of
topology and network analysis. This includes the average number of streets per
intersection, also known as interconnection density, and how layout complex-
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ity is conceptualized in earlier research [45, 18]. Additional connectivity based
measures include the density of intersections and streets within a specified area,
and measures based on how paths traverse, or flow, through the street network
such as betweenness centrality [2]. However, as Kartun-Giles, Barthélemy and
Dettmann illustrate in [28], the density of nodes and how densely they are
interconnected influence the shape and length of routes within a network and
also likely its complexity.

Another dimension of complexity in Boeing’s typology concerns factors re-
lated to the spatial structure of urban design, characterized by how objects
appear in relation to each other within the space of the environment. Looking
at the street network again, such factors include how well the spatial structure
of streets follows a recognizable pattern, which is how we categorize the com-
plexity of the environment in Paper I and describe briefly in Section 1.3.1.
Gudmundsson and Mohajeri evaluate a computational method to measure a
factor related to this that they describe as street network orientation order
[20]. This method involves computing the Shannon entropy based on how
street orientations are distributed across 36 bins (see Section 1.3.2). Where
a lower entropy indicates that the street network is more orderly, and that
fewer particular street orientations are more frequent than others in the street
network. Boeing later adapts this method normalizing the street network ori-
entation entropy to a scale from 0 to 1 to measure how gridlike a street network
is [5]. In this thesis we use the same method to operationalize the complexity
of the environment as a factor that may influence the perceived difficulty of a
route in Paper IV and Paper V, and in the evaluation of how alignment with
a street network may be measured, which is described in more detail below.

The environment is also perceived based on how it appears on a picture, as
explained in 2. An implication of this is that factors related to the complexity of
the environment may also be captured by measures applied to the raster image
that is the map a route appears on—capturing what MacEachren describes as
the visual complexity of the map [38]. A factor related to this kind of visual
complexity includes feature congestion, based on how visual features such as
color, orientation, and texture vary across an image [52].

To complicate matters, Fairbairn, in a comparison of graph-, vector- and
raster-based measures of entropy applied to maps, finds that these measures are
highly correlated and each of them could serve as a measure of map complexity
depending on the context [16]. Consequently, computational methods relevant
for assessing the perceived complexity of an environment, whether they are
applied to a street network, raster image, or geometry, are likely to measure
factors that correlate with each other.

3.3 Alignment with a grid

In comparison to the computational methods that may be applied to measure
factors related to the complexity of a route and the complexity of the environ-
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ment it is in, including how streets are oriented, there are no earlier methods of
measuring factors related to how a route is oriented with respect to its environ-
ment. To overcome this, we develop and evaluate two methods of assessing how
well the origin and destination of a route align with the orientation of streets
in more or less gridlike street networks. Below, we provide a brief overview of
how we conceptualize alignment, the computational methods used, and how it
influences the complexity and length of routes.

Alignment, in the context of this thesis, is conceptualized in terms of how
the orientation of a route’s origin and destination differs from the orientations
of streets in the environment it is in. How streets are oriented in an environment
can act as an additional spatial reference system with axes that a navigator
may orient themselves with respect to, similar to that of cardinal directions (e.g.
North, South) but limited to a local environment [9, 68]. Someone looking at
a route suggestion on a map may perceive how the route, or parts of it, is
oriented in relation to the orientation of streets, and possibly, how well these
are aligned.

The route suggestion shown in Figure 3.2 illustrates how the axes of the
street network, and the orientation of a route, may be perceived. However, how
well a street network supports perceiving such a reference system, is dependent
on how street orientations are distributed in the street network. This kind of
alignment may be most visually salient on a map of a street network with a low
street orientation entropy, such as the gridlike street network in Figure 3.2. In
contrast, a map reader may not be able to perceive any such alignment when
entropy is high, when there is no clear regularity in how streets are oriented.

In the methods we develop to measure alignment, we create and analyze
street network orientation distributions using the same method as Gudmunds-
son and Mohajeri [20], and measure the gridlikeness of street networks using the
same method as Boeing [5]. A similar orientation distribution is then created
to represent how the origin and destination are oriented.

In Paper I the method to measure the alignment between these two ori-
entation distributions uses fast Fourier transform to compare their similarity
using cross-correlation. The alignment between the two distributions is then
measured as the number of rotational steps needed to find the strongest corre-
lation, with the correlation penalized by the number of steps.

In Paper III the orientation distribution for the origin and destination also
includes its perpendicular orientation. We do so to be able to analyze align-
ment in terms of how well the street network orientation distribution fits the
orientation distribution of the routes’ origin and destination. Alignment is then
defined as the minimum effort required to rotate street orientations until half
of them are parallel and the other half are perpendicular to the orientations of
the origin and destination. To measure this, we use the method for computing
the EMD for circular probability distributions proposed by Hundrieser, Klatt,
and Munk [27].

As a factor relevant to perceived route difficulty, alignment depends on
properties of the street network and the origin and destination of a route but
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Figure 3.2: Cropped image displaying a route in Mexico City, shown to partici-
pants in the second experiment. The blue arrows are superimposed to illustrate
what may be perceived as the primary orientation of the street network, and
red arrows show the orientation of the route’s origin and destination.

not the path a route takes in the street network. As such, alignment may also
act as a heuristic that map readers can use to infer how complex, or difficult
to navigate, different routes from an origin to a destination in an environment
are. We evaluate this hypothesis by analyzing how the complexity and length
of the shortest and simplest path are correlated with alignment, and how this
depends on how gridlike the street network is in Paper II and Paper III.
The results of our evaluation in both cases show that alignment is only a useful
heuristic in highly gridlike street networks where a higher degree of alignment
predicts shorter and less complex routes. Furthermore, it highlights a strength
of the simplest path search algorithm: that when misaligned with a grid the
simplest path is less complex while being marginally longer than the shortest
path.
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3.4 Summary

In this thesis we explore computational methods relevant to measuring factors
that may influence the perceived difficulty of a route, including factors related
to the complexity of the environment as seen on a map. Doing so, we identify
many computational methods that may have a novel application area in being
useful to detect and measure factors that can influence perceived route diffi-
culty. As part of this thesis, we develop and evaluate a computational method
to measure the alignment of a route’s origin and destination with respect to
how streets are oriented in more or less gridlike street networks. The contribu-
tion of this research is twofold. Our measure of alignment captures a quality
of a route that does not stem from what wayfinding decisions it involves or
what path it takes, but rather stems from an interaction between how a street
network is configured and how the origin and destination of a route is oriented
within it. Secondly, it demonstrates how this kind of alignment can impact the
complexity and length of routes from an origin to a destination, and that the
simplest path search algorithm mitigates this impact.
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Chapter 4

Summary of Contributions

This thesis aimed to explore perceived route difficulty from the perspective of a
map reader, which is not uncommon or unimportant yet unexplored in earlier
research on navigation and how technology can assist it. Our investigation is
motivated by the fact that it may provide valuable insight into how different
route suggestions may influence wayfinding at an early stage when one plans
and makes decisions about how to navigate somewhere. Doing so, the thesis
addresses the following four research questions:

RQ1 How do factors found to influence the difficulty of navigating a route
influence the perceived difficulty of a route on a map?

RQ2 What do participants describe as making a route on a map look more
difficult to navigate?

RQ3 How does the complexity of the depicted street network influence the
perceived difficulty of a route?

RQ4 How can the alignment between the orientation of a route and the ori-
entation of streets in the street network be assessed computationally?

4.1 Paper I

The first paper describes an experiment investigating how difficult routes are
perceived to be from a prospective map-reading perspective and how it may be
influenced by the complexity of the urban environment they are in.

Addressing RQ1, this study explores how individual factors, such as sense
of direction, and factors related to route complexity, such as the number of
turns and intersections along a route, influence perceived route difficulty. Fur-
thermore, investigating whether routes in street networks that do not follow a
well-defined street pattern are perceived as more difficult (RQ3). Addressing
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RQ2, the participants were asked to write what looked difficult about each
route.

The findings in this paper contribute to a better understanding of how peo-
ple judge the perceived difficulty of a route. The quantitative results indicate
that the impression of route difficulty partly matches what earlier research has
conceptualized as route complexity. The qualitative data further show that par-
ticipants imagine and infer what could be difficult while navigating the route.
They not only write about the path of the route takes and the structure of the
environment, but also the physical and mental effort, people, language, and
navigating with the assistance of a navigation support system.

4.2 Paper II

The routes displayed on maps by navigation support systems are intended to
help users to orient themselves while navigating towards a destination. By
taking inspiration from navigational map reading and how routes and street
networks are perceived on a map, this paper investigates how the complexity
of an environment influence the complexity of a route within it (RQ3). This
paper also introduces a method to gauge the alignment between the orientation
of a route’s origin and destination with respect to the orientation of surrounding
streets (RQ4).

4.3 Paper III

In this paper, we address RQ4 and propose a novel method for measuring
alignment using the Earth Mover’s Distance (EMD) between orientation dis-
tributions. This method is evaluated using a dataset of 77, 293 origin and
destination pairs from 100 cities. The method used to create this data is illus-
trated in Figure 1.1, and the dataset itself is publicly available here: https:

//doi.org/10.71540/gmb4-cf38. This dataset of OD-pairs is then used to
test the hypothesis that an increasing degree of misalignment is predictive of a
longer and more complex route from an origin to destination.

The evaluation shows that this method for measuring alignment becomes
more useful as a heuristic the more gridlike the street network surrounding the
origin and destination is. More specifically, alignment measured this way is
a factor that influences the complexity and length of the shortest route for a
subclass of routes where the structure of the street network makes predicting
this easier. Furthermore, this paper provides adds to the body of knowledge
in street network analysis on factors related to street network complexity that
may interact to influence the shape of paths in a street network.
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4.4 Paper IV

The fourth paper presents how we analyzed the quantitative results of the sec-
ond experiment. In this experiment we investigate how properties of the route
and environment and differences between the participants influence how they
rate the perceived difficulty of routes. The routes presented to the participants
differ in complexity (RQ1), as defined by the simplest path search algorithm
by Duckham & Kulik [12], and how gridlike the surrounding street network is
as a factor related to its complexity (RQ3).

To analyze the quantitative results, we use a linear mixed-effects model
(LMM), allowing us to control for variance at the level of participants and
routes before estimating linear effects. The results indicate that routes with
more turns are perceived as more difficult, especially by participants with a
higher self-reported use of turn-by-turn instructions. Other factors that earlier
research has found to influence route difficulty, such as a sense of direction
or the complexity of decision points, seem not to influence perceived route
difficulty.

This paper provides a clearer picture of how factors that may influence
how difficult it is for someone to navigate a route can influence the perceived
difficulty of navigating a route as seen on a map. Understanding this is valuable
for understanding how a route suggestion may affect wayfinding at an early
stage when one plans and makes decisions about how to navigate somewhere.

4.5 Paper V

The last paper presents a codebook-style thematic analysis of what the par-
ticipants in the second experiment write in response to the question: “What
makes this route look difficult navigate?”

The findings show that participants most frequently emphasized how the
number and nature of turns, including difficult-to-remember turns, in what
they perceive as difficult to navigate. They also referred to the overall shape
of the route, particularly its length, straightness, and apparent logic. Addi-
tional themes include the structure of the street network, such as intersections,
road hierarchy, and street geometry, as well as environmental characteristics,
including landmarks, similarity of surroundings, or potential traffic.

This paper contributes to research on navigational map reading by high-
lighting what prospective navigators perceive as difficult to navigate when look-
ing at a route suggestion on a map.

4.6 Conclusions

This thesis examines the impression of how difficult a route is to navigate one
gets when looking at its visual representation as a route suggestion on a map.
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Earlier research has identified many environmental factors related to the com-
plexity of a route and individual differences that may influence how difficult it
is to navigate an environment and particular routes in it. The research covered
in this thesis is the first to examine how such factors can make the prospective
task of navigating a route be perceived as more difficult. Answering RQ1, the
results when taken together suggest that the perceived difficulty of navigating
a route is influenced by factors related to route complexity, and individuals us-
ing navigation support systems to receive turn-by-turn instructions more often
seem to react more strongly to route complexity. Upon closer inspection, the
number of turns seems to be the most important factor. Other factors that
are identified in earlier research do not seem to have any strong influence on
perceived route difficulty.

Looking at earlier research that takes a similar perspective in fields such
as spatial cognition, urban design, and cartography, this thesis also identifies
new factors that may influence the perceived difficulty of a route on a map.
One such factor that is examined empirically in this thesis is the perceived
complexity of the street network depicted on a map. Answering RQ3, it is
unclear whether the complexity of the street network influences the perceived
difficulty of a route within it. The factors related to the complexity of the street
network that are examined in this thesis also seem to influence the complexity
of routes within it.

Moreover, what is described as making a route appear more difficult to
navigate is analyzed to gain insight into what different individuals perceive as
difficulties in navigating a route suggestion on a map. Answering RQ2, what
participants describe as making a route look more difficult to navigate primar-
ily concerns the path of the route and the turns it takes, that may be perceived
as difficult to remember and making wayfinding more difficult. However, what
participants describe concerns many more aspects of navigating an environ-
ment, including how difficult it may be to orient oneself in the environment as
depicted on a map, or navigate different types and shapes of streets.

This thesis also explores different computational methods for measuring
factors related to route complexity and the complexity of the environment,
primarily through the lens of street network analysis. Answering RQ4, new
computational methods for measuring alignment are developed and evaluated
in this thesis, a factor that may influence the perceived difficulty of a route
that is related to how a route is perceived to be oriented with respect to streets
in the surrounding environment.

There are limitations to the research covered in this thesis that also point
in directions for future work. How the perceived difficulty of a route and the
difficulty of actually navigating it differ is only explored in this thesis by ex-
amining how factors related to route complexity correlate and may predict the
rated difficulty of navigating a route. Furthermore, the experiments are con-
ducted online, where it is more important that the street network on the maps
matches the geographic data used to analyze it than the physical environment
it represents. Research investigating how difficult it is for different individ-
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uals to navigate a route in the physical environment and how this compares
to its perceived difficulty on a map is required to understand how these may
differ. This is also important for future research on how navigation support
systems may help navigators inform themselves about the task of navigating
somewhere using a map, benefiting from understanding route difficulty from
both perspectives
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ceived visual complexity: a comparative study among three online map
providers”. In: Cartography and Geographic Information Science 45.3
(2018), pp. 238–254. issn: 1523-0406. doi: 10.1080/15230406.2017.
1323676.

[56] H Schwartz-Chassidim, J Meyer, and Y Parmet. “Modeling route com-
plexity ratings”. In: Proceedings of the Human Factors and Ergonomics
Society Annual Meeting 58.1 (2014), pp. 1696–1700. issn: 2169-5067,
1071-1813. doi: 10.1177/1541931214581354.

[57] Hadas Schwartz-Chassidim et al. “Perceived density of road maps”. In:
Applied Ergonomics 45.6 (2014), pp. 1579–1587. issn: 0003-6870. doi:
10.1016/j.apergo.2014.05.006.

[58] C. E. Shannon. “A mathematical theory of communication”. In: Bell
Systems Technical Journal 5.1 (1948). issn: 1559-1662. doi: 10.1145/
584091.584093. url: https://doi.org/10.1145/584091.584093.
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