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Abstract

By accelerating the overcoming of space on certain relations, transport systems alter the accessibility of places and distort
geographical time—space. Particularly in the case of discontinuous and tiered transport systems such as (high-speed) rail
networks, effects on time—space can be highly selective and difficult to visualise. This paper compares different methods of
operationalisation and visualisation of the effects of new transport systems (infrastructures and services) on time—space, and
examines their strengths and weaknesses, using the example of the evolution of the German rail network between 1990 and
2020. The methods are well-known ones such as isochrones, choropleths using measures from network theory, anamorphosis
(cartograms) and less-known ones as spring maps and the shrivelling model. For the examination of the readability of the
methods, we present relevant properties for time—space maps. The results suggest that conventional methods are simpler to
interpret, but fail to convey certain properties, while less frequently used methods may be better at incorporating the proper-
ties at the cost of being more difficult to read.

Keywords Visualisation - Time—space - Accessibility - High-speed rail

Visualisierungen geografischer Zeit-Raum-Transformationen durch Transportsysteme am
Beispiel Deutschlands 1990-2020

Zusammenfassung

Durch die Beschleunigung der Raumiiberwindung auf konkreten Relationen konnen Transportsysteme die Erreichbarkeit
von Orten und somit insgesamt das geografische Raum-Zeit-Gefiige verdndern. Insbesondere im Falle hierarchischer und
unstetiger Transportsysteme wie Hochgeschwindigkeitsbahnnetze sind Effekte auf das Raum-Zeit-Gefiige oftmals trenn-
scharf und somit herausfordernd fiir deren Visualisierung. Die vorliegende Studie vergleicht verschiedene Methoden der
Operationalisierung und Visualisierung von durch Verdanderungen in der Infrastruktur oder im Betrieb von Transportsystemen
ausgelosten Effekten auf das Raum-Zeit-Gefiige. Die Stdrken und Schwichen der Methoden werden anhand des Beispiels der
Entwicklung des deutschen Eisenbahnnetzwerks zwischen 1990 und 2020 untersucht und beleuchtet. Unter den Methoden
sind bewéhrte Ansitze wie Isochronen, netzwerktheoretische Maf3e visualisierende Choroplethenkarten, Anamorphosen
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(Kartogramme), sowie weniger bekannte wie Federkarten (Spring Maps) oder Schrumpfkarten (Shrivelling Maps). Wir
prasentieren relevante Eigenschaften fiir die Untersuchung der Lesbarkeit von Raum-Zeit-Karten. Die Ergebnisse vermitteln,
dass konventionelle Methoden zwar leichter zu interpretieren sind, aber wichtige Eigenschaften nicht darstellen konnen.
Seltener genutzte Methoden setzen die Eigenschaften in der Visualisierung besser um, sind allerdings schwieriger zu lesen.

Schliisselworter Visualisierungen - Raum-Zeit - Erreichbarkeit - Hochgeschwindigkeitsbahnverkehr

1 Introduction

Distances in space can be covered at different speeds,
depending particularly on the presence of transport infra-
structures and services. The physical, and geographical
distances between places and their actual or perceived
distances in time differ. These differences and their accel-
erating development have long led to thinking about crea-
tive cartographic solutions that visualise the time-based
proximity between places and reveal their accessibility.

Recent innovations in transport technology have again
altered the dynamics of differential distortions of time—space
geography. Particularly, the development of high-speed rail
(HSR) systems in the last decades mainly throughout Asia
and Europe has transformed temporal proximities by land-
based transport systems, by dramatically and abruptly reduc-
ing travel times on selected origin—destination pairs. At the
same time, travel times between regions not connected to the
new transport system remained stable or even increased, as
other rail services were sometimes discontinued. However,
often-used cartographic renderings of travel-time effects,
like isochrone maps or anamorphoses, do not always show
these differential effects on varying scales. In this paper,
we undertake a comparison of a range of methods of visu-
alisation of the structure and dynamics of such time-spatial
geographies, using the evolution of the German rail network
in the last decades as a case study.

The paper is structured as follows: after the theoreti-
cal background, we introduce our case study and five
types of maps usable for time—space effects of transport
infrastructure systems: isochrone maps, choropleth maps
using accessibility indicators such as closeness centrality,
anamorphoses, spring maps, and the shrivelling map. First,
we describe the methodical background for each visuali-
sation type, followed by an application of the methods
using our case study. We then systematically compare the
techniques in the evaluation section, before concluding.

2 Theoretical Background
A mode of transport that allows one to travel with almost

equal speed in all directions and between all places, with
no need for heavy infrastructure, e.g. walking, does not
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distort geographical time—space. Physical and time-based
distances are identical. However, from early times on,
waterways and highways served as a means to cover cer-
tain relations faster than others. The nineteenth century
brought the development of precise topographic maps
on the one hand, but also the emergence of new modes
of travelling such as rail and steamship, which led to a
shrinking world (Janelle 1973), that is, an ever-increasing
distortion of geographical time—space as part of globali-
sation. The visualisation of such shifts within time—space
geography is of particular interest. However, this shrinking
process occurs unevenly across space (Knowles 2006): on
certain relations, travel times are reduced drastically, while
travel times in other relations remain unchanged or even
increase. Place A and B along such transport routes can
be closer to each other in temporal-relational terms than
A and C offside them, although the geographical distance
between A and C may be shorter (L’Hostis 2016). The
result is a new landscape of proximities and peripheries, of
accessibility and inaccessibility, that differs from the con-
ventional cartographic representations of space we know
and requires innovative approaches to visualisation. Such
visualisations may reveal more than just the convenience
a certain transport system provides: inherently, they can
shed light on power relations in a world system (Fried-
man 1986; Sassen 1994) that increasingly relies on flows
between dominant nodes (Castells 1996).

The task to map this nexus has occupied geography not
only since the discovery of the category "time" for the
subject (Hagerstrand 1970). Among the most widespread
attempts for visualisation are isochrone maps, anamorpho-
ses, and accessibility maps, which were all already in use
in the nineteenth century (Letaconnoux 1907). Recently,
GIScience has simplified the rendering of such visuali-
sations, and made new visualisation techniques possible,
such as shrivelling maps. However, a number of particu-
larities make the task a challenging one, inter alia:

e Both complex indicators and unconventional carto-
graphic techniques can aggravate readability and inter-
pretability, particularly for lay users,

e the spatially selective nature of time—space compres-
sion typically requires more than two dimensions for
precise mapping,
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e spatial inversion can occur, in the sense that a signifi-
cant detour, involving a sequence in the opposite direc-
tion, can be faster than a direct route (Tobler 1961;
Bunge 1962)

L’Hostis and Abdou (2021) argue that methods for the
production of cartographic time—space maps can be sub-
divided into two categories: (a) methods where points are
moved, and (b) those where edges are drawn in a special
way.! We extend this categorisation by a third group, in
which (c) points or surfaces are drawn in a way that accounts
for their accessibility.

In the following, we compare five visualisation tech-
niques: isochrone maps using surfaces, choropleth maps
using closeness centrality as an indicator (usually done
by colouring the areas of administrative boundaries, i.e.
surfaces), anamorphoses (points are moved), spring maps
(edges drawn in a special way), and the shrivelling model
(three-dimensional surfaces).

The evaluation of, explicitly, time—space maps, accord-
ing to L’Hostis and Abdou (2021), needs to incorporate four
properties of time—space. The first property relates to the
acceleration of speeds after the introduction of new transport
means on certain transport links that lead to geographical
time—space shrinkage. This property allows us to compare
two states of the network over time. The second property
examines whether maps display the transport networks on
which alterations of time—space occur. Thus, this property
makes intelligible the reasons why a change in time—space
appeared, that is on which components of the transport infra-
structure the acceleration of speeds takes place. The third
property deals with the challenge of the simultaneous depic-
tion of multiple co-existing transport modes that are each
characterised by different speeds. This refers to the trade-off
between presenting all transport connections or only those of
higher hierarchy (fast connections). Omission of too many
lower-hierarchy (slow) connections bears the risk of render-
ing biased or incomprehensible representations. The fourth
property is associated with spatial inversion (Tobler 1961;
Bunge 1962), which deals with those connections that first
go in the opposite direction to reach a distant destination.
This is directly related to the third property because often
passengers have to reach a high-speed transport means with
a slower local or regional transport mode, which leads to
actual physical detours in space. Finally, we synthesize these
four properties into a fifth overall property “readability” to
theoretically assess the overall readability and intepretability
of time—space maps. Table 1 summarises the five proper-
ties. Other earlier studies provide further considerations as

' A practical tool visualising actual technical maximum speeds on
rail tracks is: www.openrailwaymap.org.

Table 1 Five properties of

. . Acceleration
time—space maps

Display of transport networks
Co-existence of modes
Spatial inversion

Readability

regards time—space visualisations (Avelar and Hurni 2006;
Ahmed and Miller 2007; Ficzere et al. 2014; Wu et al. 2020).

The assessment of the readability or usability of car-
tographic visualisations is a contentious point (Field and
Demaj 2012). There are criteria, such as famous Bertin’s
semiology (1983), that guide cartographers, as well as lay-
persons, applying easy-to-use software today, on how to cre-
ate high-quality maps, which is the task that constitutes the
core of the art of cartography (Mackinlay 1986; Harvey and
Losang 2019; MacEachren 2019; Brath and Banissi 2019;
Morita 2019). To validate whether maps resulting from
the application of the guiding criteria actually convey the
intended cartographic message, researchers have developed
methods that evaluate the quality of maps outside the realm
of the map-maker’s own subjective judgement. Three broad
categories of such map evaluation designs should be men-
tioned. Although all three categories are concerned with the
evaluation of the readability of a map, they all serve different
tasks and are complements rather than substitutes for each
other.

First, expert cartographic assessments are one way of
improving maps as experts are trained in the field and can
give valuable feedback. However, maps are often designed
for non-cartographer users, who, without formal training,
may analyse maps from different perspectives. Therefore,
this approach is more catered to the exploratory, stimulating
and idea-generating exchange between cartographers at more
fundamental levels of research. In later stages of the research
process, other evaluation designs have higher chances to pro-
duce constructive evaluative feedback.

The second map evaluation design category involves all
approaches that can be subsumed under the term user stud-
ies. Within cartographic contexts, user studies aim at gen-
erating insights about (lay) map users’ understanding and
interpretation of maps, while for psychological or cognitive
researchers, user studies about maps allow them to recon-
struct the brain’s processing of visual information absorption
(Roth et al. 2017). User studies have various design options
as they could be conducted in or outside of laboratories, as
well as be of qualitative or quantitative kind. Possible meth-
ods include interviews, questionnaires, surveys, focus group
discussions, inter alia (Schiewe 2022). One of the most pop-
ular methods is called eye-tracking, which, with the help of
machines, records the test person’s eye movements across
a projected map (Krassanakis and Cybulski 2019, 2021;
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Fairbairn and Hepburn 2023). The tracked eye movements
facilitate inferences on the map content, i.e. where salient or
unobtrusive features are located; as well as the eye itinerary
across the map, which helps to establish a map user’s train
of thought. Subsequently, the information obtained lets map-
makers evaluate whether their map design effectuated the
intended map-reading behaviour. Eye-tracking is associated
with the risk of the inability to generate external validity for
especially two reasons. On the one hand, test persons in the
user studies are often university students who are not rep-
resentative of the target audiences of some particular maps.
On the other hand, a user study is not a real-world scenario,
which introduces biases in the estimation of how map users
read and interpret maps. Careful design of the user study is
therefore indispensable.

While the first two map evaluation designs are based on
human assessments, the third one rests on principles of com-
putational utomatization. The main idea is to devise a set of
statistical properties according to which a map-generating
algorithm computes and draws map features. This evaluation
design stems from the map generalisation literature, which
focuses on developing schematised and simplified maps
that abstract from highly detailed reality while still remain-
ing legible (Stigmar and Harrie 2011; Stoter et al. 2014;
Touya et al. 2016; Raposo et al. 2020; Cheng et al. 2021).
A comprehensive survey on the state of the art in map gen-
eralisation by Hogrifer et al. (2020) gives valuable insights
into the schematization of maps. The trade-off is to display
as much information as possible without producing clutter,
which would inhibit a map’s legibility. Clutter arises when
an excessive amount of disorganized information appears on
a map (Touya et al. 2016).

For this study, we use the expert evaluation design by
synchronising the distinct assessments of the three authors.
As the intention of this study is to provide a collection and
discussion of fundamental time—space mapping techniques,
expert evaluations are the appropriate design choice.

3 Materials and Methods

In this section, we first briefly introduce the evolution of
German rail time—space and our used materials. Then, we
present different time—space mapping techniques and pro-
vide applications to our data set, and finally, give short
assessments of the applications.

3.1 Materials: Evolution of Rail Time-Space
in Germany

While a common European HSR network is slowly emerg-

ing, up to now, rail infrastructure development has remained
largely a national affair in the last 30 years. A plethora of
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studies exist on the accessibility effects of the pioneering
network of France (L’Hostis 1996) and Japan (Shimizu
1992), and the fast-growing networks of Spain (Moyano
et al. 2018) and China (Cao et al. 2013). However, the evo-
lution of rail time—space in Germany has not been studied in
detail in the last decades. This is unfortunate, as the German
case is characterised by conditions that make a comparison
with other countries worthwhile:

e Germany is a polycentric country with a federal political
system, which has led to a less radial and more grid-like,
but also "patchy" implementation of HSR.

¢ Due to the federal political system, the comparably high
bargaining power of local and regional governments has
led to the inclusion of more stations in smaller and mid-
sized towns in the network.

e The German HSR network is fully interconnected with
the conventional network, such that HSR, intercity,
regional as well as freight trains can and do interchange-
ably use conventional and most HS tracks.

e The similar timing of the inauguration of the first HSR
lines in June 1991 and the German reunification in Octo-
ber 1990 led to a double transformation of time—space.

Wenner and Thierstein (2020, 2021) analysed the spa-
tial distribution of regional rail accessibility in Germany
between 1990 and 2030 by measuring the potential acces-
sibility of the population and degree centrality. Further-
more, Wenner and Moser (2020) show closeness centrality,
betweenness centrality and daily accessibility, which are all
displayed as choropleth maps. They also produce time—space
analyses in the form of anamorphosis maps. These studies
show that there have been a ‘shrinkage’ of time—space rela-
tions along the axes of HSR, but the effects of refurbish-
ment and reconnection of the Eastern German rail network
had far stronger overall effects. At the same time, with the
abandonment of many regional and local connections, the
periphery became disintegrated with the loss of long-dis-
tance connections. These results are in light with Spieker-
mann and Wegener (1994), who predict a shrinking of space
across regions in overall but warn of precisely this kind of
polarisation.

However, these studies have not yet harnessed the
strengths of spring and shrivelling maps. A new synthesis
of these methods and a more advanced version of the under-
lying data will help to understand the actual development of
regional rail accessibility and the change in inter-regional
travel times from 1990 to 2020 in Germany, as well as dem-
onstrate the weaknesses and strengths of the various map-
ping methods.

For the analyses in this article, we constructed a rail net-
work database for Germany and a 4-h buffer zone around
the country by semi-automatically digitising historical and
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current timetable data. For the historical timetable, we used
data provided by Grahnert (2020). The 2020 data was gath-
ered from the website of the German rail operator, Deutsche
Bahn, at the time of its application.

As a spatial base unit, we used the centres of functional
city regions as defined by the German Federal Institute for
Research on Building, Urban Affairs and Spatial Develop-
ment (BBSR), and NUTS-3 regions in the buffer zone. When
destination weights were used, these refer to the residing
population.

3.2 Methods: Time-Space Mapping Techniques

Time—space mapping methods are associated with two dif-
ferent types of visualisations. The first one aims to visualise
actual tracked movements of one or many individuals over
time in space, which is often done using a time—space cube
(Kraak 2003). These visualisations are beyond the scope of
this paper. Instead, we want to visualise how differing speeds
of transport means across different origin—destination pairs
in a region, resulting in distinct travel times, shape the travel
time distance relations of one, some or all points or areas to
all others points or areas in the region. Time—space maps can
be used for many different goals as they present techniques
that communicate either:

¢ how fast transport means can travel from an origin point
to any other point (“Origin-Specificity”),

e how (relatively) accessible a point or a region is com-
pared to other points or regions (“Accessibility”),

e what the underlying network structure for travel routes is
(“Transport infrastructure”),

e how fast connections between origin—destination pairs
are compared to others (“Relative Distances”),

e in what directions in which chronological and spatial
order specific routes develop. (“Routing”, this resembles
the time—space cube idea)

e how the use of space distortion and thereby generated
geographical discontinuities can increase awareness of
differences in time—space relations in a map (“Continu-
ity”)

e how weighting of some features in the map can shift the
map-reader’s visual impression, i.e. including population
weights in an accessibility indicator. (“‘Weighting™)

Time-space thus subsumes a multitude of aspects related
to transport networks. We chose the techniques portrayed in
the following sections as they can be considered the most
often used techniques (like isochrones, choropleth maps,
and anamorphoses), which we extend with the adaptation
of lesser-known ones (like spring maps and the shrivelling
model), that are in overall capable of visualising the most
relevant characteristics of geographical time—space.

Our innovation in this paper is to collect and display the
most important characteristics of geographical time—space,
explain what methods can be used to address the charac-
teristics, show examples of applications and discuss their
strengths and weaknesses.

3.2.1 Isochrone Maps

Isochrone maps are one of the oldest forms of representing
travel times on a 2-dimensional map, with the first exam-
ples dating from the nineteenth century (Letaconnoux 1907).
They show the area(s) one can reach within (a) certain time
threshold(s) from a given starting point as "travel time
budget indicator" (Schwarze 2005). The representation of
the earth's surface remains topographic. Isochrone maps are
relatively easy to comprehend, also due to their widespread
use (O’Sullivan et al. 2000). However, a major limitation
consists in the necessity to select a single reference location,
increasing the effort for spatial and temporal comparisons.

The need to select an origin can be mitigated by overlap-
ping the isochrones for a given time threshold on a map for
a set of origins, which effectively highlights those places
that are within the most isochrones of other locations. Such
a process can be combined with the application of a time-
geographical framework (Héagerstrand 1970), i.e. typical
framework conditions of specific travel purposes, such as
business travel for meetings. An application example would
be a map that shows places that can be reached with a return
journey during one day, with the condition that a certain
number of hours is spent at the destination ("daily accessi-
bility"). Such information can then be displayed point-wise,
network wise (L’Hostis et al. 2017), or using regional areal
choropleths, i.e. colours for differentiation.

3.2.1.1 Isochrone Maps from Frankfurt am Main Fig-
ure 1 shows as isochrone maps the destinations that can be
reached within certain time thresholds by rail, starting from
Frankfurt am Main central station (as the busiest railway
station in Germany by passenger numbers) on a typical
weekday, for the years 1990 and 2020. Generally, an expan-
sion of the reachable area, with less time needed, can be
seen in most directions. The colours in the figure respond
to the minutes needed to reach the areas, as indicated in the
legend. The expansion is particularly articulated along the
axes of HSR infrastructure that have been constructed radi-
ally around Frankfurt and the HSR line in France between
Paris and Strasbourg that is also used for services from and
to Frankfurt. Another marked change is the strong expan-
sion eastwards, which corresponds to the refurbishment
and reopening of conventional rail routes across the former
inner-German border and between Germany and its east-
ern neighbours. Interestingly, little change can be observed
towards the south, i.e. towards Switzerland and Italy.

@ Springer
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a) Isochrones using Rail Transport, starting in
Frankfurt am Main, 1990

Fig.1 Isochrones

Isochrone maps are relatively easy to interpret also for lay
people, however, the necessity to select one origin location
restricts its use for more complex analyses of entire net-
works and regarding inner peripheries. A challenge posed by
isochrone maps is the degree of detail: are all locations that
make up the areas between access points of long-distance
transport means reachable? In Figs. 1a) and 1b), this is not
always true. Instead, the method was chosen to convey the
information on how far away transport technology allows
passengers to travel. Technically, the isochrone maps in our
use case should only colour the stations reachable within
the respective time budgets to avoid assumptions about fur-
ther transport possibilities to the hinterland of HSR stations.
Isochrones are usually used in local contexts, where detailed
mappings are the goal. We follow this approach also to dis-
cuss the features of this conventional method.

3.2.2 Choropleth Maps Using Closeness Centrality

Having their roots in urban and transport planning (Kansky
1963), complex accessibility indicators have been developed
that can be used to visualise time—space compression. The
simplest forms of accessibility indicators are counts per ter-
ritorial unit, such as the number of stations, the length of
track, or the number of departures or lines at a certain stop.
Such simple indicators neglect the networked and differ-
ential effects of transport infrastructure systems. Advanced
indicators are based on networks of nodes and edges, and
consider travel time and destinations. In fact, isochrone maps
can be considered as a special case of an accessibility map.
Finally, complex accessibility indicators show, for all nodes
in a given network, the cumulative effort necessary to reach
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b) Isochrones using Rail Transport, starting in
Frankfurt am Main, 2020

(all or a defined set of) other nodes, i.e. 'Closeness Central-
ity'. The consideration of destination weights is an important
difference from the other forms of visualisation presented in
this article. In addition, the effort to reach destinations can
be inversely weighted using functions (e.g. exponential or
gaussian) together with the inclusion of a buffer zone (for a
detailed description of accessibility measurements see Song
(1996) and Geurs and van Wee (2004).

Other graph-theoretical measurements, such as between-
ness and degree centrality, can also be employed as acces-
sibility indicators. However, we do not include them in our
comparison here, as we focus on travel times as the main
factor of time—space compression rather than (non-)direct-
ness of connections between nodes.

For this paper, we employ a closeness centrality indicator
with weighted nodes but unweighted travel times. Close-
ness centrality is usually denoted as an inverse value (Erath
et al. 2009): the shorter the average travel time to all other
regions, the higher the closeness centrality. We consider
the non-inverse travel time to other nodes as easier to inter-
pret and hence use the non-inverse values, which could be
better termed as ‘farness’. Hence, lower values represent a
shorter average travel time to all other regions and hence a
higher accessibility level. The equation is expressed below
in Eq. (1),

C = Z Zi,jeG,i;éjodi,j W
l j€G—i E,-ec_,-W,-

where W, is the weight of destination region j (resid-
ing population) and d; ; is the travel time between regions
i and j by rail. As accessibility indicators typically yield
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Fig.2 Choropleth maps using closeness centrality

values for single stations or areas, they can be displayed
using point or area symbols (choropleths).

3.2.2.1 Choropleth Maps: Closeness Centrality of Ger-
man Regions Figure 2 shows the absolute closeness
centrality values for German city regions for 1990 and
2020. Clearly visible is the bias towards centrally located
regions like Hannover, which always exhibit shorter
average travel times to other regions. However, Fig. 2b)
shows that with new infrastructure development, cities
further away from the core, like Frankfurt am Main, can
also take a central position with regard to closeness. East
Germany shows the largest aggregate improvements con-
cerning closeness.

Choropleth maps have the advantage that they usually
exhibit administrative regions that readers know and who
are thus able to interpret the transmitted values of the
mapped metric through the colouring scheme, especially
in political and economic contexts with statistical vari-
ables such as income. However, they only present aggre-
gated values by adding values of many smaller areas from
the bottom up or just assign one value from the top down
to all smaller parts of the region. They also neglect the
visualisation of transport network characteristics, which
in the context of time—space maps might be problematic.

Closeness Centrality 2020

b) Closeness Centrality in German Regions, 2020

3.2.3 Anamorphoses

Anamorphic maps, also called cartograms, use advanced
computational methods of multidimensional scaling to rear-
range a topographic network according to temporal distance
in two-dimensional space, thereby creating 'distorted' maps.
Consequentially, the resulting maps have a time scale instead
of a distance scale. They are a vivid method to illustrate the
effects of transport infrastructure, which is represented as a
“shrinkage” of space (Spiekermann and Wegener 1994) and
have been employed in geography early on (Tobler 1961;
Bunge 1962). An exact representation of the time distances
between all points would, however, require a higher-dimen-
sional coordinate space. Thus, two-dimensional anamor-
phoses are always only approximate solutions. As a result,
they can hide peripheral(ising) and unconnected areas, par-
ticularly when they are surrounded by other, well-connected
areas (L’Hostis 1996; L’Hostis 2009). Acceleration is ren-
dered by combining different maps in a single graphic, with
usually the same time—space scale, as in Spiekermann and
Wegener (1994). A detailed description on the mathemati-
cal background can be found in Spiekermann and Wegener
(1993, 1994).

To generate time—space maps, we employed a non-met-
ric multidimensional scaling algorithm coded in R. The

@ Springer
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Fig.3 Anamorphoses of German rail time—space

non-distorted base map is premised on an equal speed of
60 km/h in all directions, the same as in Spiekermann and
Wegener (1994), but using more nodes, with Frankfurt am
Main as the map centre.

3.2.3.1 Anamorphoses of German Rail Time-Space Fig-
ure 3 shows time-distance as a spatial distance by means of
a map distortion. They allow comparing visually the tempo-
ral distance in the rail network with the actual topographical
distance.

In 1990, the year of German reunification, particularly
the strong differences in travel time between East and West
become obvious, resulting mainly from the deterioration of
the infrastructure in the former German Democratic Repub-
lic (GDR), and the lack of connections across the inner
German border. The two economic systems have not only
resulted in differences in economic productivity, but effec-
tively in different spatio-temporal regimes and landscapes.
This is already observed by Spiekermann and Wegener
(1994) in their time—space maps of German rail accessibility.
They highlight the particularly slow connections between
Bavaria and the former GDR. But also in West Germany
several “blobs” of remoteness become visible, i.e. to the
south of Kdln.

The change between 1990 and 2020 is most drastic with
respect to the former inner-German border, which is hardly
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discernible anymore. The major metropolitan cores move
closer together, hiding the fact that the space in between
does not always participate in this development. Geographi-
cally peripheral regions with high travel times to the cores
become visible as “spikes” that radiate outwards from the
core area of high integration, i.e. the region northwest of
Berlin in Fig. 3b). On the opposite, peripheral metropolitan
cores that benefit from faster access generate "troughs" in
the geographical shape, pointing inwards, that express the
relative improvement of their accessibility, as is the case for
Koln, Frankfurt am Main, Miinchen and Berlin.

3.2.4 Spring Maps

Spring map were invented independently at the same time
in France and the USA (Plassard and Routhier 1987; Tobler
1997), despite Tobler publishing them ten years later. A
spring map shows a transport network where locations
remain fixed, while edges take the form of 'springs’, i.e.
'zig-zag' lines. The visual length of the spring expresses the
length of the edge measured empirically, usually in hours.
Recent developments of the model explored the use of sinu-
soid curves (Buchin et al. 2014) instead of broken lines,
to improve the readability. For the automatic generation of
the sinusoid curves, we use the ratios of distance-to-time
and time-to-distance for the amplitude and frequency of the
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Fig.4 Spring Maps of German Rail Network. The numbers along the edges refer to the average kilometres per hour travelled on the respective

edge

curves. Higher frequencies and higher amplitudes repre-
sent worse transport infrastructures, that is, slower average
speeds and longer travel times on a relation. The intuition is
that an elastic spring with less total length is needed to cover
a distance, thereby indicating efficiency.

3.2.4.1 Spring Maps of German Rail Network Spring maps
are more network diagrams than proper geographical space
representations, using accurate topographic positions of
cities as nodes and springs for the network edges connect-
ing cities. This method allows for an analysis of the net-
work edges properties and presents a creative alternative to
a plain network depiction using colours for values of edge
properties, i.e. travel times.

Figure 1 displays the most important major long-distance
connections spanning Germany's rail network in 1990 and
2020. It shows in which relations the biggest travel time
reductions have been facilitated between 1990 and 2020,
with East Germany standing out again, where the total
lengths of springs, that is travel times, have reduced on
almost all links (Fig. 4).

This method functions well to point out network links
that have extreme values and thus to shift attention toward
components of the network that might need improvements
more urgently than others. Spring maps are appropriate
when the focus is on one small network because displaying
more than one network or a large network with many nodes
and edges quickly becomes challenging. For large areas such
as Germany as a whole, spring maps are inappropriate for
analysing spaces between the included nodes, since the dia-
grammed higher-tier transport modes such as HSR do not
allow for disembarking along the edges without a station.

3.2.5 The Shrivelling Model

The shrivelling model, conceptualised by Mathis (1990) and
implemented by L’Hostis (1996, 2009), keeps cities fixed at
their geographical position, and draws connections between
cities with length proportional to travel time, by using the
third dimension. The slower road network is attached to the
geographical surface, which is then subject to a complex
deformation. Recent developments use the cone as the basic

@ Springer



310

KN - Journal of Cartography and Geographic Information (2023) 73:301-315

Fig.5 Shrivelled Germany,
view at 30 degrees, 1990 and
2020 at same time—space scale

Hamburg
Bremen
Berlin
Hannover
Munster
Dortmund Leipzig Hamburg
Diisseldorf ezl Dresden \
Koln Erfurt 1 Berlin
Fulda Hannover
Frankfurt K6in ) i
Wiirzburg \
ganteim R Frankfurt
Saarbriicken
Stuttgart
N 4 - Miinchen
Miinchen
T Freiburg
©=dl'Hostis 2023
Data:
- Network: F Wenner, a. 1990 b. 2020
J Moser
Modeling: N
- Shriveling world app Time-space scale: 0 1 2 hours
- Blender I —
Angle of view: 30 degrees
“>City
\'Ijerrestnal Conventional rail High Speed Rail
time-space . 90 kph at 170 kph
at 80 kph

shape for describing terrestrial time—space (L’Hostis and
Abdou 2021).

The model can be developed further by including more
modes and different speeds, represented by different cone
heights. This would resolve the current 'in-or-out' logic
regarding the choice of entry points to the fast transport
systems, which are represented by cones with equal height,
even if their locational and service characteristics differ. By
design, the height of cones depends on the density of nodes;
the really significant visual variable being the slope of cones,
determined by the ratio of speed on roads versus the highest
available speed.

3.2.5.1 The Shrivelling Model of German Rail Time-
Space We based the implementation of the shrivelling
model of Germany as depicted in Fig. 5 on a list of 21
major cities. In 1990, conventional rail is the fastest ter-
restrial speed considered at 90 kph, contrasting with the
lower speed on the road at 80 kph. Following the shrivelling
time—space principle, the ratio for conventional rail and road
speed defines the slope of the cones in the representation. In
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the shrivelling model, the maximum available speed of con-
ventional rail generates the straight line of reference. The
terrestrial surface, where road transport occurs, is formed
by the assemblage of cones generated from the 21 cities,
and cut at the borders of the country. The shrivelled map
of 1990, almost flat, exhibits very gentle slopes because
the difference between the fastest transport mode and the
road is low. By contrast, the German terrestrial time space
of 2020 shows a very pronounced relief, where HSR at 170
kph deforms the road surface at 80 kph. We draw the slower
classical train connections above the surface where cities
are located, with lengths of curves proportional to the time-
scale.

As opposed to the conventional cartographic view from
the top of sub-Fig. 6a), the angle of view in sub-Fig. 6b)
reveals the shape of the German time—space. The perfor-
mance of HSR becomes visible with the long connections
between Berlin and Hamburg and Hannover. These long
and fast lines crossing spaces with no major intermedi-
ary cities generate a marked relief expressing the relative
peripheralisation of this intermediate space, despite being
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Fig.6 Shrivelling maps of Germany in 2020 with different perspectives

located in between the most accessible cities of the country.  surface. The area north of Berlin belongs to the 'deepest’
This feature of the shrivelling map is rendered on no other  parts of German time—space, a position that expresses its
cartographic representation shown in the paper. While the  relatively low accessibility, as it is expressed as a "blob"
anamorphosis map generates "blobs" in the periphery, the  similarly on sub-Fig. 3b). Despite enjoying a favourable
shrivelled map pushes non-metropolitan spaces below the  intermediate position in German geography, the region
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Table 2 How the different types

¢ i . h 1—Acceleration ~ 2—Transport 3—Co-exist- 4—Spatial ~ 5—Readability
0 represent:?ltlon convey t t} networks ence of modes inversion
four properties of geographical
time-space, and expert Isochrone map Yes Possible Possible No High
assessment of readability Choropleth map Difficult Difficult No No Medium
Anamorphosis map  Yes No No No Low
Spring map Yes Yes Difficult No Medium
Shrivelling map Yes Yes Yes Yes Low

between Berlin and Hannover lacks direct access to the HSR
network and experiences the same fate. Sub-Fig. 6¢) shows
the same time—space from an unconventional west position,
to further underscore the three-dimensional nature of the
representation, and to reveal the effect of north—south HSR
connections.

4 Evaluation

We assess the maps presented in the previous section accord-
ing to four properties pertaining to the readability of maps
by using the approach suggested by L’Hostis and Abdou
(2021), which was introduced in the section "Theoretical
Background”. The evaluation leads to an overall readabil-
ity assessment. A summary of the evaluation results can be
found in Table 2.

The first property of time—space, “Acceleration”, requires
the ability to display different travel times between distinct
parts of time—space maps. By juxtaposition of the same tech-
nique for different points in time, i.e. years 1990 and 2020,
acceleration can be visualised for all techniques. This is what
Spiekermann and Wegener (1994) did in an early paper on
time—space. It is generally a challenge to visualise different
values in time in just one map and we do not focus on tech-
niques trying to solve this problem.

Isochrone maps show by definition how far in space
human movements are possible within specific time inter-
vals, thus meeting the first property. It is possible to retrace
transport networks (second property) in isochrone maps,
although this depends on the scale of the map, where small-
scale maps are advantageous in this regard. On large-scale
maps, the used network links can get lost. At the same time,
large-scale isochrone maps can visualise impressively dis-
parities of transport networks.

The third property, the co-existence of modes, is pos-
sible to be displayed, using different colours for each mode.
If multiple time thresholds are to be included in the map,
this gets trickier as more creative cartographic solutions are
needed. The literature on Bertin’s semiology (1983) may
be of avail.

The final property, spatial inversion, is impossible to be
mapped explicitly. Implicitly, using topographic knowledge,
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it could be derived. The overall readability of isochrone
maps is high, meaning it is easily readable and not error-
prone. For detailed routing visualisation tasks, static isoch-
rones might be the wrong choice. Interactive or dynamic
isochrones, however, would allow for spatial inversion and
routing. Choropleth maps using accessibility indicators
allow for acceleration only via juxtaposition of two maps
with different points in time. The mapped accessibility indi-
cators show transformed and indirect acceleration, but not
directly on specific origin—destination pairs. Transport net-
works cannot be drawn into the choropleths as part of the
accessibility indicators. A transport network per se can be
drawn on top of the choropleth maps and therefore be sug-
gestive of underlying values/colours in the choropleth map.
Co-existence of modes is nearly impossible to be mapped.
Again, the alternative would be to draw separate items on
the map that are not directly related to choropleths. As for
spatial inversion, since mapped values in choropleths are
only the final results of some computations, they do not
show how they were derived geographically. Thus, the fourth
property cannot be displayed. In general maps not related to
time—space, choropleths are very readable as users are often
familiar with the mapped areas (administrative boundaries)
and only have to look up the meaning of colours of individ-
ual areas in the legend. The same is not true for time—space
maps. Regional accessibilities as transformers of accelera-
tion can be displayed, but all other properties are barely or
not met. Combining the general high readability with the
failure to meet time—space properties leads to medium over-
all readability for choropleth maps.

Anamorphosis maps are frequently used time—space
maps as they are intended to convey the intuition that two
points in space connected by shorter travel times than other
pairs of points should shrink in perceived distance. They
are creative, impressive and intellectually stimulating. The
first property, acceleration, is well possible to be mapped.
This is true because maps with administrative boundaries are
the reference benchmark with the base scenario that travel
times are equal in all dimensions and therefore remain undis-
torted. Comparing anamorphosis maps against the bench-
mark yields time—space acceleration. All other three prop-
erties are not met by anamorphosis maps. Anamorphosis
maps are discontinuous space representations, where the real
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order of proximities is lost. Movements and routing in real
space therefore cannot be reenacted. A challenging solu-
tion for the co-existence of modes would be to lay on top of
each other the anamorphosis maps for each mode, by using
monotonically decreasing degrees of transparency for each
layer nearer to the top. The overall readability is low as three
time—space properties are neglected. Also, knowledge of the
geographic space is required to understand the anamorphosis
map.

Spring maps are a special case of network representations
by drawing edges in an unorthodox fashion, therefore, the
second property is satisfied. Acceleration is the primary rea-
son for the invention of spring maps. The longer the distance
along all jags of the spring between two points, the slower is
the connection. By comparing all springs on a map, acceler-
ation becomes evident. However, this may strike some users
as counter-intuitive because they expect that with higher
levels of amplitude and frequency of a spring, something
“positive”, instead of augmented travel times, has to follow.
Co-existence of modes could be depicted by using different
colours for each mode if the networks of the modes are suf-
ficiently small. Legibility metrics from the generalisation
literature (Stoter et al. 2014) could be used for this task. Still,
it is challenging as visualisations may become surcharged
quickly. Spatial inversion is difficult or impossible on spring
maps for two reasons. First, many springs would have to be
drawn, which quickly surcharges the map. Second, it would
be difficult to find the fastest route with too many network
links involved. The overall readability of spring maps is
medium. With sufficiently sparse networks, spring maps
should not be overwhelming and therefore easier to read than
other visualisations. Spring maps are helpful to understand
acceleration and the core network structure, which makes
them valuable. Nevertheless, their design is simplistic, the
frequency and amplitude are prone to be misunderstood and
exact values cannot be extracted from springs visually. Two
properties are either not or only partially met. Consequently,
their readability is not as high as could be suspected.

Shrivelling maps inherently visualise acceleration on
three-dimensional surfaces. Higher peaks and lower troughs
convey greater discrepancies of time—space in the case study.
Flat terrain represents the absence of fast connections dis-
rupting time—space. The higher the peak, the larger this
point’s importance in time—space becomes. When fewer
peaks surround a high peak, this shows the high peak’s large
sphere of influence. Transport networks are drawn in the
shape of arcs on top of the map, thus this property is satis-
fied. Multiple modes of transport are included in shrivelling
maps: first, they are drawn as arcs in parallel and second,
they also condition each other by determining the slope of
the cones. Spatial inversion is comprehensible for shrivelling
maps. For any position on the map, it can be determined in
what direction an individual will travel to embark on a faster

long-distance mode. In this regard, shrivelling maps resem-
ble time—space cubes. The following is a paradox: despite
all four properties of time—space being met, the overall read-
ability of shrivelling maps is low due to the high complex-
ity. It takes time to understand all aspects, which renders
the maps impractical in many cases. It is difficult to extract
exact travel time distances from the maps. However, shrivel-
ling maps serve different purposes than other techniques and
stand out by incorporating spatial inversion, which helps to
understand the affiliation of hinterlands to central transport
hubs.

In summary, the frequently used isochrone maps have the
highest readability but are restrained by their origin-specific-
ity. Choropleth maps are usually highly readable but fail to
convey the time—space properties and are restricted to visu-
alising more general value distributions of metrics across
space. Anamorphosis maps are very creative and impres-
sive in dynamic live presentations, yet they require detailed
study and knowledge of the undistorted space to be intel-
ligible. Spring maps are best suited for presenting transport
network edge values out of the suggested methods. Finally,
the shrivelling model is catered specifically to time—space
visualisations by allowing for a depiction of multiple trans-
port modes and making intelligible the spatial inversion on
a map. However, it is designed for advanced use cases and
therefore difficult to read.

5 Conclusion

From the thematic point of view, the reunion of five differ-
ent types of cartographic representations applied to a single
dataset, Germany from 1990 to 2020, provides both a com-
prehensive and an unprecedented view of the transformation
of German time—space over the period. Dramatic point-to-
point improvements between major metropolises, as in the
example of Berlin and Hamburg, are expressed by most rep-
resentations, each with its own unique flavour. The relative
time—space disintegration process experienced by several
peripheral or more central regions of the country such as
Mecklenburg-Vorpommern (north of Berlin) and Saxony-
Anbhalt (between Berlin and Hannover) is only expressed by
the time—space blobs of the anamorphosis image and by the
deep valleys of the shrivelled map. This thematic analysis
underlines the benefits of applying truly different points of
views on the same geographical object.

From a methodological point of view, no visualisation
technique is perfect, all have their advantages and disad-
vantages. Isochrones are the most popular in travel time
visualisations, especially in browser-based interactive tools.
Accessibility indicators such as closeness centrality on
choropleths remain powerful and frequently used, because
they are relatively easily understood. Anamorphoses have
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the appeal of exposing inaccessible places, but they hide
important aspects and cannot deal with multiple modes and
spatial inversion. Spring maps are most useful for present-
ing values on edges of transport networks. Shrivelling maps
incorporate the third dimension and are thus more flexible,
but require vast efforts both to produce and interpret them.
Visualisations result from a tradeoff between readability,
their functionality—comparing places, the possibility of
routing—, and their ability to convey the major properties
of geographical time—space. A comprehensive and compara-
tive assessment of the readability of these cartographic rep-
resentations, by means of user tests, still remains to be done.
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